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1.0 INTRODUCTION 

This document represents the latest and most accurate information avail­

able for use in protecting NIKE-X power plants and facilities eleetrical sys­

tems against the effects or Nuclear Electromagnetic Pulses. The information 
provides the current results of the OCE NF.MP Program for development of elec­

trical power system protective measures. The information is written in cri­
teria rc~t so that all or part of it may be extracted for use by agencies 

working with the NIKE-X Project Office in preparation of formal design cri­
teria for the various major systeui canponent.s or categories such as power 

plant, technical facilities, missile farm, etc. 
1.1 Objectives 

The overall objective or this document is to provide engineering infor­

mation for the. protection of NIKE-X power plants and facilities electrical 
systems agai.nst the effects of electranagnetic pulses. This objective has 

been met by properly canbining the following techniques: 

1. study of state-of-the-art NF.MP phenanenology. 

2. Use or existing analytical and empirical approaches for the deter­
mination of shielding effectiveness of structures and enclosures. 

J. Determination of NEMP effects upon and responses of interconnec­
t ions, canponents, subsystems, and systems. 

4. Conducting exper!,ments and analyses to assess the effectiveness or 

protective measures in simulated HEMP field environments. 

The material presented herein does not have as its objectives the gener­
ation or a system design, but rather the ident-ification or electrical equip­

ment, components, and subsysteJDE, which may require Nl!MP protection as well 

as t1:-~ means and methods 1".!.?Ce:iS&:cy- to incorporate the protection requirements 

into the power system design as it. is betng formulated. 

1.2 Identification of tne Problem 

The existence of electromagnetic field pulses produced by nuclear deto­

nations has been recognized since ·the beginning of the use of nuclear weapons. 
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Such electranagnetic field pulses~ induced harmful voltages and currents 

in structures and in electrical systems exposed to them. Obviously, systems 

at great distances away fran nuclear detonations are exposed to weaker elec­

tranagnetic field pulses than systems close to the point or detonation. His­

torically, these pulsed electr~tic fields and the accaupanying induced 

curre~ts and voltages caused measurement difficulties and other electrical 

problems during weapon test programs. As more knCMledge concerning the pos­

sible magnitudes of the electrical effects became available, it was discovered 

that nuclear electromagnetic pulse (NFMP) induced electrical effects could 

impair performance, cause maltunctions, and/or damage electrical components 

of military and civilian systems. 

Determination of the magnitude or NEMP induced voltages and currents, 

assessments of their effects upon electrical system perfonnance and the pro­

vision or techniques and procedures tor the control of the undesired NEMP 

effects with respect to pc,,,er and other electrical systems are the purposes 

or this report. 

l.J Scope and Utilization of N1!MP Protective Recamnendations 

This engineering information is basically being prepared for the archi­

tects and engineers who will be responsible for the electrical and construc­

tional design specifications as well as site inspection. The scope and im­

plementation or this information~ best be illustrated by referring to 

Figure 1.1. Initially, the designer must be kn'-"'lledgeable in three areas. 

These a.re: 

1. the site environment specitications which detail the magnetic field 

magnitudes and other electranagnetio effects to which the site will 

be exposed. 

2. the power system performance requirements 'Which detail the maximum 

allowable overvoltages permitted •. _ 

J. the preliminary design concepts for the· electrical pOW'er system. 

These three inputs are combined, evaluated, &Ild compared to the range of 
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protective recanmendationa -incorporated in Section 2.0 for the pc,,rer build­

ing and Section J.O for the facilities. If these protective recommendation 

sections are adaptable, then they can be used directly and the protection 

requirements given in Sections 2.0 and J.O apply. If the design requirements 

regarding site environment and system perf9rmance take on values which are 

not included in Sections 2.0 and J.O, further ana:cysis must be made to dt1ter­

mine whether changes are necessary to meet the new requirements. The type 

of analysis which must be made is given in Section 4.0. If the ana:cysis in­

dicates that additional protection is necessary, Section 5.0 gives the in­

formation which permits the proper selection of the required protection 

technique. 
Expansion and improvement of NEMP Protective Recamnendations are con­

tinuing; any pCMer system design questions involving NEMP effects that have 

not been answered adequately herein should be referred to the Office of the 

Chief of Engineers. 

1.4 Site Characteristics 

To most effectively apply these recommendations to the generation of a 

system design, data should be available giving the following electrical and 

geological characteristics of the site or sites selected. 

1.4.1 Earth Corrosiveness 

Determination of earth corrosiveness requires measurement.a of copper/ 

copper sulphate (Cu/euso4) half-cell potenUals. Half-cell descriptions and 

measurement procedures are given in Section 10.0, Technical Reference Data. 

1.4.2 Geological Characteristics 

Sufficient geological information is required to identify the existence 

of rock strata or boulders which may affect ground resistance or hinder the 

installation of ground rods. 

1.4.3 Water Table 

Average depth of water table at site location should be determined. 
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2.0 PO,,/ER PLANT BUILDING PROTECTIV_[_RECOAMENDATIONS 

2.1 Introduct ion 

studies and analyses made under t he contract t o .ate have r esulted in 

the formulati on of rec ommendations f or the prot.ection of the power building 

electrical system agalnst NF.MP effects. These r ecommendations are in the 

form of several alternate bas i c shi.elding schemes. These schemes have been 

formed from the followin coneept s : 

1. Local Shield i ng eal. wit h t he shiel ding of' items susc0pti'ble t o 

NEMP on an individual basis . Sine . eaeh su pt ible itf-Hn may have 

a different degr ee of susceptibility i n a given envi ronment , it i s 

possible with this concept t o de f i ne individual shielding r equire ­

ments for an,y s t of .nvfronm :ntaJ. conditions . 

2 . Group Shielding ii volves assembling NEMP susceptible items in the 

power building into i'unctional groups and shielding these g:r,•oups . 

This concept i pa.r ticul arly applica.ble to such eLrea.s as : 

a. control r oom 

b. primacy swiicli'gear"a'rea 
c. motor gener ator rooms or enclosures 

d. engine gener a.tor modules 

e. power plant eooling r oom 

f. boiler room 

g. station service room 

h . MSR cooling room 

J. Overall Sb.ielding , whieh employs a continuous shield enveloping 

t he entire pc,.,,er plant building including incoming cable vault s 

and outgoing utility tunnels , 

With each of the~e basic concepts there are various shieldi.ng tech­

niques and construction arrangements (Sect i on 5.0) which can be applied f or 

implementing an NliMP protection syst em. Specific shieldi ng t1schemes", Sec­

tion 2.2, based on partieularly feasible structural arrangements have been 

.1 

' 

_J 



I• 

1·· 

I ' 

j'·:· . ' 

I. 

I I 

Section 2 .. Page 2 

recc:mnended. These specific shieldin, schemes for each or the foregoing 

concepts are described in Section 2.2. Th,e i ndividual schemes are com­

posed or a standard set of protective measures, "building blocks", which 
are delineated in Section 2.J. 
2.2 Shielding Schemes 

The shielding schemes give specific requirements for power system items 

which require NEMP protection or construction features which may be required 

for N».{P protection of the system. The items treated in each or the specific 

schemes are: 

1. control roan 

2. electrical raceways 

J. electrical wiring 

4. electrical equipment 

5. enclosures 

6. grounding 

7. openings 

8. penetrations 

9. utility piping 

10. pOW'er plant build.ing 

A shielding scheme is d~t"ined as a set or shielding requirements app:cy-­

.. ing'•i.-? .tJl~ ... susceptible items in the electrical power system for a given 
·~, . 

environment. The ·~J,.tlding req,uirements for a susceptible item exposed to 

a given environment have betr"cmve-loped and evaluated over a range or envi­

ronments and system performantle levels. This has resulted in the formula­

tion or shielding requir8lll8nts (protective mea~ure types) for eRch suscep­
tible item. These protective mea~e types fc ,rm the base £or the develop­

ment or shielding schemes eac~ or vhich is a separate entity. 

The shielding schemes pres~ntly under consideration are local, group, 

overall rebar, overall sheet ate~~ with oontinuous:cy- welded seams, and over­

all sheet steel with spot welded 8eams. The environments are classifie~. 
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Brief narrative descriptions of the schemes are presented in the fol­

lowing. In addition, each scheme is presented in Table 2 . 1 t.,. terms of 

the shielding requirements given as protective measure types necessary f or 

each susceptible item. Underneath t he shielding type designati on, t he sec ­

t i on number direct s the reader to t he section in this report t hat presents 

in detail the protective measure. 

2.2.1 Local Shielding 

All items of electric<:'. 4:Cid eleet·roni e eq_ui.p.merxt a· .-e srd elded on a 

separate basis . All equipment wi' h i n. the cont r ol r oom is treated. as one 

susceptible " item". 

In this scheme conduit, metal cable sheaths and armor, b s enclosures , 

and other ,!':lpecifically approved electrical raceways serve to shield the 

electrical wiring, while cabinets , cases , compartments , or conaoles , etc . 

serve to shield susceptible electrical and/or electronic equipment . The 

principal advantages of this shiel ding scheme are t he possibilities for 

selecting and grading attenuation levels to meet specified environmental 

conditions. The main disadvantages e.re the difficulty of insuring com­

pleteness of' the shielding and coordinating all the levels of shi elding 

that ~re required, particularly at openings and penet rations . 

2~·2.2 Group Shielding 

Particular groups of f'unctional equipment are ah ielded . Normally the 

shielding woul d be designed to afford the required NEMP protection for the 

most suscept ible piece of equipment within the shield under a specifi ed 

environment o 

All electrical wiring outside of group shields would be containP.d 

within condui t, metal cable sheaths and armor, bus enclosures , or other 

specifically approved electrical raceways . Susceptible equipment outsid8 

group shielding would ·be shielded on an individual bas is, as outl i ned in 

loce,l shielding. 

As advant ages , this scheme .offers possibilities f or grading t he 

·-·--- - --- - ·- .. ·-·- ----·· -·--------------- .J 
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shielding attenuation as well a1 11Jlaplitying wiring tor equipnent within 

the shields. Also, its application is sanewhat leas expensive than over­

all shielding. The main diaaclvantqe ot this scheme is that group shield­

ing design is influenced by relatively tev pieces ot parUcularl,1 sensi­

tive or susceptible equipnent. HOW'ever, in l>"&cribing t)lis type ot 
shielding, the additional attemation required to protect these items may 

be considered as a safety £actor over and above tne requirements for less 

susceptible items. 

2.2.3 Overall Building Shielding by Solid steel .Sheets 

Install 11 gauge solid steel sheets with oontinuais:cy welded seams 

completely covering al l surtace1 ot the poller plant building to afford N1!MP 

prote<.:tioi.1 tor all electrical and electronic equipment insid6. A number ot 
factors such as site corroeivity, ccmatruation metnocls, and the shielding 

attenuation levels required w~1d have to be considered in selectj,ng the 

dimensions BM manner of applica1;1on ot this snielding. 

Another scheme is listed wl\lch la a variation or this scheme, in that 

instead or sheet steel with continuously welded seau, 20 gauge sheet steel 

panels are utilized with aeua epot welded •t specified intervals. All 

other protective measure requiraant• are the same. 

Within a high performance overall ahield, no supplementary shielding 

would be necessary t'or equip11nt or wiring. Hov9ver, all openings and 

penetretions into the building ti-aD outside, unshielded areas would be 

designed so as to minimize shielding degradation, 

Overall building shielding otters important advantages in the place­

ment ot susceptible equipnent ~ wiring az11Wbere inside the shield without 

sacrificing NFMP protection, u well as simplifying the installation of 

these items. Disadvantages ot an overall sheet steel envelope include: 

1. possible high installation and •in1;e~• costs. 

2. difficulties in makinc accurate initial and surveillance apprais­

als or overall shiel41.ill etteotiveneas • 

• 
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J. permitting relatively few equipment items that are particularly 

susceptible to NEMP effects to dictat e the shielding attenuation 

levels required in an entire building. 

2.2.4 Ove1 11 Building Shielding by Double Course Rebars 

In thi scheme, some of the steel rebars normally used in the rein­

forced concrete building construction would be welded to form continuous 

rebar loops around specified building perimeters . To achieve attenuation 

levels comparable with t hose that can be 0 1 t ai ed with sheet t eel shield­

i ng, double course rebar applicat ion h s been consi. er ed . 

Within a high performance, careflllly fabr icated rebar shield incorpor­

ated in the power plant building construction, no supplementary shielding 

would be necessary for equipment . However, specialized treatments would 

be necessary to control the magnitude of currents flowing on all conduits 

and metal utility piping at building penetrations and openings int o out­

side , unshielded areas. 

J\n overall, double course rebar shield has the same advantages and 

disadvantages as other forms of overall shielding except for cost . Since 

rebars used for shielding serve also as reinforcing media, the only incre­

mental costs chargeable to a rebar shielding scheme would be those for 

welding, special construction at penetrations and openings , and the addi­

tional inspections required. 

2.3 Tabulated Shielding Schemes 

Table 2.1 presents the details of the foregoing schemes in tabular 

form. The protective measure types following the table can be considered 

as building blocks and should other shielding schemes be formulated, they 

would be listed in a similar fashion. 

f 
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2.J.1.1 Control Room - Type A 

1. 'l'he control room shall be completely shiel ·ed with solid sheet 

steel to provide at least 40 dB of attenuat ion between 10 kilo­

hertz and 10 megahertz for the electrical and electronic equip­

ment inside. 

2. With the overall shielding provided above , electrical equipment, 

equipment enclosures, and electri.cal wiring in the control room 

have no additional shielding requirement . Howev-er , grounding of 

these equipments and enclosures shall f ollow the pract ices given 

under Grounding (Section 2.J.6). 
J. Cable trays, if used within the shielded control room, have no 

shielding requirement; however , they shall be grounded to the con­

trol room internal ground ring, metal shielding of the control 

room, or grounded metal equipment enclosures . 

4. Electrical raceway and metal utility piping penetrations into the 

control room shall be made in conformity with t he requirements of 

Section 5.J.2.2. Non-metal pi ping penetrat ions shall be made 

through metal wave guidP. :3leeves (Section 5.J.J.J). 

2.J.1.2 Control Room - Type B 

1. ·The control room within the overall rebar shielded building shall 

be completely shielded with solid sheet steel to provide at least 

20 dB of attenuation between 10 kilohertz and 10 megahertz for the 

electrical and electronic equipment inside. 

2. With the overall shielding provided above, electrical equipment, 

equipment enclosures, and electrical wiring in the control room 

have no additional shielding requirement . However, grounding of 

these equipments and enclosures shall follow the practices given 

under Grounding (Section ~. J . 6) . 

J. Cable trays, if used within t J e shielded control room, have no 

shielding requirement; however, they shall be grounded to the 

-------
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control roan internal ground ring, metal shielding of the control 

roan, or grounded metal equipnent enclosures. 

4. Electrical raceway and metal utility piping penetrations into the 

control room shall be made in conformity with the requirements of 

Sect ion 5. J. 2. 2. Non-metal piping penetrations shall be made 

through metal wave guide sleeves (Section 5.J.J.J). 

2.J.l.J Control Roan - Type C 

1, The control roan shielding requirement is provided by the overall 

building solid sheet steel . 

2, Shielding requirements for electrical wiring, electrical raceways, 

electrical equipment, electrical equipnent enclosures, and utility 

piping whi.ch are installed in the control roan are provided by the 

overall building shield. 

2.J.2,1 Electrical Raceways - Type A 

1. Within sheet steel shielded areas such as the control room or 

ot~r group shielded areas, conduits are not required for N»AP 

protection. Installation shall follow Corps of Engineers 

requirements. 

2. Inside the building but outside or sheet steel shielded areas, 

electrical raceways have the following requirements: 

a. Electrical raceways shall be rigid steel or wrought iron con­

duit, one inch electrical trade size or larger. 

b. Conduits shall be continuous so that contained wiring is never 

directly exposed to NEMP fields. 

c. All conduits shall be threaded. Ir Joints are not continuously 

welded after assembling the threaded Joints, threads shall be 

coated with a conductive sealant before assembling (Section 

5.J.2.1). 
d. Conduit joints at equipment enclosures and junction boxes must 

maintain the shielding integrity or the enclosure (Section 

5.J.2.2). 
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e. All conduit bends shall be radiused in accor dance with stan­

dard requirements for the particular size conduit used . 

f. Conduit connections to equipment having flexible or vibra­

tional requirements shall be made wi th mild stee l continuous 

seam bellows having a wire braid covering . Approved types 

of special flexible .conduit may be used such as conduit con­

structed as a liquid-t ight , strip-wound flexible metal hose 

having a flexible galvanize steel co e . r:~ cor e may have 

a built-in copper ground and ma.y have an extruded -polyvinyl ­

chloride cover. It, is UL and JIG approved for liquid-tight 

applications. 

g. Conduit penetrations into shielded and non•~shielded areas are 

covered under Penetrat ions . 

J. Outside the building, conduits have the f-.llcMlng additional 

requirements: 

a. Conduits are the only approved raceways and shall be rigid 

steel or wrought iron, two inch electri ce.l trade size or lar­

ger. Condulets shall not be used. Conduit joints shall be 

threaded and welded. 

b , Conduit runs which must be placed above ground level shall: 

1) be grounded by connection to counterpoise or ground rods 

at buildings (Section 5.J.2.2). 
2) be grounded by a 10 foot ground rod at the point of exit 

from the earth if this exit is more than 50 feet from the 

structure penetration. 

J) be grounded by a direct connection to a 10 foot ground rod 

at intervals not exceeding 100 feet . 

c. Conduit runs which are completely buried and less than 500 ft. 

long need only be grounded at penetrations of other grounded 

structures. Conduit runs 500 rt. or longer shall be grounded 
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at one intermediate location for each 500 rt. of conduit run. 

d. Conduit penetrations at structures or manholes shall maintain 

the shielding integrity of the conduit. 

e. Conduit runs to non-hardened loads shall meet the same NEMP 

requirements as conduit runs to hardened loads. 

2.J.2.2 Electrical Raceways - Type B 

1. Within sheet steel shielded areas such as the control room or 

other group shielded areas, conduits are not required for NEMP 

protection. Installation shall follow Corps of Engineers 

requirements. 

2. Inside the building but outside the sheet steel shielded areas, 

the follow'ing electrical raceways are permitted: 

a. rigid steel or wrought iron conduit, one inch electrical trade 

size or larger. Condulets may be used. 

b. rigid aluminum conduit or steel electrical metallic tubing 

(E.M.T.) for 120 volt and 480 volt circuits. Condulets may 

be used. Aluminum conduit may not be used where it comes in 

contact with concrete, earth, or moisture. 

c. armored, shielded power cable for 120 volt and 480 volt cir­

cuits (Section 2.J.J.2.J, Electrical Wiring). 

J. Inside the building but outside the sheet steel shielded areas, 

electrical raceways have the following requirements: 

a. Electrical raceways and interlocked cable armor shall be con­

tinuous so that contained wiring is never directly exposed to 

NEMP fields. 

b. standard conduit assembly practices shall be used. Threads 

must be cleaned before assembly. Thread compounds shall not 

be used. 

c. Electrical raceway joints at equipment enclosures and junction 

boxes must maintain the shielding integrity of the enclosure 

(Section 5.J.2.2). 
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d. All conduit bends shall be radiused in accordance with stan­

dard requirements for the particular size conduit used. 

e. Electrical raceway connections to equipment having flexible 

or vibrational requirements shall be made with mild steel con­

tinuous seam bellows having a wire br aid covering . Approved 

types of special flexible conduit may be used, such as conduit 

constructed as a liquid-tight, strip-wound flexible metal hose 

having a flexible galvanized st eel co:!'e . The core may have a 

built-in copper ground and may have an xtruded polyvieyl­

chloride cover. It is UL and JIG approved f or liquid-tight 

applications. 

r. Electrical raceway penetrations into shielded and non-shielded 

areas are covered under Penetrations. 

4. Outside the building, conduits have the following additional 

requirements: 

a. Co~duits are the only approved raceways and shall be rigid 

steel or wrought iron, two inch electrical trade size or lar­

ger. Condulets shall not be used. Conduit joints shall be 

threaded and welded. 

b. Conduit runs which must be placed above ground leirel shall: 

1) be grounded by connection to counterpoise or ground rods 

at buildings (Section 5.J.2.2). 
2) be grounded by a 10 foot ground rod at the point of exit 

from the earth if this exit is more than 50 feet from the 

structure penetration. 

J) be grounded by a direct connection to a 10 foot ground rod 

at intervals not exceeding 100 feet. 

c. Conduit runs which are completely buried and less than 500 rt. 

long need only be grounded at penetrations of other grounded 

structures. Conduit runs 500 rt. or longer shall be grounded 
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at one intermediate location for each 500 f't. of conduit run. 

d. Conduit penetrations at structures or manholes shall maintain 

the shielding integrity of the conduit. 

e. Conduit runa to non-hardened loads shall meet the same N.EMP 

requirements as conduit runs to hardened loads. 

2.J.2.3 Electrical Raceways - Type C 

l. Within the sheet steel shielded control roam, conduits or other 

N.EMP protection is not required. Installation shall follow Corps 

of Engineers requirements. 

2. Inside the building but outside the sheet steel shielded control 

room, the followir~ electrical raceways are permitted: 

a. rigid steel or wrought iron conduit, one inch electrical trade 

size or larger. Condulets may be used. 

b. standard metal conduits and steel electrical metallic tubing, 

both at least one inch electrical trade size or covered cable 

trays. Condulets may be used. Cable trays may be of expanded 

or punched metal with individual openings not larger than one 

square inch. Ladder type trays may also be used providing the 

openings comprise not more than 40% of the face area. 

c. armored, shielded power cable for 120 volt and 480 volt cir­

cuits (Section 2.J.J.2.J, Electrical Wiring). 

J. Inside the rebar shielded building but outside the sheet steel 

shielded control roam, the follCMing conduit and other electrical 

raceway requirements apply: 

a. Electrical raceways and interlocked cable armor 3hall be con­

tinuous so that contained wiring is never directly exposed to 

N.EMP fields. 

b. standard assembly practices shall be used. Threads must be 

clean before assembly. Thread compounds shall not be used. 

c. Electrical t•aceway joints at equipnent enclosures and junction 
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boxes must maintain the shielding integrity of the enc losure 

(Section 5.J.2.2). 

d. All conduit bends shall be radiused in a1.1cordance with stan­

dard requirements for t he particular size conduit used . 

e. Electrical raceway connections t o equipment having flexible 

or vibrational requirements sh~ll be made with mild steel con-

' t inuous seam bellows hav:i.ng a wire braid cover i ng . Approved 

type s of special flexible co du·rt may be used .mch as conduit 

constructed as a l i qui d-tigh t , str:tp-w und flexible metal hose 

having a flexible galvani zed steel cor e . The core may have a 

built-in copper ground and may have an extruded polyvinyl­

chloride cov-er. It is UL and JIG approv-e for liquid-tight 

applications. 

f. Electrical raceway penetrat ions i nto sh P-lded and non-shielded 

areas are covered under Penetration.'3 . 

4. Outside the building, conduits hav-e the following additional 

requirements: 

a. Conduits are the only approved raceways and shal l be rigid 

st eel or wrought iron, two i nch electrical trade size or lar­

ger. Condulets shall not be used. Conduit joints shall be 

threaded and welded. 

b. Conduit runs which must be pl aced above ground level shall: 

1) be grounded by connection to count erpoise or ground rods 

at buildings (Section 5. J .2.2). 

2) be grounded by a 10 foot ground rod at the point of exit 

from the earth if this exit is more t han 50 feet from the 

structure penetration. 

J) be grounded by a direct connection t o a 10 f oot ground rod 

at intervals not exceeding 100 feet . 

c. Conduit runs which are completely buri ed and less than 500 ft. 

V 

' I I 
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long need only be grounded at penetrations of o-ther grounded 

structures. Condu it runs 500 ft. or longer shall be grounded 

at one intermediate location for each 500 f':t. of ~onduit run. 

d. Conduit penetrations at structures or manholes shall maintain 

the shielding integrity of the conduit. 

e. Conduit runs to non-hardened loads shall meet the same NFMP 

requirements as conduit runs to hardened loads. 

2.J.2.4 Electrical Raceways - Type D 

1. Conduits are not required in overall shi elded areas. Standard con­

struction and wiring support practices, as approved by the Corps of 

Engineers, may be followed. 

2. Conduit penetrations of the overall shield are covered under 

Penetrations. 

J. Conduits between the shielded building and remote areas such as 

cooling towers, f'uel storage, and other s imilar power plant faci­

lities must meet the following requirements: 

a. Conduits are the only approved raceways and shall be rigid 

steel or wrought iron, two inch electrical trade size or lar­

ger. Condulets should not be used. Conduit joints shall be 

threaded and welded. 

b. All conduit runs shall be continuous so that contained wiring 

is never directly exposed to an~ field. 

c. Conduit joints at equipnent enclosures must maintain the 

shielding integrity of the enclosure (Section 5.J.2.2). 

d. All conduit bends shall be radiused in accordance ~ith stan­

dard requirements for the particular size conduit used. 

e. Conduit connections to equipment within buildings having flexi­

ble or vibrational requirements shall be made with a mild steel 

continuous seam bellows having a wire braid covering_, Approved 

types of flexible __ conduit may be used such as conduit constructed 
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as a liquid-tight, strip-wound flexible metal hose having a 

flexible galvanized steel core . The core may have a built-in 

copper ground and may have a polyvinyl chloride cover. It is 

UL and JIC approved for liquid-tight applications. 

f. Conduit runs which must be placed above ground level shall: 

1) be grounded by connection to counterpoise or ground ~ods 

at buildings (Section 5.J.2.2). 

2) be grounded by a 10 f oot ground rod at the poi nt of exit 

from the earth if this exit i s mor e than 50 feet fran the 

structure penetration. 

J) be grounded by a direct connection to a 10 foot ground rod 

at intervals not exceeding 100 feet. 

g. Conduit runs which are completely buried and less than 500 ft. 

long need on~y be grounded at penetrations of other grounded 

structures. Conduit runs 500 ft. or longer shall be grounded 

at one intermediate location for each 500 ft. of conduit run. 

h. Conduit penetrations at stl"Uctures or manholes shall maintain 

the shielding integrity of the conduit. 

i. Conduit runs to non-hardened loads shall meet the same NEMP 

requirements as conduit runs to hardened loads. 

2.J.J.l Electrical Wiring - Type A 

1. All electrical wiring in the electrical power system must be 

shielded by shielding methods which provide at least 40 dB of 

attenuation to a 10 kHz continuous magnetic field. Within sheet 

steel shielded areas, such as the control room or other group 

shielded areas, this attenuation is provided by t he area shielding. 

2.J.J.1.1 lJ,800 Volt Wiring 

1. All open bus shall be enclosed in bus enclosures . having at least 40 

dB of shielding. 'The bus enclosure shall be ground~d at the equip­

ment and equipment enclosure where the bus terminates. Grounding can 
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be provided by the terminal equipnent {Section 5.2.2.J.9). 

2. Within the building, shielded, armored po,,,er cable may be used in­

stead or wiring in conduit. Cable armor shall be the interlocking 

type and phase conductor shields shall be continuous overlapping 

tapes of copper, aluminum, or steel and shall Corm a continuously 

shielded system with the equipaent or enclosure electrically con­

nected to cable shields and armor at each end. Aluminum may not 

be used where it canes in contact with concrete, earth, or mois­

ture. The terminal equipnent must be cormected to the internal 

ground ring {Section 5.2.2.J). Cable trays used to support 

shielded, armored cable shall be grounded to the nearest ground 

at both ends of the cable tray run. Any trough or ladder-type 

cable supporti.ng structure may be used. 

J. Unshielded pO'tiler cable shall be routed in rigid steel or wrought 

iron conduit, one inch electrical trade size or larger. Condulets 

shall not be used. 

4. Generator neutral shall be connected to its grounding device by an 

insulated, shielded lead. Shielding may be provided by the metal 
enclosure of the pa.,er leads or by a separate conduit {Section 

5.2.2.J). 
5. Connecting leads to surge Ei,loping · capacitors bet'!ieen generator 

terminals and ground shall be kept as short as possible. The 

surge sloping capacitors may be placed within the generator en­

closure {Section 5.2.2.J,8). 
6. In the shielded control roan, there are no specific requirements 

for enclosing electrical wiring in conduit. steel electrical 

metallic tubing may be used and condulets may be used with con­

duit. Wiring may be run i1\1 open cable trays. 

2.J.J.1.2 4160 and 6900 Volt Wiring 

l. All requirements for lJ,800 vo.lt circuit wiring apply to 4160 and 

6900 volt wiring. 
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2.J.J.l.J 480 Volt Wiripg 

1. All open bus shall be enclosed in bus enclosures having at least 

4u OD -~ shielding. Enclosures should be grounded at the equip­

ment and/or equipnent enclosure where the bus terminates. Ground­

ing can be provided by terminal equipment (Section 5~2.2.J.9). 

2. In unshielded areas all power cable shall be routed in rigid steel 

or wrought iron conduit, one inch electrical trade size or larger. 

Condulets shall not be used. Armored, shielded power cable shall 

not ·be used. 

J. In the shielded control roan, there are no specific requirements 

for enclosing electrical wiring in conduit. steel electrical 

metallic tubing may be used or condulets may be used with con­

duit. Wiring may be run in open cable trays. 

2.J.J.1.4 208/120 Volt Wiring 

1. The requirements for 480 volt circuits apply to 208/120 volt cir­

cuits wherever applicable. 

2.J.J.1.5 Control Wiring 
l. Control wiring shall be routed in rigid steel or wrought iron con­

duit not smaller than one inch electrical trade size. Separation 

between power and control wiring shall follow National Electrical 

Code or Corps of Engineers requirements. No condulets shall be 

·used. 

2.J.J.1.6 Communications Wiring 

1. Same requirements as control wiring. This wiring shall be routed 

in conduit not smaller than one inch electrical trade size. Sepa­

ration between power and cantnUllications wir ing shall follow 

National Electrical Code or Corps of Engineers requirements. 

2.J.J.l.7 Alarm and Monitoring Subsystems Wiring 

1. Wir ing for fire alarm and automatic fire ext inguishing subsystems, 

temperature and pressure monitors, smoke, gas, and conduit 
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continuity detectors, and other similar subsystems shall be routed 

in ri.gid steel or wrought iron conduit not smaller than one inch 

electrical trade size. 

2. Alarm systems which use distributed sensors such as long open wire 

for heat detection shall not be used except in totally metal 

shielded areas. Individual sensing units with wiring routed as 

stated in (1) above are recamnended. 

2.J.J.1.8 Additional Wiring Requirements 

Outside the building, wiring has the following addi tional requirements: 

1. Wiring shall be contained in rigid steel or wrought iron conduit, 

two inch electrical trade size or larger. 

2. Power wiring shall have surge arresters installed on both hardened 

and non hardened circuits. Installations shall be made at approved 

locations and by approved methods. 

J. Each building or area should preferably have an independent alarm 

system or systems. Alarm system wiring between buildings and to 

a c·entral monitoring location shall be for indication signals 

only. These signal indicating circuits should be isolated fran 

the primary alarm subsystem by relays or transformers. 

2.J.J.2 Electrical Wiring - Type B 

1. All electrical wiring in the electrical pOW'er system must be 

shielded by shielding methods which provi.de at least 40 dB of 

attenuation to a 10 kHz continuous magnetic field. Within sheet 

steel shielded areas such as the -control room or other group 

shielded areas, this attenuation is provided by the area shielding. 

2.J.J.2.1 lJ,800 Volt Wiring 
1. All bus shall be enclosed in bus enclosures having at least 40 dB 

of attenuation. The bus enclosure shall be grounded at the equip­

ment and equipment enclosure where the bus terminates. Grounding 

can be provided by the terminal equipment (Section 5.2.2.J.9). 
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2. Within the building, shielded, armored power cable may be used in­

stead of wiring in conduit. Cable armor shall be the interlocking 

type and phase conductor shields shall be continuous overlapping 

tapes of copper, aluminum, or steel and shall form a cont inuously 

shielded system with the equipment or enclosures electrically con­

nected to cable shields and armor at each end. Aluminum may not 

be used where it comes in contact with concrete , earth, or mois­

ture. The terminal equipment must be connected to the internal 

ground ring (Section 5.2.2. J ). Cable trays used to support 

shielded, armored cable shall be grounded to the nearest ground 

at both ends of the cable tray run. Any trough or ladder-type 

cable supporting structure may be used. 

J. Unshielded cable shall be routed in rigid steel or wrought iron 

conduit, one inch electrical trade size or larger. Condulets may 

be used. 

4. Generator neutral shall be connected to its grounding device by 

an insulated, shielded lead. Shielding may be provided by the 

metal enclosure of the power leads or by a separate conduit (Sec­

tion 5.2.2. J). 

5. Connecting leads to surge sloping capacitors between generator 

terminals and ground shall be kept as short as possible. The 

surge sloping capacitors may be placed within the generator en­

closure (Section 5.2.2.J.8). 

6. In the shielded control roam, there are no specific requirements 

for enclosing electrical wiring in conduit. steel electrical 

metallic tubing may be used and condulets may be used with conduit. 

Wiring may be run in open cable trays. 

2.J.J.2.2 4160 and 6900 Volt Wiring 

1. All requirements for lJ,800 volt circuit wiring apply to 4160 and 

6900 volt wiring. 
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2.J.J.2.J 480 Volt Wiring 

1. All bus shall be enclosed in bus enclosures having at least 40 dB 

of attenuation and should be grounded at the equipment and equip­

ment enclosure where the bus tenninates. Grounding can be pro­

vided by terminal equipnent (Section 5.2.2.J.9). 

2. In the shielded control roan, there are no specific requirements 

for enclosing electrical wiring in conduit. steel electrical 

metallic tubing may be used or condulets may be used with conduit. 

Wiring may be run in open cable trays. 

Type B electrical wiring for 480 volts permits the following: 

J. Power wiring for unshielded cable may be routed in aluminUin con­

duit or steel electrical metallic tubing (E.M. T.). Condulets are 

permitted on these circuits. 

4. Armored, shielded power cable may also be used. Cable armor shall 

be the interlocking type and phase conductor shields shall be con­

tinuous overlapping tapes or copper, aluminum, or steel and shall 

form a continuously shielded system with the equipment or enclo­

sure electrically connected to the cable shields and armor at each 

end. Aluminum may not be used where it comes in contact with con­

crete, earth, or moisture. Mineral-insulated, metal-sheathed cable 

(MI) or other such cable types which are covered by a seamless 

metallic tubing may also be used. Cable trays for this armored 

cable have no shielding requirement except to be grounded at both 

ends or the cable tray run. 

2.J.J.2.4 208/120 Volt Wiring 

1. The requirements for 480 volt circuits apply to 208/120 volt 

circuits. 

2.J.J.2.5 Control Wiring 

1. Control wiring shall be routed in rigid steel or wrought iron con­

duit not smaller than one inch electrical trade size. Separation 
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between pOW'er and control wiring shall follOW' National Electrical 

Code or Corps or Engineers requirements. No condulets shall be 

used. 

2.J.J.2.6 Communications Wiring 

1. Same requirements as control wiring. This wiring shall be routed 

in conduit not smaller than one inch electrical trade size. Sepa­

ration between pOW'er and communications wiring shall follow 
National Electrical Code or Corps or Engineers requirements. 

2.J.J.2.7 Alarm and Monitoring Subsystems Wiring 

1. Wiring f'or fir,e alarm and autanatic fire extinguishing subsystems, 

temperature and pressure monitors, smoke, gas, conduit continuity 

detectors, and other similar subsystems shall be routed in rigid 

steel or wrought iron conduit not smaller than one inch electrical 

trade size. 

2. Alarm systems which use distributed sensors such as long open wire 

for heat detection shall not be used except in total~ metal 

shielded areas. Individual sensing units with wir~ng routed as 

stated in (1) above are recamnenrled. 

2.J.J.2.8 Additional Wiring Requirements 

Outside the building, wiring has the folloldng additional requirements: 

1. Wiring shall be contained in rigid steel or wrought iron conduit, 

two inch electrical trade size or larger. 

2. Power wiring shall have surge arresters installed on both hardened 

and non-hardened c~rcuits. Installations shall be made at approved 

loca,tions and by approved methods. 

J. Each building Qr area should preferably have an independent alarm 

system or systems. Alarm system . wiring between buildings and to 

a central monitoring location shall be for indication signals only. 

These sigr.al indicating circuits should be isolated fran the pri­

mary alarm subsystem by relays or transformers. 
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2.J.J.J Electrical Wiring - Type C 

1. All electrical wiring in the electrical P™er system must be 

shielded by shielding methods which provide at least 40 dB or 

attenuation to a 10 kHz continuous magnetic field. Within sheet 

steel shielded areas, such as the control roan, this attenuation 

is provided by the canbined shielding or the rebars and control 

roan shields. In areas shielded by rebar shielding, the follow­

ing eleatrical wiring requirements appzy. 

2.J.J.J.l lJ,800 Volt Wiring 

1. All bus shall be enclosed in standard bus enclosures. The bus 

enclosure shall be grounded. at the equipment and equipnent enclo­

sure where the bus terminates. Grounding can be provided by the 

terminal equipnent (Section 5.2.2.J.9). 

2. Within the building, shielded, armored power cable may be used in­

stead or wiring in conduit. Cable armor shall be the interlocking 

type and phase conductor shields shall be continuous overlapping 

tapes of copper, aluminum, or steel and shall form a continuously 

shielded system with the equipnent or enclosures electrical'.cy con­

nected to cable shields and armor at each end. Aluminum may not 

be used where it comes in contact with concrete, earth, or mois­

ture. The terminal equipment must be connected to the internal 

ground ring (Section 5.2.2.J). Cable trays used to support 

shielded, armored cable shall be grrunded to the nearest ground 

at both ends of the cable trey run. Any trough or ladder-type 

cable supporting structure may be used. 

J. Unshielded power cable shall be routed in standard metal conduit, 

E.M.T., or covered cable ·treys. (Cable tray specifications are 

given in Section 2.J.2.J.) 

4. Generator neutral shall be connected to its grounding device by 

an insulated, shielded lead. Shielding may be provided by the 
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metal enclosure of the power leads or by a separate conduit (Sec­

tion 5.2.2.J). 

5. Connecting leads to surge sloping capacitors between generator 

terminals and ground shall be kept as short as possible. The 

surge sloping capacitors may be placed within the generator en­

closure (Section 5.2.2.J.8). 

6. In the shielded control room, there are no specific requirements 

for enclosing electrical wiring in conduit. Standard wiring prac­

tices may be used. 

2.J.J.J.2 4160 and 6900 Volt Wiring 
1. All requirements for lJ,800 volt wiring app:cy to 4160 and 6900 

volt wiring. 

2.J.J.J.J 480 Volt Wiring 
1. All bus shall be enclosed in standard bus enclosures which should 

be grounded at the equipment and equipnent enclosure where the bus 

terminates. Grounding can be provided by terminal equipnent (Sec­

tion 5.2.2.J.9). 

2. Unshielded power cable shall be routed in metal conduit, E.M.T., 

or covered cable trays. 

J. Armored, shielded power cable may be used. Cable armor shall be 

the interlocking type and phase conductor shields shall be conti­

nuous overlapping tapes of copper, aluminum, or steel and shall 

form a continuous:cy shielded system with the equipment or enclo­

sure electrically connected to the cable shields and armor at 

each end. Aluminum may not be used where it canes in contact 

with concrete, earth, or moisture. Cable trays supporting these 

cables shall be grounded at each end of the cable tray run. 

4. In the shielded control roan, there are no specific requirements 

for enclosing electrical wiring in conduit. Standard wiring prac­

tices may be used. 
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2.J.J.J.4 208/120 Volt Wiring 
1. The requirements ror 480 volt circuits apply to 208/120 volt 

circuits. 

2.J.J.J.5 Control Wiring 

1. Control wiring shall be routed in standard metal conduit, E.M.T., 
or covered cable trays. -Separation between power and control wir­

ing shall follow National Electrical Code or Corps or Engineers 
requirements. 

2.J .J.J.6 Communications Wiring 
1. Same requirements as control wiring. 

2.J.J.J.7 Alarm and Monitoring Subsystem Wiring 
1. Wiring for fire alarm and automatic tire extinguishing subsystems, 

temperature and pressure monitors, smoke, gas, conduit contimlity 

detectors, and other similar subsystems shall be routed in stan­

dard metal conduit, E.M.T., or covered metal cable trays. 

2. Alarm systems which use distributed sensors such as long open wire 
for heat detection shall not be used except ill totally metal 

shielded areas or within conduits. Individual sensing units with 
wiring routed as stated in (1) above are recommended. 

2.J.J.J.8 Additional Wiring Requirements 
Outside thP building, wiring has the follOW'ing additional requirements: 

l. Wiring shall be contained in rigid steel or wrought iron conduit, 
two inch electrical trade size or larger. 

2. Power wiring shall have surge arresters installed on both hardened 
and non-hardened circuits. Installations shall be made at approved 
locations and by approved methods. 

J. Each building or area should pret'erably have an independent alarm 

system or systems. Alarm qstem wiring between buildings and to 

a central monitoring location shall be t'or indication signals only. 

These signal indicating circuits should be isolated t'ran the pri­

mary alann subsystem by relays or transt'ormers. 
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2.J.J.4 Electrical Wiring - Type D 

1~ All electrical wiring nrust be shielded by a manner which provides 

at least 40 dB of attenuat ion to a 10 kHz continuous magnetic 

field. Within the building t.his attenuation may be provided by 

the overall building steel sheet covering. 

2. PCMer wiring within the shiel ded building has no shielding require­

ment. Installation shall be in accordance with Corps of Engineers 

requirements. 

J. COOIIIIUilications, alarm, monitoring, and other similar wiring in­

stallations shall be in accordance with Corps of Engineers 

requirements. 

4. Outside the building, wiring has the following additional 

requirements: 

a. Wiring shall be contained in rigid steel or wrought iron con­

duit, two inch electrical trade size or lar ger. 

b. PO"wer wiring shall have surge arresters installed on both har­

dened and non-hardened circuits. Installation shall be made 

at approved locations and by approved methods. 

c. Each building or area should preferably have an independent 

alarm system or systems. Alarm system wiring between build­

ings and to a central monitoring location shall be for indi­

cation signals only. These signal indicating circuits should 

be isolated from the primary alarm subsystem by relays or 

transformers. 

2.J.4.1 Electrical Equipnent - Type A 

1. Electrical equipment located in the sheet steel shielded control 

room or other similarly group shielded areas have no additional 

shielding requirements. The necessary shielding will be provided 

by the area shield. Electrical equipment located outside shielded 

areas shall be shielded as follO"ws: 
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a . Elect ric motors and generators require at least 14 dB of 

shielding. Electric motor and generator hous ings which meet 

dripproof requirements as defined in MILwSTD-108E will satisfy 

this shielding requirement. 

b. Electrical equipment such aa dry-type transformers and dry-­

type regulators require at least JO dB or shieldina. Liquid-­

filled tranaform..ers and regulators require metal enclosures 

for primary and secondary bushings having an attenuation level 

o.f at least 34 dB. , 

c . Dry--type transforroors feeding li~hting loads require at least 

10 dB or shielding. 

d. All power system transformers except metering transf'ormers 

shall have grounded metallic electrostatic shields between 

high voltage and low volta~e windings. 

e , Relays with operating coils connected directly' to power cir~ 

cu:i.ts such as generator protective rela;ys shall be housed in 

metal enclosures. At least 34 dl3 of shielding attenuation is 

required at the relay- regardless ot its location witM.n the 

enclosure. A shielded control roan, or other equipment enclo­

sure providing equivalent shielding at the relfcy, will satisfy 

this requirement • 

. f. Equipment and components in grounded metal containers such as 

bus selector circuit breakers and electronic components for 

prime mover governor control and autanatic synchronization 

will require supplementary shielding. These shall be ho-.ised 

in metal enclosures having at least 20 dB or shielding. 

g. Meters and relays in control circuits isolated £ran pc,wer cir­

cuitry by transformers or other coupling cnmponents shall · be 

mounted flush with enclosure or panel outer surfaces. They 

shall not be surface mounted or exposed. Such equipment shall 

require approximate~ 20 dB of attenuation which should be 

t?"~•~.-.----------· 

.• 
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provided by the metal enclosure i n which the meter or relay 

is moo.nted. 

h. Susceptible equipment not in grounded metal containers, such 

as electronic components and sensit ive relays in prime mover 

control, monitoring, and protective subsystems , shall have at 

least 34 dB of shieldi ng. 

i. Instrumentation and control portions of the air supply, exhaust , 

and ventilating subsystems having susceptible relays and elec­

tronic equipment shall have at least 34 dB of sh" elding . 

j. 

k. 

\ 

Generators should be connected to their associated switchgear 

or module transformer by a bus assembled in a metal bus enclo­

sure having 34 dB of shielding and grounded at both ends or by 

shielded, armored cable with shields and armor grounded at 

both ends (Section 5.2.2.J.8). 
At each generator, surge sloping capacitor s shall be installed 

between phase terminals and ground. Surge sloping capacitors 

are also required on ·motors cormected to the primary bus (Sec­

tions 5.3.1.5 and 5.2.2.J.8). 
1. For electrical equipnent withln the shielded control room, 

there are no specific NEMP shielding requirements. 

m. Electrical equipment housings shall be grounded to an internal 

ground ring (Section 5.2.2.3). 
n. Electrical or electronic equipment in the sheet steel shielded 

control roan will have the necessary shiel ding requirements 

provided by the control room shield. 

2.3.4.2 Electrical Equipment ·- Type B 

1. Ele·ctrical equipment located il1 the sheet steel shielded (;.Ontrol 

room or similarly group shielded areas have no additional shield­

ing requirements. · The necessary shielding will be provided by the 

area shield. Electrical equipment l ocated outside the shielded 
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areas shall be shielded as t'ollC111a: 

a. Electric motqra and generators require no additional shielding. 

b. Electrical equ:fp:ne:qt such as dry .. type transformers and dry­

type regulators reqµire at least 16 dB 0£ shielding. Liquid­

tilled transt'ol"'Ulers and regula~ors :requ1~ metal enclosures for 

primacy and second&l'l'Y busll,ings having an attenuation level f,,f 

at least 20 dB, 

c ~ Dry-type transt'ormer.,1 f~ading lightil)g loads require no addi ... 

tional shielding, 

d. All power system tramu;.,ol'nWtrs except meteri?lg tranat'orniera 

shall have gr~ed metallic eleotrcostatic shields between 

high voltage and la« voltage windings, 
e . Relays with operating coils connected directzy to pc:Mer .cir­

cuits such as generator pr~tective relays shall be housed in 

metal enclosures. At least 20 dB of shielding attenuation i s 

required at the relq rega:rdless ot its location withj,n th~ 

enclosure. A shi~lded control ro0111, or other equipment enclo­

sure providing equivalent shielding at the relay, will satisfy 

this requirement, 

f. F.quipment and c~nta in ,roundtli metal containers such as 

bus selector circuit breakers and electronic canponents tor 

prime mover governor control and autc:1S1&tic sy:nchroni1ation 

will require supplementary llbielding, These shall be housed 

in l'llEttal enclosures having at least 6 d8 of snielding. 

g. Meters 8Jl,d rel&1s in control circuits isolat~d t'rom power cir­

cuitry by tranat~.rs or other coupling compo~nts Efhall 'be 

mounted flush. with enclosure or panel, 01iter surfaces. They 
. . ' 

i:thall not be surface mounted 01· t:tXl)Oled. · Such. equipment shall 

req.uire approxuiat~zy 6 @ Qt attenu~tion "'hich shc:,uld be pro­

vided by t~ Dl8t&l enclosure in which the meter or rel,w is 

mounted. 

' I ., .jl 
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h. Susceptible equipnent not in grounded metal containers such as 

electronic camponents and sensitive relays i n pr ime mover con­

trol, monitQring and protective subsystems shall have at least 

20 dB or snielding. 

i. Instrumentation and control portions of the air supply, exhaust, 

and ventilating subsystems having suscept ible relays and elec­

tronic equipnent shall have at least 20 dB of shielding. 

j. Generators should be connected to their associated switchgear 

or module transformer 'by a bus assembled i n a metal bus enclo­

sure having ;34 dB of shielding and grounded at both ends or 

qy shielded, armored cable with shields and armor grounded at 

both ends (Secti.on 5.2.2.J.8). 

k. At each generator, surge slopi ng capacitors shall be installed 

between pl\ase terminals and ground. Surge sloping capacitors 

are also required on moto~s connected to the primary bus (Sec­

tions 2._J.J.1.1 ail,d 5.2.2. J.8). 

1. For electrical equipment within the shielded control roan, 

there are no specific NEMP shielding requirements. 

m. El~ctrical ~quipnent housings shall be grounded to an internal 

ground ri~ (Section 5.2.2.J). 

n. Electrical or ,electronic equipment in the sheet steel shielded 

control roam will have the necessary shi elaing requirements 
I , 

pr9vtded qy the coptrol roam shield, 

. 2r~•4-J Electrical ~~ipment - ~ C 

l. Electrical eq~ipment located in the sheet steel shielded control 

roam .or similar,ly group ~hielded areas have no additional shield-
1 • ' \ 

ing requireme~ts. 'I'be nec,easary shieldt ng will be provided by 

the '3-:rea shield, Electrical equipnent located outside the shielded 

are_as_.~ill ,be, ,shielded as _._ foll~s: 

. a. ~l~c,tric 1/19~,ors, and ge!l8rators require no additional shielding. 
. ' 

' . ,, 
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b. El ectrical equipment such as dry-type transformers and dry­

type regulators re~uire at leJst 10 dB ot eh1el4ing. Liquid­

filled transformers and regulators require metal enclosures 

for primary and seqondary bushings having an attenuation or 

at least 14 dB. 

c . Dry-type transformers feeding lighting loads require no addi­

tional shielding. 

d. All power system transformers except metering transformers 

shal~ have grounded metallic electrostatic shields between 

high voltage and low voltage windings. 

e. Relays with operating coils connected directly to power cir­

cuits, such as generator protective relays, shall be housed in 

metal enclosures . At least l.4 dB or shielding attenuation is 

required at the relay regardless or its location within the 

enclosure. A shielded control roan, or other equipmen1; enclo­

sure providing equivalent shielding at the relay1 will satisfy 

this requirement. 

r. Equipnent and canponents in grounded metal containers such as 

bus selector circuit breakers and electronic components to:r, 

prime mover governor control and autanat:Lc synchronization 

will require no supplementa?'f Qhielding. 

g. Meters and relays in control circuits isolated t'rom power cir­

cuitry by transformers or other coupling components shall . be 

mounted £lush with enclosure or panel outer surfaces. They 

shall not be surface D\OUilted or exposed. All the shielding 

necessary is provided by the metal enclosure in which the 

meter or relay is mounted. 

h. Susceptible equipnent not in grounded metal containers such as 

electronic campQnents and sensitive relay$ in prµne mover con­

trol, monitol'ing, and protective subsystems shall have at 
' least 14 dB ot shielding. 
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i. Inatrumentat ion and control port ions of the air supply, exhaust, 

and ventilating subsystems having susceptible relays and elec­

tronic equipnent shall have at least 14 dB of shielding. 

j. Generators should be connected to their associated swi+,chgear 

or module transforroor by a bus assembled in a metal bus enclo­

sure having J4 dB of shielding and grounded at both ends or by 

shielded, armored cable with shields and armor grounded at 

both end~ (Section 5.2.2.J.8). 
k. At each generator, surge sloping capac itors shall be installed 

between phase termiruils and ground. Surge sloping capacitors 

are also required on D1otors cozmected to the primary bus (Sec­

t ions 2.J.1.1 and 5.2.2.J.8). 
1. For electrical equipment within the shielded control room, 

there are no specific NEMP shielding requirements. 

m. Electrical equipment housings shall be grounded to an internal 

ground ring (Section 5.2.2.J). 
n. Electrical or electronic equipment in the sheet steel shielded 

control roan will have the necessary shielding requirements 

provided by the control roan shield. 

2.J.4.4 Electrical F.quipment - Type D 
l. No special shielding requireJDents are necessary for electrical 

equi1,'1Ilent such as motors, generators, and dry-type transformers 

and regulators having no extE;lrnal bushings. This type or equip­

ment shall be assembled so that electrical continuity exists 

between all enclosure or housing parts. Tran'3formers and regula­

tors require metal e~closures for external primary and secondary 

bushings. 

2. Dry-type transformers feeding lighting loads require no additional 

~hielding. 

J. All power system transformers except metering transformers shall 
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have grQUnded metallic electrostatic shields between high voltage 

and low voltage windings. 

4. Electrical equipment such a$ switchgear, motor control centers, and 

equiJ1D8nt of' this type normally contained in an enclosure shall be 

hrused in a six-sided enclosure having at least five metal e,ides. 

One o,: the five sides may be an access door. All !?'~tal surf'aces 

shall be electrically interconnect~d and grounded. Louvers or 

other standard construction f'or v~ntilation purposes may be used. 

Electrical raceways shall enter the enclosure through a metal sur­

face. El~ctrical raceways• wh,ioh for constructional pu.rposes must 

enter through the open bottan, must enter through a patch plate 

which is electrically connected to the enclosure. 

5. Generators should be connected to their associated switchgear or 

module transfonner by a bus assembled in a standard inet~l l;,us en­

closure groonded at both ~nds or by shielded, armored cable with 

shields a,nd armor grounded at both ends (Section 5.2.2.J.8). 
6. At eacb generator, surge sloping o~paqitors shall be installed 

between phase terminals and ground, Surge sloping capacitors are 
also requireq. on motors connected to the pr~ bus (Sections 

2.J.J.l and ,.2.2.3.8). 
7. For electrical equipment within the shielded pontrol roCXJ1, there 

are no speciric ~ sh1eldi~ requirement~. 

8. Electrical equipment hQJsinge shall be grounded to an internal 

ground ring (Section 5,2.2.J). 
9. Electrical or electronic equi:pnen~ in th~ sheet steel control roaµ 

will have the necessary shielding requirements provided bJ t~~ con­

trol roan shield. 

,2. J.4. 5 Electrical F.quipment - Type E 

1. Electrical and electronic equipment located within the overall 

building ~heet steel shield have no additional ahleldiJig 
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requirements. The necessary shiel ding will be pr ovided by t he 

overall building shield. 

2. All power system transformers exce:pt metering t r ansformers shall 

·have grounded metallic electrostatic shields between high voltage 

and low voltage windings. 

J. At each generator, surge sloping capaci t or s shal l be install ed 

between phase terminals and ground. Surge sl oping ca·.acitors are 

also required on motors connected t o t he prima_-r-y bus (Sect ions 

2.J.J.l and 5.2.2.J.8). 

4. All electrical equipment shall be connected t o an internal ground 

ring. 

2.J.5.1 Enclosures - Type A 

1. Within sheet steel shielded areas, such as the control room or 

other group shielq.ed areas, enclosure1;1 shall be connected to an 

internal ground ring. 

2. Outside of shielded areas, the following addit i onal NEMP require­

ments apply: 

a. Enclosures for open wiring used as a substitute for conduit 

and interconnections shall provide at least 40 dB of 

attenu.at ion. 

b. Junction boxes, wherever used to house open wiring, shall be 

totally enclosed and provide at least 34 dB of shielding (Sec­

tion 5.J.7). 

c. Enclosure~ and cabinets having open wiring shall provide at 

least 34 dB of shielding. 

d. Equipment enclosures she.11 be connected to an internal ground 

ring (Section 5.2.2.J). 

2.J.5.2 Enclosures - Type B 

1 • . Within sheet steel shielded areas, such as the control room or 

other group shielded areas, enclosures shall be connected to an 

internal ground ring. 
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2. Outside shield~d are~s, the tio'.l.lp1i,ing additional NFMP requirements 

apply: 

a. Enclosures for ('pen wiring used as a substitute for conduit aoo 
intercormections shall provide at least 40 dB of attepuation. 

b. Junction boxes, w,herever used to hou~e open wiring, ~hall be 

totally enclosed and provide at least 20 dB of shielding (Sec­

tion 5. J. 7). 

c. Enclosures al')d cabinets having open wiring shall provide at 

least 20 dB of shielding. 

d. Equipment enclo~res shall be connected to ~ internal grOI.Uld 

ring (Secticm 5.2.2.J). 
2.J.5.J Enclosures - Type C 

1. Within sheet steel fhielded areas, such as the control roan or 

other group shielded areas, enclosures shall be cormec'lted to an 
internal ground ring. 

2. Outside shielded areas, the following additional NEMP requirements 

apply: 

a. Enclosures £or, open wir1118 us1;1d as a sul>~tit~te for conduit ~ 

intercormect1ons shall provide at least 40 dB or att~nuation. 

b. Junction bo~s, wherever use(! to hous~ open wiring, shall be 

totally enclosf!d ~ provide at least 14 dB or shielding (Sec­

t ion 5.J.7). 

c. Enclosures and cabinets having ~n wiring ~hall prQvide at 

least 14 dB or shielding. 

d. Equipnent enclo~s shall be connected to an internal ground 

ring (Section 5.~.2.J). 
2.J.;.4 .JD.closures - Type D 

1. Within the sheet st~el shielded control roan in a rebar shielded 

building, enclosufes ,nall be grounded ~o the internal ground 

ring. 
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2. Outside the shielded control .room but within the rebar shielded 

buiL'.ing, the following NF.MP requirements apply: 

a. Enclosures for open wiring· used as a substitute for conduit 

and interconnections shall provide at least 20 dB of 

attenuation. 

b. Junction boxes, wherever used to house open w1.r .mg, shall be 

totally enclosed and may be of standard construction. 

c. Enclosures a,nd cabinets havi ng open wiring shall be 0f stan­

dard construction having five or six metal sides . Electri cal 

continuity shall be maintai ned between al l metal sides. Lou­

vers or other standard construction f or ventilation purposes 

may be used. Electrical raceways shall enter the enclosure 

through a metal surface. Electrical raceways which must 

enter through an open bot' iiCJn, must enter through a patch 

plate which is electrically connected to the enclosure, 

d. Equipment ~:n.cl,c;>sures shall be connected t o an internal ground 

ring (Section 5.2.2.J). 
2.J.5.5 Enclosures - Type E 

1, Inside a sheet steel shielded building, electrical equipment en­

closures, electrical wiring, junction boxes, and other similar 

electrical canponent housings have no shielding requirement. The 

necessary shielding is provided by the overall building shield, 

2. All enclosures housing electrical equipment shall be connected to 

an internal ground ring. 

2.J.6.1 Grounding - Type A 

1. The building shall be provided with an external gr ounding system 

consisting of a counterpoise grid interconnected with ground rods 

(Sections 5~2.2.1 and 5.2.2.2). 

2. Construction rebars shall be grounded as prescribed in Section 

,.2.2.2. 

- -·-- ------
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J. Roans within the building which contain electrical or electroniq 

equipment shall be provided with an internal ground ring to effec­

tively ground this equipment (Section 5.2.2. J). 
4. Hardware, piping, c'lnduits, structures, ducts, plenums, equipment, 

equipment enclosUl'es, and other metal parts may be grounded by a 

multiple point grounding system (Section 5.2.2.J and 5.2.2.4). 
5. Electric power circuits should follow conventional grounding prac­

tices. Neutral grounding shall be made by means of a separate 

connection to the internal ground ring or to a separate neutrai 

groonding bus (Section 5.2.2.J.10). 

6. Cable trays should be grounded to the internal ground ring or to 

grounded metal equiixnent wherever cable trays ~e permitted. 

2.J.6.2 Grounding - Type B 

1. The rebar shielded building shall be provided with an external 

grounding system consisting of a counterpoise grid interconnected 

with ground rods (Sections 5.2.2.1 and 5.2.2.2). 
2. Shielding rebars shall be growided as prescribed in Section 

5.2.2.2. 

J. The building rebar shielding shall be interconnected with the coun­

terpoise ground grid at the intervals specified in Section ,.2.2.2. 
4. Rooms within the building which contain electrical or electronic 

equipnent shall be provided with an internal ground ring to effec­

tively ground this equipment. The internal ground ring shall be 

cormected to the counterpoise (Section 5.2.2.J). 
5. Hardware, piping, conduits, structures, ducts, plenums, equipnent, 

equipnent enclosures, and other metal parts must be effectivel,y 

grounded to the nearest practical location on tl\e grounding sys­

tem (Sections 5.2.2.J and 5.2.2.4). 

6. Electric power circuits should follow conventional grounding prac­

tices. Neutral grounding shall be made by me~ or a separate 

l __ ---~-- ~-··-•-----··--.. . ···•·· ·-----
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connect ion to the internal ground ring or to a separate neutral 

grounding bus (Section 5.2.2.J.10). 

7. Cable trays $01.lld be grounded to the i nternal ground ring or to 

grounded metal equi~nt wherever cable trays are permitted. 

2.J.6.J Grounding - Type C 

1. The sheet steel shielded building shall be provided with ~n exter­

nal groundiri.g system consisting of a counterpoise around th:: buil d­

ing periphery and ground rods (Sections 5.2. 2.1 and 5.2.2.2). 

2. The overall building sheet steel shall be grounded as prescribed 

in Section 5.2.2.2. 

J. Rooms within the building which contain electrical or electronic 

equipment shall be provided with an internal ground ring to effec­

tively ground this equipnent . The irrternal ground ring shall be 

connected to the qounterpoise (Section 5.2.2.J). 

4. Hardware, piping, conduits, structures, ducts, plenums, equipment, 

equipment enclosures, and other metal parts must be effectively 

grounded to 'th~ nearest practical location on the grounding sys­

tem (SectiOilS 5.2.~.J and 5.2.2.4). 

5. Electric power circuits should f'ollow conventional grounding prac­

tices. Neutral grounding shall be made by means of /:I- separate 

connection to the internal ground ring or to a separate neutral 

grounding bus (~otion 5.2.2.J.10). 

6. Cable trays should be grounded to the internal ground ring or to 

grounded metal equipment wherever cable trays are permitted. 

2.J.7.1 Openings - Type A 

1. Openings in shielded buildings, rooms, and enclosures shall be 

des;gned so as not to degrade the intended shielding of the build­

ing, room, or enclosure (Sections 5.J.J.J, 5.3;4.J, 5.J.5.J, and 

5.J.7.J). 

2. Openings in shielded buildings and rooms used for perso;,nel access 

I 

~----J 
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shall be of the wave guide type. Alternatively, ccmunercial'.cy con­

structed doors may be used. In either case, the shielding inte­

grity required in Item (1) above shall be provided (Sections 

5.J.J.J, 5.J.4.3, 5.J.5.J, and 5.J.7.J). 
J. Openings such as louvers are permitted for enclosures of eq\lipment 

and components provided the attenuation requirements of the enclo­

sure are met. 

2.J.8.1 Penetrations - Type A 

1. Conduit penetrations shall be made by the methods prescribed in 

Section 5.J.2.2. 

2. Conduit penetrating the building should preferab'.cy enter and leave 

at the grou.~d grid level and be connected to the ground grid at 

this point. For conduit entering at heights not greater than one 

half the total building height, steel grounding plates of proper 

dimension shall be used to connect conduit to counterpoise. For 

conduit entering at heights greater than one half the total build­

ing height, the width of the grounding plate should equal that 

used for conduit entering at one half total height and an auxi­

liary wire mesh screen having a width ~qual to the steel plate 

should be connected between the top of the steel plate and extend 

over the top of the building and connect to conduit lf)aving the 

building on any of the other three sides. Typical cases are 

illustrated in Section. 5.J.2.2. 

J. Conduits penetrating the sheet steel shielded utility access tun­

nel may penetrate the tunnel at any point. Penetration methods 

are given in Section 5.J.2.2. 

4. Conduits penetrs.ting an unshielded rooo:. containing electrical or 

electronic equipnent must be connected to the internal ground ring 

by at least a No. 6 AWG copper bonding strap or to grounded metal 

equipnent enclosures. For conduit entering a solid metal plate 

----,,- -- ·-----------
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shielded wall, the conduit shall be welded or brazed to the plate 

(Section 5.J.2.2). 

5. Metal utility pipe penetrations are treated the same as conduits 

(Section 5.J.2.2). 

6. Non-metal pipe penetrations into shielded areas shall be made 

through a wave gittde type sleeve (Section 5.J.2.2). Non-metal 

pipe pellP,,lirations into unshielded areas require no special 

treatme·.1t. 

7. Metal ducts, plenums, and similar type penetrations into shielded 

areas shall pe designed as wave guide type penetrations which main­

tain the shielding integrity of the shielded volume. If these 

ducts or plenums form canpletely shielded enclosures having the 

required attenuation level with the terminating equipment, no wave 

guide provisions are necessary (Sections 5.J.J.J, 5.J.4.J, 5.J.5.J, 

and 5.J.7.J). 

8. Metal ducts and ~lenums which penetrate unshielded areas shall be 

electrically connected to grounded equipment at each end. Non­

metal ducts and plenums penetrating such areas have no EMP design 

restrictions. 

9. Cable tray penetrations wherever catile trays are permitted shall 

be made by prescribed methods. 

2.J.8.2 Penetrations - Type B 

1. Conduit penetrations she.11 be made by the methods prescribed in 

Section 5.J.2.2. 

2. Conduit penetrating the sheet steel shielded building may pene­

trate the sheet steel at aey point. 

J. Conduit penetrating the sheet steel shielded utility access tunnel 

may penetrate at any point. 

4. Metal utility pip'ing penetrations are treated the same as conduits. 

5. Non-metal pipe penetrations through the building shield shall be 
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made through a wave guide. 

6. Metal ducts, plenums, and similar type penetrations or the build­

ing shield shall be designed as wave guide type penetrations which 

maintain the shielding integrity or the shielded volume. If these 

ducts or plenuma form canpletely shielded enclosures with the ter­

minating equipnent, no wave guide provisions are necessary (Sec­

tions 5.J.J.J, 5.J.4.J, 5.J.5.J, and 5.J.7.J). 
2.J.9.1 Utility Piping - Type A 

1. Within sheet steel shielded areas such as the control room or 

other group shielded areas, utility piping can be either metal or 

non-metal and has no N™P requirement. 

2. Outside sheet steel shielded areas within the building which is 

either unshielded or shielded by rebars, metal utility piping 

shall have the following requireme.nt~: 

a. Piping shall be electr!c~lly continuous. 

b. Piping shall be connected to the nearest internal ground ring. 

c. Metal piping sections which are bridged by a non-conducting 

pipe section shall have a No. 6 AWG copper bonding strap con­

nected between metal pipe sections. Where bonding straps are 

not feasible, metal piping sections shall be connected at both 

extremities to the closest internal ground rings (Section 

5.J.2.2). 

2.J.9.2 Utility Piping - Type B 

1. Within the sheet steel shielded building, utility piping can be 

either metal or non-metal. 

2. Utility piping penetrations of the building shielding are covered 

under Penetrations. 

2.J.10.l Power Plant Building - Type A 

The entire building shall be shielded with 11 gauge sou,, sheet steel 

fastened to the outside of the building. All seams and Joir shall be 

--- . ----------
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joined by continuous welding. All openings and penetrations in the over­

all metal skin shall be made in accordance with sections on openings and 

penetrations. This overall shield shall provide at least 40 dB of attenu­

ation to a 10 kHz continuous magnetic field. 

2. J.10.2 Power Plant Building - Type B 

The entire building shall be shielded with 20 gauge solid sheet steel 

fastened to the inside of the building. All seams and joints sha1 l be 

joined or fastened by spot welding. All openings and penetrations in the 

overall metal skin shall be made in accordance with the sections on open•­

ings and penetrations. This overall shield shall provide at least 40 dB 

of attenuation to a 10 kHz continuous magnetic field. 

2.J. }'1,J Power Plant Building - Type C 

The entire building shall be shielded by means of r einforcing steel 

bars (rebars) Welded to form electrically continuous loops in vertical 

planes throughout the length and width of the building. Thus, all vert i­

cal construction rebars in outer building walls shall be welded to form 

electrically continuous conductors and shall be welded at their upper ex­

tremities to roof rebars and at their lower extremities to the l owest 

courses of rebars to form el~ctrically continuous loops. 

In addition, the uppermost and lowermost courses of horizontal con­

struction rebar s shall ~e welded to form electrically continuous loops and 

all vertical rebar loops shall be welded at all points of intersection 

with these two horizontal loops. This overall shield shall provide at 

least 40 dB of attenuat~on to a continuous wave magnetic field in the fre­

quency range between 10 and 100 kHz. 

For example, this attenuation can be accomplished by a double course 

rebar continuous loop construction, using #14S (1.692 inch diameter) steel 

rebars on 14-inch centers. If double course rebar construction is chosen 

as the IIll;iUlS of overall building shielding,. the inner cou.rse of rebar 

shielding shall confonn in construction to the outer course. Rebar 



Section 2 - Page 42 

construction details and calculation procedures are given in Sections 

5.J.4.2 and 5.J.4.J, respectively. Openings and penetrations in the over­

all rebar building shield shall be made in accordance with the sections on 

openings ana penetrations. 

2.J.10.4 Power Plant Building - Type D 

The power plant building does not provide shielding for electrical 

equipment, wiring, or other electrical components inside. 
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J.O PROTECTIVE REC(Jl.{ENDATIONS POR FACILITIES ELECTRICAL SYSTEMS 

J.l Introduction 

.,, RecoI1111endations ror protecting the pow-er building against electrcmag­

netic pulse effects were given in Section 2.0. This section gives reccm­

mended protection measures tor controlling electromagnetic pulse effects 

on site facilities electrical systems external to the power building. 

NrMP protection for the MSCB or DCCB is also cover·ed. However, protective 

measures to attenuate the radio frequency radiation within these buildings 

are outside the bounds of NEMP protection. 

The protective recommendations for the site facilities electrical sys­

tems are presented in shielding scheme format, as in Section 2.0. The 

recommendations are based upon the shielding required for susceptible items 

or subsystems exposed to the same envirorunent (classified) as considered f.n 

Section 2.0. 

J.2 Facilities Electrical System Protection Requirements 

There are a number or facilities electrical system items or special 

construction features which may be required for NFMP protection, including 

1. electrical raceways 

2. electrical wiring 

J. electrical equipment 

4. equipment enclosures 

5. grO\.mding 

6. openings 

7. penetrations 

8. utility piping 

Protective recommendations for each or the above items are considered, 

wherever possible, in terms of the shielding schemes which may be used at 

the various site facilities. 

J.J Tabulated Guides to Recomnended NEMP Protective Measures 

As guides for determining applicable N.FMP protective measures for 
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facilities, Tables J.l and J.2 have been prepared. These tables list recan­

mendations by types corresponding to the extent or NEMP protection provided 

by a particular shielding scheme. Under the type designation is given the 

subsection number which details the protective recamnendations. These pro­

tective recomnendation types, in conjunction with the tabl~~, are related, 

wherever possible, to the protective recarmendation 'types given in Section 

2.0. 

The reccmnendations chart, Table J.l, applies to the MSCB only. Table 

J.2 applies to unshielded facilities buildings and structures or to the 

interfaces between unshielded and shielded areas. 

Details of the NEMP protective measures accompanying Tables J.l and 

J.2 are presented in Sections J.4 and J.5, respectively. 

J.4 MSCB Protective Reccmnendations 

It should be recognized that the MSCB may have various degrees of 

shielding throughout the building dictated by factors which may be unre­

lated to NF.MP protection. The electrical l)OW'er system to these areas is 

the province of Section J. 5 and not the shielded areas themselves. This 

involves those areas which have no other shielding requirement except for 

NFJ.U> and in which the electrical power system and its canponents are 

exposed to NEMP. 

J.4.1.1 Electrical Raceways - Type B 

1. Electrical raceways for power and power corrtrol wiring in the MSCB 

which are within local or group shielded areas having attenuat i on 

levels or 40 dB or greater to a 10 kHz continuous magnetic field 

shall follow Cnrps or Engineers requirements. 

2. Electrical raceways for power and power control wiring in the MSCB 

which are outside or local or group shielded areas shall follow 

Type B electrical raceway requirements for the power building (Sec­

tion 2.J.2.2). 

I 
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J.4.1.2 Electrical Raceways - Type C 
1. Electrical raceways tor power and power control wiring in the MSCB 

which are within a rebar ahielde~ area which provides at least 40 
dB of attenuation to a contimloua wave magnetic tield i.n the fre­

quency range of 10 to 100 kHz shall follow Type C electrical race­

way requirements for the power building (Section 2.J.J.J). 
2. Electrical raceways tor power and power control wiring in the MSCB 

which are outside a rebar shielded area shall follCM Type B elec­
trical raceway requirements (Section 2.J.2.2). 

J.4.l.J Electrical Raceways - ~ D 
1. Electrical raceways tor power and pOlier control wiring in the MSCB 

which are within sheet steel shielded areas which provide attenua­
tion levels of 40 dB or greater to a 10 kHz continuous magnetic 

field shall follow Type D electrical raceway requirements tor the 
pCMer building (Section 2.J.2.4). 

J.4.2.1 Electrical Wiring - ~ B 

1. Electrical pOlier and J)Olier control wiring in the MSCB which is 
located in locally or group sl\ielded areas having an attenuation 
level or 40 dB or greater to a 10 kHz continuous magnetic field 
shall follow Corps ot Eng;l.neers installation requirements. 

2. Electrical pc,lier and pOlier control wiring in the MSCB which is 
outside local~ or group shielded areas shall follow Type B elec­
trical wiring requirements tor the power building (Sect ion 
2.J.J.2). 

J.4.2.2 Electrical Wiring - 'l)pe C 
1. Electrical power~ power control wiring which is within a rebar 

shielded area whioh provi.des at least 40 dB ot attenuation to a 

continuous wave magnetic field in the frequency range between 10 
and 100 kHz shall follow Type C electrical wiring requirements 

for the power buildi~ (Section 2.J.J.J). 
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2. Electrical wiring which is outside rebar shielded areas shall fol­

low Type B electrical wiring requirements of Section J.4.2.1. 

3.4.2.3 Electrical Wiring - Type D 

1. Electrical power and power control wiring in MSCB which is shielded 

by sheet steel to attenuation levels of 40 dB or gre&ter to a 10 

kHz continuous magnetic field shall follow Type D electrical wiring 

requirements for the power building (Section 2.3.2.4). 
3.4.3.1 Electrical Equipment - Type C 

1. Electrical power and pOW'er control equipment in the MSCB which is 

located in group shielded areas or is locally shielded has no 

additional shielding requirement. 

2. Electrical power and power control equipnent in the MSCB which is 

outside group shielded areas and is not locally shielded shall 

follow Type C equipment requirements for the pD'wer building (Sec­

tion 2.3.4.J). 

3.4.3.2 Electrical Equipnent - Type D 

1. Electrical power and pOW'er control equ.ipment in the MSCB which is 

located in rebar shieJded areas shall follow Type D electrical 

equipment requirements for the power building (Section 2. 3.4.4). 

J.4.3.3 Electrical Equipment - Type E 

1. Electrical power and pOW'er control equipment in the MSCB which is 

located in sheet steel shielded areas 13hould follow Type E elec­

trical equipment requirements for the power building (Section 

2.J.4.5). 

J.4.4.1 Enclosures - Type C 

1. Enclosures for pOW'er wiring and equipnent in the MSCB which are 

within or outside group or local shields shall follow Type C 

enclosure requirements for the power building (Section 2.3.5.J). 

J.4.4.2 Enclosures - Type D 

1. Enclosures for power wiring and equipnent in the MSCB which are 
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located within rebar shielded areas shall follow Type D enclosure 

requirements for the po.,er building (Section 2.J.5.4). 

J.4.4.J Enclosures - Type E 

1. Enclosures ro-:.· power wiring and equipment in the MSCB which are 

located in sheet steel shielded areas shall follCM Type E enclo­

sure requirements ror tbe pawer building (Section 2. J. 5. 5). 

J.4.5.1 Grounding - Type A 

1. Toe MSCB grounding system shall follow Type A grounding require­

ments for the power building (Section 2.J.6.1). Ir the MSCB has 

an overall sheet steel shield, Type C grounding requirements shall 

be used. 

2. Separate grounding systems ror electronics or other specialized 

circuits are permitted provided these systems are interconnected 

with the MSCB grounding system by a suitable surge protector. 

J.4.6.l Openings - Type A 

1. Openings in the MSCB shall follCM Type A opening requirements for 

the power building (Section 2.J.7.1). 

J.4.7.1 Penetrations - Type A 

1. Conduit and utility penetrations of the MSCB and within the MSCB 

shall follow Type A penetration requirements for the power build­

ing (Section 2.J.8.1). 

J.4.7.2 Penetrations - Type B 

l. Where conduit and utility penetrations or the MSCB are through 

sheet steel, Type B penetration requirements for the power build­

ing (Section 2.J.8.2) shall apply. 

J.4.8.l Utility Piping - Type A 

1. utility piping in the MSCB which is located in areas not sheet 

steel shielded shall tollCM Type A utility piping requirements 

for the power building (Section 2.J.9.1). 

J.4.8.2 Utility Piping - Type B 

1. utility piping in the MSCB which is located in sheet steel shielded 
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areas shall follow Type B utility piping requirements for the 

power building (Section 2.J.9.2). 

J.5 Protective Reccmnendations for Missile Farm Facili ties (LS, LAA, and 

EDC), Missile Assembly Building (MAB), and Utility and Access Tunnel 

Tilis section gives N1!MP protective measures for the following 

facilities: 

1. Missile Farm structures, conslr.ting of launch stations (LS), 

launch area antennas (LAA), and an elect r ical d:t.stribution cen­

ter (EDC) • These tac ili ties nre hardened and requ.ire precise 

power. 

2. Tile non-hardened Missile Assembly Building (MAB). Although non­

hardened, this building requires precise power and its shielding 

is justified in order to prevent adverse N1!MP effects upon it and 

upon other facilities using precise power. 

J. The hardened utility and access tunnel. 

For the LS, LAA, EDC, and MAB, two shielding schemes are practical: 

1. Local shielding by individual enclosures. 

2. Overall shielding using a continuously welded sheet steel 

enclosure. 

For the utility and access tunnel, shielding being considered will 

consist or solid sheet steel with continuously welded seams applied through­

out its length. 

Details of the applicable NW.P protective measures are given in the 

following subsections. 

J.5.1.l Electrical Raceways - Type B 

1. Electrical raceways for P™er and power control wiring which are 

within local shielded areas having attenuation levels or 40 dB 

or greater to a 10 kHz continuous magnetic field shall meet Corps 

of Engineers requirements. 

2. Electrical raceways for power and P™er control wiring which are 
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outside oi, or interfaced with, local shielded areas shall follOW' 

Type B electrical raceway requirements for the power bui lding 

(Section 2.J.2.2). 

J.5.1.2 Electrical Raceways - Type D 

1. Electrical raceways tor power and power control wiring which are 

within overall shielded areas having attenuation levels of 40 dB 
or greater to a 10 kHz continuous magnetic field shall meet Corps 

or Engineers requirements. 
2. Electrical raceways for power and power control wiring which pene­

trate overall shielded areas shall meet the requirements of Sec­

tion J.5.7.2. 
J.5.2.1 Electrical Wiring - Type B 

1. Electrical wiring within locallJ' shielded areas having au attenua­

tion level of 40 dB or greater to a 10 kHz continuous magnetic 

rh-1d shall follow Corps of Engineers installation requirements. 
2. Electrical wiring outside or, or interfaced with, locallJ' shielded 

areas shall follow Type B electrical wiring requirements for the 

power building (Section 2.J.2.2). 

J.5.2.2 Electrical Wiring - Type D 
1. Electrical wiring within overall shielded areas having an attenua­

tion level or 40 dB or greater to a 10 kHz continuous magnetic 
field sMll follow Type D electrical wiring requirements for the 

power building (Section 2. J. J.4). 
2. Electrical wiring outside of, or interfaced with, overall shielded 

areas shall also follow Type D electrical wiring requirements for 

the power building (Section 2.J.J.4). 

J.5.J.l Electrical Equ~pnent - Type C 
1. Electrical equipnent within locally shielded areas has no addi­

tional shielding requirement. 

2. Electrical equipnent outside locallJ' shielded areas shall meet 

Type C shielding requirements (Section 2.J.4.J). 
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J.5.J.2 Electrical Equipment - Type E 

1. Electrical equipment in overall sheet steel shielded areas should 

follO'J Type E electrical equipment requirements (Section 2.J.4.5). 

J.5.4.1 Enclosures - Type C 

1. Enclosures for power wiring and equipment constituting local 

shields shall follow Type C enclosure requirements (Section 

2.J.5.J). 

J.5.4.2 Enclosures - Type E 

1. Enclosures for pOW'er wiring and equiJlllent which are located within 

sheet steel shielded areas shall follO'J Type E enclosure require­

ments (Section 2.J.5.5). 

J.5.5.1 Grounding - Type A 

1. Grounding practices in locally shielded areas shall conform to 

Type A requirements (Section 2.J.6.1). 

2. Separate grounding systems for specialized firing circuits, etc. 

are permitted provided such systems are interconnected with the 

building ground system by a suitable surge protector. 

J.5.5.2 Grounding - Type C 
1. Grounding practices in overall shielded areas shall conform to 

Type C requirements (Section 2.J.6.J). 

2. Separate grounding systems for specialized firing circuits, etc. 

are permitted provided such systems are interconnected with the 

buildinf; grrunding system by a suitable surge protector. 

J. 5.6.1 Openings - Type A 

Regardless or the type or building or structure shielding provided, 

openings in shielding shall conform to the requirements or Section 2. J. 7 .1. 

J.5.7.1 Penetrations - Type A 

Conduit and utility penetrations or locally shielded areas shall con­

form to Type A penetrations requirements (Section 2.J.8.1). 

J.5.7.2 Penetrations - Type B 

Conduit and utility penetrations of overall shielded areas shall 
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conform to Type B penetrati<>ns requirements (Section 2.J.8.2). 

J.5.8.1 Utility Piping - Type A 

1. Utility piping outside locally shielded areas shall meet Type A 

utility piping requirements (Section 2.J.9.1). 

J.5.8.2 Utility Piping - Type B 

1. utility piping within OVt:.'rall shielding shall meet Type B ut,ility 

piping requirements (Section 2.J.9.2). 

J.6 Protective Reccmnendations for Support Utilities Eg_uiprr11ent Building 

The five shielding schemes suggested for the power plant building 

(Section 2.2) are also being considered for the support utility equipment 

building. 

Protective measures for the power building are, for the most part, 

applicable to the support utili.ties equipnent building. Table J.J lists 

the reference sections that apply. 

J.7 External Cabling between Facilities Buildings, structures, or Areas 

In this section the term "external cabling" shall be used to connote 

recamnended electrical raceways as well as electrical wiring within such 

raceways. Requirements relating to each of these are stated in the fol­

lowing subsections. 

J.7.1 Electrical Raceways between Facilities 
Buildings, structures, or Areas 

1. Conduits are the only approved raceways and shall be rigid steel 

or \rll'ought iron, two inch electrical trade size or larger. Con­

dulets shall not be used. Conduit joints shall be welded and 

threaded. 

2. Conduits shall be continuous so that contained wiring is never 

directly exposed to N1!MP fields. 

J. Conduit runs which must be placed above ground level shall: 

a. be grounded by cormection to counterpoise or ground rods at 

buildings (Section 5. J.2.2). 
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b. be grounded by a 10 root ground rod at the point or exit fran 

the earth if this exit is more than 50 feet from the structure 

penetration. 

c. be grounded by a direct connect ion to a 10 foot ground rod at 

intervals not exceeding 100 feet. 

4. Conduit runs which are completely buried and less than 500 feet 

long need only be grounded at penetrations or other grounded 

structures. Conduit runs 500 feet or longer shall be grounded 

at one intermediate location for each 500 feet of conduit run. 

5. Conduit penetrations at structures or manholes shall maintain the 

shielding integrity or the conduit. 

6. Conduit runs to non-hard.ened loads shall meet the same NEMP re­

quirements as conduit to hardened loads. 

7. All conduit bends shall be radiused in accordance with standard 

requirements for the particular size conduit used. 

J.7.2 Electrical Wiring between Facilities Buildings, structures, or Areas 

Electrical wiring must be shielded by shielding methods which provide 

at least 40 dB or attenuation ~o a 10 kHz contirruous magnetic field. In 

the unshielded areas between buildings this required attenuation is pro­

Yided by containment of' the wiring in conduit (Section J.7.1). 

The foll<Ming additional requirements for electrical wiring shall 

apply: 

1. Power wiring shall have surge arresters installed on both har­

dened and non-hardened circuits. Installations shall be made at 

approved locations and by approved methods. 

2. Separation between power and control wiring shall foll<M National 

Electrical Code or Corps or Engineers requirements. 

J. Alarm and monitoring wiring between facilities buildings and a 

central monitoring location shall be for indication signals only. 

Such signal indicating circuits should be isolated rran the pri­

oory alarm subsystem by relays or transformers. 
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J.8 Grounding and &trge Protection Recamnendations for 
Certain Non-Hardened Facilities Buildings and structures 

Shielding is not considered econanically feasible for certain non-har­

dened support buildings and structures supplied by camnercial pcwer because 

or their wlnerability to destruction by nearby nuclear detonation. Such 

buildings or structures include: 

1. maintenance shops 

2. mess hall 

J. headquarters building 

4. orr icer 's quarters 

5. barracks and unit administration building 

6. assembly and training building 

7. any above ground, non-hardened structures and the like, such as the 

helicopter facility, security and safety fencing, sentry stations, 

and site lighting standards. 

'There are, however, a nwnber or protective and safety measures appli­

cable to these buildings and structures to minimize the effects of overvol­

tage surges and to reduce the magnitude of mMP induced currents entering 

the conduit subsystem routed to shielded buildings, structures, and areas. 

Recommendations are as follows: 

1. Above groond structures and buildings shall be provided with a 

counterpoise and driven rod grounding system to which metal struc­

tural members shall be connected (Section 5.2.2.2). 

2. If buildings or structures are to be equipped with lightning masts 

or air terminals, the~e shall be connected to the counterpoise 

ground systett using at least two direct down leads or not less 

than No. 2 AWG copper (Section 5.2.J.l.2). 

J. Hardware, metal utility piping and ducting, conduits, electrical 

equipnent enclosure, and the like in non-hardened facilities 

buildings and structures shall be connected either to an internal 
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ground ring or directly to the grounding system, whichever is 

more direct. (Section 5.2.2.J). 
4. Metal security and safety fencing shall be grounded at intervals 

not exceeding 500 feet by driven ground rods. In addition, ground 

rods shall be driven at each corner of a fenced-in area and con­

nected to the !'enc ing. 

5. Ground rods shall be driven and connected to fencing on each side 

or all pedestrian and vehicle gates. These ground rods shall be 

connected by a buried counterpoise. Connections between counter­

poise and security fencing shall be made by means of a No. 2 AWG 

or larger copper wire. 

6. Pedestrian and vehicle gat.es shall be electrically connected to 

security fencing by means of flexible bonding straps having a 

conductivity at least as great as No. 1/0 AWG copper wire. 

7. Site lighting standards, it' constructed of metal and erected from 

the ground or at personr,~l access level, shall be grounded by con­

ruJction to adjacent building steel, fencing, or to driven ground 

rods. 
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4.0 ELECTRCMAGNETIC ENVIRONMENTAL EfflCTS ON ELECTRICAL PCMER SYSTJ.iMS 

4.1 Introduction 

The intent of this section is to present a brier SUDllll&I"Y' or the elec­

traoagnetic pulse effects which are significant to a designer who has re­

sponsibility for a hardened electrical pOW'er system design. First it must 

be recogn.ized that the electrical pOW'er system may be exposed to electro­

magnetic pulses which can enter the electrical system at ~ points and 

in maey ways. The induced voltage response of each and every susceptible 

item in the system will determine the total system response. Therefore, 

or particular significance is the proper identif'ication or those items 

which are susceptible and the degree to which they contribute to the re­

sponse at various locations in the system where performance requirements 

must be maintained. 

The following subsections will introduce the susceptibility of awa­
ratus, cauponents, and subsystems and how tbeir individual susceptibilities 

relate to total system susceptibility and system performance require~nts. 

4.2 Electranagnetic Effects - Parametric Support Data 

The "coupling" or electranagnetic fields into electrical pc,.,er systems 

determines the induced voltages and currents at various points in the sys­
tem. The calculations are very canplex because or the maey system contig­

urations and geanetries encountered. However, first step calculations have 
been made on sane configurations to obtain realistic magnitudes of' induced 

currents and voltages with which the designer must deal. 

The specific configurations w~ich will be diacussed include: 

1. Above ground transmission lines such as connectiqns to commercial 

power and telephone services. 

2. Conduit or cable loops where circulating currents may be induced 

by the magnetic field. 

J. Long underground conductors which include cable and conduit runs, 

pipelines, and access turmels. 
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4.2.1 Above .Ground Transmission Line Gurrents 

The calculation or above ground t ransmission line currents involves 

classified material and can be found in Reference 4. 
4.2.2 Currents Induced in Conductor Loops 

A closed loop or cable or co.aduit may interact with the magnetic field 

to produce a circulating current in the loop which depends upon the magni­

tude and time characteristics or ·\;he magnetic field and the loop area induc­

tance and resistance. Because ·~he in:3.uct ance is a c.:cmpUcated run.ct ion or 

loop dimensions and conductor size, it is not possible to give a simple 

relationship or peak current to loop area. A table of peak currents for 

several different conduit loops and conduit dimensions are given in Table 

4.1 for a magnetic field or 100 A/m. The given value,1 shown are for all)Jlli­

mim conduits or pipes. Currents induced in steel pipes or conduits will be 

sanewhat less, so the tnbulated values may be used safely. The designer 

can obtain peak currents for other magnetic field strengths by multiplying 

the given current values by 
1
~

0
, where H is the new assumed magnetic field. 

Given also in the table are the voltages which would appear across a gap 

.r• . ·· 1 or break in the conduit loop. These voltages al'.'e shown to caution those 

·, resi>a:isible for system reJ.iability and Sf;Lfety that discontinuities in con­

duit loops can be extremely dangerous. The values given in the table app~ 

. , . . ! to C'onduit loops between metal cabinets and enclosures within buildings 

, having dimensions as shown in Figure 4.1. For loop dimensions which do not 

vary more than a factor or 2 f'ran those given, the tabulate~ value may be 

extrapolated. 

4.2.3 Currents in Underground Conductors 

Another electranagnetic effect on the pawer syetem is the induced cur­

rent on underground conductors which normally will be the conduit runs or 

pipes f'ran buildings to outlying areas • . The calculations and a detailed 

discussion of the phenomenon involved is giv:en in Ref.erence 1. The peak 

induced currents which the pow~r system designer will use are given in 
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TABLE 4.1 

CURRENTS INDUCED IN CONDUCTOR LOOPS 
at 100 ampsLmeter 

A* BM- OM- Aluminum Voltage 
(rt) fill (inchesl I (aJPPS~ (kVl 

\ , 

50 5 J 11.3 9.4 
50 10 J 182 18.6 
50 20 3 277 J'7.5 
50 40 3 J98 75.0 

50 5 6 138 9.4 
50 10 6 215 18.6 
50 20 6 324 37.5 
50 40 6 457 75.0 

100 5 3 117 18.6 
100 10 3 19:3 37.5 
100 20 J JlJ 75.0 
100 40 J 488 150.0 
100 80 3 715 300.0 

100 5 6 153 18.6 
100 10 6 228 37.5 
100 20 6 J62 75.0 
100 40 6 552 150.0 
100 80 6 793 JOO.O 

200 5 3 120 37.5 
200 10 3 200 75.0 
200 20 J 335 150.0 
200 40 3 550 300.0 
200 80 3 870 600.0 

200 5 6 145 37.5 
200 10 6 235 75.0 
200 20 6 :385 150.0 
200 40 6 625 JOO.O 
200 80 6 975 600.0 

* For A, B, and D dimensions, see Figure 4.1. 
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Conduit or Piping 

Metal Metal 

, .. closure t=====~====:t=======::l Enclosur 

A. Circulating Current Induced in Conduits and Piping 
between Metal Enclosures within Buildings 

! 
-- D 

Metal t Mtital 
Encl,osure B Enclosure 

--
~ A 

B. Geanetry for Table 4.1 

FIGURE 4.1 Currents Induced in Loops by a Magnetic Field 
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nanogram form in Figure 4.2 which relates peak current to magnetic field, 

ground conductivity, and conduit diameier. To use the nanogram, the 

designer needs to knOW' the ground conductivity where the pipe or conduit 

is to be buried, the size conduit he intends tQ use, and the magnetic field 

to which the conduit will be exposed. As an example, assume the measu1·ed 

ground conductivity is J.J x 10-3 mho/meter and the intended conduit dia­

meter is 2 inches. With a straightedge connect these two points and conti­

nue the line to the T axis. Fran this poi.'l.t on the T axis draw a line 

through the design magnetic field strength and read peak current. Assuming 

the design magnetic field was 500 amps/meter, the resul•t ing peak current 

readout would be 50,000 amperes. 

The analytical and experimental studies fran which the nanograph was 

derived considered long conductor runs. In more recent experiments on 

shorter conduit runs, results indicate that tor conduit runs or 5,000 feet 

and shorter the nc:mograph will yield conservative design data. 

4.:3 System Susceptibility 

An electrical power system simply stated, is a network consisting or 

generating, distribution, and load equipment, each having its own complex 

control system, plus the necessary signaling, canmunication, and other 

accessory systems to make the paver system t"unction properly. All or 

these canponents and subsystems are directly or indirectly interconnected 

by electrical conductors and may be operating at widely different current 

and voltage levels. These ,electrical interconnections with their large 

number of electrical loops and long conductor runs are susceptible to EMP 

because of the induced currents and voltages which occur on the conductors. 

'Then too, electrical equipnent itself, most of which functions by means of 

an induction prinaiple, has a varying degree or susceptibility. 

To precisely determine the susceptibility ot an electrical paver system 

to an PM pulse, the canplete system would have to be in place. Analysis 

woo.ld have to proceed by an experimental approach with ihe system properly : 
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instrumented and variations in field orientation taken into account to 

obtain maximum response values. While this approach is not impossible, it 

is impractical because it requires that a canplete design be formulated 

before the application or protection and shieldi~ techniques could take 

place. Therefore, in the developnent of these protective recommendations 

a different ru1.elytical Md experimental approach to system susceptibility 

was deemed necessary. The procedure used is outlined as foll011s: 

1. The individual equipment and component responses with orientations 

to the applied field resulting in maximum susceptibility were 

determined. Equipment and canponents were electrically discon­

nected from sources and loads to obtain "worst case" results. 

2. The magnitudes of these induced voltages were related fran all 

par-c;s of a feeder back to the bus. The total feeder overvoltage 

contribution to the bus overvoltage was found to be the rma sum­

mation of the individual contributions. For any load with a mul­

tiplicity of equipment and canponents, the max:i.muul induce4 voltage 

of the most susceptible item was taken to represent the total load 

overvoltage contribution. 

J. The total primary bus overvoltage was determined by rms sUDDlling of 

all feeder contributions. 

4. The primary bus overvoltage was then canpared with perfOrJJ11ll'i.Oe 

requirements. 

5. If system performance requirements were not met, protective mea­

sures were established to reduce induced overvoltages to accepta­

ble levels. These are given in Sections 2.0 and J.O for an 

assumed typical --;ystem. 

The above approach has the advantage of permitting design changes in 

parts of the electrical system without requiring a reanalysis of the whole 

system. This design flexibility comes at the price or creating an ~lectri­

cal power system protection scheme which will be conservative. 
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Electrical pCMer and distribution systems have certain basic design 

features and associated apparatus which are common. For example, an elec­

trical po.er system would in all probability contain electrical apparatus 

such as generators, motors, transformers, regulators, circuit breakers, and 

canponents such as motor control contactors, relays of all types, instru­

llellts and meters or all types, etc., as well as the circuits to which these 

various equipments are connected. Such electrical components and apparatus 

, •·, be used as a basis for experimental and analytical study of suaceptibi­

~~ty and response. 

4.J.l Power Distribution Circuits 

A realistic beginning to a susceptibility analysis is to first consider 

the wiring. Consider a lJ,800 or 4160 volt, J ¢ unenclosed primary bus sys­

tem connecting generators together as shown in Figure 4.J. 

The line-to-line voltage V developed across phases Band C in such a 

circuit is a function of the phase loop dimensions, the rate of change of 

flux through the loop and the circuit parameters. A realistic condition 

would be one in which a minimum or four generators are connected to a no­

load bua system having surge suppression capacitors connected line-to­

ground at each generator. (Reference 2, page 5-6). The analysis of such a 

. condition results in line-to-line overvoltages as shown in Table 4.2. 

TABLE 4.2 

PRD.WlY BUS OVERVOLTAGES FOR VARIOUS MAGNETIC FIELD STRENGTHS 
(given in times rated peak line-to-line voltage) 

Unenclosed PER UNIT BUS OVERVOLTAGE FOR 13800 VOLT SYSTEM 
Conductors 100 amperes/meter 500 amperes/meter 1000 amperes/meter 

100 ft. bus 0.024 0.12 0.24 

200 ft. bus O.OJJ 0.16 O.JJ 

JOO ft. bus 0.042 0.21 0,42 

1000 ft. bus 0.076 O.J8 0.76 

-~- .....,...............,...,,_ ______ ~ 
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Table 4.2 (cont.) 

Unenclosed PER UNIT BUS OV'ERVOLTAGE FDR ~160 VOLT SYSTEM 
Conductors 100 am~eresLmeter 500 aml!2resbneter 1000 amperesQD.eter 

100 ft. bus 0.079 O.J9 0.79 

200 ft. bus 0.112 0.56 1.12 

JOO ft. bus 0.137 0.68 l.J7 

1000 ft. bus 0.240 1.2 2.40 

Since the per unit bus overvoltage values given in Table 4.2 all ex­

ceed a 2% bus performance r e,quirement (0.02 times rated peak line-to-line 

voltage on a per unit basis), it is obvious that EMP shielding is neces­

sary for buses on either voltage system. It should also be noted that as 

the system voltage d~creases, the per unit overvoitage increases propor­

tionately. It should also be recognized that unenclosed buses are poten­

tially hazardous to power plant personnel; they are vulnerable to external 

mechanical damage and cannot contain a fire started by a flashover. There­

fore, bus enclosures designed to provide EMF shielding as well as mechani­

cal protection are necessary. The required degree or attenuation for bus 

runs of 100 feet or more, exposed to H-field environments of JO ampere~ per 

meter or more, can be obtained f:ran the n,omograms, Figures 4.4 and 4.5. 
Uses of these nomograms are detailed in the following design examples: 

1. Assume that the ambient magnetic field in the power building is 

JOO amperes per meter and that the power bus is 200 feet long, 

operating at 1J800 volts. To determine the shieldizig attenuation 

that must be provided by a bus enclosure to meet a 2% performance 

requirement, proceed as follows: 

On the nanogram for a 13800 volt bus, Figure 4.4, align the 

JOO amperes per meter assumed magnetic field value on the left 

stem with the 200 foot bus run mark on the right stem, Read the 

required bus shielding attenuation (approximately 14 dB) on the 

--------------
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right side of the intermediate stem. The per unit system overvol­

tage that would appear on an unshielded lJ,800 volt bus can be 

found at the corresponding position on the left side of the inter­

mediate stem. In this instance it would be 0.1 of the rated peak 

line-to-line system voltage, or about 1950 volts. 

2. Now, suppose it is known that a particular bus duct for a 4160 

volt pOW'er system can provide a maximum shielding attenuation of 

JO dB and the bus run is again 200 feet long. It is desired to 

determine the maximum ambient field that could appear in the 

power building, yet allow this bus to meet its 2% performance 

requirement. 

On the nomogram for a 4160 volt bus, Figure 4.5, align the 

JO dB attenuation value on the right side of the intermediate stem 

with the 200 foot bus length mark on the right stem and read 

approximately 580 amperes per meter on the left stem as the maxi­
mum allowable ambient field in which this bus could meet the 2% 
overvoltage requirement. 

Another important consideration which must continually be kept in 

mind is the problem of personnel safety and overvoltage to equipment from 

induced voltages. In the circuit shown in Figure 4.J, consider the vol­

tageA V1 and v2 which are developed line-to-ground by the occurrence of an 

EM pulse. For a 50 foot conductor run having an enclosed area or 500 

square feet, the total voltage Vi+ v2 = V' for a 100 amp/meter magnetic 
field rising to crest value in one microsecond would be 

V' dH -7 
= µ0 A dt = 4 TT X 10 X 

500 x lOO = 5850 volts 
(J.28)2 10-6 
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At 1000 amps/meter, the voltage would be 58,500 volts, These voltages 

could be extremely dangerous to personnel and may cause equipment malfunc­

tion and damage. 

The voltages Vi and v2 can 9Xist in any unshielded electrical circuit 

and, therefore, the use or conduit or enclosures for all electrical wiring 
is necessary to minimize those voltages for safety and circuit performance 

requirements. 

4,J.2 Apparatus, Component s, and Subsystem 6"u.sceptibility 

All electrical apparatus is suscept ible to the effects of electranag­

netic pulse energy in varying degrees. In an attempt to identity and eva­

luate those equipments which are susceptible, a series or ana~ical and 

experimental studies were made. (Reference 2, page 5-1). The electrical 

apparatus evaluated included motors, generators, transformers, voltage r egu­

lators, and relays or varying sizes. Evaluations were also made on ener­

gized systems. ''\lorst case" H-field orientation was used in all tests. 

The follOW'ing series of figures, 4.6 through 4.10, gives the magnitude 

of the voltage induced in various kinds or electrical apparatus when that 

apparatus is exposed to simulated NEMP magnetic fields. The data given are 

for isolated unenergized equillll8nt. This also represents a "worst case" 

condition. For sane apparatus the ana~ical values are given along with 

the experimental results. In developing the criteria the experimentally ob­

tained induced voltage values were used for all cases except where a design 

curve was established to account for possible effects such as differences 

in equipment size, ratings, or unusual design features not foreseen. 

4.4 System Response and Propagation Characteristics 

The overvoltages which appear at the terminals or intercc~nected elec­

trical equi.pmen+, due to exposure to a varying magnetic field can propagate 

throughout the electrical system. The magnitude of these overvoltages at 

any given location in the system depends on many variables such as the EM 

pulse wave shape, the electrical system impedance network, the location or 
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overvoltage injection and the circuit impedance at the point of injection. 

An overvoltage pulse which may not be detrimental to equipment or the sys­

tem at the point of injection may cause equipment damage or electrical 

system malfunction in some. other part of the system. 

Analysis of traru:iient behavior of a particular electrical system must 

necessarily be performed on the system in question. When no such system 

exists, analysis can proceed on the basis of a typical system such as shown 

in Figure 4.11. The transient behavior of this typical system was studied 

by means of a Transient Network Analyzer (Ref'erence 2, page 4-8) which in­

jected either single phase line-to-line or line-to-ground voltage pulses 

at various locations and measured the resultant transient voltages through­
out the electrical system. This simulates the appearance and propagation 

of H-f'ield produced voltage pulses from motora, relays, transformers, and 

similar induction-type equipment. Also it simulates the voltage pulses 

produced on conductors within conduit exposed to an H-field environment as 

well as transients produced by switching and lightning. For the case or 

induction-type equipment· the induced voltage response of one phase, either 

line-to-line or line-to-ground, is usually higher than the other two phases 

because of the orientation of the equipnent in respect to the H-field direc­

tion. This induced voltage will propagate back to the generator bus in a 

m~r shown in Table 4.J, which gives the response characteristics of the 

typical system shown in Figure 4.11 for an applied step-f'unction wave. 

The voltages applied at the various load locations and measured on the 

generator bus are given in ~er unit values. For the case of induced vol­
tages on conductors within conduit, either voltage between conductors or 

the same voltage to ground on all conductors is possible, as will be ex­

plained later. Table 4.J gives the designer the means to calculate 1) the 

primary bus response due to a transient voltage injected single phase into 

the system either line-to-line or line-to-ground and 2) the response which 

propagates from the generator bu~ along all other f'eeders due to an 
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overvoltage originating on a given reeder. Methods and procedures used-to 
•: '( t 

calculate the responses are given in Section 4.5, Design Examples. 
' To clarify the terms used in Table 4.J consider the MSL Farm reeder 

shown in Figure 4.11 shOW'ing voltage injection points @ and(i). Note 
that location @ in Table 4.J indicates that a 1.0 per unit line-to­
neutral voltage on the 120 volt circuit results in a~ per unit L-L bus 
voltage. In terms or voltage this indicates that a 170 volt peak transient 

(1.0 per unit L-N) on the 120 volt circuit will result in a~ x 4160 x 
fi = J4 volt line-to-line peak transient on the 4160 volt bus. This is 

illustrated in A or Figure 4.12. Fran location © in the table the re­
sponse at the generator bus can be calculated due to a transient on this 

480 volt circuit. A 1.0 per unit line-to-line peak overvoltage (480 x 
fi = 680 volts, for example) on the 480 volt circuit results in a 

0)1' per 
unit line-to-line bus voltage. Therefore, a 68 volt peak transient would 
appear on the generator bus due to a 680 volt line-to-line peak transient 
on the 480 volt circuit, as shown pictoriit,lly iJl B qr Figure 4.12. In a 

similar manner the designer can determine the overvoltage at the primary 
bus due to a single phase peak overvoltage tram any part or eny reeder 
circuit. 

The designer may also need to know the response which would appear 

at a given reeder or load circuit when the generator is subjected to an 
overvoltage £ran another feeder. Transient Network Analyzer measurements 
have indicated that for this condition the generator bus overvoltage will 
propagate essentially unattenuated along other feeders. The examples in 
the section following will help to clarify the calculation or these tran­
sient effects. 

As was mentioned earlier, the maximum induced voltages on phase con­

ductors in conduit runs exposed to &D. H-tield environment can occur either 
as a voltage between conductors or as the same voltage on a'il conductors. 

The induced voltages resulting rrom flux leakages at bends and couplings 

-· ~ .... 
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results in a voltage to ground as well as between conductors and Table 4.3 
does apply. The induced voltage resulting from the m drop in the conduit 

length results in essentially simultaneous an.d equal voltages between each 

phase conductor and ground. For simultaneous voltage injection on all 

three phase conductors, experimental studies (Reference 2, page 4-18) have 

shown that both the resulting line-to-line and line-to-ground generator 

bus overvoltages are virtual~ zero when the transient pulse propagates 

through a wye-delta transformation as indicated in Figure 4.11. If, how­

ever, the transformation is through a grounded Y-grounded Y transformer, 

the line-to-line induced voltage at the generator bus can be calculated by 

using Table 4.J, considering the induced voltage as a line-to-ground injec­

tion. This calculated per cent voltage at the bus will propagate along all 

other feeders at this same per cent magnitude. This approach will lead to 

worst case results. 

In the power system there also are conduit runs containing three phase 

power cable connected directly to the generator bus such as a long conduit 

run to an outlying area. The induced voltage on these cables due to an H­

field exposure ~ill appear line-to-line and line-to-ground directly on the 

bus. Line-to•-ground induced voltages ort these conductors due to the m 
drop (length effect) of the conduit will again appear essentially simulta~• 

neously between all three phase conductors and ground and will be of equal 

magnitude. Experiments have shown that again these induced line-to-ground 

-voltages cause no generator bus line-to-line overvoltage. These line-to­

ground induced voltages may, however, propagate along other feeders and may 

affect sensitive circuits. Therefore, the foJlowing general rule applies: 

for a three phase simultaneous and equal line-to-ground voltage injection 

at the generator bus virtually no line-to-line transient voltage will ap­

pear on any load circuit if the injected voltage propagates through delta­

wye or wye-delta transformations. If the transformation is grounded wye to 

grounded wye, then the line-to-ground induced voltage propagates unattenuated 

. --··--- ------- -
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to any and all load circuits. No line-to-line transient voltages will be 

experienced on any three phase circuits. The 120 volt circuit, hOW'ever, 

will experience the total induced line-to-ground voltage. 

The following section will h~lp clarity some or the points Just 

discussed. 

4. 5 Design Examples 

First it must be recognized that in an electri~al power system exposed 

to FMP there are: 

1. Equipments which, by nature or their physical make-up, are more 

susceptible than other electrical equipment. 

2. Equipnents which are critical as to their electrical location in 

the power system and, therefore, may have more stringent transient 

voltage requirements. 

:3. Certain aspects or the system which must be analyzed rran a sub­

system point or view in addition to an individual component or 

equipnent approach. 

ITEM 1. Voltages will be induced in all inductive apparatus such as 

motors, generators, transformers, regulators, electranagnetic actua­

tors, relays, etc. when they are exposed to changing magnetic fields. 

Apparatus which is enclosed in metal enclosures will be less suscep­

tible, have lOW'er response, than unenclosed apparatus. For instance, 

a totally enclosed motor is less susceptible than a dripproof motor 

which in turn is less susceptible than an open motor. (See Figure 4.6) 

ITIM 2. The performance specitications or the power system may not 

o~ apply to the primary bus but on sane load circuits as well. 

Induced voltages f'rom equipnent and conduit on these critical load 

circuits must be held within specifications, possibly by additional 

shielding. 

ITEM J. This relates to the wiring and interconnection between equip­

ment, long conduit runs between facilities and outlying areas. 
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Recognizing these basic facts, the determination of the protection 

requirements necessary to meet certain given pOlier system performance spec­

ifications can then proceed. First, the EM pulse field specification ror 

the site must be given. If this is assumed to be 500 amperes/meter, the 

procedure would then be to detemine protection requirements and techniques 

on a component, equip:nent, and subsystem basis. If the system performance 

requirements cannot be met on this basis, then room or building shielding 

will have to be considered. In dealing with components and equipment, two 

things must be considered: 

1. The EMF protection necessary to prevent damage and malt'unction of 

equipnent due to induced voltage in the equipnen:-t itse.lf. 

2. The tr~sient overvoltages transmitted to other parts or the sys­

tem due to the overvoltage induced in the equipment itself. 

To determine the overvoltages developed in equipment and components, 

the designer should refer to Section 4.3.2, Figures 4.6 through 4.10, and 

read out the overvoltage induced by exposure to a magnetic field. For a 

500 amperes/meter magnetic field, these overvoltages are listed in Table 

4.4. 
TABLE 4.4 

TRANSIENT OVERVOLTAGES INDUCED IN ELECTRICAL 
EQUUMENT DUE TO A MAGNETIC FIELD OF 500 A/m 

Equipment 

Motors - Design Curve 

Generators - Splashproof 

Transformers - Dry type 

Transformers - Liquid-filled 

Regulators - Louvered 

Relays - Design Curve 

Induced Voltage 
(Times Peak Rated) 

0.015 

0.0055 

0.15 

0.000045 

0.0022 

1.0 

The per unit overvoltages induced by the magnetic field are next 

---···- - ------ - --- - --- ~..,., ~ .. ..--.. ..,..-
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canpared in Table 4. 5 to the per wiit d'ielectric test voltage levels whi.ch 

this equipment must withstand ,,.,ithout being damaged. 

TABLE 4.5 

CCMPARISON OF INDUCED 'm.ANSIENT OVERVOLTAGES IN EQUI™ENT AT 
500 AMPERES/METER TO THE EQUIImNT DIELECTRIC TEST V9J,TAGE LEVELS 

Induced Equipment Dielectric 
Overvoltage Test Voltage Levels 

(p. u. of peak (p.u. or peak rated 
Equipment rated voltgel line- to-ground volt!iel 

Motors rated 480 V, J ¢ 0.015 7.0 

Motors rated 120 V, 1 ¢ 0.015 10.4 

Generators rated lJ,800 V, J ¢ 0.007 J.6 

Transformers - 120 V Secondary, 1 ¢ 0.000045 8J.4 

Transformers - 480 V Secondary, J ¢ 0.,000045 J6.2 

Relays - 120 V, 1 ¢ 1.00 10.4 

Relays - 480 V, J ¢ 1.00 7.0 

Regulators - 480 V, J ¢ 0.002 14.5 

As can be noted, the transient overvoltages induced in the kinds of electri­

cal equipnent listed are extreme~ small in comparison to what the equipment 

will withstand and will not cause damage to this equipment. Additional 

shielding is, therefore, :aot required from a damage point or view. 

Wiring was discussed in Section 4.J.l where it was determined that all 

open wire must be placed in conduit or other shielded enclosur~. Conduit, 

however, exposed to an electr0n1~tic pulse is aleo susceptible l;y virtue 

or the induced current which flows along its length. This current causes a 

voltage to be induced between conductors within the conduit as well as be­

tween conductors and conduit. This induced conductor voltage is a £unction 

or the induced conduit current magnitude, the H-rield environment surround­

ing the conduit, the length or the conduit runs, the number and type or con­

duit bends, the number or threaded Joints and the type or wire within the 

I 

I 

I 
· ·1 
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conduits. The voltage magnitudes induced ~n conductors within conduits as 

affected by these parameters is shown in Figures 4.13, 4.14, and 4.15. 
These curves apply for two inch rigid steel conduit or larger. To use 

these curves for other conduit materials, multiply the values found on the 

curves by the factors given in Table 4.6. 

TABLE 4.6 

MULTIPLYING FACTORS roR USE WITH FIGURES 4.13, 4.14, 
AND 4.15 RELATING TO USAGE OF VARIOUS ELECTRICAL CONDUITS 

FACTORS FOR 
Figure 4.13 Figure 4.14 

Conduit Type C-0 C-G c-c 
1" rigid steel 2.0 1.0 1.0 
Wrought Iron J.O 1.0 1.0 

Electrical Metallic JO.O 1.0 1.0 Tubing (steel) 

Aluminum JO.O 1.0 1.0 
2" rigid steel with 1 foot 

flexible carbon steel * * * bellows 

Aluminum or steel Armor Cable JOO 65 50 
Sealtite Flexible Conduit 4000 1250 1000 

Figure 4.15 

C-G c-c 
1.0 1.0 

1.0 1.0 

1.0 1.0 

1.0 1.0 

* * 

65 50 

1250 1000 

The asterisk(*) in Table 4.6 relating to the use of bellows in a con-

duit run denotes that a simple multiplying factor is not possible. For the 

long time response the bellows also allows a conductor-to-conduit voltage 

to develop simultaneously and equally on all three phase conductors but at 

a different .time than that resultfog from the conduit length effect. In a 

conduit run employing one bellows, the induced conductor-to-conduit voltage 

due to the bellows is lower than that due to the conduit length when the 

conduit length exceeds 1600 feet. For the two bellow case the same situa­

tion occurs when the conduit length exceeds 3200 feet. Therefore, when 

. ... ·:.. ~ -----~ 



Section 4 - Page JO 

5oor---..----,
1
-.,,.. ...... ,...,.~

1

-.-..---...----,-..-..-........... ~ .......... 

I I I I I I I I I ~.,, 

_ Multiplying Factors for other Type I/ 

Conduits are Given in Table 4.6. i,/ ~~ 

200------~- ---+---+--4--+--1--1~-+------+---4--~/-1--+--',,t4-+-t /'/ ,/' 
100 ~ ~/ ... ~ -------+---+- +---+-+-~-+-+----/-,...+---+--./-+---+--+--+--.,....-,,, "I-I 

50 

20 

10 

5 

2 

l 

0.5 

0.2 

0.1 

>l, 7 . ... ., 
..,_ee ./ / " D ,'/ ./ I/ 

<:::,(j,, ~ 7 .... " --~ . ~ / ./ ~ 

~ I ~-r / 
V 

I/ 
V 

~ D,. 

V ~~,, V 
/ 

V ~---' ~ ~ ~ ~ 

V 
V ~~ V 

V 
V 

, 
V 
~ ,;.,,ee 

/ 
~ (j~ , ~ ./ ~ 'l, ... ... ~ - - ... ?<J .I .I ... ., 

I ... ,,, ~~I .... ,,, ., I ., 
I~~/ 

., I.I ., ., / ./ I 

~ / "\, ... Iii" / / ... ~ 
/ / lA" ?(.J / ./ ~,,, 

I/ ./ 
II"" V' \,ey 7 

~ 
, 

~ ~ 

V V ~<:::,<:::,_,,. / / 
~ LI~ / / / 

V V V ~¥/ 
,., 

V V 
l/ V 

~ / 
~ ,...., r \-ee" ,.,,, .... 

" ./ ./ ....,,, ~ ---
I/ / i~ FIGURE 4.13 --

~ ~ ·" 
-~ 

Con-_,_ 
/ ~,,, 1,1 

-onductor Voltage vs. 
duit Peak CuITent for 

/ ~ 
.., 

~ 
V / 

// V 
, 

1 2 

, _,_ 

l..l Ve.ryfog Lengths of standard 

V Rigid steel Conduit, 2-Ir..ch--
.Trade Size or· Larger with 
Welded Joints or Threaded _,... 
Couplings 

I I I I ·1 I 
5 10 20 50 100 
Conduit Peak Current 

(thousands of amperes) 

I 



Section 4 ~ Page Jl 

F':CGURE 4. l!~ ------
Induced C::>ndti.etor Voltage vs .... 

0.004 ----+-/.,.,. _________ I-+ Conduit Peak CuITent for --
... i,/ Varying Numl)er of Bends in 
~~-----..rlF---+--4---+--+--+--+-14- Standard Rigid Steel Conduit-,.._ 
~ ~ 
~ ,/ 2-Inch Trade Size or Larger. 

o. 002 -----------------~ -1-v Multiplying F'actors for 
: Other Type Conduits are 
~ Given in Table 4.6. j 0.001 ..... ______________ ..,_.....,......, ____ • ___ 1 __ 1__..._...1 .... 1....,.1 ""-' 
1 2 J 4 6 10 20 JO (JJ 80 l! JO 

Conduit Peak Current 
(thousands of amperes) 



------------•--1111111111 .. --,-.. , ... ---·---·--· ---·· ... ----

-0) 

~ 
g -

Section 4 - Page 32 
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determining the induced conductor-to-conduit voltage for conduit runs with 

bellow~, determine the conduit length effect induced voltage from Figure 

4.13 and the bellows effect induced voltage from Figure 4.16 and use which­

ever is higher, but not both. 

For the short time response, bellows also allow a conductor-to-ground 

and conductor-to-conductor induced voltage to develop at the same time as 

the response from conduit bends and couplings. The induced voltages due to 

bellows are given in Figure 4.17 and nmst be added to t ~e short time re­

sponse induced voltages given in Figures 4. 14 and 4.15 for conduit. 

4.5.1 Response Cal culations Demonstrating Procedure 

The method of analysis can best be shown by considering a typical sim­

plified situation such as shown in Figure 4.18. Assume a power building 

which must provide power for an ~tlying area 500 feet away at 480 volts., 

The ground conductivity was measured to be J.J x 10-3 mhos/meter. The cur­

rent which will flow on the conduit for a magnetic field of 500 amperes/ 

meter can be obtained from the nomogram, Figure 4.2, Section 4.2.J. For 

the given case, 50,000 amperes would flow on the conduit. The induced vol­

tage on the conductors within the conduit can be obtained from Figures 4.13, 

4.14, and 4.15. For a 2-inch rigid steel conduit the induced conductor-to­

conductor and conductor-to-conduit voltages are given in Table 4., 7. 

TABLE 4.7 

INDUCED VOLTAGES ON CONDUCTORS IN RIGID STEEL CONDUIT 

(H = 500 A/m; Conduit Current= 50,000 amp; Conduit Length= 500 feet) 
(Ground Conductivity J.J x 10-J mho/meter) 

Condition 

Conduit Length (500') 

Number of * 
Conduit Bends 

Number of ** 
Conduit Couplings 

Figure 4.13 
50,000 amps 

CG 15 Volts 

Peak Induced Voltage 
Figure 4.14 
50,QQQ aJDPS 

CG 4. 95 Volts 
CC 0.22 Volts 

Figure 4.15 
500 amps/meter 

CG 1.20 Volts 
CC 0.14 Volts 

Continued . . . . 

'..Jl 
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CG - Conductor-to-ground 
CC - Conductor-to-conductor 
* - J conduit bends, twisted pair wi re assumed 

H - 50 couplings, twisted pair wire assumed 

The induced voltages given i n this table will appear on the 480 volt 

circuit but not necessarily at the same time. Note that the induced vol­

tage due to conduit length is developed as a "long-time" effect appearing 

equally from each phase conductor-to-ground (line-to-•ground), while the in­

duced voltages due to conduit bends and coupl ings are developed as "short ­

time" effects appearing unequally on each phase conduct or·-to-•gr ound. 

{Reference 2, page 5-12) Conductor-to-conduit (line-to-ground) voltages 

shown in Table 4.7 are maximum voltages that would appear on one of the 

three phase cor.ductors to ground. Conductor-to-conductor (line-to-li ne) 

voltages shown in the table are the -maximum voltages that would appear be­

tween aey two phase conductors due to the unequal line-to-ground effects. 

Assume as an example that this particular 480 volt circuit feeds a 

number or motor leads each with associated starting and control equipment. 

As shown in Section 4.J.2, motors, solenoids, and transformers are suscep­

tible to electromagnetic fields. The maximum single phase induced voltage 

resulting from a given ™P field exposure can be obtained from Figure 4.6 
for motors, Figure 4.10 for solenoids, and Figure 4.9 for transformers. 

These induced voltages are given in Table 4.8. 

TABLE 4.8 

INDUCED VOLTAGE RESPONSE FRCM MOTORS, SOLENOIDS, AND TRANSFORMERS 
SUBJECTED TO A 500 A/m FIELD 

Item 

Motors - Figure 4.6 
Solenoid - Figure 4.10 

Transformers - Figure 4.9 

Induced Voltage Response 
(times rated peak voltage) 

0.015 

1.0 (only this one is significant) 

0.000045 
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Reviewing Figure 4.16 it can be seen that the induced voltages fran 

motors, motor contactors, transformers and the 480 volt conduit run all 

appear on the secondary side of the 4160 V - 480 V transformer in the power 

building. For reasons to be explained in the next example, the maximum 

load response need only be considered to calculate the resulting line-to­
line overvoltage on the generator bus. 

The calculation procedure is as follows: 

First, change the maxi.mum conduit induced voltage whether line-to-line 

or line-to-ground into a per unit value. This excludes the line-to-ground 

voltages induced because of the effect of conduit length, since these can 

cause no line-to-line generator bus overvoltage in a delta-wye system. The 

maximum induced voltage due to bends is 4.95 volts and that from couplings 
is 1.2 volts. In a worst case situation these induced voltages would be 

arithmetical~ additive and could result in a total induced voltage of, 6.15 
volts. This great~ exceeds the total line-to-line voltage of 0.22 + 0.14 = 

O.J6 volts as given in Table 4.7. Use this maximum induced voltage for cal­

culations. The per unit line-to-neutral voltage tor 6 .15 vol ts, based on a · 

480 volt circuit voltage is: 

48
~•!5

12 x ✓J • 0.0157 per unit L-N voltage 

Second~, compare all per unit voltages injected at the transformer 
secondary and choose the maximum. Table 4.8 indicates that the maximum 

per unit response for equipment is 1.0, which is larger than the 0.0157 

per unit voltage calculated for the conduit. This 1.0 per unit voltage 

propagates back to the generator bus and its effect upon the power system 

can be ana~zed as follows: Refer to Table 4.3 and Figure 4.11 and relate 
the circuit under consideration to a similar circuit in the typical MSR 

power system diagram. The MSR cooling load circuit with in.iection loca­

tion G) is similar except for distance. This, however, will not signifi­

cantly affect the transmitted transient voltage pulse. Enter Table 4.J 
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and find for a 1.0 per unit injection at point Cl), the maximum per unit 

line-to-line generator bus voltage or 0if. Calculate the line-to-line 
bus overvoltage as follows: 

1.0 p.u. 1-N voltage at load results in 0.0173 p.u. L-L voltage on 
the bus 

VL-L (4160) = 0.017J x 4160 x ✓2 = 102 volts 

To determine whether this primary bus transient voltage exceeds the primary 

bus performance requirement, compare this transient voltage with the allow­

able line-to-line primary bus overvoltage. 
Assume now in this same example the possibility that one or the other 

feeder circuits connected on this bus is supplying power to a sensitive 
load operating at 480 volts. From the system response and propagation 

characteristics given in Section 4.4, the above calculated 0.0173 per unit 
voltage on the generator bus propagates unattenuated on a per unit basis 

to all load circuits. Therefore, the sensitive load circuit would expe­

rience a transient line-to-line voltage of 

VL-L (480) = 480 . x ✓2 x o.OJ.7J = 11.8 volts 

Refer again to Table 4. 7. Consider the 15 volt line-to-ground induced 
voltage which appears on each phase conductor-to-ground on the 480 volt 

reeder. Fran Section 4.4 this L-0 voltage will not cause a line-to-line or 
line-to-ground overvoltage on the generator bus when the pulse is trans­

mitted through a delta-wye or wye-delta transtormation. Stnce ·this is the 

case in our example, the induced voltage on the conduit conductors due to 
the conduit le:r..gth effect can be neglected. 

4.5.2 Response Calculations ror Simplified Launch 
Area Antenna (LAA) Power System 

For a more extensive illustration or the procedure used in calculat­

ing the effect or induced voltages in the power system in relation to the 

power system performance levels, consider the power circuits to the Launch 

Area as shown in Figure 4.19. First, list the susceptible circuits and 
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equiJ1Dent. To insure • canplete listing, initially assume a magnetic tield 

direction which gives the maximum induced voltage tor all equiJ1Dent and 

wiring. starting at the prfllary bua, the susceptible items are: 
, 

A. the 500 toot run of' 4-ii:ich conduit in the utility tunnel between 

the poller building and the missile site control building. 

B. the 5000 toot run ot 4-inch conduit between t.i"'re missile site con­

trol buildiDC (MSCB) and the electrical distribution center (EDC). 

c. the 4l ~J! .. ,4,8Q/277 volt and 4160-208/120 volt delta-wye transtormers 

at the m:x,~ 

D. the relay,-controlled heater and motor 101·.d at the EOO. 

E. the light inl load at the EDC. 

F. the 132 f'oot conduit runs between the EDC and LAA. 

G. the relay-controlled heater load at the LAA. 

H. the conduit run to each of' the launch stations. 

I. the relq-controlled heater load at the launch station. 

By the method outlined in the previous example, the induced voltqe tor 

each ot the above items can be translated into an equivalent per unit over­

voltqe at the primary bus in the paver building. The resultant ettective 

bus overvoltqe response trClll this teeder is a function of' all the indivi­

dual circuit and caaponent reaponaes, Items A through I. 

As a first approximation, one can, with a little experience, exclude 

those equiJ;119nts and circuits vboae overvoltage contribution is negligible. 

Motors and trl!\DSf'ormers, tor example, have extremely small voltages induced 

in them. Relqs are much more auaceptible. Short conduit runs within 

buildings such as the conduit runs between transf'ormers and motorn. and be­
tween transformers and lighting fixtures are other examples of' items having 

negligible susceptibility. Arter a tew of' these calculations have been 

made, one can recognize these situations upon inspection. 

Next, evaluate the responses ot Items A through I, not 1ng that Item A 

is contained within the shielded utility tunnel and assuming that Items B 

-~ -- - ----~· 



Section 4 .- Page 42 

through ~ ~e exposed to a magnetic • field of 500 amperes/meter. 

ITEM A. Assume tbat_ the uti;l;}.ty tunnel hu shi"elding which is · JO dB 

or gre.~ter. This would . reduce . t}1e magnetfo,:,•field strength to at least 

.. 16 ampere!:J per meter~. This .~itude or magnetic field strength would 

not induce voltages ,.on the ]lj.ring. of any significance. (See Section 

4.5.J) 

ITEM B. Assume that this run .. of 4 .. inch'·1eonduit is buried in earth 

having a conductivity of 4. 5 x .10-3 ,ohms/meter. · Fram the nomogram, 

Figure 4.2, this conduit in the 500 amperes/meter field would carry 

a peak. curren~ or 50,,000 ampePes. Therefore., we can determine from 

Figures 4.lJ, 4.14, and 4.15 the ·induced. conductor-to-grrund ·and 

conductor-to-conductor :voltages in ,a manner eimill.r to that given in 

the example of Section 4-.5.1 • . These .are shown in Table 4.9. 

· TABLE 4.9 

INDUCED VOLTAGES ON CONDUCTOI}S IN 4~I~CH RIGID STEEL CONDUIT · 
(H • 500 A/m; C~ndµit Current • 50,000 ~a; .. conduit·: Length • 5000 feet) 

_ '. .; . ~i . {Ground Cond~ctiyity = 4.5 ~-10:~ n&;o/~t.er) .. -
\., • r, ·• • 

~ 1 •I ' 

Condition 

Condu::f:t (5000') 

~~~- Bends * 

499 .Couplings* 

Figure 4.lJ 
50,000 amps ·' 

. CG 150 Volts . 

Pe~~ -In<iuceq Voltage 
Figure A-• 14 
·50, 000 ' anws 

' ti 1 

CG 4~·95 Volts 
·.cc 0.22' Volts 

: , .. 
Figure, 4.15' 

500 amps/meter 

. CG 12.0 Volts 
·CC 1 . 4 Volts 

* - Twisted pair wi,;re and .t}wee bends assumed . . . . .... · . . ' ' 
CG - Conductor-to-ground 
cc Conductor-to...c·onductor', 

... _ I ' ... .., ' I ,, • . • . ' ' . . ' . ; ' ·• ~ ' . 

The induced v,:>ltages given lx( the·' table will appear directly on 

.the 4160 volt bus. · The ~imuin ' line.;.t·~:.ii~t 11~hort time" response is 
. • , ,. . , .. ' I .• -,: , • . . . 

0.22 + 1.4 = 1.62 volts. The ''maximum ' line-to-ground "short time" 
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response is 4.95 + 12.0 = 16.95 volts. The "long time" response, due 

to the effect of conduit length, is 150 volts; this appears on each 

phase conductor-to-ground. 

Considering the short time induced voltages, choose the maximum 

response and convert to a per unit value; thus, the maximum response 

is a line-to-ground voltage of 16.95 volts. The per unit L-N voltage 

on the 4160 volt generatc,r bus is then 

V ·• · l9... 95 __ x /J :!: 0. 00~) 
per unit 1-N - 4160 x ri 

The resultant per unit line-t o-line 4160 volt generator bus induced 

voltage is calculated as follows: 

Refer to Table 4.J and note t hat for the generator bus, injection 

point Q), a 1.0 per unit L-N vol tage results in a;f per unit L-L 

voltage. Since the actual per unit L-N voltage was 0.005, the propor­

tionately: 

0.005 
1.0 

= Vper unit L-L 

bi 
fi 

Vper unit L-L = o.oo4 

where Vper unit L-L is the per unit line-to-line induced voltage on 

the generator bus due to an 0.005 per unit L-N voltage injection on 

the bus. 

The 150 volt long time response does not cause a line-to-line in­

duced voltage on the generator bus and will be discussed later. 

ITEM C. Transformers, especially liquid-filled transfonners having 

no exposed wiring on both the primary and secondary side, have very 

little 5.nduced voltage on the secondary. Figure 4. 9 indicates that 

for a 500 ampere per meter field strength, the induced voltage is 

only 0.000045 times the rated voltage of the transformer. 

ITEMS D1 E1 G1 and I. Assume a motor at the EDC to have a dripproof 

. ••-·--...-~·_,....,..~,- ........... 

,. 
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housing. From the design curve for motors, Figure 4.6, a 500 amperes 

per meter magnetic field strellgth results in a per unit induced vol­

tage or 0.015. The induced voltage for relays, Figure 4.10, is 1.0 

per unit ror a 500 ampere per meter magnetic field. The dry-type 

lighting transformer induced voltage, which is 0.15 per unit, can be 

obtained from F'igure 4.8. Note that the above items are a part or the 

total load on the 4160-208/120 volt transformer. The remainder or the 

load is assumed to be relay-controlled heaters at the LAA and at each 

launch station. These are listed as Items G and I which are also 

relays and will have the same induced voltage as determined above, 

i.e., 1.0 per unit •.roltage. 

ITEMS F and H. Items F and H relate to the conduit runs from the EDC 

through the LAA to the launch stations. From a voltage 'injection 

point of view at the secondary of the 4160-208/120 volt transformer, 

the induced voltage on the wiring within the conduit can be considered 

as part or the 208/120 volt load. Assuming that the maximum conduit 

length from EDC to launch station is 271 feet, determine the maximum 

per unit voltage induced on these conductors as was done in the exam­

ple in Section 4. 5.1 and in Item B. This results in a L-N per unit 

voltage or 0.0J2 which appears between one phase of the 208/120 volt 

circuit and ground. The induced voltage which appears on each phase 

conductor-to-ground because of the conduit length effect will not 

cause any line-to-line overvoltage on the generator bus because of 

the delta-wye transformer connection. 

There are nine such circuits or variable lengths running from the 

EDC to the launch stat ions. Only the circuit having the maximum 

length need be considered, 

ITEMS C1 D, E1 F, G1 H, and I - 208/120 Volt Load Circuits. Experi­

mentally it has been found that the induced voltages from electrical 

equipment, components, and wiring, connected to a given transformer 

.i"~ ~'.. ' -, ,.. ... ~-~----...:...... ....... ..:;._;, ___________ -·· .. ··•-·- . -·•· - -----~ .. 
Iii 
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secondary, act as parallel voltage sources each having internal series 

impedance. These voltages may approach as a maximum value the voltage 

that would be induced in the one device having t he highest response if 

that device were open-circuited or isolated from t he circuit. (Refer­

ence 2). Therefore, in the case of the 208/120 volt load ci rcuit, the 

induced voltage used to determine the effective load circuit response 

at the primary bus is the largest i nduced volt age from acy piece of 

electrical equipment, compo:nent, or wiring or the 208/ 120 volt load 

circuit. Since all the induced voltage values obtained from Figures 

4.6 to 4.10 are open circuit values, they need orw~ be compared and 

the maximum voltage selected. Table 4.10 shows this comparison. 

TABLE 4.10 

CWPARISON OF INDUCED VOLTAGES FRCM VARIOUS LOADS 
ON 208/120 VOLT cmcuIT 

Induced Vol tage 
Items (per u..~l t values) 

Liquid-filled Transformer Secondary 0.000045 

Motors 0 .015 

Lighting Transformers (dry-type) 0 .15 

Relays 1.0 

Wiring O.OJ2 

As can be noted from the table, the relay response is higher than any 

other item and is, therefore, used to represent the induced voltage 

contribution o:~ the 208/120 volt circuit as it affects the primary 

bus overvoltage. 

Now, to determine the per unit line-to-lin..~ voltage response at 

the primary bus in the power building, refer to Fi gure 4.11 and Table 

4.J. Note that the missile farm feeder in Figure 4.11 has two trans­

formers between the 208/120 volt circuit and the primary bus. In the 
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example cited, the primary bus voltage was stepped down to 208/120 

volts with one transformer. Therefore, the response from the 208/120 

volt load is transmitted to the primary bus as shown by voltage injec­

tion point@· Table 4.3 indicates that a 1.0 per unit line-to­

neutral voltage injection at point@ results in a 
0jr = 0.0115 per 

unit line-to-line voltage at the primary bus. 

ITFMS D, FI and H - 480/277 Volt Load Circuh. Consider now the 480/ 

277 volt feeder from the EDC to the LAA and launch stations. Assume 

that the only load is several relay-controlled heater circuits. The 

induced per unit voltage fran relays in the 480 volt circuit will be 

the same as the 208/120 volt circuit which was 1.0 per unit voltage. 

The induced voltage resulting from the effect or conduit length and 

the number of bends and couplings for the 480 volt circuit will be 

similar as well. Therefore, as was the case with the 208/120 volt 

circuit, the induced voltage from the rel~s has the maximum response 

and propagates to the primary bus and appears as a 0.0115 per unit 

line-to-line voltage. 

The final step in the calculations is to detemine the total response 

or the MSL feeder at the primary bus. Listing the individual responses, 

we have: 

a. 5000 root conduit run (R1) 

b. 208/120 volt load circuits (R2) 

c. 480 volt load circuit (R3) 

Per Unit L-L Response 
at Primary Bus 

0.004 

0.0115 

0.0115 

Total Feeder Response R = ✓ (R
1

)2 + (R
2

)2 + (R
3

)2 

R = 0.0167 per unit L-L voltage 

This per unit voltage would propagate unattenuated on a percentage basis to 

all other feeder and load circuits. Comparing this 0.0167 per unit L-L 
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voltage to an assumed 0.02 line-to-line performance specification on the 

generator bus, this particular feeder would not i n itself exceed the spec­
ification. H011ever, the simultaneous responses of all the system feeders 

must be considered. Assuming that the electrical system is canposed of 

many such feeders, each contributing a certain induced primary bus overvol­

tage, the total contribution or all feeders can be calculated by an rms 
swmning process: 

Total Primary Bua Response • ✓ (Feeder l)2 + • • • (nth Feeder )2 

If all feeders contributed 0.0167 per unit volts to the primary bus, then 
only one such feeder could be tolerated without deteriorating bus perfor­

mance based on a 2% bus performance specification. If the bus performance 
requirement was 50%, a maximum or 867 such circuits could be tolerated. 

It should be noted that in the example calculations, the relays were 

considered to have no shielding. If sM.elding were pr·ovided, it would con­

siderably reduce the transient overvoli-.ges at the bus. For example, if 

each relay were provided with a 20 dB shield, the resultant feeder response 

in the example would be reduced by a factor of almost four times. This 

means that approximately 20 such circuits could be operated without exceed­
ing the assumed 2% peri'ormanoe specifications of the generator bus. 

To complete the analysis of this assumed launch area feeder, consider­
ation should be given to the induced voltages which appear on. all phase 

conductors to ground d'l,le to the conduit length effect. In the case of the 
5000 foot conduit run this induced voltage to ground is the same on all 

three phase conductors and, therefore, causes essentially no line-to-line 

voltage change. Referring to Section 4.4, this line-to-ground voltage will 

not propagate t.o any other load circuit if the step down transformation is 

a delta-wye, as is the casa in the example. Likewise, the line-to-ground 

(conduit length effect) induced voltage from the 271 foot conduit run will 

not cause a line-to-line induced voltage on the generator bus because of 

the wye-delta transformation. 
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4.5.J Supplementary Considerations for LAA Power System 

Consider now for the LAA power system the possibility that conduit rw1 

penetrations at buildings dictate the use of flexible bellows to allow for 

some motion between building and conduit. This will affect the induced vol­

tages on conductors within these conduit runs. To assess the effect of the 

addition or the bellows in terms or the overall system response, proceed as 

follows: 

First, obtain a now response value for the conduit system. Assume that 

the 5000 root, 4-inch conduit run between the MSCB and the EDC contains two 

such flexible bellows. The proper installation procedure for these bellows 

is given in Section 5.J.2.2. If proper installation is made, a 10:1 reduc­

tion in current can be expected between the conduit and bellows current. 

Therefore, if the assumed current on the conduit is 50,000 amperes, the bel­

lows current is 5000 BI~peres. Referring to Figures 4.16 and 4.17, the in­

duced conductor voltage due to bellows is given. For 5000 amperes, the 

conductor-to-ground lnng time response for two bellows is 9.8 volts. The 

conductor-to-ground and conductor-to-conductor short time responses are 

2.4 and 0.07 volts, respectively. A new conduit response tabulation for 

the 5000 volt conduit run can now be made as shown in Table 4.11. 

The new maximum short time response for the 5000 foot conduit run is 

4.95 + 12.0 + 2.4 = 19.35 volts line-to-ground. Since the long time in­

duced voltages appear simultaneously on all three phase conductors, no 

line-to-line voltage is developed and can be ignored in a delta-wye system. 

Converting the line-to-ground response to a per unit line-to-line voltage 

at the primary bus, we have 

Vper unit L~N = 

Using Table 4.3 

Secondly, use the same procedure to determine the new response £ran 
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the 271 foot conduit runs with bellows between the EDC to the launch sta­

tion. This new response will bt=: much lower than the 1. 0 per unit voltage 

for relays and, therefore, will not enter into the primary bus response 

calculat i.ons • 

Finally, total the responses i'or MSL feeder at the primary bus. 

Response (R) = ✓ (0.0046)2 + (0.0115) 2 + (0.0115)2 

R = 0.0169 per 1Lnit voltage 

The use of bellows has very little effect on the overall feeder response. 

In all the examples given thus far, a worst case situation was pre­

sented because it was assumed that only one conduit run existed between 

a."zy' two buildings and all the current flowed 10n this conduit. In all like­

lihood more than one conduit will exist between buildi ngs and will be 

grouped and placed in the same underground trench or duct.. Ir this situa­

tion should exist, the peak conduit current, as determined by the nomograph, 

Figure 4.2, used to calculate the conduit wiring response can be reduced by 

a factor dependent upon the number and arrangement of conduits in the group. 

Experimental and analytical results of several condu.:!.t grouping arrangements 

have indicated that outermost conduits in a group arrangement carry more cur­

rent than innermost conduits. Therefore, to determine t he current which is 

to be used for groups of conduit runs, refer to Figure 4.20. The factors 

given in Figure 4.20 yield conservative results. In the previous example, 

if five conduits were run between the MSCB and EDC in a ver-'iiical arrangement, 

the calculations would have been based on a peak conduit of 50,000/ ./5 = 

22,700 amperes. 

4.5.4 Response from Conduits within Buildings 

The illustrations thus far have not considered conduit within buildings. 

Normal~ the induced voltage from this source is negligible, but for the pur­

poses of clarity, the two moat basic and likely situations are explored: 

1. Consider a power building with 500 feet of external conduit enter­

ing the building and continuing for 100 i'i~et to the primary bus 
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For a vertical conduit arrangement, the induced 
current on conduits, as determined by the nomo­
graph, Figure 4.2, and used for conduit wiring 
response calculations (Section 4), must be multi­
plied by J.#Nv, where Nv' is the number or conduits 
in the trench or duct. 

A. Vertical Arrangement or Conduits in a Duct or Buried in a Trench 

For a horizontal arrangement, the induced current 
on conduits, as determined by the nomograph, Figure 

00000 4.2, a..nd used £or conduit wiring respo-.ase calcula­
~;iona (Sect i on 4), must be multiplied by l#"Ni!, 
w~ere I~ is the number of conduits in the trench. 

B. Horizontal Arrangement or Conduits in a Duct or Buried in a Trench 

000 
ooo 
ooo 

For a vertical and horizontal arrangement, the in­
duced current on conduits, as determined by the 
nomograph, Figure 4.2, and used for conduit wiring 
response calculations (Section 4), must be multi­
plied by 1/✓~ x l#Nj{", where Nv and Ni! are as 
in A and B above. 

c. Vertical and Horizontal Arrangement or Conduits in a Duct or Buried in 
a Trench 

II/I/Ill . 
D. Conduits 

Co duits . When conduits are placed in insulated ducts, the 
induced conduit current, as determined by the 
nanograph, Figure 4.2, and used £or conduit wiring 
response calculations (Section 4), must be multi­
plied by 1/1.25 in addition to the £actor given 

+ta-..-,,._~ above relating to conduit arrangemen·t . 

in Insulated Duct between Buildings 

When a wire mesh is placed above conduits and con-
Metal wire mesh nected to the grounding plate at bdth ends of the 

width equal -- duct, the induced current on conduit, as determined 
to duct widt by the nomograph, Figure 4.2, and used tor conduit 

wiring response calculations ~Section 4), must be 
multiplied by the follOW'ing factors in addition to 
those given above relating to conduit arrangement. 
For wire mesh 2.5 feet ~bove conduit multiply by l/2 • 

....,....., .... _-..,-;,~For wire mesh 4.0 feet above conduit multiply by 1/J. 
E. ponduit Ducts with Metal Wire Mesh Placed above Conduits in Duct 

FIGURE 4.20 Physical Conduit Arrangement,s Affecting the Induced 
Current on Conduits and the Resulting Induced 
Voltage on Wiring. 
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enclosure. The conduit grounding procedure at the building inter­

face shall be made as shown in Section 5. J.2.2. It has been expe­

rimentally shown that for thi.s conduit grounding procedure, at 

least a 10:1 current reduction is established by the ground connec­

tion. For example, assuming 50,000 amperes on the external conduit, 

5,000 amperes will continue on the 100 feet of conduit in the build­

ing. The resulting induced conductor voltage from the reduced cur­

rent on 100 feet of in~ernal conduit is neglig:F le compared to t he 

induced conductor voltage resulting fr001 the exte~nal conduit 

current. 

2. Consider conduit runs and loops within buildings not connected to 

external conduit. The induced current in ·· uese loops for various 

magnetic fie~ds can be obtained from Table 4. 1. As can be noted, 

conduit currents and the induced voltage contribution from these 

conduits are negligible. 

4.5.5 Design Formulation Summary 

A few illustrations of design procedure have been given which encom­

pass the major problems which the designer will face and the major deci­

sions he must make. The following procedural steps are listed as a guide: 

1. Assume that maximum voltages are induced everywhere in the elec­

trical system simultaneously. 

2. For each feeder determine and list Beparately the open circuit 

induced voltage values for all electrical equipnent, components, 

and wiring for all load circuits connected to the secondary of a 

transformer. 

J. From the list in (2) above, choose the ruaximum induced voltage 

connected to the secondary of each transformer. Use this voltage 

to represent the response from the total load on that trensfonMr 

which is then transmitted back to the primary bus. 

4. For each feeder use an rma swmning procedure for the induced 
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voltage t"ran (J) above to determine the total feeder response at 

the primary bus. 

5. For the total system use an rms summing procedure for all of the 

individual feeders. This value should be compared with system 

performance requirements. 
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5.0 PROTECTION TECHNIQUES 

5.1 Application of Protection Techniques and Devices 

The overal l objective of Section 5.0 is to implement the power plant 

and facilities electrical systems protective recommendations presented in 

Sections 2.0 and J.O. This is done by stating and illustrating in detail 

the requ.irements for system grounding and bonding, EMP shielding, and ap­

plications of various protective devices. Specific instructions are given 

to permit evaluation of a number of shielding and protection schemes and 

examples are cited. The theory and principles involved in these techniques 

are covered only as far as they relate to particular types of construction 

that satisfy criteria requirements; a broader treatment is contained in 

Section 10.0. 

In Section 5.1.1 those protection techniques that relate to personnel 

safety are presented. Section 5.1.2 lists the applicable techniques relat­

ing to protection for the power plant and facilities electrical equipment. 

5.1.l Protection Techniques to Assure Personnel SRfety 

Because of the environment conditions of rapidly varying magnet.le 

fields and sizable earth currents, conditions hazardous to personnel may 

exist unless proper precautions are taken. The rapidly varying magnetic 

fields can induce high voltages across open conducting loops fonned by im­

properly grounded metal conduits, piping, equipment en~losures, and even 

metal structures. The earth currents can be expected to appear over a 

large area simultaneously and will tend to concentrate on any conductors 

encountered. Dangerous voltages will be developed at any points of com­

paratively high resistance along these conductors. It is, therefore, im­

portant from the standpoint of pereonnel safety that such earth currents 

be routed along controlled paths. These effects can be controlled and ren­

dered harm2.ess to personnel by applying the grounding and bonding techniques 

prescribed in Section 5.2. 

Lightning strokes likewise constitute a possible threat to personnel, 

particularly above ground where electrostatically produced voltages tend 
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to appear at relatively small, elevated areas. Upon discharge, large cur­

rents ( or the same order as those accanp~ing EMP phenanena) will also 

fla., on conductors. The application of lightning protection is also covered 

in Section 5.2. 
5.1.2 Protection Techniques to Assure Reliable Operation or 

Pa.,er Plant and Facilities Electrfoal Systems 

The protection techniques applj.ed to insure personnel safety will also 

benefit electrical and other equipnent associated with the Power Plant and 

Facilities. This is especially the case for metal conduits containing elec­

trical pa.,er, communications, and control wiring. A number of specialized 

protection techniques may be required to assure reliable operation, under 

tactical conditions, or the pa.,er plant and facilities electrical systems 

in addition to the grounding and bonding techniques given in Section 5.2. 
These are: 

A. Methods or EMP shielding (Section 5.J). 

B. Application of overcurren"ti and overvoltage protective devices 

(Section 5.4). 

c. Application or filters (Section 5.5). 

D. Circuit isolation techniques (Section 5.6). 

5.2 Grounding. Bonding. and Lightning Protection 

This section cove1·s the grounding and bonding practices that must be 

folla.,ed to assure safety for opEirating personnel and to prevent equipment 

malfunctions or breakdowns caused by abnormal environmental conditions. 

The subsection on lightning protection gives detailed specifications on 

building constructions found eff',ective in protecting against injury or 

damage £ran direct and induced lightning strokes, but does not include 

lightning arrester applications. These are outlined in Section 5.4.2. Sup­

plementary reference information on the technical aspects or grounding and 

lightning protection is containe:d 'in Section 10.0. 
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5.2.1 General Requirements £or Grounding, 
Bonding, and Lightning Protection 

The g_eneral requirements for grounding, bonding, and lightning protec­

tion, applicable to all site structures, are as £ollOW's: 

1. Ground system current shall be conducted along a controlled or pre­

determined path into the earth. This path shall be short and direct 

in order to have as little electrical resistance and inductance as 

possible. 

2. In outdoor areas electrical equip:nent cases shall be interconnected 

directJ.y with the buried grounding system • 

. J. In inside areas containing electrical equiJ111ent internal ground 

rings or ground buses shall be provided for grounding this equip­

ment. 

4. Bonding straps (intentional low resistance connections) shall be 

used to interconnect electrical equipment to minimize so-called 

"touch" and "step" voltages. (These are voltages that can exist 

between two pieces or equi:pnent that an oper!'.tor could simulta­

neously touch or voltages that might appear between a point where 

he is standing and equipment he could touch.) 

The first step toward meeting these general requirements is to provide 

adequate paths to conduct current into the earth. This is usually accom­

plis:!:led by means of continuous counterpoise and/or ground rods driven deep 

enough into the earth to achieve a predetermined value of resistance be­

tween the grounding system and the earth. When con.Jidering lightning dis­

charges, an equivalent (canbined) ground resist&nCe not exceeding five ohms 

is desirable. Since mP ground currents may be or the same order or magni­

tude as lightning discharge currents, the equivalent ground resistance of 

each or the buildings constituting the complex should be approximately five 

ohms. 

Building grounding may be accomplished in several ways. One method is 

"" ···~·---------.......... ---'-- ..... 

' ' 
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by means or ground rods driven at intervals around the periphery or the 

builcUng and connected to the building steel structure and internal ground­

ing rings. A second method is to lay a contimious counterpoise mat (con­

sisting or buried be.re conductors) around and out rran the building and con­

nected to the building structure and internal ground rings in the same 

fashion as the ground rods. The third method is to use a canbinat ion or 

the first two. 

Ground rods have the advantages or havLrig !mediate and intimate con­

tact with the earth, but the disadvantage of having to be driven at each 

and every point an earth ground is required, which introduces problems or 

placement in rocky soil or rock strata. The counterpoise has the advan­

tages or being easy to connect and to install. The main disadvantage of a 

counterpoise is the elapsed time required for intimate earth contact to be 

established. By proper~ canbining ground rods and counterpoise, the advan­

tages or both can be obtained and the disadvantages can be large~ elimi­

nated. This approach was used r.or the specific recamnendations vl:lich fol­

low. Reference information for determining ground resistances or specific 

ground rod and counterpoise configurations is given in Sections 10.1.2 and 

10.1. J. 

5.2.2 Specific Recamnendations for Grounding and Bonding 

5.2.2.1 Ground Rods and Interconnections 

The minimum requirements for EMP and lightning protection with respect 

to ground rods and counterpoise and their connections at structures and 

other locations are as follows: 

1. Copper-clad or stainle~s steel rods shall be driven to depths at 

least 10 feet below equipment level or counterpoise, whichever is 

lOW'er. The spacing between rods shall be 50 feet or less, with 

one rod at each building corner or one at each or the two diagonal 

corners if the peripheral distance between diagonal corners is 

less than 50 feet. 
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2. The ground rods shall be interconnected to the counterpoise mat 

buried in the earth. 

J. The ground rods shall be interconnected to the reinforcing steel 

rods, welded wire fabric, er metal plate shielding; also to the 

internal grounding rings or the structure. 

4. More extensive counterpoise systems may be required at locations 

where rock strata or boulders prohibit drivir.g ground rods. 

(These shall be considered as special cases.) 

5.2.2. 2 Counterpoise Mats and Interconnections 

Counterpoise mats used for the external grounding or structures shall 

consist or a cont'inuous conductor having the equivalent conductivity or a 

No. 1/0 .MIG copper wire buried in the ground around and under the founda­

tion or the building below lowest equipment level and shall extend about 

96 inches away fran its walls or foundation. Locations or ground rods and 

counterpoise for a typical structure are shc,,m in Figure 5.1. Note the 

metal current dispersion plates which are welded to the counterpoise grid 

at conduit entrances. 

Counterpoise mats shall be required u.".lder the MSCB or DCCB and the 

utility tunnel the same as the one underneath the Power Plant. 

Minimum requirements for counterpoise interconnections shall be con­

sidered satisfied when the following conditions are met: 

1. Counterpoise mats shall be interc,::>nr.ected with building shielding, 

if used, whether it consists or metal plate, reinforcing steel 

rods (rebars), or welde,d wire fabric at each corner or the build­

ing and at each ground rod location. The resultant distribution 

shall place connections no more than 50 feet from each other, 

except on structures with dimensions less than 25 feet on a side; 

in this case a minimum or three interconnections or shielding and 

mat shall be made. 

,. Ir rebar shielding or welded wire fabric shielding are ~ being 

________ ,._l 
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used, but a single course or multiple courses of rebars are used 

to reinforce the structure, the outermost course of vertical con­

struction rebars shall be welded at each Joint so that each rebar 

forms an electrically-continuous vertical grounding conductor. 

This is shown in detail for several building configurations in 

Figure 5.2. Note that any horizontal construction rebars which 

are a part of a vertical side must be made electrically-continuous 

and connected to the electrically-continuous vertical construction 

rebars. This is shown in Figure 5.2B. Note also t hat the outer­

most rebars are connected to the lowest horizontal rebar and to 

the counterpoise. The inner construction re bars need not be elec­

trically-continuous and need not be grounded. Each rod joint 

shall have a minimum welded length at least three times the rod 

diameter or utilize the threaded couplings illustrated in Figure 

5. Jl. Connections from these vertical re bars fonning grounding 

conductors shall then be made to the grounding system (counter­

poise and rods) by one of the following methods: 

a. Welding the lowest course or norizontal rebars to form an 

electrically-continuous loop around the periphery of the 

structure and welding each vertical rebar to this loop. This 

horizontal rebar loop shall then be connected to the counter­

poise mat with l/0 AWG copper bonding straps at the intervals 

given in Item (l) above. 
b. Welding all vertical rebs.rs to the lowest course of horizontal 

rebars and then welding this course of rebars to form an elec­

trically ... oontinuous loop around the periphery or the structure; 

also provide additional electrically-continuous crossties be­

tween lowest course rebars, tying to the counterpoise mat and 

grounding system as outlined in (a) above. 

c. For long buildings proyide additional electrically-continuous 



I 
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Outermost horizontal rebar inter­
connections between vertical reba~s 

must be electrically-continuous by welding. 

Counterpoise 
and ground rods 

Outemost radial 
rebars are continuous. 

Counterpoise 
and ground rods 

Connection of Outerm0c1t Rebars for Electrical Continuity tor 
Various Shaped Buildi~s 

'I 
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horizontal ties across the counterpoise at the intervals pro­
vided by Item (1) above, bonding each vertical grounding rebar 
to the lowest course rebars forming the peripheral loop, tying 

to the counterpoise at the intervals specified in Item (1). 
J. All grounds, internal grounding rings, etc. established within the 

structure area for BI\Y purpose shall be interconnected with the 
counterpoise. Special equipments and devices such as Electro 
Explosive Devices may require grounding systems electrically sepa­

rate from the NEMP-Pc:,_.~r-Lightning ground system. These separate 
systems are permitted providing they are interconnected by means 

of a low voltage protective device (see Section 10.J) to limit 
aey voltage differencec to safe levels. 

4. Additional connections shall be made at aey confluence or building 
services to provide a direct pnth tor current via the large, exter­
nal ground. The connection pattern may be shirted to accanodate 

service concentrations. 
5.2.2.J External and Internal Connections to the Grounding System 

This section covers the manner in which connections shall be made to 
the grounding system, construction details tor internal grounding rings, 

supplementary ground buses and risers, as well as the specific techniques 
for bonding and grounding certain kinds or equipment. It is presented in 

the eleven subsections that follow. 
5.2.2.J.l Grounding and Bonding Connt!Ctions 

Grounding and bonding conductors shall be run as directly as practica­
ble. Avoid placing such conductors in iron or steel conduits or in raceways. 

If, however, this construction is necessary, the grounding or bonding conduc­
tors shall be connected to the conduit or raceway at each end of the run. 
(This restriction does not apply to power wiring which has an internal grrund 
wire whose utilization shall be considered mandatory.) 

- -------
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5.2.2~J.2 Precautions for Making Connections to the Grounding System 

· All reasonatle precautions shall be taken to protect the ground system 

conductors lllld connections against physical and electrolytic damage. In 

the presence of moisture, where grounding and bonding conductors are of 

dissimilar metals, connections should be made up and tested for low resis­

tance, then coated with a waterproof material, and finally taped to pre­

vent galvanic action. A reccmnended procedure for accanplishing this is 
as follows: 

1. Clean surface or grease. 

2. Apply rubber to metal cement such as U. s. Royal #50J8. 

J. Apply electricians rubber tape. 

4. Wrap with pressure-sensitive vinyl tape. 

Another suggested method would be to use a bimetal terminal collar 

which would be placed on the steel conduit, rebar, or other steel member 

which must be electrically connected to the copper counterpoise. The steel 

portion of the bimetal collar would be welded to the steel member and a 1/0 

AWG copper conductor would be brazed to the copper portion of the bimetal 

collar and extend to tll,e copper counterpoise and also be brazed at this 

-point. -The collar connect ion assembly should be waterproofed and taped to 

prevent galvanic action. 

5 •. 2. 2. J. J Internal Grounding Rings 

Internal grounding rings are reccmnended as a convenient means to 

achieve multiple paths for ground currents, to facilitate bonding, and to 

assure low voltage drops. The tolloving requirements relate to internal 

grounding rings and their interconnections: 

1. An internal grounding ring consisting of a continuous No. 2 AWG 

bare copper conductor or an equivalent copper bus shall be in­

stalled around the inside wall of each building or roan within a 

building arranged to accomodate large electrical equipnent lay­

outs. It may alternately be located close to the ceiling, housed 
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in a non-metallic protective sheath or set into the floor to reduce 

the possibility or physical damage and body contact. The internal 

grounding ring shall be interconnected to the counterpoise mat as 

shown in Figure 5.J at the intervals given belCM. 

2. For buildings with largest dimensions 25 feet or less having only 

one internal grounding ring (Figure 5.4,A.), four interconnections 

at the corners shall be made. Ir there is more than one internal 

grounding ring, a minimum or two interconnectlo!lB to the counter­

poise system shall be made from each grounding ring. (Figure 5.413) 

J. Larger buildings will require more interconnections, but in no 

case shall spacings exceed 50 feet. 

4. Although these interconnections would normally be spaced symmetri­

cally, Judgement may suggest shirting the pattern. 

5.2.2.J.4 Supplementary Grounding Buses 

Supplementary gro~, .. 1ding buses consisting or No. 2 A'vlG bare copper con­

ductors or equivalent strips shall be used whenever necessary to provide a 

more accessible means of connectillg metallic objects to the internal ground­

ing ring. 

5.2.2.Jo5 Risers 

Risers or No. 2 AWG bare copper conductor or an equivalent copper bus 

shall be used to interconnect the internal grounding rings between floors. 

(Figure 5.J). Risers shall be located at, or as close as possible to, the 

points or connection or the internal grounding ring and the counterpoise 

Jumpers. These points are marked with an "x" on Figure 5.4. Internal 

groond rings may also be groonded to the outermost vertical rebars in which 

case risers are not required. (Figure 5.J) 
5.2.2.J.6 Interconnection or Metal Objects inside Buildings 

All sizable metal objects such as utility piping, metal stacks, tanks, 

motor frames, pumps, metal doors, etc., shall be bonded to the ground system 

with No. 6 AWG bare copper conductors. Banks or metal objects, such as 

I 

·-·· -----~--J 
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No. 6 AWG copper or equivalent bonding 
str·ap used in place or riser. 

No. 2 AWG copper or 
equivalent internal grounding ring 

No. 2 AWG copper or 
equivalent riser 

o. 2 AWG copper or equivalent 
internal grounding ring 

No. 6 AWG copper or 
equivalent bonding strap 

-~ 
Brazed or 
Welded 

Ground rod 
driven at 
least 10 
feet below 

No. 6 AWG copper or 

'°==================r:;=~~=-=--.::aequivalent bonding strap 

lowetJ equipnent 
level 

FIGURE 5.3 
structure, Internal Ground Ring Counterpoise, 
and Ground Interconnections 
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continurus racks ot equipnent having reasonabzy good electrical continuity 

may be banded to the ground system at each end of the bank or rOW' with 

No. 6 AWG bare copper condu,ctors. structural members of antennas and metal 

wave guides installed insid1~ the building shall be bonded to the internal 

grounding ring with No. 6 MIG bare copper conductors. 

5.2.2.J.7 Connection or Collduits, Cable Sheatha, and Shields to Ground 

All conduits and the metal armor sheaths and shields of pOW'er and can­

munication cables shall be bonded at their end points to the grounding sys­

tem using No. 6 AWG bare copper conductors. In the utility tunnel all con­

duits, bus enclosures, and cable shields shall be connected to the counter­

poise at the pOW'er building/utility tunnel interface. 

5.2.2.J.8 Connection or Generator Cable Shields and Associated 
Junction Boxes and Enclosures to Ground 

Each generator shall be connected to its associated switchgear and 

module auxiliary transformer by an armored cable or a bus assembled in a 

ventilated metal enclosure. Terminals, including stress cones, shield 

grounds, and terminal lugs, should be prepared to factory specitic.tions. 

The EMP design requirements illustrated in Figure 5. 5 shall be tolloved: -1 

1. Cable shields shall be continuous between generator Junction boxes, 

intermediate Junction boxes, or circuit breaker enclosures and con­

tinue inside the enclosures. 

2. The ventilated enclosures shall be grounded at the generators, 

circuit breaker housings, and 81\Y' intermediate Junction boxes. 

J. Generator neutrals, if brought out, shall be connected to their 

grounding device by insulated shielded or non-shielded cables con­

tained in metal enclosures in the same fashion as the phase cables. 

4. Industry practice of connecting a 0.25 µF surge-sloping capacitor 

between each phase terminal and equipment ground at each generator 

is required. These capacitors and their connecting wiring shall 

be placed within the generator housing or in a separate shielded 

enclosure. (Figure 5. 5) 

--------~- -· 
_I 
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5.2.2.J.9 Connection of Shielded Enclosures to Ground 
Shielded enclosures shall be connected to the common grounding system 

viJ the internal grounding ring. Connections may be bolted with mating sur­
faces making metal-to-metal contact. Connections should be welded in corro­

sive atmospheres. Conduits shall be electrically continuous between enclo­
sures in order to form a canpletely shielded system. Details are illustrated 
in Figure 5.6. 

5.2.2.J.10 Connection of Transformer Secondary Neutral t o Ground 

Secondary neutrals of transformers shall be connected to the in·ternal 

grounding ring. No other connections shall be made between the neutral and 
the grounding ring. Where the same loads may be served by two or more 

transformers or banks, the transforroer neutrals shall be connected to the 
same insulated neutral bus and this bus shall then be connected to the in­

ternal grounding ring at only one point. 
5.2.2.J.ll Grounding Continuity for Non-metal Piping 

Sections or Insulating Joints 
In the event that metal utility piping runs contain non•metal sections 

or insulating joints, the insulated sections or joints shall be electrically 
connected by bridging with bonds having an equivalent conductivity or 1/0 

AWG copper. Bonding connectiona shall be made as outlined in Section 
5.2.2.J.2. 

5.2.2.4 Bonding Practices for Conduit Runs to Outlying Facilities 

This section outlines specific practices required for bonding conduit 
sections at manholes and splice boxes. 

Figure 5. 7 defines a typical conduit run interconnecting point A at an 
underground access tunnel with point Bat a remote building. It will be 

assu.med that manholes or splice boxes are necessary in the run. 
Figure 5.8 shows the typical construction for conduits at manholes and 

splice boxes. Requirements are as follows: 
1. Manholes shall consist of a steel casing with a continuously welded 

---------- ... ,., .. --·-------- -~--
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See Figure 5,8 tor 
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steel bottan plate and a continu011Sly welded steel top flange sur­

rounding a concrete vault. 'nle cover plate may be either bolted 

or welded to the top flange. 

2. On bolted-cover manholes, conductive gaskets treated with conduc­

tive sealant shall ·be used between the flange and cover. 

J. Conduits terminating at a manhole shall be attached to the steel 

casing by a contimious veld. 

4. Cable sheaths and/or cable shields shall be electrical~ conti­

nuous at any spli~es made in manholes or in splice boxes. 

5. Splice boxes may be of the bolted, split-seam type provided with 

conductive gaskets treated with conductive sealant or the mating 

surfaces may be continuously welded. 

6. Tvo l/O AWG copper bonding straps, positioned 90° fran the plane 

or the parting surf'aces of' the splice box, shall be clamped or 

suitably attached. 

7. The interior or the splice box shoulu remain watert i~ht. 

The construction relating to bonding of the conduit penetrations at 

the Ullderground access tunnel, point A, and at a remote building, point B, 

is covered in Section 5.J.2.2. 

5.2.J Lightning Protection 

5.2.J.l Lightning Protection tor Paver Plant and Facilities 

Unless othe?'W'ise specif'ied, the construction details or the lightning 

protection system f'or the power plant and f'acilities shall conform to Hand­

book No. 46, Code ror Protection Against Lightning, National Bureau or 

standards. 

The lightning protection system shall be selected on the basis or the 

building construction described belov. This system is considered adequate 

because or the lov risks involved. Overlapping or several different pro­

tection systems is permitted, especial~ when building construction is 

governed by other requirements such as radio frequency shielding and debris 
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protection which may result in exterior treatments differing from those 

described in the handbook. 

5.2.J.l.l Lightning Protection for Mt?tal Roofed and Metal Clad Buildings 

Regardless or its purpose, if any metallic building sheath iB made 

electrically continuous as noted bela.,, the building shall be judged as 

inco:rporating the most certain of the protection techniques: 

1. A metal or metal shielded roof shall be made electrically conti­

nuous through bonding, whether it is constructed of fabricated or 

interlocking sections, panels, plates, or otherwise. 

2. The edge of a metal or metal shielded roof shall be bonded to the 

nearest external ground counterpoise with No. 1/0 AWG bare copper 

wire or equivalent. 

J. Sections of metal gravel stops shall be bonded t.o the metal roof 

via grounding straps having the equivalent conductivity of No. 1/0 

AWG copper wire to assure electrical continuity. 

4. Where both the roof and side walls or a building are metal clad 

and not electrically interconnected, they shall be made electri­

cally continuous by bonding roof to side walls using No. 1/0 AWG 

bare copper wire or equivalent straps spaced as indicated bela.,. 

The metal sheathing shall then be connected to the external groun.d­

ing ring (counterpoise and ground rods) by means or bonds of No. 

1/0 AWG bare copper attached to the la.,er edges of the metal sid­

ing. Spacing of all these bonding straps shall conform to the 

requirements of Section 5.2.2. 

5.2.J.l.2 Lightning Protection Masts 

When the roof of the building to be protect~d is or non-metal construc­

tion, lightning protection shall be provided. In this event, the building(s) 

involved shall be considered as "most important cases", as defined in the 

National Fire Protection Association's Handbook No. 78, page 43, and the 

cone of protection required is such that the radius or the base is equal to 

___ .J 
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the height. (Figure 5.9). An installation utilidng lightning protection 

mast(s) providing cone(s) ot protection that encairpass the entire building 

area shall be Judged as providing superior lightning protect ion than that 

attorded by unshielde11, reinforced concrete construction. Alternative~, 

non-metal roots may be protected by installation or lightning air terminals 

in accordance with Part II or the National Fire Protection Association's 

Handbook No. 78. These means are less ettective, hCMever, than that pro­

vided by metal rooted structures contonning to Section 5.2.J.l.l. 

Masts located on a facility roof are more econanical than f'reestand.ing 

ones; such masts shall be placed at a point bt,yond the antenna ( s) which will 

not interfere with their radiation ~ttern(a). 

Ir down leads are used with a mast, at least two shall be provided 

having the maximum possible separation f'ran each other. Dovn leads shall 

be or not less than No. 2 AWO copper conductors tor mechanical s·trength, 

and each shall be bonde,d to the turret or root steel at no less than two 

poi.nta. Each dovn lead shall be direct'.cy bonded to the counterpoise. 

,.2.4 Environmental Deterioration 

5.2.4.1 -General I 
Environmental deterioration is the process by which metal objects and 

structures undergo chemical ccabination with oxygen and other deteriorating 

chemicals in their enviroment. The scope ot the protective measures 1n 

this section will be concerned with the corrosion of steel or similar fer­

rous metal objects tor the conduction ot electricity or magnetic flux; cop­

per, cuprous all07, aluminum or aluminum alloy objects such as sheets, rods, 

pipes, and wires used for the conduction or electricity and non-electrical 

structural metal parts, usual~ ot steel, that either sutter corrosion f'ran 

the presence or the electrical parts or promote corrosion ot electrical 

parts. Technical details ot the corrosion process and the various protec­

tion methods to allay corrosion are t'ul~ covered in Section 10. o. 
The significance ot corrosion iu the present context is that it can 

.• _,_,___ ..:. .... - - - .. - -' -· 
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cause a loss of cross-section of the corroded parts making them inadequate 

for their intended current of flux-carrying purpose or structurally weak. 

An example of this weakening is the interruption of circuit contiruity with 

the developnent of high resistance in a circuit because corrosion has 

caused fracture of a conductor or loss of metallic contact at Joints or 

bonds in a conductor. 

5.2.4.2 Specific Recommendations for Buried or Submerged F.quipment 

Environmental deterioration of buried or subme:t·ged equipment 1.s great­

ly dependent upon soil and water conditions and the recamnendations given 

below are for average soils and waters and aver~e corrosive conditions: 

1. It is specifically recommended that only grounding system conduc­

tor~ (counterpoi~-~) and ground rods have direct contact with the 

earth. 

2. All other buried or submerged parts such as str..:.,)tures, tanks, 

pipes, and conduits should be prevented fran having direct earth 

or water contact. This can be accomplished by either coating or 

imbedment in concrete. Both of these methods will be discussed 

in detail. 

COATING, When it is desired to protect a piece of buried equipment 

fran galvanic corrosion by insulating it from earth contact, it is usually 

inadequate, and even harmt'ul, to insulat113 it with thin coatings such as 

paint. This is because such coating will have small holes and imperfec­

tions and nearly all the galvanic corrosion represented by the electro­

chemical reaction will be concentrated at these small areas with conse­

quent rapid corrosion through the exposed section. 

The need to protect extensive UD('- . -.. ground piping systems such as gas 

and oil pipelines and large buried structures such as storage tanks has 

led to practices that have proved effective which are applicable to elec­

tric power systems. Protection methods, therefore, may involve both the 

electrical canponents of the underground system, as well as canponents 

I 
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that are independent of it, and are or interest here beca,1se current esta­

blished by the electrical grounding system may tend to pranote corrosion of 

an independent system. 

In soils and waters that are nearly neutral chemically {pH = 7) and 

'Where stray currents are not present or are bucked-out by electric cathodic 

means, zinc is an efficient protective coating for steel pipe. Hot-dipped 

zinc coatings or tvo ounces per square root or surface are effective, but 

non-metallic ~ ' atings are more generally used. or the large variety or 

coating.~ av,, ' .able, sane are suitable only for mild protection. 

Bituminous materials consisting of coal-tar pitch or natural asphalts 

are often used for coating. The asphalts have a wider temperature r.ange 

between softening and embrittlement than coal-tar pitch, but are slightly 

susceptible to oxidation and more soluble than pitch in petroleum oils. 

The width or the temperature range for a coating is particularly important 

during shipnent, because a cold coating may crack or chip and a warm coat­

ing may partially melt in transit. Coatings sanetimes are formulated to 

best resist the temperature rang€ and environment expected during transit. 

Coal-tar enamels are available in formulations containing plast i cizers 

'Which make them suitable as coatings over wide temperature ranges. Asphal­

tic coatings with various additives such as sand, gilsonite, asbestos 

fibres and other fillers are available. 

The principle criteria for choosing a coating are temperature range 

between softening and embrittlement, resistance to water penetration, and 

permanence under soil stress. Coatings can be applied at the factory or 

in the field. The follOW'ing apply to coatings in the class of bituminous 

material: 

L __ _ 

1. Dipped coatings, or applications less than 1/16 inch thick, are 

of little value. 

2. Reinforcing or the coating by asbestos rovbg or fibreglass fabric 

at least 1/8 inch thick is desirable. 

- - -------
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DdBEIMENT IN CONCRETE. Where corrosive conditions are severe, Port­

land cement concrete coatings should be applied. This is usually done by 

field application of at least two inches of well-tamped concrete free or 

chloride admixture around the pipe or buried structure. Removable wood or 

metal £011118 are used to surround the equipnent when t he concrete mix:tu.re 

is emplaced. After setting and drying, it is des i rabl':! to coat the con­

crete with hot asphalt before back filling. Concrete encasement like this 

may develop hairline cracks. 'I'hese have to be repaired periodically by 

cleaning and filling with tar. This form of protection is effective under 

very severely corrosive conditions and will last for many years. 

In th~ presence of extremely severe condit ions such as stray currents, 

the concrete imbedment may have to be supplement ed by cathodic protection. 

Detailed i.nformation concerning cathodic protection techniques and require­

ments is presented in Section 10.0. 

5.J ~ Shielding 

This section covers general aspects of EMP shieldi.ng, discusses precau­

tions governing the use or conduit as shielding for power and other cir­

cuitry, and outlines the techniques of applying and evaluating various 

methods or shielding large structures, roans and equipment enclosures, tak­

ing into consideration the effects or openings and penetrations. 

5.J.l Introduction 

In a canplex electrical-electronic installation such as the pow-er 

building and the connected facilities, there will be equipnent and cir­

cuitry or varying susceptibility to electromagnetic pulses, but with pro­

per shielding, the system performance can be kept within acceptable limits. 

The subject or shielding is presented in several parts: 

1. Definitive approaches to shielding and attenuation. 

2. Principles of the shielding process . 

J. General rules applicable to all shielding techniques. 

4. "Overall" versus "local" shielding practices. 
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5. Separate descriptions or shielding techniques proven effective in 

reducing environmental magnetic and electric fields to levels that 

will not adversely affect the system. These include ranges of' ap­

plication, construction details, and methods or calculati:rc shield­
ing effectiveness under various field conditions, including the 

effects or penetrations and openings. 

5.J.1.1 Shielding and Attenuation Defini t i ons 

The approach to shielding against pulsed magnetic f'ields is essentially 

the same as shielding against 9.I\Y magnet ic f i eld. The basic concepts of' 

shielding actions involve both dispersion or magnetic flux away f'ran areas 
to be protected and dissipation of magnetic field energy. Enclosing suscep­

tible equipment in metal ellclosures and contai:runent of all wiring within 

metal conduit or metal enclosures will reduce the voltages induced. 

In determining the amount or attenuation provided by :EMF shielding, it 

is difficult to define attenuation in a generally applicable, valid marmer, 

becaust:' voltages induced in wiring and equipment depend upon ma.ny £actors 

and resultanl wave forms can be quite compl e,x. (Shielding af'fectA the peak 

amplitudes of waves as well as wave rorm, particularly the rise time or 

these peaks.) 

Shielding attenuation, as defined in these protectivs measures, is 20 

times the logarithm or the ratio or the H-f'ield strength that would be pre­

sent at a point without shielding to the H-field strength that would appear 

at_ t~~ s_~ _point and at the same time with shielding. Shielding attenua­

tion is expressed in terms of' decibel (dB) units, determined by the f'ollov­

ing equation: 
Hl 

Shielding Attenuat i on (dB) :s 20 log -
H2 

where H1 is the magnetic intensity at sane point in the field with­

out shielding, 

and H2 is the simultaneous magnetic intensity at th;e SftJDe point 

,~ --------- ~,... -· .· _,, ___ .. ' ... ,.,---~------· 
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in the field with shielding. 

Protective meaaures prescribed in Sections 2.0 and J.O have evolved 

frCD evaluations using the shielding methods presented below. 

5.J.1.2 Shielding Principles and General Rules 

Basically shielding against magnetic field pulses consists of enclos­

ing the region to be protected within an electrically conducting shell. 

The magnetic pulse flux tends to concentrate initially on the outside of 

the enclosing shell, then progressively penetrates to the inside of the 

shell as the pulsed field encompases it. If the shell is electrically con­

tinuous, the voltage induced in the shell by the pulsed magnetic field 

forces a current around the shell. This current produces a magnetic field 

which opposes the incident field and reduces the net field within the shell. 

In the induced current generation process, sane of the energy or the inci­

dent magnetic field is dissipated as heat, which also reduces the internal 

field. 

For maximum shielding effectiveness, it is essent i ~l that: 

1. The shielding shall form. electrically continuous loops at right 

' angles to the H-field direction. But, since the H-t'ield asso-

ciated with EMP may appear frcm any direction, the shield should 

be electrical'.cy' continuous in all directions. 

2. Since magnetic flux may be more concentrated near shield surfaces 

or openings, attenuation variations with respect to location with­

in shielded volumes should be considered. See Sections 5.J.J.J, 
5.J.4.J, 5.J.5.J, and 5.J.7.J. 

J. Since discrete discontinuities such as loose Joints or breaks in 

conduits and metal service piping can produce severe flux concen­

trations and high induced voltages., care must be exercised in 

joint construction to insure continuity for shielding. 

5.J.l.J "Overall" versus "Local" Shielding Practices 

Protection techniques applying to EMP shielding for buildings involve 

' I 
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the use or solid metal panels, reinforcing steel bars (rebars), or welded 

wire fabric in the ceiling, walls, and flooring or the building to be 

shielded. This practice is defined as "overall" shielding. 

"Local" shielding is defined as the use or the above shielding mate­

rials, or metal screen cloth, for certain roans or parts or the building 

containing several roans. Cabinet-type enclosures are also contained in 

this classification. "Local" shielding is also extended to apply to cer­

tain canponents and metal conduits to shield wiring. 

"Overall" shielding can be used to provide all the attenuation needed 

for the most susceptible piece of equipment or it may be used to provide1 

only a portion or the required attenuation, in which case the additional 

attenuation needed would be provided by "local" shielding. 

Table 5.1 compares these basic approaches to shielding and cites t~ 

advantages and disadvantages or each practice. 

5.J.2 mP Shielding for Wiring in Conduits and 
Precautions for Metal Utility Piping 

POW'er cables, open buses, and other wiring in conduits within the J)OW'er 

building and conduit runs between the pOW'er plant, MSCB, or DCCB and site 

facilities are susceptible to m.fi> fields, especially if they have extensive 

exposure. To attenuate the induced voltages developed by such fields be­

tween conductors and fran conductors to conduit, all electrical conductors 

shall be completely contained within conduit and all metal utility pip~ 

shall be electrically continuous except as specifically allowed in other 

sections or these protective measures. 

5.J.2.1 Requirements ror Conduits in Shielding Applications 
and for Metal Utility Piping 

For conduits to be effective as l!MP shields ror enclosed conductors 

and for metal utility piping to i'unction safely, certain design require­

ments applicable to conduits and piping have been incorporated in the pro­

tective measures. These include the follOW'ing: 

1. All metal utility piping shall be electrically continuous; also all 

I,, 
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TABLE 5.1 

Advantyes 

CWPARISON OF 31IELDING APPROACHES 

Qf!advantages 

"Overall" Shielding or Buildings 

1. Building shield can be made to 1. Complex design and fabrication 
provide all the required shield- requirements for a building 
ing, or may be made to provide that provides complete shield-
the majority or the required ing attenuation. 
shielding. 

2. Location or equipuent can be dic­
tated by f'unctional requirements. 

J. standard "off-the-shelf" canponents 
may be used. 

2. Monitoring or shielding errect­
ness and shielding maintenance 
are difficult. 

"Local" Shielding or Roans 

1. Access and air openings are small 
and easily fabricated and main­
tained. 

2. Shielding attenuations are readily 
monitored and maintained. 

J. Individual equipnent is easily 
avail•ble for maintenance and 
trouble-shooting. 

1. All susceptible equipment must 
be placed in an appropriately 
controlled shielded area. 
Total building becomes less 
flexible with regard to equip­
ment location. Expansion and 
equipment relocation may be 
difficult. 

"Local" Shielding or Canponents 

1. Individual shielding attenua­
tions are easily monitored and 
maintained. 

2. Component housings as supplied may 
provide partial shielding, so that 
rebar or wire fabric shielding or 
the building or roan can provide 
the remaining attenuation if it is 
required. 

1. "Off-the-shelf" can:ponents may 
require modification to operate 
satis£actoril.) or to attenuate 
ml> fields sufficiently. 

2. Each purchased oanponent and 
associated wiring may require 
proof or performance in simu­
lated ».tP fields. 

. .. ' 
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conduit runs shall be electrically continuous so that conductors 

are never directly exposed to an WP field environment. (Special 

problems associated with flexible conduit Joints are covered in 

Section 5.J.2,2.) 
2. All conduit and metal utility piping terminations shall be made at 

buildings or metal enclosures as prescribed in Section 5.J.2.2. 
J. All conduits exposed to an W field environment shall be assem­

bled under rigid inspection to eliminate any construction faults 

which would produce openings or leakage paths for magnetic flux or 

produce high resistanoe Joints. 

4. Rigid steel conduit or two-inch trade size or larger shall be used 

outside aey building, Rigid steel conduit one-inch trade size o·r 

larger should be used inside buildings. Conduit couplings should 

be threaded. It Joints are not continuously welded after thread­

ing, threads shall be coated with an electrically conductive seal-­

ant before threading. Conduit bends can be either factory .ade or 

field made, but must be radiused in accordance with code require­

ments. Condulets should be used only W:tlf!re the protective measures 

specifically permit. Charts ooveri:ng the e£i"ects of conduit Joints 

and bends are presented in Section !>.J.2.J. The use or aluminum 

conduit or electrical metallic tubing (P.MT) and fittings of one­

inch trade size or larger is generally restricted. ~ctiona 2.2 
and 2.J list these restrictions. 

5, Conduits a.11d metal pipi:ng entering or leaving a building may pene­

trate the building in maey areas. However, conduits and metal 

utility piping between buildings should be run in a group. (Section 

5.J.2.J) 
6. The length or metal utility piping and conduit runs and the number 

of loops in runs shall be kept to a minimum. Where construction 

and site requirements permit, it is preferable to have sJ;,.ort piping 
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and conduit runs rather than to eliminate the loops by lengthening 

the runs. This can be illustrated simply by considering the plot 

plan of three buildings (#1, /12, and #J) which must be intercon­

nected by conduits or piping. 

I Building #1 Building #2 
A === = =-=-=-,, B 

ii 
11 Preferred~~ 

II 
II 

C 

Building /IJ 

A loop (ABCDA) is formed by running the piping or conduit from 

Building #J to Building /11 (solid lines), but this arrangement is 

preferred to the alternative of longer runs indicated by the dashed 

line from Building /IJ to Building #l via Building /12 that would 

eliminate the loop. Either practice is aoceptable, h011ever, within 

the limitations given in Section J.O. 

Several important design requirements relating to metal utility piping 

have also been prescribed in the protective measures. Specific requirements 

pertaining to the installation or utility piping are as follows: 

1. All metal utility piping shall be free of high resistance sections 

or Joints throughout its lengt~. T'nis requirement wouln be met by 

foll011ing normal construction practices. 

2. If construction considerations dictate the use of non-metal pipe 

sections between met.al pipe sections or insulating Joints, the 

non-metal section(s) or Joint-(s) shall be bridged by bonds, as 

covered in Section 5.2.J.ll. 

-·--··· .. -,--·-··-- -------- - ., "1'1' . ... ' ,, 
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5.J.2.2 Metal Utility Piping and Conduit Penetrationei 
at Buildings and Enclosures 

Conduit runs and metal utility piping between buildings must be proper­

ly grounded to prevent the entry of currents into buildings and to maintain 

the shielding effectiveness of the structures. For these reasons sane spe­
cific techniques for constructing piping and conduit penetrat~~ns at build­

ings have been developed. 

The protective recanmend~tions presented in Sections 2.0 and J.O are 

premised upon conduit and piping penetrations constructed to conform with 

the following requirements: 

1. Conduits and metal utility piping p!netrating an outside unshielded 

wall o~ building shielded by rebars or welded wire fabric at or 

near the counterpoise level shall be connected directly to the coun­

terpoise! mat as shown in Figure 5.10. If such piplng and conduit 

penetrations are at a level not greater than 1/2 the total buildinc 

height, 'the arrangement using grounding plates shown in Figure 5.11 
shall be used. For cases which may warrant flexibility between 

building and conduit, a corrugated flexible tube (bellows) may be 

inserted into the conduit system after the grounding plates. The 

bellows shall have ei'ther a flexible braid covering (preferred) or 

three lll/0 AWG Jumper,;, connected across the bellows. 

2. For conduit and metal piping which penetrate outside unshielded 

walls or rebar shielded walls at levels greater than 1/2 the tot1l 

building height, the penetration arrangement using grounding plate• 
and a wire mesh as shown in Figure 5.12 shall be used. Wire meshes 

from widely spaced conduits or conduit groups can be connected to a 

conunon wire mesh which traverses the top of the build 1ng. Several 

typical wire mesh installations showing methods of wire mesh con­

nection are shown in Figure 5.lJ. Note that Item D in Figure 5.lJ 

shows that when conduit penetrations are below 1/2 tQtal building 

height, no wire mesh is neceP9&ry. 

- ----··-·-·1 
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J. For conduit and piping penetrations, the conduit or piping shall 

be continuous in passing through the wall. Where flexible conduit 

penetrations are required, the method shown in Figure 5.14 may be 

used. 

4. Metal utility piping and conduits penetrating an outside wall 

shielded with solid metal plate shall be bonded to the metal plate 

as shown in Figure 5.15. 

5. Metal utility piping and conduits penetrating an inside wall with 

rebar or welded wire shielding shall be bonded to the internal 

grounding ring as shown in Figure 5.16(A & B). If the wall shield­

ing consists of' sol,id metal plate, the conduit should be welded 

directly to the shielding at the point of penetrations, as shown 

in Figure 5,16C. Wave guides shall not be used. 

6. Cable trays, when their use is permitted, shall penetrate a solid 

metal sheet wall as shown in Figure 5.17. An unshielded area 
penetration is also shown. 

7. Conduits terminating at a metal equipment enclosure shall be welded 

or attached by locknuts and bushings to the enclosure panel at the 

point or penetration and the enclosure shall be bonded to the in­

ternal grounding rings as shown in Figure 5.18. 

8. Non-metal piping penetrations into metal plate shielded areas shall 

be through wave guides which maintain the shielding integrity of 

the shielded volume. 

9. Bus enclosure penetrations into shielded areas shall maintain the 

. shielding integrity of' the shielded volume. If wall shielding con­

sists of' metal plate, the bus enclosure should be continuously 

welded to the metal plate at the point of' penetration. Ir a bus 

enclosure penetrates an unshielded area, the bus enclosure must be 

totally enclosed and electrically continuous to its terminus and 

maintain its shielding integrity. 

There are no special requirements for rigid conduit or metal piping 

penetrations of' inside, unshielded walls other than t)le basic requirement 

•.1, 
,1·,, j I' I,, 'I• 
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Outside 
Unshielded 

Circumferential Welds 

steel plate continuously welded 
to vertical rebars. Plate area 
equal to or larger than ten 
times area of penetration (at 
least on rebar square). Plate 
thickness determined by welding 
requirements. · 

steel Entrance Bushing 
Bellows Unit 

Cadweld or equivalent. 
Minimum of (J) 1/0 AWG 
copper bonding straps. 

'" '''-'' '' '\''' ' ' ' ,, ' ' ,, '\. ',-"~ \' 
. "'\ ,, ',, '" ''' . \ \ '' ' ,, ''' \ \,,~' '\ 

,\ ','\' 
', Wall ~ ~' '' \ ,, '~''-'''-'-''' ,,, ,, . - ,, ,, '- ' ,,' '' . 
fJ ','' • ,, ' ' ,, ,,,, "" ',_, 

Rigid Penetration 

... ~11 .... ' ! 

Inside 
Shielded 

, '" Inside ',,, , , , Shi~ lded 
' ' ~, '~,. ,,,,, 
'- ~,., 
~' ' ' -.. ' ' '' ,,,,. 
' ,, '' ,, 

,, ' ,, ,, ',,, ',, 
~ ,'.' Circumferential 
,,'<' Weld ,,, 
\: ,, ., ,, 
. '' '. \ 
'\ ..... ~ 
\. . 

Flexible Penetration 

FIGURE 5.14 Outside Wall Penetrations with Double-Course Rebar Construction 
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Unshielded 
Side 
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&"hielded 
Side 

Rigid steel Conduit or Metal Pipe 

Continuous weld 
around conduit or pip Resilient 

Sealant 

Solid Sheet Steel Shielding on Exterior Surface 

Unshielded 
Side 

Shielded 
Side 

Continuous weld 
around condutt or pipe 

Solid Sheet steel Shielding on Interior Surface 

FIGURE 5.15 Outside Wall Penetrations with Solid Sheet steel Shielding 
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Shielded 
Side 

Rigid steel Conduit or Metal Pipe 
Cadweld or 
equivalent 

No. 6 AWG copper 
bonding strap to 
int'ernal ground ring 

A. Rebar Shielding (double-course construct!.on) 

' Unshielded:~ 
Side--~ 

' ' 

Rigid steel Conduit or Metal Pipe 

Cadweld or 
equivalent -~-

No. 6 AWG copper 
bonding strap to 
internal ground ring 

B. Welded Wire Fabric Shielding (double-course 

Unshielded 
Side 

... , ... , '' ,~ ,,\: -,,,,,, .. , 
' ',... ' ,, ' ' ,, . ,,,,, ' '\ 

' ... ' ~'~ Wall·'-'', '" ,, .. ,,, ' ,, '' '' ~'~ '--''' \ ,, ... ,, 

Shielded 
Side 

Rigid steel Conduit or Metal Pipe 

Continuous weld~ 
around penetration 

C. Solid Sheet steel (or Plate) Shielding 

... wi..!-.... ... ,..___, .. 

FIGURE 5.16 Inside Wall Penetrations with Rebar, Welded Wire Fabric 
or Solid Sheet steel (or plate) Shielding 
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Solid Sheet steel 
can be on either 
side of wall. 
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Met61 Bushing 
Overlapping 
End of' Tray 

Scheme 4 
Covered 

Cable Tray 

Weld 01- Braze at Foor 
Equispaced Points or 
Four Bonding straps 

Overall Rebar 
Shielded Area 

...... ~-------~ 

Solid Sheet steel 
/Inside Wall 

Insulated Cable 

Continuoua weld 

Shielded Control Roan 

Penetration into Shielded Area 

I 

Ov~ral;L. Rebar 
Shielded Area 

FIGURE 5.17 
. .' \ .. :, ' - ' 

Metal or Non-Metal ',' ,,': , '-
\ ' " ' Reinforcing Sleeve ':. \ . ;_-,. · 

... , ' . ' .. . 
' ' . ~ ' ... ' 
:Wall ' 

I '\ ' • ' ' ,,, ', \ ' 
' ' ' . ' 

No. 6 AWQ c~r bonding 
strap to in~ernal ground 

{/'ring 

Unshielded 1Roan 

Penevration into Unshielded Area 

Inside Wall Cable Tray Penetrations 

... . ·---------------- -· 
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that the shielding integrity or conduits be maintained. 

5.J.2.J Relationships between Factors Affecting the Susceptibility 
or Conduit Wiring to PMP Fields and Design Requirements 
for Conduits and Metal Utility Piping 

Teclmiques or shielding all electrical circuits by enclosing them in 

conduits were discussed in Sections 5.J.2.1 and 5.J.2.2. The practices 

required in these sections have been specified because coriduit wiring is 

susceptible to EMF fields. 

The purpose or this section is to list and relate factors affecting 

the susceptibility or conductors in conduits with the design features spec­

ified. The effect or these £actors on the electranagnetic response of the 

electrical system is discussed in Section 4.0. 

Voltag~s induced on conductors within conduit have canplex wave forms 

and depend upon a number of £actors, including: 

1. The current through the conduit produced by the H-field environment. 

This creates a voltage drop through the resistance of the conduit, 

which can be coupled into contained conductors. 

2. The type of conduit material used. Higher magnitude induced vol­

tages tend to appear on low permeability conduits, such as those 

made of aluminum than those or high permeability, such as steel. 

J. The diameter (trade size) and wall thickness or the conduit. There 

is less coupling of induced voltages into conductors within large 

diameter conduits than into small ones; also, induced conductor 

voltages vary approximately in inverse proportion to the square of 

the conduit wall thickness. 

4. The number and kind or bends influence both magnitude and wave 
shape or induced voltages on conductors. These induced voltages 

are directly proportional to the number of bends (Figure 5.19). 

Higher conductor voltages are induced in severe, short-radius 

bends than in gradual ones. This, in part, is the basis for gen­

eral avoidance of condulets in conduit a1:1sembly. Another reason 
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is that condulet covers may be accidental'.cy removad or anitted, 

resulting in extreme'.cy high flux leakage into the conduit with 

consequent increases of voltages induced on the wiring. 

5. The number of conduit couplings. Figure 5.20 shows that induced 

conductor voltages are direct:cy proportional to the number of cou­
plings in a conduit run, assuming that all the joints are con­

structed to a high standard of worlonanship. EvPn one poor'.cy made 
or loose joint could enormous:cy increase these induced voltages. 

This supports the requirement of electrical'.cy-conducting sealants 

on threaded couplings or continuous welds at threaded couplings. 
6. The length of conduit runs. Voltages induced on conductors in con­

duits are direct:cy proportional to conduit length, as indicated in 
Figure 5.19. This dictates the need or careful design to minimize 

the length of conduit runs. 
7. The actual position and arrangement of conduits grouped together 

in ducts or trenches between buildings. Experimental and ana:cyti­
cal results of several conduit grouping arrangements have indicated 

that the H~field induced current will divide between the individual 
conduits within the group vi-th the higher current being carried by 

the outermost conduits in the group. This suggests that, wherever 
possible, the power wiring should be run in the outermost conduits 

in a group and signal wiring should be run in the innermost con­

duits. 
When conduits are run in groups, the resulting current division, 

in effect, reduces the induced voltage on the wiring within these 
conduits. The induced voltage fran wiring within a conduit for 

given conduit currents as determined by the nanograph. Figure 4.2, 

can be obtained fran Figures 5.19 and 5.21. To determine the value 

of current to use for Figux·es 5.19 and 5.21 when conduits are run 

in a group, refer to F'igure 5.22. The multip'.cying factors given in 

---""~-----------------~ · 
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For a vertical conduit arrangement, the induced 
current on conduits, as determined by the nano­
graph, Figw·e 4.2, and used for conduit wiring 
response calculations (Section 4), must be multi­
plied by l#°Nv, where Nv is the number of conduits 
in the trench or duct. 

A. Vertical Arrangement of Conduits in a Duct or Buried in a Trench 

00000 

For a horizontal arrangement, the induced current 
on conduits, as determined by the nomograph, Figure 
4.2, and used for conduit wiring response calcula­
tions (Section 4), must be multiplied by J.//Nii, 
where Ni{ is the number of conduits in the trench. 

B. Horizontal Arrangement of' Conduits in a Duct or Buried in a Trench 

000 
000 
ooo 

For a vertical and horizontal arrangement, the in­
duced current on conduits, as determined by the 
nanograph, Figure 4.2, and used for conduit wiring 
response calculations (Section 4), must be multi­
plied by 11/Nv x 1//Nff, where Nv and Na are as in 
A and B above. 

C. Vertical and Horizontal Arrangement or Conduits in a Duct or Buried 
in a Trench 

Insulated duct Conduits When conduits are placed in insulated ducts, the 
induced conduit current, as determined by the 
nomograph, Figure 4.2, and used for conduit wiring 
response calculations (Section 4), must be multi­
plied by 1/1.25 in addition to the factor given 

,-N....,....,._.. above relating to conduit arrangement. 

D. Conduits in Insulated Duct between Buildings 

Metal wire mesh 
_ __, width equal 

o duct width 

When a wire mesh is placed above conduits and con­
nected to the grounding plate at both ends of' the 
duct, the induced current on conduit, as determined 
by the nomograph, Figure 4.2, and used for conduit 
wiring response calculations (Section 4), must be 
multiplied by the following factors in addition to 
those given above relating to conduit arrangement. 
For wire mesh 2. 5 feet above conduit multiply by 1/2 .• 
For wire mesh 4.0 feet above conduit multiply by 1/J. 

E. Conduit Ducts with Metal Wire Mesh Placed above Conduits in Duct 

FIGURE 5.22 Physical Conduit Arrangements Affecting the Induced Current 
on Conduits and the Resulting Induced Voltage on Wiring 

' ! 
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Figure 5.2::> are conservative. An example or hO'tl Figure 5.22 is 

used in electrical system response calculations is given in Section 

4.5.J. 
8. The types of conductors within the conduit. Because or the greater 

area presented to EMP flux leaking into the conduit, voltages in­

duced on parallel pairs will generally be higher than on twisted 
pairs (Figures 5.19 and 5.20). Cables constructed with wound or 

braided shields within conduit are very effective in reducing the 

induc~d voltages, provided such shields are properly grounded. 

9. The act,J:al position or conductors within conduits. This also af­

fects the induced voltages, but this factor is beyond control by 

design; only randan positions can be assumed. 

Metal uti.lity piping, if continuous and routed near conduits, will 
afford sane additional shielding for wiring i~ the conduits by diverting 

EMP field-induced currents away from the conduits. 
It ie essential that all metal piping runs have good electrical con­

ductivity. Tests indicate that high voltages will be induced at points or 

discontinuity in large piping loops. (See Section 4.2.2.) This is the 

basis for applying bonds across all insulated sections and Joints as re­

quired in Sections 5.2.2.4 and 5.J.2.1. 
5.J.J EMP Shielding for structures and F.quipnent Roans by Solid Metal Plate 

5.J.J.l Fields of Attenuation 
Section 5.J.J covers metal plate shielding for structures and equipment 

roans, but does not include shielding for metal equipnent enclosures and 
cabinets. These are treated in Section 5. J. 7. 

Solid steel or aluminum plates, properly designed and installed, will 
provide adequate EMP shielding for structures and equipnent rooms of all 

sizes. Tests indicate that the shielding effectiveness or attenuation abi­
lity of a completely sealed structure or equipnent roan is more dependent , 

upon metal plate thickness, resistivity, and permeability than upon dimensions. 
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Since openings, proximity effects, ~netrations, and inadequate construction 

practices degrade shielding performance, the following subsections will cover 

specific construction practices and the methods ot evaluating the attenuation 

afforded by this type ot shielding. 

5.J.J.2 Construction Practices for Solid Metal Plate Shielding 

To minimize shielding degradation ettects required construction prac­

tices are as follows: 

l. Metal panels shall completely enclose the building or equipnent 

room to be shielded, except for necessar1 openings and penetra­

tions; details ot shielding these are covered in Requirement 4., 
below. 

2. All metal panels used for shielding shall have continuously welded 

or brazed seams. 

J. When metal shielding plates are applied on the inside ot a building 

or an equipment room, each junction between wall, ceiling, and 

tloor s11rraces shall be welded or brazed as in Requirement 2., above; 

also, to achieve maximum attenuation in the corner region each junc­

tion can be covered with a 1. 5 root wide strip (tillet plate) or the 

metal used for shielding. This fillet shall be attached by conti­

nuous seam welding or brazing, as shown in Figure 5.2J. For situa­

tions where sensitive equipnent will not be located closer than six 

inches rran a wall shield, fillet plates need not be used. 

4. The number or openings and penetrations into a shielded 'building or 

equipment roan should, by caret'ul design, be kept at a minimum. 

Large access openings, which would rarely be used at'ter the initial 

installation or large equipnent in the building or roan, shall be 

provided with removable panels, welded or brazed closed atter use. 

Smaller access openings, such as personnel doorwqs, shall be 

shielded by wave guide tunnels or double door vestibules. Design 

proportions of such wave guides depend upon the amount or attenuation 

.. ,...,, .. •~ - ••>R •-- --------•-R•~••R•-1--• o••~· _*,• • • •' • ~·· 
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FIGURE 5.2.3 Construction Details otMetal Plate fillets for Roana and 
Bu1143pga _ -----~---- ·------
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afforded by the building or roan shielding and can be determined 

by the techniques given in Section 5.J.J.J. The vestibule type of' 

construction requires doors to be fitted with contact fingers or 

spring strips which maintain good electrical contacts between the 

edges of' the door and its Jamb. 

5. Electrical conduits and/or metal utility piping entering f'ran out­

side and penetrating metal plate shi~lding shall be continuously 

welded or brazed to the building or room shielding at the point of' 

entrance, as shown in Figure 5 .15 . 

6. Electrical conduits and/or metal utility piping penetrating an in­

side wall with solid metal plate shielding shall be continuously 

welded or brazed to the shielding at the point of' penetration, as 

shown in Figure 5 .160 . 

5. J. J. J Solid Mete.1 Plate Shielding Calculations 

This subsection outlines methods of' evaluating the performance of solid 
metal plate shielding in terms of' attenuation (dB). It is assumed that the 

plate shielding has been applied to conform with the construction require­

ments of' Section 5.J.J.2. 

The attenuation afforded by solid metal plate shielding is essentially 

independent of' the d:ln,ensions of' the shielded volume, provided this volume 

exceeds about ten feet on a side (1000 cubic feet). Because of' the increased 
concentration of' magnetic flux in proximity to any form or shielding, attenu­

ation will usually be less at distances within about five feet of' a shield 

than farther away. Figure 5.24 relates shielding degradation (dB), or depre­

ciation in attenuation, with distances in feet f'ran a solid steel plate 

shield. This chart is directly applicable to buildings of' heights f'ran 15 

feet to 45 feet and lengths from 45 feet to JOO feet. Shields f'or buildings 

with dimensions larger than those given by the chart will actually have leas 

degradation or better shielding in proximity to the plates; the improvement 

can be considered as an increased safety factor. 
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The maximum, or "center-volume", attenuation obtainable with a complete­

ly se~~e~. steel plate enclosure, assuming a shield conductivity (00 ) ot 6.5 x 

106 mhos per meter and relative permeability (1-1r) or 50 is given in Figure 

5.25. This chart correlates shielding attenuations in dB with plate thick­

ness ranging f'rom 25 mils (. 025 inch) to 275 mils (. 275 inch). The attema­

tions given do 2!2l_ take into account proximity to shielding surfaces, para­

metric variations in plate conductivity and permeability, or the eftects or 

openings and penetrations. Each of these will be dealt with in the examples 

which follow: 

Example 1: 

steel plate of 150 mils thickness, having the conductivity and per­

meability for which Figure 5.25 is applicable, canpletely encloses a 

volume. The center-volume shielding attenuation, read from Figure 5.25, 

is about 9J dB. 

To determine net attenuation up to six feet away fran steel plate 

shielding surfaces, use Figure 5.24 to obtain the shielding degradation 

in dB, then subtract this fran the center-volume attenuation. Assuming 

that the steel plate forms the outside or a wall 24 inches thick, trail 

Figure 5.24 a degradation or approximately J dB will be present two 

feet f'ran the steel plate shielding. Thus, the net attenuation for 

equipnent located against an inside wall would be 9J - J • 90 dB. 

Ir the steel plate shielding is on the inside surfaces ot the enclo­

sure and fillet plates have been installed, a degradation factor or 9 dB 

would be read fran Figure 5.24. The enclosure would then have a net 

shielding attenuation or 9J - 9 • 84 dB for equipnent placed against the 

wall. 

Example 2: 

The attenuations in Example .1 were based on steel plate having a 
thickness of 150 mils, a relative penneability or 50, and an electrical 

conductivity or 6.5 x 106 mhos/meter. For a steel plate of different 

• ·lj' 
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thickness, conductivity, or permeability, center-volume attenuation 
can be found as follOW's: 

, .. ... ...u; ....... 

On the nanogram (Figure 5.26) align the value of electrical con­
ductivity (00 ) of the steel plate material with the plate thickness (8) 

in mils and locate the corresponding point on the uncalibrated turning 
axis (T). Th.en align thil!I point with the relative permeability (~) of 

the steel plate material and read the center-volume shieldiug attenua­
tion on the dB scale. Assuming a plate conductivity of 5 x 106 mhos/ 

meter, a plate thickness of 50 mils and plate relative permeability of 

200, the c?.nter-volume attenuation of a canpletely enclosed structure 

or rom would be approximately 75 dB. 

Example J: 

The nomogram, Figure 5.26, can also be used for finding the steel 

plate thickness that will provide a specified shielding attenuation. 
As an example, in Section 2.1.l the control roan shielding required 

under protective recamnendationa Plan A is at least 40 dB. It has 
been shOW'n that because of proximity effects, shielding may be de­

graded as much as 9 dB close to an inside wall shielded with steel 
plate (Figure 5.24). Therefore, 50 dB of attenuation at center-volume 

would barely meet the prote~tive meas~re requirements. Assume that 
the required center-volume attenuation is 75 dB to allow for a reason­

able safety margin and sane coordination tolerance. By use of the 
nanogram, 75 dB attenuation could be obtained with 60 rnil steel plate 

for shielding, assuming a relative permeability or 100 and an electri­

cal conductivity of 6.5 x 106 mhos/meter. Based on U. s. standard 

Sheet steel data, #i6 gauge (0.0598 inch) plate weighing 40 ounces per 

square foot could be specified for the shielding. 

It should bP. noted here that entirely different consideratiorAB may dic­

tate the actual choice of the type and thickness or metal plate shielding. 
Such factors as structural strength, weight, weldability, relative 
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corrosiveness, availability, ease of handling, and cost must be considered. 

In aey case the effectiveness ot the cho&en shield should be evaluated to 

be certain that the F).(P protective recamnendations in Section 2.0 are met. 

Openings in metal plate shielding for doorways, ventilators, ducts, 

exhaust and intake plenums, etc. will significantly degrade the attenuation 

of shielded structures or equipnent rooms in the vici11ity or the opening. 

Figure 5.27 shows how such openings are defined in terms of an opening 

dimension (W) in the direction or the horizontal H-field and a distance 

fran the opening (Y) • Note that in the vertical plane the opening dimen­

sion (W) may or may not be the largest dimension but for an opening in the 

horizontal plane, (W) is always the largest dimension. Figure 5.28 shows 

hCN much attenuation can be expected as (Y) varies with respect to (W) tor 

a single opening. For roans whose center roan attenuation is 50 dB or less, 

use the appropriate curve as given. For roans whose dimensions do not per­

mit a (Y) distance to be large enough so that the oenter-volume attenuation 

of the roan with an opening does not reach the center-volUJDe attenuation or 

the roan with no openings, use an attenuation curve on Figure 5.28 corre­

sponding to the attenuation reached for the maximum (Y) permitted by the 

roan dimensions. For instance, assume a 10' x 10' x 10' roan having a ;o 
dB center-volume attenuation with no openit3gs. Assume a 7' x J' door open­

ing is desired. To determine whether the 50 dB curve would apply tor this 

case, calculate the maximum Y/W ratio that the roan size permits. A Y/W 

or 10/J = J.JJ related to the 50 dB curve results in an attenuation or 42 

dB. This, then, becomes the new center-volume attenuation for the roan 

and identifies the curve to be used to determine attenuations with respect 

to the 7' x J' opening. 

To maintain the shielding effectiveness ot a structure or equip:nent 

roan at the recamnended requirements, metal wave guides (sleeves) as shown 

in Figure 5.29 can be installed in openings. 'Wave guides ca,nnot be used 

where it is necessary to bring conduits, metal piping, or other metal 

. ·---· . ·-- - --,--.-----~ 
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W • Largest opening dimension in the horizontal field direction. 
Y • Distance from the opening. 

FIGURE 5.27 Openings in Shielding 
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FIGURE 5.29 

,,,,,------
/ f-15---_.., 
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I 
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wave Guide Door Opening ~own 
Outside of Roam (can be inside or 
combination of inside or outside) 

Appli.cation of Wave Guides 
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conductors through an opening into a metal plate shielded area (Section 

5.J.2.2). The follOW'ing example shows hOW' wave guide proportions are found. 

Example 4: 
To determine the wave guide length and width dimensions for a re­

quired shielding attenuation level, enter the graph on Figure 5.JO at 

the required attenuation level and read the Y/W ratio. Assume that an 

attenuation level or 50 dB must be maintained in a roan or building. 

The Y/W ratio corresponding to 50 dB i s 2. 5. Therefore, the length (Y) 

or the wave guide mue:t be 2. 5 times the largest width dimension (W). 

Actual placement or the wave guide can be inside or outside the room 

or a combint.tion of both as shown in Figure 5.29. 
5.J.4 EMP Shielding for structures and Large Equipnent 

Roans by Reinforcing steel Bars (Rebars) 

5.J.4.1 Areas or Application - Introduction to EMP Shielding by Rebar9 

Section 5.J.4 covers the application of reinforcing steel bars (rebars) 

as shielding for structures and large equipment roans. 

The steel rods (rebars) used in reinforced concrete building construc­

tion can afford EMP shielding for such hardened buildings and the roans 

within them, provided the rebars are welded to form continuous loops around 

the volume to be shielded (Figure 5. Jl). 

Vert ioal ff ..,field 

d 

FIGURE 5.Jl Reinforcing steel Rod Loops 
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The continuous rebar loops must be positioned at right angles to the 

H-field in order to achieve the greatest shielding effect. To shield 

against an H-field from any direction, the loops must be continuous in all 

three dimensions, as shown. Thus, the shielding effects of steel reinforc­

ing bars is produced by circulating currents through the bars in all four 

walls as well as those in the floor and ceiling of the structure. This 

points out the need for providing good electrical connections by welding 

all bars and joints between bars at corners and edges along walls, ceiling 

and floor. 

Graphical information and calculations to be presented later (see 

Section 5.J.4.3) give the shielding attenuations provided by rebars for 

rooms and buildings or various sizes using various combinations or rebar 

diameter and spacings. 

Assuming a uniform spacing or rebars in all outside surfaces or a 

shielding volume, analyses indicate that minimum attenuation, or poorest 

shielding representing a "worst case" condition, occurs within the given 

volume when the direction or the n.agnetic field is parallel to the longest 

dimension or the volume, as shown below. 

In Figure 5.32 is shown a rebar shielding scheme for a horizontally 

directed H-field. Note that only the uppermost and lower,nost horizontal 

perimeter re bars need be welded to form re bar loops in a horizontal plane. 

The vertical rebars are welded to these horizontal rebar perimeter loops 

as shown. 

. ' 
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Additional attenuation for improved shielding can be obtained if double 

rebar loops are used in the building construct ion. This requir8s welding 

the inner rebars and the outer rebars in loops as shown in Figure 5.JJ. The 

cages formed by the inner and outer rebars do not have to be electrically 

distinct. The inner and outer rebars may connect wherever required for 

structural reasons. 

r------- --------1 
I r.- - - - - - - - - ::;i I 
l I I I 
I I I 

Outer Re bars 

I I I 
I I I 
I I Inner Rebars 
I I.___.______ I I L _________ =:J I 
L ____________ _. 

Inner Rebars 

FIGURE 5.JJ Double Re inf ore ing Bar Loops 

studies indicate that JlMP field attenuation by means of rebar shielding 

is influenced by a number of variable :~arameters, including field orienta­

tion, building or room dimensions, rebar diameter and spacing, rebar conduc­

tivity and permeability, single or double cage construction., and the inte­

grity of worlananship, as well as the effects of openings and penetrations. 

Techniques of evaluating rebar shielding, taking these factors into account, 

are presented in Section 5.J.4.J. 

5.J.4.2 Construction Practices for Rebar Shielding 

For building construction steel reinforcing rods (rebars) to function 

properly as EMP shields, required construction practices are as follows: 

l. Rebars shall be welded together to form continuous loop~ in all 

11' ,, 
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three dimensions enclosing the building. Welds shall be made to 

conform with construction details shown in Figure 5.J4. 

2. If loops or rebars enclose two or more rooms, the internal wall 

{partition) rebars do not have to be welded. (Figure 5.J5). 

J. When openings are required in a rebar-shielded structure for door­

ways, ducts, plenums, etc., all rebars around the opening shall be 

made electrically continuous by being welded to a metal plate or 

rebar encasing the opening. {Figure 5.J6) 

4. Metal utility piping and electrical conduits entering a rebar 

shielded structure from outside shall be connected to the building 

grounding system at the point of entrance, as shown in Figures 

5.10, 5.11, and 5.15. 

5.J.4.J Attenuation Calculations for Reinforcing 
steel Rod (Rebar) Shielding 

This section covers techniques or evaluating the WP shielding afforded 

by rebars, including the effects or penetrations and openings. 

In evaluating the shielding attenuation (dB) afforded by rebars, it 

will be assumed that the construction practices prescribed in Section 5.J.4.2 

have been followed and that the structure to be shielded has "worst case" 

orientation with respect to the incident ».U> field. The attenuation provided 

by rebar shielding will then depend upon the following factors: 

1. The size and shape of the volume to be shielded. 

2. The rebar diameter and spacing. 

J. The electrical conductivity (00 ) of the rebars. 

4. The relative permeability (J!r) or the rebar material. 

5. Proximity or ceilings, walls, or. floors containing rebars. 

6. The size . of Elhielding discontinuities ci:·eated by openings and 

penetrations. 

Effects or each ot' these £actors upon rebar shielding will now be con-· 

sidered in detail and working examples will be given. 

----------
'I 
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Mini.mum Weld Distance 
= 3 x diameter of 

the rods 

Minimwn Weld Distance 
= 3 x diameter or 

the rods Weld 

"1 lwssw« 
Plate dimensions Corner Plate 
·not critical 

Angle iron may 

Note: Weld cross section must be sufficient 
to prevent breaking or fr~cturing 
during construction and handling. 

also be used. 

Continuous 
Weld 

Right/Lert Hand Thread Coupler 

FIGURE 5.34 Reinforcing steel Rod {Rebar) Welding Details 
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~--------, 
I 
I 
I 
I 
I 

Outside wall rebars must be elec­
trically continuous (welded) 
forming peripheral loop. 

t-------
1 
I 
I 
I 
I 
I 
I 

~ 

Room 

Rebars in room partition 
do not have to be welded. 

FIGUR'!i; 5.J5 
Peri pheral Shielding for Room..~, 
using Reinforcing _steel Bars (Rebars) 

' -41 

Metal plate must have cross-section 
at least as large as rebars. 

Minimum Weld Distance = Three times 
Rebar Diameter 

Rebars 

'Weld dimensions must conform to Figure 5. 34. 

FIGURE 5.J6 Termination or Rebars at an Opening 
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Rebar shielding effectiveness is i nfl uenced by structure dimensions and 

proportions. Subsection 5.J.4.J.l provides gr ap~i cal data and examples for 

determining th~ "center-volume" (maximum) attenuation wi thin a building or 

room having dimens i ons and proportions within spec i fied practical limits. 

To simplify the computations, this subsection assumes standardized rebar f 
sizes and spacings and a defi nite rebar conductivit y and permeability. Sub- I 
section 5.J .4.3.2 gives general equations and a number of graphs that e•:.n be 

used to determi ne t he attenuat ion for w: de var iations in st ructure size and 

shape, rebar diameter and spac i ng, and rebar conduct i vity and permeability. 

For situations where the rebar diameters and/or the spacing between 

rebars are not constant within a wal l, ceiling, or floor, using the existing 

minimum rebar diameter and maximum spacing combinati on for calculation pur­

poses will yield conservative results. In subsections 5.J.4.J.l and 

5.J.4.3.2, curves for evaluating the effects of variations in bar diameter 

and spacing are presented. 

5.J.4.3.1 Rebar Shieldi ng Calculations, Assuming Fixed 
Values of Conduct ivi ty and Permeability 

Calculations involvi ng shielding by rebars are considerably simplified 

if their electrical conductivity, permeability, di ameter, and spacing are 

assumed to be within the pract ical limits associated with normal construc­

tion practices. 

In the following calcul ations of rebar attenuation, a conductivity 

value of a0 = 6.5 x 106 mho/meter and a permeability value of llr ~ 50 have 

been used. These calculations are valid for conductivities ranging from 

4.0 x 106 mho/meter to 8.0 x 106 mho/meter and for relat ive permeabilities 

ranging from 10 to 100. An investigation of chemical analysis of all grades 

of AS'IM Al5, A408, A4Jl, and A4J2 steel reinforcing bars indicates that the 

conductivity and relative permeability f or tr..ese rebars will be in the above 

ranges. 

The diameter of t he rebar s and the distance bet ween rods will depend on 
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structural considerations of the building design. Attenuations afforded by 

rebars ranging from nominal size #6 (0.75 inch diameter) to nominal size 

#18-S (2.257 inches diameter) have been calculated with spacing varying 

from less than seven inches to more than 22 inches. The attenuation data 

presented are valid and conser ~tive for actual rebar spacings within two 

inches of design spacings, provided that the average space between bars 

(length 
0

~ ~all 1) is within 10 per cent of design spacing. Bar diameter num er o ars-
may also vary 10 per cent from the nominal val~es. 

The variations in building or room size (shielding volume) are presented 

in the series of curves on Figures 5.J7 and 5.J8 covering ranges applicable 

to the power plant building. The height of the shielding volume has been 

assumed to be 15 feet in Figure 5.J7 and JO feet in Figure 5.J8. Its other 

dimensions (width and length) may vary over a 5 to 1 range. 

For various room proportions use the following criteria for curve 

selection: 

1. Height 15 feet to 24 feet - use curves for 15 feet (Figure 5.37) 

2. Height 24 feet to over JO feet - use curves for JO feet 

(Figure 5.JS) 
J. For variations of the width (J) dimension - use curve equal to or 

less than the value. 

4. For dimensions smaller or larger than the graphs provide, use sub­

section 5.J.4.J.2 as the basis for shielding calculations. 

The curves of Figures 5.J7 and 5.J8 are valid only for a single course 

or 1.692 inch diameter rebars spaced 14 inches on centers. Additional curves 

shown in Figure 5.J9 provide correction factors (± 6 dB) to calculate the 

changes in attenuation for other rebar spacings and other rebar diameters. 

The curves of Figure 5.J9 are also applicable for double-course rebar 

construction, if the double-course construction is assumed to be equivalent 

to a single-course construction with half the double-course rebar spacing. 

Table 5.2 lists several attenuation correction factors read from Figure 

5.J9 applying to canmon rebar configurations. 

·--- ______ ,. __ _ 
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TABLE 5.2 

APPLICABLE ATTENUATION CORRECTION FACTORS 
FOR SEVERAL SELECTED REBAR CONFIGURATIONS 

Type of r;onfi~ration and Parameters Attenuation Increment 
Rebar Diameter Rebar Spacing 

inches inches Construction 6 dB 

2.257 12 Single course + 5 

1.692 14 Single course ~ 

1.000 18 Single course - 6 

2.257 2~ Double course + 8.5 

1.692 14 Double course + lJ 

1.000 16 Double course + 5 

* No dB corrections are necessary for a single course of 1.692 inch dia­
'raeter rebars on 14 inch centers because these were the basis for Figures 
5.J7, 5.JS, and 5.J9. 

H For double course of rebars 20 inches on centers, use single course 
equivalent 10 inches on center in F (tllre 5.J9. 

The attenuation value is found on Figures 5.J7 and 5.J8 and corrected, 

if necessary, applying the increments(± 6 dB) shown in Figure 5.J9 and Table 

5.2. This value applies only to the center portion of the shielded volume. 

Attenuation is not constant throughout a shielded volume; there will usually 

be less attenuation (more degradation of shielding) with increasing proximity 

to the rebars. Figure 5.40 shows the increase in degradation with respect to 

distance from cei.lings, walls, or floors shielded by rebars; this is applica­

ble to buildings of heights ranging from 15 feet to 45 feet and lengths rang­

ing from 45 feet to JOO feet. Degradation values given in Figure 5.40 must 

be subtracted from the center-volume shielding effectiveness values found 

fran FigtL.-es 5.J7, 5.J8, and 5.J9 in order to determine attenuations within 

five feet of a ceiling, wall, or floor. 

When outside rebars of a wall are used for shielding, there will be 

appreciable wall thickness between these rebars and equipment placed against 

M 
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an inside wall. When making shielding calculations, this distance must be 

considered and added to the physical spac i ng bet ween the wall and the equip­

ment, For constructions using both inner and. 01Jte r courses O!~ re bars for 

shielding, the innercourse of rebars will be comparatively close to equip­

ment placed against an inside wall. In thi s case there will be additional 

attenuation provided by the double course r e bar construction; however, this 

increased attenuation will be largely offset by reduced atte~1Uation caused 

by equipment proximity to the inner court1e rp h.ar s . (Equipment placed six 

feet or more from the wall would , of course 9 ·:Jenefit fully from the double 

rebar shieldi ng.) 

The following set of sample calcula t,i.ons will exemplify the methods of 

obtaining the center-volume attenuation and the net attenuat i on at a shield-

ing surface for bot h single and double course r e bar constructions. 

Given Rebar Height (H) = 18 feet 

Rebar Width (J) :: 32 fee t 

Rebar Length (L) :: 14.5 feet 

Re bars are c.;ingle course, diameter 1. 41 inches .t. 10 percent on 15-inch 

centers, Conductivity (a 0 ) and permeability {µr ) are within the limits 

given (a 0 from 4 x 106 mhos/rneter to 8 x 106 rnhos/rneter and µr from 10 to 

100), 
Perform the following computations : 

Total number of rebar loops perpendicular to H-dimension 

14 minimum 

Total number of rebar loops perpendicular t o J·•dimension 

25 minimum 

= 

= 

18 
15/12 = 

__E_ = 
15/12 

Total numb~r or rebar loops perpendicu l ar to L-jimension ::: ~ = 
15/12 

116 minirrrum 

Example 1: Single Course Rebar Construct ion 

Since H = 18 feet, use Figure 5. 37 for H ::: J. 5 f eet . Using curve for 

J = JO feet and L = 145 feet, read attenuation for 24, 3 dB. From Figure 

5,39, apply correction factor for single course 1.41 inch diameter rebars 

of - 2 dB, Attenuation at the center of the shielding volume is then 
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24.3 - 2 = 22.3 dB. This will be the attenuation in the building beyond 

six feet of any shielding rebars. 

Assume that the rebars used for shielding are the outside rebars and 

that the wall thickness between the inside wall of the roam and the rebars 

is a minimum of 22 inches (1.83 feet). Equipnent placed against this wall 

would be subject to a shielding degradation of approximately 3 dB, as indi­

cated by Figure 5.40. Equipment at the wall would then be shielded wi th a 

net attenuation from the rebars of 22.3 - J = 19.3 dB. 

Example 2: Double Course Rebar Construction 

If double course rebar shielding constructi.on on 15-inch centers is 

used and assuming the spacing between rebar courses is between d/2 and 2d 

where dis distance between rebars in one course, the attenuation in the 

center of the room would be: 

24.J dB 
+ 8.8 dB 
JJ.l dB 

from Figure 5.37 
fran Figure 5.39 
with double coorse rebar construction 

For equipment against the wall assume that the inner rebars are three 

inches or 0.25 feet from an inside wall of the roan. Fran Figure 5.40 the 

degradation would be 10 dB, or - 10 dB attenuation. 

Net attenuation from the double course of rebars for equipment against 

the wall is then: 

33.1 dB 
- 10.0 dB 

23.1 dB 

in center volume with double course rebar construction 
from Figure 5. 40 

net 

Discontinuities in rebar shielding, caused by openings and penetrations, 

will adversely affect the attenuation of the shielded volume in the vicinity 

of the opening. Attenuation effects, due to openings in shi.elding shO'wll in 

Figure 5.27, are defined in tenns of two dimensions; the dimension (not the 

diagonal) of the opening (W) in the direction of the horizontal H-field and 

distance within the shielded area frc:m the opening (Y). Figure 5.28 shows 
how much the attenuation is affected as (Y) varies with respect to (W). 
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This graph can be used to determine the values of attenuation at varying dis­

tances from a lmown size opening or to find the maximum permissible width of 

an opening if equipment is to be placed at some known distance from the open­

ing, assuming some allowed attenuation; or it can be used to find the clear­

ance that must exist from a given width opening to maintain some specified 

value of attenuation. 

An example of attenuation calculations for an opening follows. 

Example J: 

Assume that a building with single course rebar shielding has a center­

volume attenuation of 20 dB and an attenuation of 18 dB next to a shielded 

. wall. A dool"W'ay into the room is 8 feet high and 3 feet wide. 

The opening dimension (W) in the direction of the horizontal H-field 

is then the dool"W'ay width of 3 feet. Refer to Figure 5.28 and, from the 

curve that becomes asymptotic to the center volume attenuation (20 dB), 

read ratio Y/W of approximately three. Thi s means that a distance Y = 3 x 

W = 3 x 3 = 9 feet inside t.he room from the doorway openi11g, the attenuation 

will be the same as in the center of the roam. For equipment facing the 

dool"W'ay and less than 9 feet away from it, the attenuation will be less. 

Figure 5.28 indicates that with equipment at least 4 feet away from the 

dooNay openint~, with ratio Y/W = 4/3 :: 1. 33, the attenuation there would 

be about 17 dB. 

If the shielding effectiveness of a particular roam with openings must 

be maintained at the center-volume attenuation level, wave guides (metal 

sleeves) as shown in Figure 5.29 can be installed in openings. This figure 

depicts a shielded volume with and without a wave guide at the dool"W'ay open­

ing. To determine the wave guide length and width dimensiorui for a required 

shielding attenuation level, use the procedure as given in Example 4. 
Example 4: 

I 

Assume an 8 1 x 3' dool"W'ay opening is desired for a shielded area having 

a center volume attenuation of 20 dB. Enter the wave guide graph (Figure 

5.30) at 20 dB and find a Y/W ratio of 1.0. For wave guide, calculation (W) 
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is always the largest dimension of the opening. Therefore, the wave guide 

length Y = W x l = 8' x l = 8 feet. Actual placement of the wave guide can 

be inside or outside the roan or a combination of both as shown in Figure 

5.29. 

5.J.4.3.2 Attenuation Calculation for Reinforcing steel Rods (Rebars) 
Considering Variations in Rebar Conductivity, Permeability, 
Diameter, and Spacing - for any size structure 

The shielding calculation methods outlined in this section can be ap­

plied to aey size structure and also in those cases where variations in 

rebar conductivity, permeability, diameter, and/or spacing preclude use of 

the graphical methods described in Section 5.J.4.J.l. 
These formal attenuation calculation methods will require certain 

basic information as to room or building size and knowledge of rebar para­
meters, as follows: 

H = rebar height in roan or building in meters 

J = rebaz width in roan or building in meters 

L = rebar length in roan or building in meters 
-7 

µ = permeability of rebars • µ0 x ~ = 4 n x 10 x ~ 
a0 = conductivity of rebars in mho/meter 

d0 = diameter of rebars in meters 

d = spacing on centers of parallel single course rebars in meters 

Briefly, the computation procedure requires the determination t'ran 

graphs of several factors (K, -A, and B) based on structural proportions. 

These factors and the basic information above are used to determine two 
other constants (X and Y). These constants are used with graphs to find 

two other factors (U and W), which are then canbined with certain given 

parameters into an attenuation formula. The following steps outline this 
procedure: 

step 1. Determination of Constant Y 

y = K (A+ B) 
2 

, where 
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K is found on Figure 5.41 for corresponding values of H/L and H/J 

· (limited to height-to-width proportions between 1:1 and 1:10). 

-A is found on Figure 5.42 for the corresponding value of ratio d/d0 • 

Bis found on Figure 5.43 for the corresponding value of ratio L/d. 

step 2. Determination of Constant X 

X = 107 /µ 
56.6 d0 /a; 

step J. Determination of Fact.ors lJ and W 

Using the values of const ant s Y and X l'.I S cs.l 1;ulated i.!1 t he preceding 

steps, obtain corresponding values for factors U and W from Figures 

5.44 and 5.45, then change the value of U read from Figure 5.41 f'rom 

d~ to a ratio UR by formula: 

step 4. Calculate "Center--Volume" Attenuation 

Center-Volume Attenuation(dB) = j20 log{ --~
3 

JOO d(H+J)}- ] 
L 7. 89 x 10 x UR x W x ----- 4 

2 KHJ 
The equation above can be used for calcul ating the shielding by single 

course rebars and also double course rebars when t he spacing between courses 

(ds) varies between d/2 an 2d, where d is t.he spac i ng between rebars in a 

single course • .J... -Id 1..-
d O O 0 0 0 0 0 

ds varies between d/2 and 2d. s 
-t- 0 0 0 0 0 0 0 

For this case, the H, J, and L dimensions can be t aken from either the outer 

or inner re bar course. When d5 exceeds 2d, t hen t he calculat i ons must be 

made using H, J, and L dimensions associated wit h t he innermost shielding 

rebars. 

There may be occasion to make attenuation calculations on buildings which 

are "T" or "L" shaped rather than a parallelepiped. As an example, consider 

the "T" shaped structure belw. Disect the overall area into t wo parallelepi­

peds as shown. Make separate attenuation calculations for each rectangular 

secti.on. For buildings having a pyramid shape, att enuation calculations can 

.. 
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be made by considering the building to be the largest parallelepiped which 

can be completely enclosed by the pyramid. 

C 

~ 
j.d 1 

H-field 
Direction I-t -a-, 

Plan View 

H-field 
Direction 

~ 

I 
C 

l 
~d4 

T-shaped structure Calculation Configurations 

5.J.5 EMF Shielding by Application of Welded Wire Fabric 

5.J.5.1 Introduction 

Section 5.J.5 covers the use of welded wire fabric for shielding struc­

tures and equipment roans. 

Welded wire fabric embedded in the walls, ceiling, and floor of a roan 

or building can provide H-field attenuation if the individual wires of the 

fabric are properly connected to form electrically conductive loops sur­

roundi ng the volume to be shielded. 

As in the case of shielding by rebars, induced currents circulating 

through loops at right angles to the incident H-field set up a counteract­

ing field, so that the net field within the shielded volume is attenuated. 

While the weldments at junctions of the wires forming the fabric do 

form small loops or meshes, these loops do not encircle or enclose the 

volume to be shielded. Therefore, at all edges and corners where welded 

wire fabric surfaces meet, it is desirable that each wire be welded or 

brazed to the corresponding wire in the other planes or brazed t o metal 

strips. Suggested methods of forming these loops are detailed i n Section 

5.J.5.2. 
Assuming that welded wire fabric of uniform mesh is applied to all 

outside surfaces of a shielding volume, analyses show that minimwn attenu­

ation, or poorest shicl-"ing, representing a "worst case" condition, exists 
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within the shielded volume when the direction of the H-field is parallel to 

the longest direction of the volume (Figure 5.46). 

Welded wire fabric panels 
welded at corners and edges 
to form continuous electrical 
loops along all three 
enclosure axes. 

FIGURE 5.46 ''Worst Case" H-field Orientation for a Volume 
Shielded with Welded W:f.re Fabric 

An improvement in shielding (an increase in attenuation) can be ef­

fected by using inner and outer courses ot welded wire fabric in the build­

ing construction, as described in Section 5.J. 5.2. This increase can be 

evaluated using calculation te~hniques given in Section 5.J.5.J. 

EMP field attenuation, using welded wire fabric for shielding, is in­

fluenced by a number or factors, including: 

l. Ortentation of structure with respect to the incident H-tield. For 

design purposes, "worst case" orientation is usually assumed. 
2. Single course or double course construction. 

J. Building or roan dimensions. 

4. Wire diameter and mesh size (spacing). 

5. Wire conductivity and permeability. 

6. Proximity to ceiling, walls, or floors containing welded wire 

fabric. 

7. Sizes ot openings and penetrations. 
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8. Quality of W'Orkmanship in the construction of the shield, openings, 

and penetrations. 

The following subsections will cover the construction practices and 

techniques of evaluating welded wire fabric shielding, taking the above 

factors into account. 

5.J. 5.2 Construction Practices for Welded Wire Fabric Shielding 

For welded wire fabric to function properly in F.MP shielding applica­

tions, required construction practices are as follows: 

1. The welded W' ire fabric shall form electrically continuous surfaces 

completely enclosing the building or equipment room to be shielded, 

except for necessary penetrations and openings; details concerning 

these are covered in requirement 4., below. 

2. Junctures of shielding surfaces shall be made i:n conformity with 

the techniques shown in Figure 5.47. 

J. In situations where a double (inner and outer) course of welded 

wire fabric shielding is to be installed, the inner and outer 

cages shall be constructed in conformity with requirements 1 and 

2 above. For optimum shielding effectiveness, these cages should 

be physically as far apart as possible; however, the shielding 

will not be appreciably degraded if they make ~,~dan contact 

electrically. 

4. At openings for doorways, ducts, plenums, etc. in a structure 

shielded with welded wire fabric, all wires around the opening 

shall be welded to a metal strip encasing the opening, as shown 

in Figure 5.48. 

5. Metal utility piping and electrical conduits entering a welded 

wire fabric shielded structure fran outside shall be connected to 

the building grounding system at the point of entrance as shown 

in Figures 5.10, 5.11, and 5.15. 

··-··-··•·----·---------
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Minimum length of wire 
to be welded or brazed 

is equal to 5 x diameter 

Dimensions 
Not Critical 

Metal strip with 
wires brazed or 
welded to it 

Metal 
':t"j~t:f.~t:f.-:_:.t:t.:i~~+~i:.~~ strip 

FIGURE 5.47 Welded Wire Fabric Connections 
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• 0 4 I O 4• 0 0 0 0 0 4 • 0 ... 

- -- -- --~Metal strip -- -
~ -- strip Dimensions -- /Not Critical~ -- -:- ~ - OPENING -- -
- -- ... 
- -- -- -- -
- -- Weld all projecting -1i points to strip -- -- -- -- -- -
~ 0 4 • 0 j • •• 0 o O O 0 0 

FIGURE 5.48 Termination or Welded Wire Fabric at an. Opening 
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5.J.5.J Attenuation Calculations for Welded Wire Fabric Shielding 

This section covers methods of evalua~ing t he H-field attenuation pro­

vided by welded wire fabric, including t he ef fects of penetrations and 

openings. 

In evaluating welded wire fabric as a shielding medium, it will be 

assumed that the construction conforms t o the requiremer.ts of Section 

5.J.5.2 and that the structure or enc losure to be shi elded has 11worst case 11 

orientation with respect to the indder.:t. II ·-f:.e:::.Q . 

As was the case with rebar shiclding P ·tn.e eff ed iveness of welded wire 

fabric is influenced by structure dimensions and proport i ons as well as the 

wire and mesh size and the kind of materi al used. Subsection 5.J.5.J.l con­

tains graph~ and examples for determining the center-volume attenuation 

within a building or room having dimensicns a~d proportions wi thin speci­

fied practical limits when shielded wLh a s·~andard di ameter and mesh size 

of steel welded wire fabric. This subsection al so contains application fac­

tors to evaluate the attenuation when other mesh sizes of single or double 

course shielding are used. Subsect ion 5.J.5.J.2 gives t he general equations 

and graphs for determining attenuation where wide vari ations occur in struc­

ture dimensions and proportions, welded wire diameter and mesh size, and the 

conductivity and permeability of the fabric material. 

To simplify the computations, it is assumed t~at once a particular kind 

of welded wire fabric has been selected for shi elding, it will be applied to 

all surfaces of the shielded volume. 

5.J.5.J.l Welded Wire Fabric Shielding Calculations, Assuming 
Definite Values of Conduct ivity 8!1.d Permeability 

The center-volume shielding attenuat i on obtained by enclosing a build­

ing or room in welded wire fabric can be found from the curves of Figures 

5.49 and 5.50. These curves were derived for an assumed wire conductivity 

of '1 0 = 6.5 x 106 mho/meter and an assumed. relat,ive permeability of I.Lr a 50, 

but are valid for a conducti•ity range of 4.0 x 106 m..~o/meter to 8.0 x 106 

mho/meter and a relative pe oeability rarige of 10 to 100. 

--------
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In Figure 5.49, the height of the shielded volume has been assumed to 

be 15 feet and in Figure 5. 50, JO feet. Width and length dimensions may 

vary over a 5 to 1 range. 

For various structure proportions, use the following criteria for curve 

selection: 

1. Height 15 feet to 24 feet, use curves for 15 feet. (Figure 5.49) 

2. Height 24 feet to over JO feet, use curves for JO feet. (Figure 

5.50) 

J. For variations of the width (J) dimension, use curve equal to or 

less than the value. 

4. For dimensions smaller than the graphs provide, use Subsection 

5.J.5.J.2 as the basis for shielding calculations. 

The curves of Figures 5.49 and 5.50 are valid only for a single course 

of 0.1J5 inch diameter welded wire fabric of four inch mesh size. Applica­

ble correction factors listed in Table 5.J are used to evaluate shielding 

attenuations for several other standard mesh sizes and for single course as 

well as double course welded wire fabric construction. 

TABLE 5.J 

APPLICABLE ATTENUATION CORRECTION FACTORS 
FOR WELDED WIRE FABRIC 31IELDING 

Type of Configuration and Parameters Attenuation Increment 
Wire Diameter Mesh Size 

inches inches 

0.1J5 6 

0.1J5 4 
0.1J5 J 
0.1J5 2 

0.1J5 6H 

0.1J5 4" 

Construction 

Single course 

Single course 

Single course 

Single course 

Double course 

Double course 

6 dB 

- 4 
a-

+ J 

+ 6.5 

+ J 

+ 6.5 

Contirw.ed • • • • • 

J 
______ _I 
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Table 5. J (cont.) 

* No dB corrections are necessary for a single course of four inch mesh, 
0.135 inch diameter welded wire fabric, because this was the basis for 
Figures 5.49 and 5.50. 

** For double course of welded wire fabric of six inch or four inch mesh, 
0.1J5 inch diameter, use the increment for single course, three inch or 
two inch mesh, 0.135 inch diameter wire. 

The attenuation value for the applicable roan or building height is 

found on Figure 5.49 or Figure 5.50. For welded wire fabric other than 

four inch square mesh and/or for double course construction, it will be 

necessary to apply a correction increment C.t. 6 dB listed i.n Table 5.J) to 

obtain the attenuation. It should be noted that the corrected value ap­

plies only to the center portion or the shielded volume. There will usually 

be less attenuation (more degradation of shielding) with increasing proximi­

ty to shielding surfaces. Figure 5.51 sho~s the increase in degradation 

versus distances from ceilings, walls, or floors shielded by welded wire 

fabric; this is applicable to buildings or heights ranging fran 15 feet to 

45 feet and lengths ranging from 45 feet to JOO feet. Degradation values 

in Figure 5. 51 must be subtracted fran the corrected center-volume attenua­

~ion as determined above to find attenuations within five feet or a ceiling, 

wall, or floor. 

When welded wire fabric is embedded in the outside surface of a wall, 

there will be appreciable wall thiclmess between the fabric and equi1J11ent 

placed against an inside wal~ ... - ~is must be considered in the calculation 

and added to the physical di~tance between the shielding and the equipment. 

In double course welded whe fabric construction, the inner course will be 
I 

comparatively close to equipment against an inside wall. In this case the 

additional attenuation ~rrorded by the double course construction will be 

offset by r educed attenuation in proximity to the inner course or welded 

wire fabric shielding. However, equipnent placed six feet or turther fran 

the wall would benefit fully rran the double course shielding. 
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Sample calculations of attenuation are given in the following examples: 

Example 1: Single Course Welded Wire Fabric Construct i on 

Given Building Height (H) = 18 feet 

Building Width (J) = 32 feet 

Building Length (L) = 145 feet 

Asswne that the welded wire fabric is 0.1J5 inch diameter steel with a 

six inch square mesh and that material conduct i vity (a0 ) and permeability 

(µr) are within the ranges f or which F'ig-.u·es 5.49 a11.j 5. 50 are valid. 

Since H = 18 feet, use Figure 5.49 for H ~ 15 feet . On curve for J = 

JO feet and L = 145 feet, read center-v0lume attenuation of 26. J dB. Fran 

Table 5.J, apply the applicable correction factor 6 dB= - 4 dB for six inch 

square mesh fabric applied single course. Attenuation at the center of the 

shielded volume is then 26.J - 4 = 22.3 dB. This will ne the attenuation in 

the shielded building farther than six feet from shielding surfaces. 

Assume that the welded wire fabric is embedded in an outside wall and 

that the wall thickness between ~he inside of the building and the shielding 

is a minimum of 22 inches (1. 8J feet). Equipment against this wall would be 

subject to a shielding degradation of appr~ximately J dB, as indicated in 

Figure 5.51. The net attenuation for equipment at the wall would then be 

22.J - J = 19.J dB. 

Example 2: Double Course Welded Wire Fabric Construction 

If a double course of welded wire fabric is used for shielding the 

building of Example 1, the center-volume attenuation would be: 

26. J dB frcm Figure 5.49 

+ J.O dB from Table 5.J 

29.J dB 

For equipment against an inside wall, assuming that the inner course of 

welded wire fabric is embedded three inches from an interior surface, the de­

gradation 1.'rom Figure 5.51 would be 10 dB or -10 dB attenuation. Therefore, 

the net attenuation for equipment at the wall would be 29.J - 10 = 19. J dB. 
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Openings and penetrations i.n welded wire fabric shielding will degrade 

its effectiveness, resulting in r e duced attenuation in the vicinity of such 

openings. Figure 5.27 shows how openings are de f' i.ned in terms of two dimen­

sions: the dimension of the opening (W) in the di rection of t he hor izontal 

H-field and the distance within the shielded area f rom the ~,pening (Y). 

Figure 5.28 shows how much attenuation can be expected as (Y) varies with 

respect to (W). This graph can be used to det ennine t he values of attenua­

tion at varying distances from a knmm size opening or- to find the maximum 

permissible width of an opening if equipment i s to be placed at some known 

distance from the opening, asswning an attenuation that i s t o be maintained; 

or it can be used to find the clearance that must exist f r om a given width 

opening to attain sane specified aillow1t of attenuation. 

An example of evaluating the attenuation caused by an opening follows. 

Example J: Single Course Welded Wire Fabr i c Shielding 
with a Doorway Opening 8 ft. x J ft. 

From Example 1 it was determined that a par ticular building shie lded 

with six inch square mesh welded wire fabric had a center-~volume a t tenuation 

or 22.J dB. It will be assumed that a doorway into the bui lding l s eight 

feet high and three feet wide. 

The opening dimension (W) in the direction of the hor izont al H--field is 

then the doorway width of three feet. Refe r to Figure 5.28 and f r om the 

curve that becomes asymptotic to the center-volume attenuat i on (22.J dB), 

read the ratio Y/W. This is approximately t hree, whi ch means that a distance 

Y = J x W = J x J = 9 feet inside the room, the attenuat ion will be the same 

as in the center of the room. For equipment ins i de t he doorway, but less 

than nine feet from it, the attenuation will be l ess than the 22. J dB level. 

When the shielding effectiveness of a part i cular r oom with openings 

must be maintained at sane desired attenuat i on l evel (appr oachi ng, but not 

exceeding the center-volwne value ), wave guides (metal s leeves) as shown in 

Figure 5.29 can be installed in openings. It will be ass wned that an attenu .. 

ation of 20 dB must be present thr oughout t he snielde1 vol ume . To determine 

j 
_ ____ I 
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the distance fr001 the wall which would maintain a 20 dB attenuation level, 

proceed as follows: From Figure 5. 51 it can be determined that the net 

attenuation due to proximity to shielding surfaces would not be degraded 

more than 22.J - 20 = 2.J dB provided no equipment were placed closer than 

about 2-1/2 feet from a shielding surface. 

Example 4: 
Assume a J' x 8' wave guide type opening is desired in a rebar shielded 

area having a center-volume attenuation of 20 dB. Enter the graph on Figure 

5.JO and at the 20 dB level read a Y/W ratio of l. The length of the wave 

guide must be Y = W x l = 8' x l = 8 feet, where Wis the largest dimension 

of the opening. 

5.J.5.J.2 Attenuation Calculations for Welded Wire Fabric 
Considering Variations in Wire Diameter, Mesh, 
Conductivity, and Permeability - for any size structure 

The shielding calculation methods outlined in this section can be ap­
plied to any size structure and als~ in those cases where variations in 

welded wire fabric conductivity, permeability, diameter and/or mesh size 

preclude use of the graphical methods described in Section 5.J.5.J.l. 

These formal attenuation calculation methods will require certain 

basic information as to room or building size and kn01iledge or the welded 
wire fabric parameters, as follows: 

H = height or roan or building in meters 

J = width or roan or building in meters 

L • length or room or building in meters 
-7 µ = permeability or welded wire fabric~ µ0 x ~ • 4 n x 10 x ~ 

0 0 • conductivity or welded wire fabric in mho/meter 

d0 • diameter or welded wire fabric in meters 

d • mesh size or welded wire fabric in meters 

Briefly, the computation procedure requires the determination fran 

graphs or several factors (K, -A, and B) based on structural proportions • . 

These factors and the basic information above are used to determine two 
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other constants (X and Y). These constants are used with graphs to rind 

two other factors (U and W), which are then combined with certain given 

parameters into an attenuation formula. The rollwing steps outline this 

procedure: 

step 1. Determination or Constant Y 

Y = K (A+ B) , where 
2 

K is found on Figure 5.JS ror corresponding values or H/L and H/J 
(limited to height-to-width proporttbns between 1:1 and 1:10) 

-A is found on Figure 5.42 for the corresponding value or ratio d/d0 

Bis found on Figure 5.43 for the corresponding value of ratio I/d. 

step 2. Determination or Constant X 

7 
X _ 10 ✓µ 

- 56.6 d0 ra: 
step J. Determination of Factors U and W 

Using the values of constants Y and X as calculated in the preceding 

steps, obtain corresponding values ror factors U and W rran Figures 

5.44 and 5.45 and then change the value of U read fran Figure 5.44 
frat dB to a ratio UR by formula: 

UR = antilog U/20 

step 4. Calculate "Center-Volume" Attenuation 

Center-Volume Attenuation {dB) s Go log f: -6 lJ, JOO d(H+J)3-47 L 7. 89 x 10 x UR x W x 
2 

KHJ ] 

The equation above can be used f<Y..· evaluating the shielding afforded by 

welded wire fabric applied both single course and double course. Double 

course welded wire fabric calculations are based on the tact that 1n the con­

struction of double courses, the mesh size (d) will generally be less than 

the separation between the two courses. Thia makes it possible to treat the 

double course as a single course having half the mesh size. 
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Thus, to calcul ate the attenuation provided by a double course of 

welded wire fabric for shi elding volumes ou· ;side the range of Figures 5.49 

and 5. 50, the distance between wires {d) i s halved; calculations are then 

made in the same manner as f or a s ingle course of welded wire f abric using 

the methods described in Sections 5.J.5.J.l and 5.J.5.J.2. 

For either type uf: we]ded wire f abric construction, degradation at or 

near shielding sur.fac -::.~ an be found from Figure 5. 51. Then, by applying 

corrections to the ce:;:te:r-volume attern.at ic..~n found above, the net attenua­

tion can be determined . Likewise, effect s of openings and penetrations in 

double course welded wire fabric shieldir.g are computed as described in 

Section 5.J.5.J.l. 

5.J.6 Commercial .EMP SLielding 

This section covers the classif.:cati.on, fie lds of applicat ion, construc­

tion features and performance criteria f or cammercd al shie"'ding . 

Custom-made shielding ., capable of prov- iding attenuation of EMF effects, 

is available from numerous ma:r_ufaeturers such as ACE, Lindgren, Filtron, and 

Shielding, Inc. Such shielding can be furnished in a variety of configura­

tions for shielding volumes ra:nging from small room size enclosures to build-

ings of any reasonable dimensions. 

shielded volume.) 

TziLe t erm "en~losure" connotes the 

Operating principles of commercial shiel ding are exactly the same as 

those described in Section 5. J . 1.2. Generally, t he magnetic attenuation 

curves or data for shielded rooms show in.c.r eases in attenuation at frequen­

cies above 10,000 Hz. For "worst case" evaluation, therefore, the value of 

attenuation at 10,000 Hz can be t aken as t r.e magr..etic pulse (Elli') attenua­

tion. Then, i n all cases t he actual value of WP shieldil-:ig att enuation 

will be equal to, or greater than, this value . 

5.J.6.1 Construct.ion Details of CammerJ t al Sb.ielding Emlosures 

Commercially shielded enc osu.res are ava ilable in t .ree di.ffe rent 

basic types, as f ollows : 
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1. "Single-Shield" construction with only one envelope or shielding 

surrounding the shielded volume. This is th.e simplest and least 

expensive form or commercial shielding. Shielding materials can­

monly used are single sheets or steel or copper carefully joined 

together or screening composed or 22 mesh, 15 mil copper wire. 

2. "Double-Shield" construction, wherein two separate envelopes or 

shielding material enclose the shielded space. These envelopes 

are electrically insulated from each other except for one point 

of contact where power conduits and other metal utility piping 

are brought into the shielded volume. This type or construction 

is the most complicated and costly ccmnercial shielding. 

J. "Cell-type" construction, wherein each prefabricated panel of the 

enclosure is completely enclosed by shielding material to form a 

cell. The canplete enclosure consists of many such cells assem­

bled and tested at the site. In cell-type shielding there is no 

separation of envelopes. Therefore, it is less complicated to in­

stall than "double shielding" and for this reason it is more can­

monly used than "double shielding". At one time cell-type shield­

ing was considered inferior to double-envelope shielding at the 

la., frequency end of the shielding spectrum; present state-ot'-the­

art eva~uations indicate no great difference in performance be­

tween the two types. 

Utility openings, persoru,el doorways and penetrations for piping, con­

duit, air conditioning ducts, wave guides, etc. will adversely affect can­

mercial shielding. The shielding manufacturer, therefore, will generally 

require working drawings sha.,ing the configuration of the shielded volume 

as well as sizes, kinds and placement ot' openings and penetrations before 

engineering the shielding at sane specified level. 

5.J.6.2 Performance Recamnendations for Camnercial EMF Shielding 

In any application where commercial shielding is contemplated, the 

----- -

I 
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following requirements shall apply: 

1, Commercial EMF shielding shall be evaluated by measurement of its 

ability to attenuate low impedance (magr~tic) fields at frequen­

cies or the order or 10,000 Hz and higher, in accordance with the 

procedures stated in MIL-S'rD-285 entitled, "Military standard 

Attenuation Measurements for Enclosures, Electromagnetic Shield­

ing, for Electronic Test Purposes, Method of", latest revision or 

superseding document(s). 

2. Alternatively, equivalent manufacturers attenuation measurements 

techniques are acceptable provided the actual performance of the 

shielding will equal or exceed that measured by following MIL­

STD-285. 

J. Ccmnercially shielded enclosures shall be bonded (by welding if 

ferrous or brazed if non-ferrous) to the camnon structural system 

or internal grounding ring whichever is closer. Large volumes 

with camnercial shielding shall be gro.mded by bonding at each 

structural intersection. 

4. All penetrations and attachments into commercially shielded roans 

shall be constructed in conformity to the criteria requirements of 

Section 5.J.2.2. 

5.J.7 EMP Shielding Afforded by Equipment Cabinets and Junction Boxes 

5.J.7.1 Introduction 

This section covers metal cabinets used for housing electrical equip­

ment and conduit junction boxes in shielded as well as unshielded areas. 

The attenuation afforded by equipment cabinets depends upon the amount 

of magnetic flux entering through panels, openings between panels and frame, 

through louvers, and through openings for panel-mounted equiJ;111ent. Methods 

of constructing these cabinets and junction boxes and evaluating their at­

tenuation are covered in the sections that follow. 
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5.J.7.2 Construction Practices for Metal Equipment 
Cabinets and Junction Boxes 

There are two general t;yl)es of equipment cabinet s , those without metal 

floor plates (open bottom) and those with floor plates (closed bot t om). 

Conduit junction boxes are usually wall or ceiling mounted . 

Access panels that are removable are ordinarily bolted t o angle iron 

frames. Ordinarily, if no RFI gaskets are used, irregularities in flatness 

may result in openings for l eakage f lux between frame and panel. This will 

degrade the shielding effectiveness of' the equipment cabinet. 

Equipment cabinets fitted with conductive panel gc1.sktts could provide 

an added 20 dB to 25 dB of attenuation. However, to realize this gain all 

instruments, control devices, relays, et c . mounted on paw~ls may have to be 

compartmentalized or assembled with wave guide sleeves s imilar to those 

used for openings. (Section 5.J. J. J) 
To maintain high levels of attenuation within equipment cabinets and 

junction boxes, required construction practices are as follows: 

1. Doors, access and cover pane ls, wave guides, air verrt ducts, and 

conduits shall make good electrical contact wherever they Join the 

cabinet or box. 

2. Mating surfaces of panel joints shall be smooth, highly conductive, 

and shall be of non-corrosive metals that are similar in the elec­

trochemical series. Anodizing, paint, or other insulating films 

shall be removed before assembly. 

J. All conductors entering or leaving an equipment enclosure or Junc­

tion box shall be contained in conduit. The conduits shall be 

welded to the box or enclosure or fastened to it by threaded nip­

ples with metal bushings and loc lrnuts t o maintain shielding effec ­

tiveness and grounding conductivity. Specific practices for ter­

minating conduits at equipment cabinets are detailed in Figure 

5.18. (Section 5.J.2.2) 
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4. The choice between "open bottom" and "closed bottom" cabinets 

shall be dictated by attenuation requirements. However, whenever 

there is any doubt about which type of equipment cabinet to speci­

fy, a "closed bottom" cabinet is preferable. The attenuation 

shruld, in any case, be evaluated by making the calculations con­

tained in the following section. 

5.J.7.J Equipment Cabinet and Jwiction Box Attenuation Calculations, 
including Effects of Cabinet Openings and Penetrations 

This section covers attenuation calculations for jwictio11 boxes and 

for equipment cabinets of both open bottom and closed bottam construction 

and methods of evaluating the effects of openings and penetrations in 

cabinets of the closed bottom type. 

Equipment cabinets without metal floor panels will provide very little 

attenuation of EMF fields for equipment located near the bottam of the cabi­

nets. For open bottom cabinets without louvers or other panel openings, the 

reduction in shielding attenuation (degradation) at the bottom will mainly 

depend upon the longer dimension (W) of the bottom opening. "Worst case" 

conditions producing the greatest shielding degradation (lowest attenuation) 

exist when the largest cabinet opening is parallel to the EMF field flux. 

Cabinet and field orientation which gives this canbination should always be 

assumed. Only horizontal field orientations need be considered. 

Figure 5. 52 shows how the attenuation of a tightly bolted cabinet 

(bolt spacing 4" on centers) having metal-to-metal contacting surfaces and 

an open bottom varies with the Y/W ratio, where Y is the distance rran the 

bottom opening and W is the maximum dimension of the opening (either width 

or depth). As an example, an equipment cabinet 7 feet high, J feet deep, 

and 2 feet wide but without a metal panel at the bottan will provide an 

attenuation of about 7 dB one foot above the bottan, attenuations of 16 dB 

three feet above the bottom, and about 17 dB six feet from the bottom. Any 

additional openings in the cabinet such as louvers or equipment mounting 

holes will further reduce these attenuations. 
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The attenuation afforded by completely enclosed junction boxes and by 

equipment cabinets with tightly bolted-on unlouvered panels, as shown in 

Figure 5.53, depends principally on leakage around panels and flanged joints 

and can be calculated as follows: 

Center Volume Attenuation (dB) = 20 log 750 S + 100 R 

~

.04 MN 0.8 TT NP~ 

900 Q 

where Q = dimension of panel edge along opening parallel to the 

direction of the horizontal magnetic field in centimeters. 

P = dimension of panel edge along opening perpendicular to 

the direction of the magnetic field in centimeters. 

N = dimension of enclosure perpendicular to the plane of the 

panel in centimeters. 

M = total width of angle iron flange to which the panel is 

attached (assuming panel overlaps full width of flange) in centimeters. 

Total width used in sample calculations is one inch for each flange or 

M/2 + M/2 = M = 5.0S cm. 

S = average gap between panels and flange in centimeters. 

Average width used in calculations S = 0.16 cm. 

R = effective resistance to ~irculating current along one 

face of the opening, through the screws and contacting surfaces and 

along the other face in ohms. A typical value of R, used in the cal­

culations, is R = 0.01 ohm. 

By substituting the given values of W, S, and R in~o the equation, the 

following is obtained: 

( ) rl.27 N + 2. 512 NP] Center Volume Attenuation dB = 20 log 750 L 
900 

Q 

The 1.27 N tel.'ID is infinitesimal compared to the 2.512 NP term. There­

fore, the equation will reduce to (approximately): 

Center VolUDle Attenuation (dB) "' 20 log ~. l Ni] 
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A sample calculation or attenuation afforded by a completely closed 

equipment cabinet having f'our tightly bolted side panels (411 bolt spacing) 

and welded top and bottom panels is given in the following example. 

Example 1: 

Assume that the equipment cabinet in Figure 5.5J has the following 

dimensions: 
Width = JO inches 

Depth = 60 inches 

Height = 90 inches 

The lowest attenuation is obtained fran a "worst case" horizontal H-field 

direction which is parallel to the 60 inch dimension. Assume for these cal­

culations that the W, s, and R factors have typical values as given 

previously. 

For this example, Q = 60 inches 

P = 90 inches 

N = JO inches 

Center Volume Attenuation (dB) "' 20 log [2.1 :] 

Ad 20 log ~ .1 X JO X 90 X (2. 54) 27 
L 60 x 2.54 ] 

_, 20 log 240 

-, 47.6 dB 

The mounting holes for instruments and control devices in metal equip­

ment cabinets have the same adverse effects upon shielding performance of 

the cabinets as the openings in other forms or FMP shielding. (Sections 

5.J.l, 5.J.2, 5.J.4, 5.J.5, and 5.J.6) 
In analyzing the effects of various openings that may be grouped on a 

cabinet panel, the arrangement or the openings must be considered. The 

upper diagram at Figure 5. 54 shows a single opening w~th a dimension (not a 

diagonal) or (W) parallel to ,_ H-field direction. The dimension (Y), 

which is variable, represents the distance that a piece of equipnent 

I 
I 
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Single Opening 

Multiple Openings 

Dimensions for Openings in Equipment Cabinets 

------·-



,. 

Section 5 - Page llJ 

susceptible to an WP field is placed from the opening in the panel. The 

lO'vler diagram or Figure 5. 54 shows a group of four openings with dimension 

(W) taken as the dimension of the opening, because the multiple openings 

shown by this diagram would be considered as one opening when the distance 

between mount i ng holes is less than half the corresponding dimension or the 

opening. If these openings had been arranged in a vertical configuration, 

dimension (W) would have also been measured horizontally because or the 

horizontal H-f'ield. Again, dimension (Y) is the variable distance behind 

the opening. The attenuation within the equipnent cabinet behind these 

openings can be determined by using the graph, Figure 5.28 of Section 

5.J.J.J. Attenuation will inorease as dimension (Y) increases and will 

approach, but can never exceed, the center-cabinet attenuation calculated 

as above. 

E%a.,rple 2: 

Assume now that a six inch vertical by eight inch horizontal opening 

is necessary in the JO inch panel. ''Worst case" field orientation for this 

opening is parallel to the opening. The calculated center volume· attenua­

tion of the enclosure tor this H-field orientation is higher than that Just 

calculated in Example l, as shown below. 

For H-tield parallel to opening in JO inch panel, the f'ollowillg dimen-

sions apply: 
Q • JO inches 

P • 90 inches 

N a 60 inches 

Center Volume Attenuation (dB) "' 20 l og [2.1 f] 
All 20 log r.2.l X 60 X 90 X (2.54)2

] 
l JO x 2.54 

""' 20 log 955 

"' 59.6 dB 

To obtain conservative design data tor openings in cabirets, use the center 
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volume attenuation as calculated f,)r "worst case" fie l d ,.1r Lnt,at :i.on f0r the 

enclosures. Therefore , t he l owe st cent er v l w:n0 attenuat i.< n :i.s ns ,d fc r 

opening calculations r egardless of wher~ the opening is 1 Jate i . 

To determine the attenuation at varicms distances behind t ht=! op,.:ming 

in the JO inch panel , refer t o Figu1·e 5. 28. At e i ght i nche . behind t he 

eight inch opening, Y/W = 1. Sket ch on t he graph a new curve whi l i s 

asymptotic at the l owest c al culat ed "w rst case" center vo l wne atter uat i on 

of the enclosure (4 7 . 6 dB ) . A YIW of 1 on this cu.i·vt~ r esults in an a:ttenua­

tion of ab<,ut 21 dB. At 16 i nc:hcs behi nd the opening Y/W :: 2 . The atte ma•m 

tion at 16 inches behind the orr,ni.ng is ahr/\.lt 32 dB . At a Y/\J 0f ,,rhic-h ~s 

48 inches behind the ope11i ng , t he ai.tenuat ion is t he same as t hat ca:.c11l ated 

for center volume. 

Now assume the same s i ze open:lng was placed i n t he 60 i nch parn'! l i nst ead 

of the JO inch panel. The maxi ruuru Y distance i s 30 inche s whi ch results in 

a maximum Y/W ratio of J0/8 = _3 . 75. At a Y/ W of J . 75 on the 47 . 6 dB c r ve 

which still applies, t he attern1a.t fon aga i nst t he wall oppos ite th2 opening 

is only 43 dB. This means that t he calculated cent er volume of 4'1 . 6 dB can­

not be reached for this size open ing . The 4.3 dB value establishes a new 

curve which must be used t o obta in at t enuation value s behind the pening . 

The evaluation procedure is as follws. Sketch a new curve on Figure 

5.28 which is asymptotic at 4'3 dB. Use this curve t o establi.sh the &.t t enu­

ation levels at various distanc e!J behind the 8 i nch openi.ng i n the 60 i.nch 

panel. 

Assume now that two openi ngs are r eq ired, on e in the cent er o the JO 

inch panel and one in t he 60 inch pan,~ l. Both are t o be 6 i nd1es verti.cal 

and 8 inches horizontal and buth o:peni.ngs ar e in t he sa.rne IL r 1. zont.al plane 

as shown in the sket ch be low . 

---------·•"•-·-··•· 
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Consider that the vertical centerline or the side panel opening is 48 inches 

away from the front opening. At 48 inches back from the front opening and 

with no side panel opening, previous calculations for "worst case" center 

volume attenuation resulted in 47.6 dB at this point. With the side panel 

opening also considered, h<Mever, the attemiation at this same location is 

calculated as foll<Ms. Refer to Fiiure 5.28 and for a Y/W = 15/8 • 1.87, 

read on the 43 dB curve a value or 29 dB. lhe side opening allovs a l<Mer 

attemiation at this point and will, therefore, influence the attenuation 

levels behind the front opening. To beo::t determine the attPnuation profilt' 

behind the front· opening, plot on a graph the attenuation profile or the 

front opening as it' there were no side openhig; that. is, £ran the 47.6 dB 

curve, Figure 5.28. 

> 
' 

-----~-----------
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Distance Behind 
Front Opening 

{inchesl Y/W Ratio dB 

8 1 20 

16 2 32 
24 J J8.5 

32 4 45.5 

40 5 47.0 

48 6 47.5 
The resulting curve is shown in Figure 5.55. Next plot the same attenuation 

profile as influenced by the side opening hole. One point on this profile 

has been established; that is, at a point 15 inches back or the side opening 

which is the same point as 48 inches .back or the front opening. The dB 

level of attenuation is 29 dB. This level of attenuation was established 

£ran a Y/W of 1. 87 on the 43 dB curve. From this point in the cabinet, con­

sidering the side opening only, an increase in attenuation will result as 

one progresses toward the front of the cabinet. This increase in attenua­

tion can be approximated by obtaining the dB level for (N) number or in­

creases in Y/W ratio on the 43 dB curve, where ·N varies fran Oto whatever 

value is necessary to allow interception of the attenuation profile curve 

of the front panel opening Just plotted. 

Front Opening Side Opening 
Distance Behind Y/W Y/W Y/W Ratio 
Opening(inches) · Ratio Ratio plus (N) 

48 
40 

32 

24 

6 

5 

4 
J 

1.87 1.87 

1.87 2.87 

1.87 3.87 
1.87 4.87 

(dB) 
Curve 

from 4J dB 
Figure 5.25 

29 
J7 

40 

42. 5 

Plot columns (2) and (5) on Figure 5.55. The canposite graph, shown by a 

dashed line, depicts the attenuation profile behind the front opening as in­

fluenced by both openings. The volume involved in this profile can be 
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At~ ... .nuation Profile of JO" x 60" x 90" 
cabinet with two 611 x 811 openings as shown 

At.tenuation curve for 
front opening only 

Effect of side o,ening 

Composite 
curve 
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10 
1 

FIGURE 5.55 

20 
2 J 

JO 
4 

40 
I 

5 6 7 
60 inches 

Y/W ratio 

Attenuation Profile behind Front Panel Opening or a 
JO" x 60" x 90" Cabinet Containing Two 611 x 811 Openings 
(see sketch) 
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considered as one having a frontal area or (6 11 x 1. 5) ,c (811 x 1. 5) and a 

depth or 60 inches. Above and below this volwne, the attenuation will be 

somewhat higher but can never be higher than 47.6 dB. 

From this simple o.nalysis it can be seen that openings can seriously 

degrade the attenuation or a cabinet. To maintain the attenuation level of 

the cabinet without openings, sane form of wave guide or compartmentalizing 
technique is necessary. 

5.4 Overcurrent and Overvoltage Protection Techniques and De'IJ'ices 

5.4.1 Overcurrent Protection Device Application 

In general camnercial overcurrent protection devices are either circuit 

breakers or fuses which operate to open a circuit when the current exceeus a 

predetermined magnitude and duration or the power flow reverses direction. 

~cause of the operating time characteristics and requirements, such devices 

will not operate fast enough tc be applicable for controlling EMP induced 

currents. Rather than trying to limit the magnitude and duration or EMF cur­

rents induced in power wiring and circuits, a more direct and effective ap­

proach is to inhibit these induced currents by enclosine the wiring and cir­

cuits within conduits or shielded cables. The EMP induced currents are then 

harmlessly diverted fran cable shields and conduits to the grounding system. 

Anticipated current magnitudes are such that there will be no heating pro~ 

blems resulting fran EMF currents through structure elements, cable shields, 

or conduits. 

It is recommended, therefore, that EMF overcurrent protection ror wir­

ing and circuits be achieved by routing all power wiring in shielded cables 

or in rigid steel conduits. Likewise, all control, instrumentation, and 

monitoring wiring should be run in rigid steel conduits not smaller than one 

inch electrical trade size. All conduit mating parts or connections to en­

closures must either be welded or threaded. All threaded mating parts that 

are not welded are coated with an electrically conductl·.'e thread compound 

Just prior to assembly. 
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5.4.2 Overvoltage Protection Device Application 

In general, there are three ways to prevent equipment from being 

damaged or caused to malfunction :Cran overvoltage surges. These are as 
follows: 

1. Keep surges out or the equipment by use or adequate shielding. 

2. Improve the tolerance or the equipment to surges. 

J. Arrest, clip, clamp, or divert surges that do get onto the system. 

In a well-designed overvoltage protection system, all three or these 

means are employed. 

This section deals mainly with the third or these three protection 

methods: the arresting, clipping, clamping, and diverting or overvoltage 

surges as ways or increasing the tolerance of equipnent to surges. A pre­

vious section, Section 5.2.J, included data on shielding schemes for light­

ning protection; this section is direct~ concerned with system protection 

f'ran damage, but not necessarily against ~lfunctions. For instance, when 

the control circuitry for a circuit breaker is subjected to a transient 

overvol tage (surge), the circuit may be permanent~ damaged and there may 

also be an undesired circuit breaker operation. The undesired circuit 

breaker operation would be considered a malt\lnction. It is quite possible 

to apply protection techniques which will reduce transient overvoltages to 

a non-damaging magnitude without reducing them far enough to prevent the 

malfunction. 

Paver Plant Performance Specifications cover the maximum permissible 

magnitudes for transient overvoltages. It is often both undesirable and 

uneconanical to assume the same specificntion must be met at all points 

throughout a paver system. Therefore, overvoltage protection techniques 

generally must be tailored to meet different specifications and require­

ments at each point or application. 

The sections that follOW' deal with overvoltage protection that is 

achievable with camnercial protective devices for lJ.8 kV, 4.16 kV, and 
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440 volt ac power systems as well as with low voltage control and communica­

tion system.:. These cover the applications of protective devices in these 

voltage classes and discuss their capabilities and limitations particularly 

their applicability to specific jobs. Technical details on the principles 

of operation of overvoltage protective devices are contained in Section 10.0. 

For many years in the electric power industry it has been the practice 

to require and to demonstrate that many items of electrical equipment be 

able to withstand surge voltages several times the normal operating voltage 

of the equipment. The magnitude of such surge voltages has, therefore, 

been coordinated with the protective abilities of the available lightning 

arresters. It has been found to be .more practical, more reliable, and more 

econanical to coordinate the surge tolerance requirements of the equipnent 

with the protective abilities of the available protective devices than to 

try to devise a protective scheme for each individual piece of equipment. 

Ability to meet the required surge tests is usually evaluated in terms of 

a BIL, or basic impulse insulation level. 

As an example, equipment designed for operation on a lJ.8 kV power 

system might be required to be insulated for a BIL of 110 kV. This means 

that the equipnent woold have enough insulation to be able to withstand 

an impulse with a crest voltage of 110 kV having a time to crest of 1. 5 

microseconds and a decay time to half of crest voltage of 40 microseconds. 

Such a surge is call a 1\111 wave (FW). This particular equipment might 

also be required to withstand a surge with a crest value of lJO kV which 

is "chopped" (interrupted by flashover of an auxiliary parallel gap in 

from J to 5 microseconds after the start of the wave). This is called a 
chopped wave (CW) test. The equipment might also be subjected to and 

required to withstand a surge that rises to 195 kV in 0.5 microsecond, 

after which it is chopped to ground by an external gap. This is called a 

"front-of-wave", or steep-front (SF), test. In addition to these three 

impulse tests, the equipnent might be required to withstand a long duration 
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switching surge (SS) test, the wave having a crest voltage value 8J% of the 

system 110 kV BIL, or about 91 kV. 

A list of nominal system voltages and the corresponding surge test 

levels to which power equipment might be subjected is shown in Table 5.4. 

(The lJ.8 kV system voltage would be represented by the 14.4 kV nominal 

system voltage category in this table.) It is important to understimd 

that these are "proof test" withstand voltages for new equipment and not 

voltages which the equipment could be expected to withstand many times 
over a period of years. 

TABLE 5.4 

INDUSTRY STANDARDS FOR TEST LEVELS AND SYSTH.1: VOLTAGES(l)&(2) 

Naninal 
System 

Voltage 
(kV-rms) 

1.2 

2.4 

4.8 

8.J2 

14.4 
2J.O 

Sixty-Cycle Sur~e Test ~vela - kV Crest Time to 
1 minute BIL of Chopped steep Front Flashover 
Test (J) Full Wave Wave Wave (4) of SF 
{kV-rms~ {F,n ~cw~ {SF~ Wave {~s~ 

10 45 54 75 0.5 

15 60 69 100 0.5 

19 75 88 125 0.5 

26 95 110 165 0.5 

34 110 lJO 195 0.5 

50 150 175 260 0.5 

(1) For oil-inmersed transformers rated 500 kVA and above. 

(2) Fran ASA Publication C57.12 - 1956. 

(J) This is a test o~ or insulation. 

(4) Not all transformers receive a steep-front test. 

The above test levels are industry-wide standards. Different types 

or power equipment may have different test levels, ~t these are nearly all 

covered by industry standards. The intention here is not to review the 

existing standards for all types or l)O'tier equipment, but to point out that 

these standards do exist and that they are routinely followed. The 
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significant points are: 

1. Surge levels are quite high in comparison to the system operating 

voltage. 

2. Surge test levels for equipment are coordinated with the protection 

abilities of available lightning protective devices. (Insulation 

levels are reduced only as the protective devices capabilities are 

improved to maintain the same margins for protection.) 

Nothing like t.he concept of a Basic Impulse Insulation Level (BIL) ap­

pears to be used by the electronics industry. Equipment is o~en designed 

and built with little or no thought given to providing a reasonable toler­

ance to surges. When equipment begins to be damaged by surges, the designer 

is then forced to tailor a protective scheme to an existing piece of hard­

ware. This is generally much less efficient and much more costly than it 

would have been to initially design sufficient surge tolerance into the 

equipment. 

5.4.2.1 Application of Surge Arresters for Power Circuits 

In this section protective measures are presented that will enable a 

designer to select the proper rating and kind of arresters to protect 

against overvoltage surges on the power circuits. 1'he basic factor regard­

ing application of surge arresters is to be sure that the ratings of the 

arresters be chosen so that the normal crest voltage of the system never 

rises high enough to cause the arrester to aparkover. If this were to hap­

pen, the arrester would be subjected to a follow current which it could not 

interrupt and which it would not have the thermal capacity to withstand. 

The arrester would in all probability be destroyed and the power circuit 

faulted. 

If no abnormal voltages ever existed on the system, the arresters which 

are connected from line-to-ground in proximity to the equipnent could be 

chosen on the basis of the line-to-ground or line-to-neutral voltage of the 

three-phase system. (This is about 58% of the line-to-line system voltage.) 
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In practice, however, system faults and other transient conditions ex­

plained below sanetimes cause abnormal voltages to develop and the line­

to-ground voltage impressed upon an arrester can be expected to be ·higher 

at times than the normal line-to-neutral voltage of the system~ 

The following excerpt gives cone ise st,tements concerning the causes 

and effects of abnormal voltages and their effects on the selection of 

surge arresters. It is taken from NEMA Publication LAl - 1958. 

"Abnormal System Voltages": 

"Abnormal system voltages may be produced by any of the following 

causes or by combinations of them: 

1. Contact with high voltage circuits. 

2. Loss or neutral connection to ground. This can occur by selective 

operation or circuit-interrupting devices in such a manner as to 

leave that part of the system on which the arrester is located 

energized fran a power source without grounded neutral. 
J. Regulation of apparatus or lines, generator overspeeding following 

sudden loss of load, hunting by generators or other apparatus, 
harmonic overvoltages on systems fed by generators without amor­

tisseur windings, restriking in breakers, opening of only one or 
two poles of three phase breakers, or sectionalizing rus·ee coin­

cident with a phase-shift of power sources, etc. 

4. System faults. Abnormal voltages to ground on systems during 

faults may vary over a wide range depending on the neutral ground­

ing and system constants. These system characteristics are ex­

pressed in terms of the zero sequence resistance R0 ; zero sequence 

reactance X.,; and positive seque:nt'!e reactance X1 of the system, 
including the neutral grounding impedance. Frail these conatants 

the voltages to ground can be calculated by well known, established 

methods. The effectiveness or the neutral grounding in limiting 

the magnitude of line-to-ground voltages may be approximate~ 
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expressed in terms or the ratios Xo/)(:1 and R0 /X1• In general, the 
lower these ratios are, the lower will be voltages to grounds dur­

ing faults. Consequently, on systems where the ratios are within 
certain designated limits, lightniJIC arresters whose voltage ratings 

are less than the system line-to-line voltage may be used; for 
other designated limits of the rattos, the lightning arresters 
should have ratings equal to or possibly greater than the system 

voltage from line-to-line, 
"For purposes of selecting the proper arrester voltage rating, three­

phase systems may be classified as Type A, Type B, etc. on the basis of the 
magnitudes of the ratios Xc,/X1 and R0 /X1• Definitions or each or these 

types or systems follow: 

Type A - neutral grounded systems which are usually well grounded and 

the reactance and resistance ratios are less than for a Type B system, 
but the system constants are not known in sufficient detail to esta­
blish limiting ratios. 

Type B - neutral grounded systems which are "eft'eotively grounded" 

for which the reactance ratio Xc,/X1 is positive and less than three, 
and at the same time the resistance ratio R0 /X1 is positive and less 
than one at 8Il1 place on the system. 

Type C - grounded neutral systems which do not meet the requirements 
or the Type B system. Either the reactance ratio or three is exceeded 

but is still positive, or the resistance ratio or one is exceeded, or 
both ratios are exceeded. 

Type D - _ isolated neutral systems are the usual ungrounded systems 
tor which the zero sequence reactanoe is papacitive and the reactance 

ratio Xo/X1 is negative and lies between minus 40 and minus infinity. 
Type E - isolated neutral systems are those ungrounded neutral sys­
tems which do not meet the limits for the 'fype D isolated neutral sys-. 

tems and which are characterized by a relatively high charging current 

-------
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or a vecy high positive sequence reactance. For these the reactance 

ratio Xc,/X1 is negative and lies between zero and minus 40; over this 

range partial resonance may occur. Each case must be analyzed and 

treated upon its own ·merits." 

'.I,'able 5.5 summarizes ·-the above selection criteria and estaqlishes a 

system type corresponding to the particular system neutral operation 

condition. 

Once a syst ~m type has been determined from Table 5. 5, an dppropriate 

surge arrester voltage rating can be selected from Table 5.6. 

For performance evaluation purposes, the protective cl1.Ctracteristics 

of several classes of surge arresters are given in Tables 5.7 and 5.8. 

~n addition to selecting a surge arrester of the proper voltage rat­

ing coordinated with the protection level required for the equipment, the 

designer should also _properly locate the arresters in relationship to the 

equipment to be prot~cted. 

As a general rule, for maximum protection from overvoltages, surge 

arresters should be installed as close as possible to the equipment they 

protect. Figure 5. 5~ _is a "one-line" schematic showing the application of 

surge . arr.~sters for hardened and non-hardened loads. Actual physical loca­

tion 6~ these arresters would be dictated by electrical clearances, proxi­

mity to vulnerable equiJJD8nt such as transformer bushings, etc. 

Frca the standpoint of overvoltage protection, only adequately grounded 

electrical systems, such as Type A or Type B, should be considered for this 

installat-ion. Hovever, fran an operational vieVJ)oint, these protective mea­

sures also encanpass .the possibility of ungrounded neutral operation if, for 

tactical reasons, such a system is required. . . 
Examples or the ·ph~ices of arrester ratings for each type of system 

. . ' ~' , 
follow: -

l ' ~ 

EXAMPLE 1: Class A - Well-Grounded System Neutral 

For a lJ.8 kV system, if a thorough study or the sy~tem indicated 
l, 
; , 
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TABLE 5. 7 

PROTECTIVE CHARACTERISTICS OF STATION-CLASS VALVE-TYPE ARRESTERS 

Discharge Voltage for 10 x 20 
µsec Discharge Current Wave 

Voltage ImEulse ~arkover Volta~e kV Crest kV Crest kV Crest 
Rating of Rate of Rise for 5000 for 10000 for 20000 
Arrester of Test Voltage kV-Crest AmEeres AmEe~~ AmEeres 
(kV-rms) (kV/µsec) Avg. Max.* Avg. Max.* Avg • • lax.* Avg. Max.* 

3 25 11 14 8 9 8 9 9 10 

6 50 20 24 15 17 16 19 18 20 

9 7'J 29 35 22 25 24 27 26 30 

12 100 38 45 29 33 32 36 36 40 
15 125 49 55 36 41 40 45 44 50 

* Maximum of the maximwn values given in Manufacturers' catalog information 
on this type of arrester. 

TABLE 5.8 

PROTECTIVE CHARACTERISTICS OF SECONDARY-CLASS VALVE-TYPE ARRESTERS 

Discharge Voltage for 10 x 20 
gsec Discharge Current Wave 

Voltage Impulse ~arkover Volt!S:e kV Crest kV Crest 
Rating of Rate or Rise for 1500 for 5000 
Arrester of Test Voltage kV Crest Am;Eeres Amperes 
(kV-rms) (kV/usec) Avg. Max.* Avg. Max.* Avg. Max.* - -

0.175 10 2.2 J.l 1.5 2.5 1.8 2.8 

0.650 10 3.8 6.5 3.5 6.0 4.7 8.5 

* Maximum or the maximum values given in manufacturers' catalog information 
on this type of arrester. 

(Impulse performance of arresters shmm above is covered by ASA Standard 

C62.l - 1962. This is identical to AIEE standard No. 28 and ITT.MA standard 

LA1 - 1958.) 
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that it was well grounded and that under no conditions could the steady 

state system voltage rise high enough to cause arrester sparkover, 

arresters rated at 9 kV could be installed. Arresters of this rating 

would have a ratio Ea/E of 0.65 and would be termed "65% arresters". 

Under aveTage conditions, a 9 kV station-class arrester would be 

e?Cl)ected to hold the line-to-ground voltage to 29 lrV or less, which 

would be about 2.6 times the crest value of normal line-tr gj:mind sys­

tem voltage. 

EXAMPLE 2: Class B - Effectively--Grounded System Neutral 

If a lJ.8 kV system study indicated that the neutrals of the system 

were effectively grounded and that the limiting reactances and ratios 

shown in Table 5.5 established i t as a Class B system, commercial arres­

ters rated at 12 kV (nominally 80% arresters) would probably be selected. 

Under average conditions, a 12 kV station-class arrester would be 

expected to hold the line-to-ground transient voltage to about JS kV or 

less, which would be about 3.4 times the crest value of normal line-to­

ground voltage. 

For a Class B system, a specially designed arrester rated at about 

10 kV (nominally a 70% arrester) might also be considered. A linear 

interpolation between the protective characteristics of 9 kV and 12 kV 

station-class arresters would indicate that with such an arrester, the 

maximum line-to-ground transient voltage would be held to about 32 kV 

or about 2.8 times the crest value of the normal line-to-ground system 

voltage. 

For either Class A or Class B systems surge voltages could be reduced 

still further, but this would require a very special arrester with reduced 

margins and safety factors on the gap sparkover levels and the Varistor 

valve elements. Since it is unlikely that the equipment would be damaged 

by surges of this level, it is not believed advantageous to try to limit 

surge voltages to levels under those provided by commercial arresters. 

I 
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EXAMPLE J: Class D - Ungrounded System Neutrals 

If, for tactical reasons, the lJ.8 kV electrical system is oper­

ated with neutrals ungrounded, arresters rated at 15 kV will be re­

quired. Such arresters are designated ''100% arresters" and station­

class units could be expected to hold the line-to-ground transient 

voltage to about 49 kV or about 4.J times the crest value of normal 

line-to-ground system voltage. It is important to understand that 

on power systems operated with neutrals ungrounded, circumstances 

may exist which could cause arrester failures. 

5.5 Filters 

5.5.1 General Aspects of ?ilter Usage 

Filters are canbinations of circuit components designed to pass cur­

rents and voltages e.t certain frequencies, but attenuate them at other fre­

quencies. They usually utilize the resonance characteristics of series and 

parallel canbinations of inductance, capacitance, and resistance. Filters 

reduce interference by introducing a high impedance in series with the 

interference currents and/or shunting interference currents to ground 

through a low impedance. 

The application and design or filters requires specific and detailed 

knowledge or the source and load impedances, p,::Mer transmission require­

ments and atte:rruation requirements of th,e circuit to be filtered. With 

this data available, any canpetent filter designer can provide a filter 

design. For power systems where transient overvoltage limitations are 

specified £or the main supply bus and non-sensitive loads, filter appli­

cation is limited. The most effective filter location is then between the 

main supply bus and a transient overvoltage source such as an electric 

utility system. 

Filters in this location are required to pass the total power system 

load and are necessarily special design problems beyond the scope of these 

preliminary protective measures. Such filters may be especially designed 
i 
I 
I 
! 
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cable assemblies (19), tuned circuits connected to tertiary windings of 

transformers or synchronous motor-generator sets, or may be of the absorp­

tive types. (Application details for synchronous motor-generator sets are 

given in Section 5.6.) 

5.5.2 Specific Applications for Filters 

Specialized filters, designed to attenuate extraneous energy coupled 

into power, control, and communication circuits terminated within shielded 

areas are commercially available. 

5.6 Circuit Isolation by Application of Synchronous Motor,--Oenerator Sets 

One method of completely preventing the surges ori.ginating in an e:rler­

nal power system (utility tie) from transferring into the power system is to 

interpose a synchronous motor-generator set between the two systems. 

Rotating electrical machines have a surge strength lower than distribu­

tion lines. It is, therefore, essential that the motor (s;ynchronous machine 

normally supplied from the external system) be protected by arresters and 

capacitors from high voltages and steep-front surges originating on the ex­

ternal power system. It is particularly important that this protection b':! 

entirely adequate, as otherwise the introduction of the motor-generator set 

may cause more incidents than would be the case without it. 

Toe high voltage side as well as the low voltage side of the transfor­

mer between the external pOW'er system and the motor-gererator set will al­

ready have lightning arrester protection. If this transformer is directly 

adjacent to the motor, the lO'w voltage side protection, with possible addi­

tion of rotating machine capac itors, could apply to both t he transformer 

and the motor. However, in case the transformer is not directly adjacent 

to the motor, surge protection equipment should be applied both at the 

transformer and at the motor te1,ninals. In addition, just ao in the case 

of the power plant generators themselves, surge protection shall be applied 

at the generator. 

To assure continuity of service in case of damage either to the syn­

chronous motor or generator, a by-pass/isolation switch shall be installed 
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with the set. This switch, whic!l would by~p_as~ the motor-generator set and 

isolate it from the . external· power system and tho1 power plant generating 

system, would be operated only when the motor-generator set is taken out of 

service. It would not seem necessary .to have a spare motor-generator set 

in each installation. However, it would be advisable to have a spare set 

which could be transported whe~ever necessary to minimize the .time required 

for maintenance or repair and return to the normal mode of operation with 

the by-pass open. 

The use of a motor-generator set requires that provision be made for 

starting the motor from the external power system. The simplest method 

would be the use of full-voltage for starting. 

Another application of motor-generator sets that should be considered 

is to isolate from the external power system and supply only particularly 

critical loads from the set. It would seem possible by this means to have 

two levels of performance on the two types of loads. This isolation of 

critical loads may also be desirabj_e t6 protect against surges originating 

within the power plant itself, as distinguished from those originating in 

the external power system. Again, as in the first case considered, the 

motor-generator set supplying critical loads should be equipped with a by­

pass/isolation switch and fully protected with arresters and capacitors. 

In sUJJDDary, there are four poasibilities in connection with motor­

generator application: 

1. Direct connection to the utility and common supply for all loads 

with set by-passed. 

2. Isolation or the entire power plant system from the utility by 

synchronous motor-generator set(s). 

J. Isolation of particularly critical loads in the system by motor-

6enerator set. 

4. A combination of the ~se of both (1) and (2) above, if this is 

considered feasible. 
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5.7 Solid state rower Converters tor Circuit Isolation 

A second method of oanpletely preventing transient pvervoltages which 

are generated external to a sensitive load or circuit f'rom appearing on the 

sensitive circuit is to interpose a solid s~ate power converter between the 

source of disturbance and the sensitive circuit. The principle used in 

solid state power converters is illustrated in Figure 5. 57. 

r-------------7 
INPUT I AC to DC 

480V or 208V ± 5% I Converter 

L----
FIGURE 5.57 

INTERNAL DC BUS DC to AC I OUTPUT 
Converter 

_....._ --- -- - -

I2os/12ov ± 1/4% 
160 Hz ± 1/4 Hz 

_JJ ¢, 100 kVA 

Solid state Power Converter 

As is illustrated in the sketch, the incoming 60 Hz power is isolated f'ran 

the output by first converting to direct current and then inverting to ob­

tain an alternating current output. The input and output f'requenc ies can 

be either synchronous or asynchronous. The sketch indicates a load capacity 

or 100 kVA. Larger loads can be suppli~d by paralleling units. Converter 

units having smaller output capacities are, or course, available. 

These solid atate po11er converters cost approximately three times as 

lliUCh as motor-generator sets and have a mean time between failure (MTBP') or 

20,000 hours. 

5.8 Uninterrupted POiler 

Uninterrupted or "no break" power is otten required by critical loads. 

When specifying requirements tor uninterrupted power, particular attention 

must be given to the time period between the failure or primary paver and 

the asswnption of load by the auxiliary or stand-by power. Allowable vol­

tages and frequency magnitude changes and the permitted time duration or 
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such changes must be clearly stated for this time period. 

S~ veral concepts for supplying uninterrupted power are presented in 

Figure 5.58. In (A) or this figure a flywheel is used as the energy storage 

device. Obviously, this concept is able to supply power for only a few 

seconds unless the flywheel is extremely large. In (B) a battery is sub­

stituted for the flywheel. The next concept, (C), is a solid state version 

of (B). In (D) an engine has been added to the concept shown in (A). For 

long time delivery of power from auxiliary sources, an engine driven bat­

tery charger can be added to either (B) or (C). 

I 
I 
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6.0 SPECIAL SYSTEMS 

This section has been identified to cover the EMF protection problems 

or special electrical systems and subsystelll9 not presently envisioned. 
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7.0 ELECTRCMAGNETIC PROTECTION CCMPATIBILITY 

7.1 Introduction 

This section introduces the des i rabi lity and requirements for evaluat­

ing NEMP, radio frequency interference , lightning, and switching surge elec­

trical system protection requir ements wi th the objective of producing a 

balanced and most effect i ve design. Also t o be considered are protection 

requirements which are direct ed at t hir,gs other t han t!le electrical system. 

For inst ance , certa ir1 ar eas of t h.e MSCB and oc.c:a r equi r e considerable 

RFI type shielding for personne l prot ect i on from trS;.--ismitt er electromagne­

tic energy. ITTMP design crlteria which may require shieldi ng in these 

areas must r ecognize t he existence of the personnel shi e l di ng criteria so 

that shielding duplication is minimized . To further illustrate this kind 

of a comparison, Table 7.1 was prepared to detail those site locatf ons re-
• I 

quiring electromagnetic protection. The table i dent ifi es these site loca-

tions in relation to the need for electromagnet i c protection from lightning, 

NEMP, electric utili ty transients, power system swi t ching, and transmitter 

electromagnetic energy at these l ocations . 

7.2 Overvoltage To~erance 

Electric a.'1.d electronic syst ems have varying levels of tolerance for 

transient overvoltage. These tole~ances usually cannot be simply stated in 

magnitude values. 'I'he time duration of t he overvoltage is equally important. 

So, for overvoltage t olerances t o be useful, the time characteristics, as 

well as magnit udes, must be known. 

Overvoltage tolerS;.'lces for electronic l oads have not been established 

in the form of industry standards , as has been done for electri ~ utility 

system apparatus. The electric utility syst em tolerances are the result or 

an evolutionary process of achieving an ~conooii c balance between manufac­

turers supplying equ i pment to oper at e on systems where trari.s ient overvol­

tages exist and t he development of protect i ve equipment and techniques or 

limiting trans i ent overvoltages. Table 7 .2 lists t ypical system components, 
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TABLE 7.1 

SITE LOCATIONS REQUIRING ELECTRCMAGNETIC PROTECTION 

-
Energy Source 

Electric Power System 
Utility S,.,itching Transmitter 

Sensitive Location Lightning IDMP Trans ients Transients EM Energy .. 
Power Building l 

-
G€nerl2. Cion None Req . Required Required None Req . None Req. 

Distribution II II II II II " II II 

I Control II II II None Req. II " II II 

I Personnel II II None Req. " II " II II " 

Facilities 

MSL Farm Required Required Note 1 None Req . None Req. 

Adm. Support II None Req. II " " II II II 

Power II Required II " II II II II 

Personnel II None Req. None Req. II II : " II 

DCCB I -
Electronic None Req. Required Note 1 None Req. Required 

Utility II " II " " II " None Req. 

Personnel " " None Req. None Req. II " I a.equired 

MSCB --
Electronic None Req. Required Note 1 None Req. Required 

Utility II II " II II II " None Req. 

Personnel " " None Req. None Req. " " Required 

Note 1: Protection against possible effects of electric utility transients 

must be accomplished in power building and/or as part of the distri­

bution system. 
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rated voltages, and power supply peak transient overvoltages which the com­

ponents can be expected to withstand without damage or malfunction. The 

transient overvoltage is given as a per unit value of the line-to-ground 

operating voltage. 

A comparison of the per unit overvoltages listed in Table 7.2 with the 

component NEMP responses given in Section 4.0 sh™s that the pO\fer system 

components will not be damaged by NEMP and no special mMP protection is 

required to prevent component damage or malfunction. 

Many electronic type loads which are connected to 120 volt circuits 

will not tolerate the transient overv,-:>ltage magnitudes given in Table 7 .2. 

It becomes desirable, therefore, to design complex systems in a manner 

which permits the separation of voltage sensitive electronic loads fran the 

much less sensitive P™er and utility c:f.rcuits. If this practice is fol~·•. · 

lowed, special protective sohemes such as filters or motor-generator sets 

need only be applied to the sensitive circuits. 
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8.0 QUALITY ASSURANCE 

8.1 Introduction and Scope 

Quality assurance for protection of the power plant and facilities elec­

trical systems against Nl!MP effects embraces any function, prOcless, specifi­

cation, or procedure designed to control electromagnetic pulse energy so that 

electrical system performance is not impaired and which assures that the Nl!MP 

protection requirements are satisfied. 

In an mMP environment satisfactory electrical system. performance will 

be assured if the protection recommendations and techniques detailed in the 

foregoing sections or this document are integrated into the system design 

and followed during all stages of project development. Thus, quality assur­

ance involves close coordination of system design features with adequate 

specifications and proper procedures relating to the procur,ement, construc­

tion, installation, inspection, evaluation/testing, periodfo surveillance 

and maintenance of the shielding, grounding, surge suppression, filtering, 

and isolation subsystems. 

This section is intended to outline important requirements that will 

assure quality performance of the NEMP protection subsystems. While any 

quality assurance program cannot be executed until working specifications 

have been prepared and the system reaches a "hardware" stage, ,much of the 

bridging between criteria, design, and actual application can be fonnulated 

by advanced planning. 

8.2 Quality Assurance Measures Relating to Procurement 

8.2.l Electrical Conduit and Fittings Specifications 

1. All electrical conduit a11d fittings shall be rigid steel or wrought 

iron unless otherwise specified in the design. Mixed materials 

shall not be requisitioned. 

2. Conduit of standard wall thiclmess and not less than two-inch elec­

trical trade size shall be ordered for outside use. Conduit of 
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st andard wall thickness and not less than one-inch trade size shall 

be ordered for ins i de use. 

J . Conduit bends and elbows shall conform to t hose specified on the 

drawings . In no case shall bending radii be less t han minimum 

standard . Requisitions for f lexible conduit coupli:ri.gs (bellows) 

or expansion j oi nts should specify dimens ions , threads, kind of 

materi a ls, aI1d the number of shu..l'lting br ai(a . I f coupl.'..ngs with 

sl...-u.r:.ti:-ig braids are Er.)t available, equivalent c::r,16.uctivity bondiri.g 

straps a.rid approved connectors shall be or 'erec. . 

4. Co ___ duit fittings and condui t sections shall be threaded at both 

ends and male threads shall be protected from damage during ship­

pLg and handling . 

5. Contlulets should not be procured unless spec:.fically called for on 

t he des ign drawiri.g and parts list. 

6 . ,,o:r:-.duit requisitions should state that s ed ,io:n.s shall conform to 

st · dard dimensions , within tolerances, for l ength, diameter , and 

-,:a l~- thickness. Sections shorter t han st.a da:rd. shal l not be 

ordered unless specified by t he des igner. 
ry 
' . 
e: . 

Pro·;; .c.~cive bushings for conduit terminatior.s s -a.11 be of steel or 

w.r:::mg i; i r on . 

:,\111 boxes, splice boxes , ju..n.ct ion boxes, manhol e and hand.hole 

1;,.1°.ers :;rdered f or use in the conduit subsystem shall be of steel 

or vrrought i.ron and shall be constructed o.·: met a.J. !.'lavir1g t h i ckness 

ar..d metallurgical charact erlstfos which meet the design 

9. Orders for coatings, platings and/or i ns:!.de and outside surface 

-~reatments shall conform to the des j_gn spec ific at ions. 

10. Only specif' ically approved welding materials, fluxes, cleaning sol­

Ye:r.:'.;s, and conductive sealants shall be ordered for conduit and 

f:i:~tiilgs assembly. 

\·- ---
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11. Spare part requisitions shall include a supply of Erickson cou­

plings for special applications and/or repairs. 

8.2.2 Utility Piping and Fittings 

1. • Requisitions for metal utility piping and fittings shall state 

that these shall be of good quality, homogeneous material and Jon­

form to a design specification that all joints will be electrically 

contirmous. 

2. Insulating joints shall not be ordered unless specified on the 

parts list. 

J. There are no procurement restrictions regarding NEMP applying to 

non-metallic utility piping and fittings. 

8.2.J Counterpoise, Grounding, and Bonding Subsystem Materials 

1. Bulk materials such as cable, ground rods, bonding straps, and bar 

copper should be ordered in strict conformity to specifications 

governing the kind of metal, dimensions, conductor size, and 

stranding, 

2. The buried counterpoise design shall provide for requisitioning 

enough cable to allow for slack in the individual cables during 

installation to minimize breakage resulting from earth settlement 

or movement, 

J. Only approved electrical connectors, brazing materials, and fluxes 

chosen on the basis of galvanic compatibility shall be ordered for 

assembly of this subsystem. 

8.2.4 Shielding Subsystem Materials 

1. Bulk materials intended for building and/or room shielding, such 

as rebars, metal screening, welded wire fabrics, solid metal 

plates, etc., shall be requisitioned on the basis of the design 

specifications considering kind of material, weldability, formabi­

lity, conductivity, and permeability, ASm requirements, standard 

widths, diameters, lengths, mesh ~izes, and thicknesses; also 
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shipping and handling weights. It shall be the designer's preroga­

tive to requisition S8ll'Gles of shielding for investigation and to 

procure independent testing services to evaluate them or to referee 

disputed evaluations. 

2. Materials and fittings for the fabrication of joints in shielding, 

for installing the shielding, and for making any kind or attach­

ments to it shall have the designer's approval before orders are 

placed. 

8.2.5 Shielded Rooms 

1. Procurement specifications for commercially-built shielded rooms 

shall include the following information which shall be furnished 

by the designer: 

a. minimum attenuation required. 

b. frequency or bandwidth of the interference to be excluded. 

c. room dimensions. 

d. kind of material desired, usually selected on the ba~is or 
environmental requirements, type of occupancy, frequency of 

use, etc. 

e. nature, location, and size of doors, penetrations, and utility 

openings. 

f. placement of equipment within the shielded volume. 

g. any special requirements not covered by the above. 

2. Procurement specifications shall include a requirement that can­

mercial NEMP shielding shall be evaluated by measurement of its 

ability to attenuate low impedance (magnetic) fields at frequen­

cies of 10,000 Hz and higher in accordance with the procedures 

stated in MIL-STD-285 entitled, "Military standard Attenuation 

Measurements for Enclosures, Electromagnetic Shieldi~.g, for Elec­

tronic Test Purposes, Method 0£11
, latest revision or su:perseding 

document ( s) • 

L--··-~ ---
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J. The manufacturer of cormnercially shielded rooms shall be required 

to demonstrate sa~isfactory attenuation characteristics for the 

rooms with all openings, penetrations, etc. in place. The require­

ment in Item (2) above may be waived provided the manufacturer's 

measurement teclmiques are deemed to be acceptable and the actual 

performance of the shielding can be shown as equal to or exceeding 

that measured by following MIL-STD-285. 

4. Because of t he specialized nat :1:r'e of custom-built shielded rooms, 

requisitions should stip-u.l a"te t hat f.acto!-y•J"!irained personnel erect 

and test them and quotat ions should be obtained on this basis. 

5. For shielded rooms and buildings which are not commercially pro­

cured the designer shall issue instructions and material lists for 

all items to be purchased, including techzliques for erection and 

ev9.luat ion af'ter all openings and penetrations are in place. In 

this connection a number of vendors can supply pre-cut shielding 

panels, shielded moduL~s and joining mate~·ials, together with com­

plete plans for assembling shielded rooms of aP~ size. Since 

qualities, methods of rating the shielding eff ectiveness, and 

clarity of instructions may vacy over a wide r e.rige, it may be 

desirable in certain cases to request samples of the panels and/ 

or fittings for investigation and evaluation before placing a 

complete order. 

8.2.6 Equipment Enclosures 

1. In some NF.MP environments being considered, s·i:,andard equipment 

enclosures will not provide enough shielding for cont ained equip­

ment. Procurement of proper enclosures shall, therefore, be in 

strict conformity to overall design requirements, considering: 

a. function of the enclosure (cabinet, console, or case). 

b. dimensions of the enclosure. 

c. material and configuration, usually selected on the basis of 
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required shtelding effectiveness (dB), structural needs, gal­

vanic canpatibility in the envirQnment, etc. 

d. feasibility of fabrication, which includes formability and 

weldability, to obtain the desired configuration. 

e. relationships of thermal, electrical, magnetic, and physical 
properties of the contained equipnent and the enclosure. This 

includes ventilation needs, electrical clearances, accessibi­
lity of equipnent for replacement or repairs, etc. 

f. location and nature of openings for service entrances, meters, 
relays, and details of construction around such openings. 

g. grounding arrangements and requirements. 

2. Where required, approved RF! conductive gaskets or sealants shall 

be procured for the followi~.g interfaces: 

a. conduit/enclosure 

b. environmental control/enclosure 

c. pane 1/ flange 
d. any others specified in the enclosure design. 

J. To assu.~e the effectiveness of shieldi~ig at interfaces in metal 
enclosures,all mating surfaces must be free from corrosion, paint, 

or surface contaminants. Wherever possible, procurement apeciri• 
cations shall delineate the specific locations on enclosures which 

must be free from corrosion and surface contaminants. Requisitions 
should require suitable protection of these surfaces during ship­

ment and storage so that a minimum of surfaQe cle~ing and prepara­

tion will be necessary at installation. 
8.2.7 Penetrations and Openings in Shielding 

-.. r--r r-,··- "" .. -.. --·--

1. Requisitions for specialized fittings, plate~, and me~h •terialc 
needed to insure NF.MP protection performance at penetratipna &!l,d 

openings shall also conform to design requirements. The gamut 
includes: 

-----·------·-----

I 
I 

I 

I 

;. 
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a. Metal plates and mesh materials required in conjunction with 

conduit and metal utility piping penetrations into unshielded 

building walls or walls shielded with rebars or welded w1re 

fabric. 

b. Welding, brazing, corrosion-proofing materials, and sealants 

needed in the construction of penetrations. 

c. Specialized shielding items such as personnel and equipment 

access doors, observation windows, vestibules, wave guides, 

and honeycombs used in openings for conduits, cable trays, 

utility piping, cooling, heating and ventilating ducts, ple­

nums, or for personnel and equipment access in lieu of doors, 

as well as po~table shields required for protection of open­

ings created by certain maintenance operations. 

8.2.8 Surge Protection Devices 

1. Procurement of surge protection devices such as wave-sloping capa­

citors, lightning arresters, overcu.rrent devices, and low voltage 

semiconductor type protectors shall be in accordance with the sys­

tem designer's recanmendations governing the application of such 

devices, based on Sections 5.2.2.J.8 and 5.4.2 of this document. 

Major design considerations include: 

a. allowable surge magnitudes, steepness, and du.rations permitted 

at designated locations on the system. 

b. time/overcurrent or time/overvoltage characteristics of the 

protected equipment. 

c. comparative performance characteristics of the surge protec­

tion device(s). 

d. degree of ground isolation of the system neutral on wye­

connected systems. 

e. existence of external utility tie connections. 

r. proximity of protective devices to the equipment to be protected. 
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g. adequacy or grounding 

h. available system fault current at protected points. 
i. physical factors dictating electrical clearanoes, proximity to 

vulnerable equipment, etc. 

j. for 10\I voltage protectors, whether th~ device is or is not 
"self-clearl:ng". 

2. Requisitions ror specified surge protection devices shall inolude 
statements that the manufacturer shall suocesst\llly demonstrate the 

device's capability to protect the equipment und~r te$t conditions 

that are mutually acceptable to the manufacturer and the system 

design engineer. Such acceptance tests shall be perto~d prior 
to shipment. 

8.2.9 Isolation Equipment and Filters 

Procurement instructions relating to quality performance or theae items 
will be issued later. 

8.2.10 Procurement or Cathodic Protection Subsystem Equii;aent 

The need for cathodic protection will be dictated by soil corrosive~ 

ness at the individual site, expected annual rainfall, height or water table 
relative to depth or site structures, the extent to which galvanicallt com­
patible materials have been selected in the design and how caret\llly corro• 
sion inhibiting coatings have been applied. Thes·e factors are all measure­
able or predictable, but their interpretation and translation into cathodic 
protection requirements usually is delegated to corrosion specialists. 

1. Requisitions for cathodic protection equipment should, therefore, 
be prefaced by contracting tor the services or a competent corro­

sion engineer to conduct a survey of the site corrosiveness prior 

to the start of excavating. This wQrk coul<i be combiiied with con­
tracts for test borings and other site considerations. Authorita­

tive recommendations can be relayed to t}le designer as to wbetll,er 

81\V cathodic protection is necessary ~d if it is, WA&~ is requi~d. 
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2. Procurement of cathodic protection equipnent shall be in accordance 

with resulting design specifications and may consist of protect1.ve 

metal, concrete, and/or asphaltic coatings applied to certain site 

structures and equipnent, expendable (sacrificial) metal anodes set 

in backfills of bentonite and gypsum, and/or an electrical (oppos­

i11g voltage) cathodic protection system requiring rectifiers and 

special drain beds. 

J. Requisitions should also provide for the services of a competent 

corrosion engineer to properly adjust an electrical cathodic pro­

tection system during the initial "polarization" period, and 

thereafter as required. 

8.J Quality Assurance Measures Relating to Construction 

Implementation of the various NEMP protection techniques involves the 

following construction items: 

1. Trenching and excavating done in connection with the conduit sub­
system, the counterpoise and grounding subsystem, and cathodic 

protection drainage beds. 

2. Assembly or counterpoise and grounding subsystems. 

J. The application of NEMP shielding to buildings and structures. 

Quality assurance measures relating to each of these phases or con-

struction are covered in the subsections which follow. 

8.J.l Trenching and Excavating Specifications 

1. Trenches for conduit runs s~all conform in width and in depth to 

design specificationa and should preferably be pitched so as to 

eliminate anywhere along a run la.r "pocket.:~" in which water or 

other liquid contaminants can accumulate. 

2. Trenching for conduit runs between manholes shall be kept as 

straight as possible; also, abrupt changes in depth shall be 

avoided. Any rock projections or obstructions that could inter­

fere with subsequent conduit installation shall be removed. 
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J. To minimize earth settling, trenches should not be out deeper than 

required and then partially backfilled to adjust grade, but if this 

is neceasary, the backfill shall be well tamped at the !'in.al grade. 

4. Prior to excavating for the coonterpoise an~ grounding subsystem, 

test borings should l>e made to obtain data on the character ot soil 

at various depths belCM the surface, soil resistivity and corrosive­

ness, the presence or underlying rock strata, proximity or water 

table, etc. Besides dictating the grounding and counterpoise sub­

system design, such t\-,chnical data are uset'ul in other engineering 

and construction conaiderationa. 

5. Excavation work tor the counterpoise and grounding euba,ystem shall 

conform in location and in depth to design apecitica.tiona and 

should be kept on as near~ a level grade as practicable. Rook 

overlays and other oroJections or obstructions above ~•e grade 

shall be removed. In cases where excavaticm belov bue grade is 

necessary to remove obstruct iona, the backtill to adJµst the grade 

shall be of well-caapacted site soil. 

6. If soil corroaiveneaa at the site dictates an electrical (Jathodic 

protection system, excavation shall .also include the ~on,it~ction 

or remote drainage beds. These shall be in strict acaor·dance with 

designs approved by conosion consultants. 

8.J.2 Assembly Specifications tor Counterpoise and Grounding S,~~syatema 

Design specifications tor the counterpoise .and grounding t1ubsyatems 

shall be issued prescribing the locations, . interconnect:l,ona, and construc­

tion details or these subsystems and shall include directions to assure 

quality workmanship during conatruct:l,on. As~eably a~aitic•·Uons tqllov. 

1. ~ bare, continuous conductor conto7-'!!iµg to desip. specifications 

shall be used tor the·. u •eably or cQUnterpoise grid.s, Ind.ividual 

grid conductors shall be spa,:,d in • mesh pant'il'lJ'&tion alloving 
enough alack in the iiuliridual cables to precl~de breaiqe t'raa 
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earth settlement or movement. When the counterpoise system is used 

in conjunction with driven ground rods, the grid shall extend at 

least eight feet away from building walls or foundations. 

2. Counterpoise grid conductors shall be connected at grid intersec­

tions using approved connectors or approved ·welding and brazing 
techniques. 

J. Risers conforming in dimensions and material to the design require­

ments shall be connected to the grid conductors using approved 

methods at points closest to their prescribed final locations. 

Although #6 AWG copper conductors are considered electrically ade­

quate for this purpose, they should be suitably protected during 

the construction phase or larger conductors that will withstand 

the mechanical abuse associated with the conatruction phase should 

be specified. 

4. Adequate clearances should be provided between bui.lding or struc­

ture footings and the buried counterpoise grid so that earth set­

tlement will not result in excessive pressure on the grid or its 

connections. (Some or this effect can probably be minimized by 

adequate subsoil compaction.) 

5. Ground rods of prescribed length(s) shall be driven into the com­

pacted subsoil along the outside perimeter of the grid at the 

intervals stated in the construction specifications. ~u~se rods 

shall be connected to the counterpoise grid using approved con­

nectors or approved welding and brazing techniques. 

6. When subsoil conditions prohibit driving ground rods to the re­

quired depth, spacings of the rods shall be reduced and more rods 

shall be driven to achieve the desired equivalent resistance. 

7. Where rock strata preclude any driven ground rods, a larger coun­

terpoise grid shall be assembled in order to attain the minimum 

ground resistance specified by the designer. 
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8. Assembly instructions shall include the interconnection or counter­

poise and grounding subsystems und1:ir thf: power building, the 

shielded utility tunnel, and the MSCB or OOCB using approved tech­

niques. 

8.J.J Shielding Construction Specifications 

Construction specifications for N1lMP shielding of buildings, structures, 

or equipment rooms shall be based upon the construction practices recamnended 

in Section 5.J.J.2 for solid metal plate shieldiri.g, Sec·tion 5.J.4.2 for rebar 

shielding, and Section 5. J. 5.2 for welded wire fabric shielding. 

Features of the building, structure, or room construction shall provide 

for openings in the reinforced concrete for personnel and equipnent access, 

as well as for piping, ducting and conduit penetrations, and the like. Such 

features shall, therefore, be considered in the quality assurance measures 

applicable to construction rather than installation. 

8.J.J.l Quality Assurance Measures for Application of 
Solid Metal Plate Shielding 

1. Metal plates for shielding sha11 be inspected before application 

to determine if they conform to the procurement specifications 

(Section 8.2.4) and to ascertai.n that they are in prime physical 

condition. Bent, dented, corroded, perforated, cut, or off-size 

plates shall be rejected for use as shields. 

2. Plates shall be physically supported on walls, ceiling, an4 floor 

in a manner approved by the designer and shall be continuously 

welded or brazed to form a complete shield, using materials and 

techniques that have been approved for galvanic and magnetic com­

patibility. Fillet plates shall be applied to inside shielding 

if specified on the drawing. 

J. Openings in the shielding for personnel and/or equ:l~nt access 

and for piping, ducting, conduit penetratiOI\S and the like shall 

be constructed in strict conformity to the design specifications. 
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If or metal, piping, ducting, or condui t shall be continuously 

welded to the shielding at all points of penetration. 

4. An overall inspection shall be made of the shield after all con­

struction is canplete to determine whether any minor repairs or 

adjustments are necessary before testing. 

8.J.J.2 Quality Assurance Measures for Appl ication of 
Rebar or Welded Wire Fabric Shielding 

1. Rebars and welded wire fabric shall be inspected before being used 

in the building const r 1wtion t o dt='te:.."Illine if ·they eonform to the 

procurement specifications (Section 8.2.4) governing their suita­

bility if used as shields. Materials that are damaged, have loose 

or fractured welds, welding burns, or are undersized shall be con­

sidered as unsatisfactory for shielding applications. 

2. Inspections shall be conducted in t he course oi' construction to 

insure that rebars and welded wire fabric are welded to form con­

tinuous loops enclosing the structure, building, or room. For 

rebars the length of welds shall be at least three times the dia­

meter of the rods and for welded wire fabric the length of welds 

shall be at least five times the diameter of the wire. All rebars 

and all wire strands shall be joined. In either construction, the 

weld cross 3ection shall be sufficient to prevent breaking during 

construction and handling. On:cy welding materials and techniques 

that have been approved by the designer shall be used in the assem­
bly of this shielding. 

J. Openings into shielded areas for personnel and/or equipment access 

and for piping, ducting, conduit penetrations a..~d t he like shall 

be constructed in strict conformity to design specifications. 

Inspections shall be made before placement of concrete to confirm 

that: 

a. All rebars or welded wire fabric strands are adequately welded 

to metal strips or suitable structural sections encasing 
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openings (Figures 5.J6 and 5.48 ) . 

b. If required, wave guides of pro-per dimensions are continuously 

welded to such strips or sect ions. 

c. At conduit or metal utili ty pi ping penetrations, approved solid 

metal plates having an arf·a at least ten times the area of the 

penetrations are welded around their perimeters to the rebars 

or welded wire fabric (Fi gure 5.14). 

d. Met al sJ.eeves t hrough t he wall ar e eon:t.i:miously welded to these 

penetration plates. 

4. No concrete shall be placed until a final inspection indicates that 
all the approved practices rel ating to the construction of shield­

ing, penetrations, and openings have been properly executed or 

corrected. 

8.4 Quality Assurance Measures Relating to Installation/ 
Inspection of NEMP Protective Esuipment 

Sections 8.4.1 and 8.4.2 outline supervisory and inspection procedures 

that shall apply during the installation of t he electrical conduit and wir­

ing subsystem and metal utility piping in or der to insure shielding inte­

grity and freedom from adverse NEMP effect s. 

8.4.1 Specificat .i ons for Installation of Elect rical Co:.ldu.it 
and Fittings, and Metal Utility Pipir.g and Fittings, 
including Shielding Penetrations 

The installation work covered by t his section consists of assembling 

conduit runs or metal utility piping and making proper bonds and intercon­

nections of conduits and piping to t he cou.nte!",Poise and grounding system at 

strategic locations along runs and at shieldi ng penetrations. 

Design requirements for electrical cor..duits and utility piping may dic­

tate their installation in insulated ducts or in tunnels to facilitate 

access for installation, inspect ion, and maintenance. Alternatively, how­

ever, the specifications for such conduits and piping may require installa­

tion directly in trenches; in this case, corrosion-resistant coverings will 
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probably be necessary. 

To insure proper installation and quality performance of thr! electrical 

conduit subsystem, recommended procedures are as follows : 

1. Inspect conduit ducts, tunnels, or trenches before the installation 

of conduit to ascertain that they are free of obstructions or sharp 

bends. Abrupt changes in dire~tion and/or grade usually will dic­

tate the installation of manholes or vaults. 

2. Install only conduit and £1.ttiiigs that haYe passed pre-installation 

inspections, which shall i nc l ude the following: 

a. Confirm that rigid steel or wrought iron conduit and fittings 

have been furnished. Steel plumbing pipe shall not be used in 

place of rigid conduit. Electrical metallic tubing (EMT) or 

aluminum conduits and fittings are permitted only at locations 

specified by the designer. Such conduits should be identified 

by distinguis~ing marks, colors, or numbers to fit the particu­

lar assembly on which they wi11. be used. 

b. Ascertain that the conduit and fittings conform in construction 

and dimensions to those specified for t he particular applica­

tion. This is especially important for flexible tubing (bel­

lows ) fittings • 

c. Check the outside and inside surface coatings on the conduit 

and fittings to be sure that they agree with the specifications. 

d. Inspect the conduit and fittings for evidences of physical 

defects or damage. Reject material haviP.g a,r,_:s of the following 

defects: 

• Bowed le:ngths of conduit 

• Deformed, split, or dented conduit or fittings 

• Shorter than standard lengths of conduit 

• Conduits without a threaded coupling on one end and a suita­

ble thread protector on the other end. 

··- - --,---------.,_.,..-
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• Conduits or fittings with iJJlperfectly cut (chipped, exces­
sively long, or excessively snort) or daJM.ged thJ:teaas. A 

thread gauge should be used to iru,pect the mating ellds or 
all conduit e.i,.d fittings. 

• Unreamed conduits or fittings. 
• Conduits or fittings with interna.l conatrlctiona caused by 

the entrance of foreig?l material. 
• Conduits or fittings with damaged surface coatings (either 

inside or outside). 

• Conduits or fittings with any holes, cracks, c~ts• or other 
visible surface discontinuities. 

e. Confirm that conduit bends (factory ronned bends) and ?lot con• 
dulets have been turnished, Condulets are permitted only at 

specific locations as ordered by the desi~r and should be 

identified by marks, colors, or numb,rs to fit the particular 

assembly on 'wh:l.'.Jh t:tiey· ·~ be l,Jsed. 
r. Check that all tactor,y-tormed conduit bends are radiused in 

accordance with National Electrical Code requirements fqr the 
particular size or conduit specified. 

J. Use the foll<Ming techniques and p~caut;l.oJIS when assembling con­
duits and fittings. 
a. Remove the thread protectors Ol.' couplings on ~le threaC,s and 

inspect threads on ~oth ends ot conduit sections or fittings. 
Do not asse•ble parts with r,oorly cut, damaged, or I'\JJU\ing 

threads. Ascertain that the conduit or elbow has been reued 
and check that no bu,rrs appear on the inside wall. 

b. Clean threads thoroughly to :remove all ··traces of thre•d-cutting 
oil, metal chips, and foreign material. Allow- solvent te air 
dry. 

c. If assembled Joint is not to be weided, apply approved conductive 
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sealant to ma1e threads only, making sure that entire threaded 

area is covered. 

d. Immediately assemble joint and torque t i ght ly, allowing excess 

sealant to exude from joint. Do not wipe because presence of 

exuded sealant will be evi dence on i nspect ion t hat joint seal­

ant has been applied. 

e. For welded Joint r.onstruction perform steps (a) and (b) above 

to properly prepare t r:e joi!:t for assemb:~ . 

f. Assemble clean joint without conduct i ve sealar!°~, and torque 

tightly. 

g. Run a continuous weld around the outside of t he joint using 

approved welding materials. The welding method used and the 

integrity or the workmanship should be such that the joint is 

watertight a:f'ter welding. 

h. All conduit joints shall be indiv:i.dual ly inspected. On welded 

joints a random sample of the welds, approximately 5%, should 

be inspected for cracks, fissures, or other defects by means 

of a magnetic particle type technique (Magnaflux or equivalent). 

i. If required on the design specifications, approved fireproofing 

or corrosion inhibiting coatings shall be applied only af'ter 

Etll conduit joints have, passed inspection. Follow the applica­

tion procedures reconunended by the coating manufacturer. Some 

suggested meastu~es to insure adequate coatings are as follows: 

• Ascertain tnat the coating is applied with reasonable uniform­

ity to the thicknesses specified. 

• CoatingR should be applied under good environmental conditions 

(temperature, humidity, and cleanliness). T'nis will insure 

proper bonding of impregnants and fillers or setting of con­

crete. Also, moisture or other foreign materials that could 

interfere with the quality of the coating should be excluded. 
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• Coatings should be allowed to thoroughly set be tore t'urther 

handling. A final visual inspection and tests with a "holi­

day detector" should be made bet'ore backfilling. 

• The backt'illing operation should be pe:t"f0?"DM!/d caretull.y to 

avoid abrading or damaging the coating. 

4. Make field bends in conduit only with proper bending ~quiPll)ent. 

This will insure against out-ot'-roundr.cas. Bending radii, measured 

along the centerline or the conduit, should be a~ least as great as 

t'actory-t'ormed bends. Maximum field bending radii should be spec i­

t'ied by the designer. 

5. Where required, install t'lexible Joints (bellows) conforming strict­

ly to design specifications formulated t'ran Section 5. 3.2.2. Only 

flexible Joints that have passed pre-installation inspections out­

lined in (2) above shall be used. Tluieaded connections shJll be 

made as stated in (3) above and care shall be exercised dl.iri~ 

assembly not to apply ~ torsional toroes to the bellow~ section. 

In addition, flexible Joints supplied withoqt metallic braids shall 

be shunted externally by three approved bonding straps having a 

conductivity equivalent to three #1/0 AWG oopper brazed to the con­

duits adjacent to the couplings. 

6. Installation/inspect~on procedures tor rigid or flexible cond~it 

penetrations or outside walls or '1,1n8hielded buildi~s or walls r~in­

rorced and/or shielded by rebars or weldeQ wire t'a~rio, conforming 

to design specifications based on Section 5~3.2.?, P'igu~s 5.10, 

5.11, 5.12, 5.13, and/or 5.14 are as tollO'Js: 

For penetrati<mis at or near the counterpoise level, Figure 5,10, 

determine that the dimensions and the materials Qt the groundinc 

plate and the grounding S'\irip, as well as the groW').d strip span, 

are in accordance with design specifications. 

Inspect for continuity, integrity or workmanship, and use ot 
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approved materials and techniques all welds or brazes between 

the following: 

• Conduits and grounding plate. 

• Grounding plate and grounning strip. 

• Grounding st rip and counterpoise cable interfaces. 

• Rebars or welded wire fabric, if used as shielding, and coun­

terpoise cables. 

• Jumper s across u:r1.br aL:kd ball oN"s .9 if. used, 

c. After successfully completing steps (a) and (b) above, coat the 

following elements using methods an~ materials approved by the 

designer: 

• Conduits an.d assoc i ated welds. 

• Grounding plate and associated welds or brazes. 

• Grounding stri p and associated welds or brazes. 

• Flexible joints, if used. 

• Shielding bonds, if used. 

d. For penetrations above counterpoise level, Figure 5.11, 5.12, 

and 5.13, determine that the dimensions, spacing, and materials 

of the grounding plates, the grounding strip, and the metal 

mesh screening (if required), as well as the ground strip span 

and the mesh configurations are in accordance with design 

specifications. 

e. Inspect for continuity, integrity of workmanship, and use of 

approved mate~ials and techniques all welds or brazes between: 

• Conduits and grounding plates. 

• Connector plate between grounding plates and gr(:)Ullding strip. 

• Grounding strip and counterpoise cables. 

• Inner grounding plate and metal screening. 

• Intersecting metal screening strips. 

• Rebars or welded wire fabric, if used as shielding, and 
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counterpoise cables • 

• Jumpers across unbraided bellows, if used. 

r. Arter successfully completing steps (d) and (e) above, coat the 

following using methods and materials approved by the designer: 

• Conduits and associated welds. 

• Grounding plates and associated welds. 

• Groun.ding strip and counterpoise cable interface brazes or 

welds. 

• Metal mesh screening, if used. 

• Flexible joints, if used. 

• Shielding bonds, if used. 

g. If telescoping-type penetrations are used, determine that the 

lengths of telescoping conduit agree with or exceed design 

speclfications and that at least. two #1/0 AWG copper bonding 

straps are securely welded to each telescoping section. 

h. If the conduit penetration is through earth, all metal parts 

shall be coated using approved materials and methods and a 

leakproof sealing bushing shall be installed. 

7. Installation/inspection procedures for rigid or flexible conduit 

penetrations or outside walls shielded by rebars or welded wire 
fabric, conforming to design specifications developed fran Figure 

5.14 are as follows: 

a. For penetrations at or near the counterpoise level follow the 

procedures outlined in steps 6a., 6b., and 6c. above and for 

penetrations above the counterpoise level use the procedures 

outlined in steps 6d. , 6e. , and 6f. Ir metal entrance sleeves 

have been provided in the rebar or welded wire fabric shielding 

during the const:ruction phase (see Section 8.J.J.2, step Jd.), 

inspection should be made to check that each penetrating con­

duit is bonded to the sleeve by at least two #1/0 AWG copper 
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bonding straps securely welded to the entering conduit. For 

telescoping penetrations as shown in Figure 5.15, the il'lSpec­

tion should also confirm that the lengths cf the telescoping 

conduit sections agree with or exceed the design specifica­

tions. 

8. Installation/inspection procedures for rigid conduit penetrations 

of inside walls shielded by rebars or welded wire fabric, conform~ 

ing to design specifications evolved from Figure 5.16, are as 

follows: 

a. Detennine that each conduit entering a shielded area is ade­

quately bonded to the internal ground ring on the unshielded 

side of the wall. The bonding connection should be kept as 

short and direct as possible and shall have a conductivity of 

at least 116 AWG copper. 

b. In cases where A. group or conduits enter a shielded area, 

individual conduits shall be continuously welded to an approved 

metal plate bonded, in turn, to the internal ground ring on the 

unshielded side. 

c. Inspect for continuity, integrity of workmanship, and use of 

approved materials and techniques all welds and bonding 

connections. 

9. Installation/inspection procedures for conduit penetrations of 

inside or outside walls completely shielded by solid sheet steel, 

conforming to design specifications based in Figures 5.15 and 5.16 

are as follows: 

a. Conduits shall be continuously welded to the shielding around 

the penetration. 

b. Inspect for continuity, integrity or worlananship, and use of 

approved welding materials and techniques. 

c. On outside conduit penetrations or outside plate shields, 

l 
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apply an approved corros ion-•proof i ng coat i ng over the inspected 

welding. Such coat ir:i.gs should completely bridge the coatings 

on the conduit and the shield. 

10. The follCN'ing installation/inspection procedures apply to the inter­

faces between the conduit subsystem and manholes, handholes, Junc­

tion or pull boxes, and equipme~t enclosures. 

a. Determine by inspection t hat cont inuous welds made in conformity 

to welding specifications exist -at in1;erf aces between conduits 

and the metal liners of manholes a.:::c!.d handb.oles. If welds are 

satisfactory, apply an approved corros ion-proof coating over the 

inspected welding. Such coe:Ungs shall completely bridge the 

coatings on t he conduit and the liner. 

b. At conduit splice boxes check t hat all Joints have been made in 

strict conformity to design specifications. 

c. At indoor Junction or pull box.ea and at equipment enclosures, 

interfaces with the conduit subsystem shall be inspec·~ed to 

determine that termination.a ha,ire been made in a manner approved 

by the design.er. Recamnended installaticin methods include the 

fol1C1t1ing: 

• Use or dooble locknuts, one on either side of boxes or enclo­

sure panels. A metal bushing should be used to cover exposed 

threads. 

• Use of nipple fittings and plates welded to the boxes. 

• Use or retained conductive gaskets ,on either side of conduit/ 

panel interfaces. These may be indicated in cases where high 

levels or attenuation are desired and shall be installed in 

accordance with design. spec ifications. 

• Im intert•ace contact r esistance shall be secured by caretully 

cleaning all mating surfaces. All assemblies shall be inspec­

ted for mechanical t ·· ;htP..ess; welds shall be inspected for 

continuity, in~egrLy of workmanship, and the use of 
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approved materials and techniques. 

11. Since metal utility piping is also required to be electrically con­

tinuous, as prescribed in Section 5.J.2.1, the designer shall issue 

specifications giving approved techniques for making pipe joints 

and exact installation/inspection procedures . suitable for utility 

piping and fittings. As a guide in the develoi:rnent of these pro­

cedures, the conduit penetration recommendations outlined in steps 

6 through 9 above are equally applicable to metal 1.1tility piping. 

In those instances where non-metal piping or insulating joints 

are required to satisfy other design requirements, ihe non-metal 

section(s) or joint(s) shall be bonded. Applicable procedures for 

installing and inspect~.ng bonds are included in Section 8.4.7. 

8.4.2 Installation/Inspection 0pecifications for Electrical Wiring 

In this sect ion the term "electrical wiring" connotes wires, cables, 

and/or buses connecting various elements or the power, control, cOimnunica- ·. 

tions, instrumentation, alarm, and monitoring subsystems. 

The basic quality assurance requirement governing the installation and 

inspection of electrical wiring is that unless rooted entirely within an 

overall shield providing the requisite amount of attenuation fran Nl!MP er~ 

fects, all wiring shall be containee within rigid steel or wrought iron 

conduit or specifically approved electrical raceways. In some cases ade­

quately armored and/or shielded cables may be specified, either in lieu of 

or in combination with conduit containment. 

The following recamnended installation/inspection procedures are based 

on Sections 2.0 and J.O of this document and are premised upon overall shield­

ing in the control roan of the pOW'er building ~."'\d in certain specified cireas 

of the MSCB or DCCB. 

1. Install all 13,800 volt or 4160 volt buswork in the power building, 

the MSCB or DCCB, or other facilities in approved metal bus enclo­

. sures. Inspections shall be made at assembly to insure that: 

l 
I 
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a. All mechanical and electrical connections are made as indicated 

on the assembly drawings and proper clearances have been main­

tairied. 

b. Torqueing specifications are followed. 

c. Integrity of worlananship is such that there are no openings or 

discontinuities. 

d. All bends, penetrations, and terminat ioTl.S are made in conformity 

witn +"" iesign specifications. 

2. If u.nshielutJ 13,800 vol t or 4160 volt wlring i.s spec ified for use 

in unshielded areas of the power building, t!1e MSCB9 or the DCCB, 

it shall be i..nstalled in rigid stee 1 or wrought :i.ron conduit of no 

less than one-inch electrical trade size. An insulated disconti­

nuity detection wire shall be run t hrough each conduit along with 

the power wiring. Inspections shall be made to ascertain that the 

wiring, conduit size, and routing conform to des:i.gn speci:t'ications. 

J. If shielded, armored lJ,800 volt or 4160 volt cable is specified 

for use in unshielded areas of -~he power building, the MSCB or DCCB, 

it need not be installed in conduits but may be run in cable trays. 

Inspections shall be made to determlne that the cable shields and 

armor are electrically continuous with terminal equipment enclosures 

and that the installed wiring and routirig conform to design speci­

fications. 

4. The designer shall select the insulated shielded l ead to be used 

between generator neutral and groui1ding device. This lead may be 
• 1 

installed in the metal enclosure shielding gen.ere.tor power leads 

or .. in a separate conduit. Inspect ions shall be made to confirm 

that wiring and routing conform to specif'icatio:na. 

5. Wiring and connections to surge sloping capae itors in each generator 

housing shall be installed as indicated an the ass~mbly drawings and 

inspections shall be made to confirm that insulation, connections, 
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lead lengths, and clearances conform to the specifications. A 
separate shielded enclosure for the capacitors may alternatively 

be specified. In this case all connecting leads should be kept 

as short as possible. 

6. Install in approved metal bus enclo$ures all 480 volt or 208/120 

volt buswork in unshielded areas of the power building, the MSCB 

or the DCCB, or other facilities. Inspections shall be made to 

insure that: 
a. All mechanical and electrical connections are made as indi­

cated on the assembly drawings and proper clearances are 
maintained. 

b. Torqueing specifications are followed. 
c. Integrity er worlananship is such that there are no openings or 

discontinuities. 
d. All bends, penetrations, and terminations conform to design 

specifications. 
7. In unshielded areas within the power building, MSCB or DCCB, all 

480 volt or 208/120 volt power wiring shall ordinarily be installed 
in rigid steel or wrought iron conduit no smaller than one-inch 
electrical trade size. At the designer's discretion under certain 

environmental conditions, this requirement may be waived a.nd con­
tainment is permissib!e in rigid aluminum c<!>Ilduit or electrical 

metallic tubing (EMT). In these special cases condulets may be 

specified in place of standard elbows. An insulated discontinuity 

detection wire shall be run thro~h each conduit along with the 
pOW'er wiring. Inspections shall be made to check conformity of 

wiring, raceway size, and routing with design specifications. 

8. All power cables from the power bui~ding, the MSCB or DCCB to har­

dened or non-hardened facilities loads shall be specified as 

twisted, armored J- or 4-conductor cables with individual shields 

. I 

I 
I 
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on each phase conductor . or three s ingle, armored, shielded cables. 

Install such cables in rigid steel or wrought iron conduit no 

smaller than two-inch electrical trade size. An i~~ulated discon-

tinuity detection wire shall be run throu.gh each conduit along with 

the pOlier wiring. Inspections shall be conducted to check that the 

cable construction, conduit Rize 9 arid routir..g conform to design 

specifications. 

9. In the shielded utility tunnel.11 pc1~·e11:· Y::.:r.-i~ i nst alla·aona for the 

various voltage services may alt~r:natiYely co-r!..~ist of: 

,a. Armored cables with individually sh ielded phase co~ductors. 

b. Approved metal bus enclosures. 

c. Unarmored cables contained in rigld st~el or ·wrought iron con-

duit no smaller than one-inch electrical trade s i ze. 

In the event that bus enclosures are S?ecified, inspections shall 

be made to insure that: 

a. All mechanical and electrical com1ect ions are ~ade as indicated 

on a,3sembly drawings and proper clear~ces a.re maintained. 

b. Torqueing specifications are followed. 

o. Integrity or workmanship is such that there are no openings or 

discon.t inui ties. 

d. TP.rmi..."lations conform to design specif.'ication.s. 

If the wiring is specified for installation in conduit, an insulated 

discontinuity detection wire shall be run through each conduit along 

with the power wiring. Inspections shall be made to check conform­

ity of the wlring, conduit size, and r crd:i.:ng wit!i design specifica­

tions. 

10. In unshielded areas within the po.<1er bu:D.dingi the MSCB or DCCB, 

. control. wiring, and camnunicatior.s wiring shall be installed in 

-sr-:,ara.te rigid steel or wrought iron conduit no smaller than one­

inch electrical trade size. An i:ri...sulated disco1rtinuity detection 

---•-·-•"-"'""'"--•~,P.f4Wl-l\tllll-4 __ z; ... ; ----------
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wire shall be run through each conduit along with the control or 

canmunications wiring. Inspections shall be made to confirm that 

control, communications, and pOlrler wiring are each contained in 

separated conduits and that wiring, conduit sizes, and routing 

agree with the design specifications. 

11. Control and communications wiring between the power building, the 

MSCB or DCCB and hardened or non-hardened facilities shall be spec­

ified as shielded cables selected by the designer. Such cables 

shall be installed in rigid steel or wrought iron conduit no 

smaller than two-inch electrical trade size. At the designer's 

discretion both control wiring and camnunications wiring may be 

routed through the same conduit. An insulated discontinuity detec­

tion wire shall be run through the conduit along with such wiring. 
Inspections shall be conducted to check that such wiring is sepa­

rated from power wiring and that the wiring, conduit size, and 

routing conform with design specifications. 

12. In the shielded utility tunnel, control and cormnunications wiring 
may be specified as shielded or unshielded and shall be installed 

in rigid steel or wrought iron conduit no smaller than one-inch 
ele~trical trade size. Inspections shall be made to determine that 

such wiring is separated fran raceways containing power wiring and 
that the wiring, conduit sizes, and routing are as specified. 

lJ. In unshielded areas within the power building, the MSCa or DCCB, 

alarm and monitoring subsystems wiring installations shall be made 

in strict conformity to design specifications. Alarm sy~tems 

shall preferably employ individual sensing e].ements. Long open 

wire sensors such as used on certain heat detectors shall not be 

specified in these areas. Alarm/monitoring wiring shall be in­

stalled in rigid steel or wrought iron conduit no smaller than 

one-inch electrical trade size. An insulated discontiI1U:~ty 
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detection wire shall be run through each conduit along with the 

alarm and monitoring wiring. Inspections should confirm that the 

wiri~ is suitable and that conduit sizes and routing conform to 

specifications. 

14. Alarm and monitoring subsystems wiring between the power building, 

the MSCB or DCCB and hardened or non-hardened fac ili t iea should 

preferably be designed so that systems at each buildi~..g or area 

are wired independently. The wirLg bet·ween build in.gs artd to a 

central monitoring location shall be solely for indication signals 

and such signal circuits shall be electrically isolated from the 

primary alarm subsystems by relays or transformers. Alarm subsys­

tems should preferably employ individual sensirig elements; long 

open wire sensors should not be specified. Alarm/monitoring wir­

ing shall be installed in rigid steel or wrought iron conduit no 
.. 

smaller than two-inch electrical trade size. An insulated discon-

tinuity detection wire shall be run through each conduit along 

with the alarm and monitoring wiring. Inspections shall be con-

: ,~ucted to check that the installed wiring, the general subsystem 

~rangement, conduit sizes, and routing conform to design speci­

fications. 

15. Within the shielded utility tunnel, installation/inspection proce­

dures for alarm and monitoring subsystems wiring shall be as out­

lined in Item 14 above, except that the minimum conduit diameter 

shall be no smaller than one-inch electrical trade size. 

8.4.J Installation/Inspection Requirements for Shielded 
Rooms and Shielded Equipment Enclosures 

8~4.J.l Quality Assurance Measures for Installation/ 
Inspection of Shielded Roans 

In this section a "shielded room" is defined as a shielded volume, ~en­

erally containing openings for personnel a..Tld equipment access as well as 

utility penetrations, where large air spaces are usually present around and 
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above equipment contained therein. Volumes may range from small room size 

to entire buildings. Shielded roams should not be confused with shielded 

equipment enclosures covered in Section 8.4.J.2. 

To assure quality performance of shielded rooms, recommended installa­

tion/inspection procedures are as follows: 

1. If overall design considerations dictate a shielded control room 

in the power building, the shielding shall consist of solid metal 

sheets assembled on site to form a complete envelope with conti­

:auously welded seams. Assembly drawings approved by the designer 

shall specify dimensions and methods of supporting and attaching 

shielding to the building. Inspection requirements and procedures 

applying to a basic shielded control room of this design are essen­

tially the same as those outlined in Section 8.J.J.l. 

Openings in the room, such as access doors, observation windows, 

heating/cooling ducts, and/or wave guides, shall be installed and 

inspected in accordance with design specifications. Conduit and 

metal utility piping penetrations shall be installed and inspected 

in strict conformity to the procedures outlined in Section 8.4.1, 

Item 9. 

2. For shielded rooms assembled on site in other areas such as in the 

MSCB or DCCB, installation shall be in strict conformity to design 

specifications. Inspection procedures would depend upon the method 

of application of shielding. However, with minor modifications, 

the procedures outlined in Sections 8.J.J.l or 8.J.J.2 are appli­

cable to a basic shielded room. 

Openings in the room, such as access doors, observation windows, 

heating/cooling ducts, and/or wave guides, shall be installed and 

inspected in accordance with design specifications. Conduit and 

metal utili.ty pipir€ penetrations shall be installed and inspected 

in strict conformity to the procedures outlined in Section 8.4. 1. 

J. Where required, conunercially-produced shielded roQDlS or prefabricated 
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shielding panels meet ir,g the procurement spec ifications outline~ 

in Section 8.2.5 shall be inst alled. The pr·oject designer shall 

dee ide whet her such roans are t o be custan-bu il t or assembled fran 

prefabricated panels. 

For custom-built inst all ations i i is recamnended that factory 

trained personnel erect, inspect, and evaluate the room. For stan­
dard install at i ons, instructions t'urnished by t he manufacturer 

shall be f oll owed during <:>n~•site assembly. :LlSp~ct :!.o::is shall be 

made during and after assembly to insure that all shielding ele­

ments are fitted properly and t hat all Jo:Lnts are adequately sealed. 

Openings in the room, such as access doors, observation windows, 

heating/cooling ducts, and/or wave guides» shall be installed and 

inspected in accordance with instructions prepared by the designer 

or shielded roan manufacturer. Conduit and utility piping penetra­

tions through solid metal plates assembled with the shielding shall 

be installed and inspected i n strict conformity to t he procedures 

outlined in Section 8.4.1, Item 9. 

Final evaluation of t he shielding room attenuation shall be 

made after all openi ngs and penetrations are in place. To expedite 

evaluation the designer or shielded room manufacturer shall issue 

detailed speciffoat ions for making attenuation checks. 

Suggested testing procedures are outlined in Section 8. 5. 

8.4. J.2 Quality Ass\U'ance Measures f or Inst,allatio-n/ 
Inspection of Shielded Equipnent Enclom.1.res 

In this section t he term "shieldec. equi]lnent enc lo,sure" co:r;:.notes any 

box, hood, housing, cabinet, case, cladding ~ co:.nsole, covering, container, 

containment vessel or tank, and t he like which wholly or :partly surrounds 

an electrical or electronic item or group or i t ems. An enclosure may per­

form any or all of the foll0',,1ing f'unct ions: 

1. provide physical protection t or equipment. 
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2. provide physical protection from items :i.n enclosure to personnel 

or objects outside. 

J. provide means for installation of' ventilat ing items. 

4. provide means for installat ion of cooling items within enclosure. 

5. provide means of enclosed equipment support by external facilities. 

6. provide interior support f or subassernbHes, components, and similar 

items. 

7. provide reduction of radiated audibl e noise or radiated electromag­

netic interference. 

8. provi de shielding for enclosed equipment from external N»AP fields. 

From an NEMP standpoint the shielding tunct ion is the one of primary 

concern, but it should be recognized that a number of' the other functions 

have to be considered in the design of a practical enclosure. Thus, the 

amount of attenuation provided by a shielded. enclosure is largely a matter 

of design accomplished by coordinating such f actors a.s shielding materials, 

dimensions, openings, etc. with relevant functions listed above. 

The intent of the following instalJ.ation/inspection procedures is to 

assure that the level of shielding attenuation provided by the design is 

achieved in practice. 

1. If the shielded enclosure i.s an integral part of the equipment, 

which usually is the ca.se for motors, generators, transformers, 

regulators, and other types of inductive apparatus, installation 

shall be made in accordance with the asse~bly drawings. Where 

attached compartments, terminal ooxes, etc. are provided for mak­

ing up connections, inspections shall be made to check that all 

leads are completely contained within such compartments, that all 

interfaces with conduit or other approved electrical raceways have 

----,·----
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been carefully made to insure shielding continuity, and that the 

equipment housing is grounded properly by connection to the near­

est internal grounding ring. 

2. Shielded equipment enclosures which are not integral with the pro­

tected equipment shall be carefully identified prior to installation 

to insure that the enclosure furnished is the one intended ~o be 

used. Many or such enclosure3 ruay be engineered to provide specific 

levels or shielding at tewiat bn a..1:1.d , 1,itile resembling each other, 

may not be interchangeable. Careful coor dinat ion of parts lists and 

assembly instructions will, therefore, be required at installation. 

Inspections shall be made to insure that: 

a. all contacting surfaces are clean at the "liime of assembly. 

b. where required, approved conductive gaskets or sealants are 

applied properly at joints or interfaces between conduits and 

enclosures, panels and flanges, or other places specified on 

assembly drawings. 

c. adequate electrical clearances are maintained between energized 

equipment and the shielded enclosure. 

d. if bolting is used, torqueing specifications are followed. 

e. if welding or brazing is necessary, approved welding or braz­

ing materi.mls and techniques are used. 

r. integrity of workmanship is such that there are no shielding 

discontinuities and no openings other than those intended. 

g. the equipment enclosure is grounded properly by connection to 

the nearest internal grounding ring. 

J. To maintain shielding continuity and to provide supplementary 

shielding if required, shielded enclosures for several separated 

or adjacent equipments may have to be combined. Situations of 

this kind arise with: 

a. connection of the lJ,800 volt or 4160 volt secondary buses 
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f'rom the utility intertie transforlll8rs to the main buses in 

the power .building. 

b. connect ion of main generators to their associated switchgear. 

c. connection of main buses in the power building with associated 

switchgear. 

d. containment of expofled connections to liquid-filled transfor­

mers, regulators, etc. 

e. equipnents in housings which provide insufficient shi.elding to 

meet the design requirements. 

In all these cases, installation and inspection shall be in strict con­

formity to design specifications. In general, the procedure& outlined in 

Item 2 above are applicable. 

8.4.4 Installation/Inspection Requirements for Surge Protective Devices 
and Lightning Protection of Bi~ildings and Structures 

8.4.4.1 Quality Assurance Measures for Installation/ 
Inspection of SurJe Protective Devices 

This section covers procedures ro~ the installation and inspection or 

overvoltage protective devices. Depending upon equipnent/component suscep­

tibility and exposure, etc., such devices may be applied to subsystems of 

all voltage classes and include lightning arresters, wave-sloping capaci­

tors, protective gaps, semiconductor protectors, and the like. The essen­

tial installation requirement that all these devices have in cODDnon is that 

they be shunted across equipment to be protected in order to limit the mag­

nitude and/or the rate or change or transient voltages impressed upon 

equipment as a result or lightning, switching surges, N:EMP, etc. 

Quality assurance JQeasures associated with these procedures are as 

foll°"'s: 

1. Install only approved protective devices that meet the procurement 

requirements outlined in Section 8.2.8. 

2. Inspect the device as received to insure that it is in good physi­

cal condition and free from such defects as damaged line and 
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ground leads or terminals, broken or rticke·d wire strands, crac~d 

or chipped housings, looseness of assembled parts, detective mois­

ture and/or r 1rmetic seals, etc. 

J. Install protf tive devices in strict accordance with locatio:ns, 

voltage and i....terrupting ratings, clearances· ·or proximity to pro­

tected equipnent, method or connecting, type of shielded enclosure, 

and other application factors specified by the designer. Specific 

locations at which surge protective devices are mandatory, based 

on Sections 2.0 and J.0, are as follows: 

a. A surge sloping capacitor rated at 0.25 microfarad is required 

between each phase terminal and equipment groond at each power 

system generator. (Sections 2.4~1, 2.4.2, 2.4.J, item 11, and 

5.2.2.J.8) 
b. If the power system has an el~ctric utility interconnection, 

station type lightning arresters are required between each 

phase terminal (HV and LV) and ground at each intertie trans­

former. Surge protection may also be necessary at the incom­

ing intertie cables if they are extensions or an overhead 

system. (Section J.6.1, item 5) 

c. station type lightning arresters are required between each 

phase of the main power buses aud gr~ in the power building 

and between each phase terminal (HV and, LV) and ground at each 

transformer feeding non-hardened loads. Arresters are also 

required between each HV phase terminal and ground at transfor­

mers reeding hardened loads, but norie. are required at the LV 
. ~ ,' . 

terminals to such loads (Section 5.4.2.1). 
4. After installing protective devices, chec_k that all connections 

are properly made before energ'izing. Bi.lateral devices are gener­

ally not critical to polarity or · p~se, ·bu~. ~ilateral devices may 

not protect the equipment with . line and ground connectioru inter­

changed. 
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8.4.4.2 Quality Assurance Meas'U.l'es t'Qr Installation/Inspection 
of Lightning Protectton Equipnent at Buildings and structures 

Direct as well as induced lightning strokes often produce severe tran­
sient voltages akin to NmP effects, which can disrupt electrical and elec­

tronic equipment in unshielded buildings and structures. While the design 
or buildings and structures is primarily dictated by their functional re­
quirements, lightning protection is normally an important consideration. 
Therefore, this section outlines procedures that should be followed in con­

nection with the inst•llation and inspection of lightning protection equip­
ment at the power plant and facilities buildi?\gs and structures. 

Procedures based on tbe techniques prescribed in Sections 5.2.2.1, 
5.2.2.2, 5.2.J.l.l, ar,.d ,.2.J.l.2 IU'e as follows: 

l. For metal cl•d Pl" metal roofed construction, install bonds to in­
sure that all panels, plate~, or other sections of metal sheathing 
materials are electricaJ.ly continuous. Where roof and side walls 

or a building or struc;ture are metal clad but not electrically 
interconnected, they $hall be made electrically continuous by 

installing bonds ~tween the root' atld, wall sections. Also, if 
sections of metal are uJed as gravel stops in metal roof ~onstruo­

tion, these shall be bonded to the roof. 
2. After bonding as QV,t,lined above, install the follc:Ming grounding 

connect ions: 

a. from edg~s ~r metal roof (it non-metallic sidewalls) to the 
external grouncli:ng system. 

b. from lower ea,~s of metal wall sheathing (if specified) to 
the exter~l grouncU.ng system. 

J. Inspect all bonc,tng and gf()U,nding connect ions to insure tl\at they 
are made properly, checking tor 

a. adequate ~i•e of bondtpg ~d grounding conductors. (Section 
5.2.J.l.l) 
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b. proper materials use·d for bonding and grounding conductors. 

(Section 5.2.J.1.1) 
c. quai~ty workmanship e·xercised in welding ·or brazing and protect-

. . 
ing connections trom physical and electrolytic damage. (Section . : 

5.2.2.J.2) 
' • 1 • • 

4. To protect buildings with non-metal roofing, such as steel-rein-

forced, concrete structures where the rebars are not looped to 

afford shielding, install lighting masts or lightning air termi­

nals in accordance with design specifications. As a guide to 
. . ·. \ i .. . ' 

checking on the proper proportioning or these lightning diverters 

for the particular structure to be pr~ected, the techniques and 

references described in Section 5.2.J.l.2 should be ' followed. 

5
1

• Diverter grounds should be inspected to determine that they conform 

to specifications in dimensio~, mat~rials~ and configuration and 

that they are correctly installed with direct connections to the 

counterpoise or grounding ~stem. The same ·procedures as m1tlined 

in (J) above will apply~ Cable sizes and recamnended configura-
• . ,· •I 

tions are described in Section 5.2.J.-1.2. 

8.4.5 Installation/Inspection or Isolation Devices and Filters 

Instructions for these items will be issued later. 

8.4.6 ;Installation/Inspection or B~ding and Grounding Connections 

Thi~ section gives general, as well as specific, recOIJDllendations asso­

ciated with the installation and inspection ~r bondi~ and grounding 

connections. 
Since bonding and grounding are very closely .related 'to many other 

aspects or system development and spec.ifications covering a number or these 

have alre~dy been cited, . applicable installa\ion/inspection procedures pre­

viously stated will not be repeated, but the iterris and perlinent references 

will be listed. There are, h~ev~r/ s~ver~i .specific case~ which have to 

be considered ,and~ for these, applicable procedures are detailed. 
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Grounding and bonding connections are covered in Sections 8.4.6.l and 

8.4.6.2, respectively. 

8.4.6.l Installation/Inspection Procedures for System Grounding 

The following procedures apply in connection with the installation and 

inspection of the grounding systems. 

1. Grounding conductors and/or equipment grounding connections shall 

run directly to the system ground or made at the nearest internal 

grounding ring. 

2. The minimum grounding conductor (or equivalent mechanical grounding 

connection) permitted under a:ny condition is No. 6 AWG copper or 

equivalent. In many cases larger grounding conductors and/or more 

substantial grounding connections are mandatory; these are gener­

ally specified and installations should be made to conform. 

J. Before assembling grounding connections remove all contaminants 

from the metal surfaces of parts to be joined. 

4, In environments associated with nearby shock and/or vibration, 

protect the grounding system connections from physical damage and 

fatigue. 

5. In exposed, corrosive environments grounding system connections 

should be protected by the treatments outlined in Section 5.2.2.J.2. 

As an aid for checking during the installation/inspection stages of 

project development, Tables 8.1 and 8.2 list grounding connections within 

the power plant building and outlying facilities, respectively. 

8.4.6.2 Installation/Inspection Procedures for System Bonding 

Inspection requirements applying to all types of bonding for buildings, 

rooms, and equipment enclosures as well as to joints between sections of 

electrical raceway, bus enclosures, conduits, metal utility piping, ducts, 

plenums, cable troughs, etc. to insure that bonds between shielding ele­

ments are correctly made, are as follows: 

1. .all contaminants f.'rom the mating metal surfaces to be bonded have 
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Section 8 - Page 40 

been removed. 

2. the bond was made by brazing, bolting, welding, or soldering. 

J. in environments associated with vibration, flexible bonding connec­

tions are made. 

4. bonding connections that are subjected to corrosive environments 

are treated with corrosion inhibitors. (The techniques outlined in 

Section 5.2.2.J.2 for grounding apply.) 

Tables 8.J and 8.4 list all system bonding recommendations for the 

power plant building and the outlying facilities, r~spectively. 

8.5 ~~valuation of NEMP Protective Equipment 

This section outlines specifications for quality assurance tests and 

evaluations to be made during the installation, operation, and maintenance 

phases. Such tests and evaluations fall in several different categories, 

including: 

1. tests made in conjunction with the installation and/or the inspec­

tion of NEMP protective equipment. 

2. final acceptance tests and evaluations performed in the field after 

the installation has been completed. 

J. monitoring tests performed periodically after equipment reaches the 

operational stage. 

4. tests and evaluations following repair or maintenance operations. 

8.5.1 Test Methods and Specifications for Electrical Conduits and 
Fittings and Metal Utility Piping and Fittings 

In the subsections that follow, specific techniques and procedures are 

described, acceptable test limits are stated, and application schedules are 

covered. 

8.5.1.1 Conduit Discontinuity and Opening Detection Tests 

The basic test setup for detection of conduit discontinuities is shown 

in Figure 8.1. The test locates and evaluates flaws in conduits and fit­

tings or defective joints and discontinuities that would result in an 

--- ----:·. 
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Test Setup 

Soldered Receptor 
Connection 
to 
·Sense Wire 
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500 kHz 
Supply 

Inducer 

\_: 

Coui~ 

R.F. 
Voltmeter 

R.F. 
.Ammete.r 

Conduit 
on Test 

/T 

"Sense" Wire ... #16 AWG 

Receptor: .Amphenol SJ-798 01 
equivalent 

Cap and Chain: .Amphenol 8J-1AC or 
equivalent. Modified to 
ground sensing wire. 

Details or R.F. Receptor Terminal and Grounding Cap 

////////////// 

~Conduit __., 
A Hangers 

l 5 9 Junction 

Junction Box 
' Box 2 6 10 2 

l 
. J 

,.. 
7 - 11 

' ... J.u:nction i-,, - Box J 4 8 
Test Set Locations for Individual Tests of a Group or Conduits 

FIGURE 8.1 Arrangements for Conduit Discontinuity Detection Testing 

- --------- -- - - . ·-
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attenuation loss or shielding degradation with high intensity Ambient fields 

and currents. 

This test setup requires that a special insulated number 16 AWG "sense" 

wire be permanently installed in each conduit run and terminated at the end 

or the I"IL.l as shown in Figure 8.1. The teat consists of circulating a 500 

kHz current in the conduit by means of a portable test set which includes 

the RF source, current inducer to ~')Uple the current onto the conduit, cur­

rent transformer to measure the conduit current, and an RF voltmeter to 

measure the voltage induced in the sense wire. 

When making a conduit discontirruity test/evaluation, the following 

procedure is recamnended: 

1. Remove the grounding device at one terminus or the sensing circuit. 

2. Check the sensing circuit for c-ontinuity using an ohmmeter or buz­

zer set. 

J. If the sensing c ircu:tt is intact, connect it to the RF voltmeter. 

4. Circulate a 500 kHz high frequency current through the conduit and 

measure its amplitude. 

5. While maintaining the test current 1, read and record the voltage in­

duced in the sensing wire. 

6. Calculate the ratio of millivolts induced in the sensing wire to 

amperes circulated_ through the conduit on test. 

7. Evaluate. As criteria, intact conduits, regardless of length or 

trade size, shall test not more than ten millivolts per ampere at 

a frequency _ or 500 kHz. Values exceeding 10 IDV/A O 500 kHz are 

indicative or conduit defects and maintenance should be scheduled. 

8. After conducting the test, remove the access lead and replace the 

grounding device at the terminus or the sensing circuit. 

Although the criterion for acceptable shielding ia equal or less than 

10 mV/A O 500 kHz, this should not be taken to mean that high frequency cur­

rents or the order or amperes need be circulated. Actually, the test is as 
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feasible for high circul~ting currents with relatively insensitive detec­

tion system as it is for moderate circul~ting currents (order of milli­

amperes) with reasonably sensitive detection systems. 

8.5.1.2 Schedules for Conduit Discontinuity Tests 

Conduit discontinuity tests shall be made to assure quality shielding 

by conduits and fittings in accordance with the following schedule: 

1. In connection with conduit subsystem acceptance after all conduit 

runs and wir.!.ng are in place. Readings of t he induced voltage per 

~pere of test current should be recorded by conduit run to form a 

basis of comparison for later discontinuity detection tests. Any 

leaks and/or discontinuities must be located and repaired before 

coatings are applied. 

2. Periodically, for monitoring the conduit subsystem after it be­

comes operational. Under normal conditions tests should be per­

formeu annually. 

J. In connection with maintenance, system modifications and/or repair 
operations, including: 

a. relocation of existing conduits. 

b. additions or removal of conduits. 

c. any operation requiring removal or replacement or any wiring 

within conduits. 

d. any repair or maintenance work that involves disturbance or 

existing joints and fittings. 

8.5.1.J Metal Utility Piping Continuity Checks 

Ii' conscienti01isly followed, the inspection procedures specified in 

Section 8.4.1, Item 11 will suffice in lieu or electrical test~ to esta­

blish the continuity or metal utility piping. It will be necessary, how­

ever, to conduct electrical tests on all bonding and grounding connections, 

as prescribed in Section 8.;.1.4,4. 
8.5.1.4 Miscellaneous Tests on Conduits and Metal Utility Piping 

The miscellaneous test procedures described below include those for: 
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1. Magnatlux (or equivalent) magnetic particle tests. 

2. Ducter ( or 6"'->·llent) tests. 

Details or these tests, their applications, and recommended schedulea 

are as f'ollovs: 

8. 5. 1. 4. l Magnatlux (M~t ic Particle) Tests 

Magnetic particle testing at'f'ords a convenient 1qeans tor detecting 

im;ernal detects in welc!ments such as seams, blovholea (porosity), inclu­

sions, and cracks. The method is rapid, non-destructive, and relatively 

sensitive provided the surface ot the wEtld is smooth. 

The Magnatlux test has been used vecy success:f'ul~ to determine the 

presence or bath internal and surf'ace detects in welds. Proper'.cy applied, 

the test accurately reveals detects such as cracks, lack or penetration, 

and inclusions to a depth or 1/4 inch below the surface ot the weld. (De­

tects as deep as J/8 inch below the surface are also indicated, but with 
I 

less precision.) 

Magnetization or the weld on test is accomplished by passing electr~c 

current through it or by the intluence ot an external magnetic yoke. 

Su.11 local poles will be produced at the extreme edges ot detects. These 

can be indicated and the' location preserved by covering the surface with 

iron dust. 'lb.is can eitller be applied dry or £loved on as a suspension in 

oil, water, or &IW suitable vehicle. At the local poles tormed by discon­

tinuities in the metal, the magnetization causes the iron dust to concen­

trate, revealing the location and shape or the detects. 

The criterion tor a satiatactocy weld ie that no visible concentrations 

ot the magnetic med:hllll shall appear on the weld on test. 

8. 5.1.4.2 Applications and Schedules to:r Magnetic Particle Teats 

1. Magna.flux (or equivalent) tests shall be conducted on a rand.an 

sampling or 5% ot the welds (it used) in buried conduit runs 

before the application ot coatings. Eftry welding detect shall 

be1 reported and' corrected. It the prevalence or welding detects 
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in the samples tested exceeds f'i ve per cent, then another sampling 

of' the original welds shall be tested. It shall be the decision 

of' tho designer to determine the final perc~ntage or welds to be 

checked. 

2. Magnaf'lux (or equivalent) tests shall be conducted on every weld 

at conduit or piping penetrations of' sheet steel shielded build­

ings before the application of corrosion inhibiting coatings. 

J. Magnaf'lux (or equivalent) teats shall be conducted on every weld 

at conduit or piping interfaces with roan shielding. 

4. Welding checks made at the time of' init.ial installation and inspec­

tion are valid as final acceptance tests, provided all conduits 

and pipes were in place and no alterations were subsequent'.cy made. 

5. Spot checks of' accessible weldments shOl.i.ld be made on an annual 

basis. 

6. As a routine matter, all welr s made in the course of' maintenance 

of the conduit subsystem in connection with modifications and/or 

repair operations shall be subjected to magnetic particle tests 

and all welds found to be defective shall be corrected. 

8.5.1.4.J Ducter (or equivalent) Low Resistance Tests 

Low resistance connections to conduits and metal utility piping are 

required to assure proper bonding and grounding. 

Low resistances can conveniently be measured by use of' specialized 

instruments such as the Biddle ])lcter or Kelvin Double Bridge. These are 

applicable and accurate in the microohm range. 

The Kelvin Double Bridge is poI!table and self-contained (battery oper­

ated). The Ducter is also portabl~,' but requires an external ac supply to 

operate its drive motor. Both instruments utilize two double contact 

probes which are connected across the resistance to be measured. This 

arrangement minimizes the ef't'ect of' contact resistance in the current cir­

cuit. A number of' multiplier canbinations are normal'.cy incorporated in the 
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design to extend the range of measu.Fements. 

When measuring resistances across welded, brazed, or bolted connections, 

a uniform separation or the two probes results in the most accurate readout. 

8.5.1.4.4 Applications and Schedules for Low Resistance Tests 

1. Ducter (or equivalent) low resistance tests shall be conducted on 

bonding and grounding connections. The measured resistance of an 

acceptable connection shall not exceed forty milliohms. 

2. Low resistance tests made at the t~ne of initial installation and 

inspection are valid as final acceptance tests provided all bonds 

and grounding connections were in place and no alterations were 

subsequently made. 

J. Retests of all accessible grounding and bonding connections shall 

be made periodically, preferably on an annual basis. Deterioration 

or such connections should be careful~ monitored and maintenance 

should be scheduled if the resistance limit in (1) above is 

exceeqed. 

4. Low resistance tests shall be conducted on all bonding and grounding 

cormections disassembled and remade during maintenance and/or repair 

operations. Also, all new cormections associated with system modi­

fications shall be checked. The test limit prescribed in (1) above 

applies. 

8.5.2 Test Procedures and Evaluation Specifications for 
Shielded Rooms and Shielded Equipment Enclodures 

The r ecamnended technique for testing the attenuation of shielded roans 

and shielded equipment enclosures is based on a proposed IEEE standard. 

This test is particularly adaptable to rectangular enclosures with edge 

dimensions of five to fifty feet and can be conducted after the enclosures 

are installed with all penetrations, openings, and equipnent in place. The 

test instruments required are large~ conventional and can be hand-carried 

to the test location. 

--~~------·-· ·------------
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The basic setup for a shielded enclosure test is shown in Figure 8.2. 

The magnetic field is generated by RF current through a large planar loop 

or wire enc!.rcling the enclosure, spaced by insulating blocks at least one 

inch away f'ran the outer shielding surfaces. The loop, consisting or a 

single turn or insulated #18 AWG stranded copper wire, should be oriented 

at an angle to all enclosure surfaces as shown. 

The amplified output or any stable, continuous wave RF source, such as 

an oscillator may be used to excite the loop. Generally, the amplifier 

output impedance is selected to match the loop impedance. The loop current 

should be monitored by a suitable RF ammeter or by measuring the voltage 

drop across a known carbon resistor in series with a loop supply lead. 

The sensing loop diameter and number or turns will be governed by the 

sensitivity or the available detection equipnent and by the available 

space ·within the enclosure for changing sensing loop positions. 

Either conventional field strength meters or RF voltmeters capable of 

resolving JOO microvolts are suitable as detectors. 

When making an evaluation or shielding attenuation the following pro­

cedure is required. 

1. Install the exciting loop and set up the test equipment as shown 

in Figure 8.2. 

2. Extend the shielded leads £ran the sensing loop outside the enclo­

sure to the detection device. 

J. Initially mount the sensing loop in the same plane as the exciting 

loop and as close to it as possible. 

4. Energize the exciting loop and the detector and adjust the excita­

tion current until a measureable readout is observed at the 

detector. 

5. While maintaining the frequency and the magnitude or the current 

through the exciting loop, successively reposition and reorient 

the sensing loop within the enclosure until a maximum reading is 

- . ---- ---------
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Exciting Loop 
Spaced one-inch 
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-----,o 
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1 + w 

RF Amplifier 

C + D = h 

Support exciting loop on standot'f insulators. Provide slack in sensing loop 

cable to permit field evaluations anywhere inside enclosure. 

FIGURE 8.2 Test Arrangement t'or Evaluation of 
Shielded Roans and Equipment Enclosures 
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obtained. Record this maximum reading and its location. 

6. Accurately measure the dimensions of the exciting loop while in 

place on the enclosure. Then remove the loop and set it up, pre­

ferably in a horizontal plane in an area clear of nearby objects. 

7. Mount the sensing loop in the exact center of the exciting loop 

and align it to be in the same plane as the exciting loop. 

8. Reconnect the leads to both loops and again energize the exciting 

loop at the frequency and current magnitude of step 5. 

9. Read and record the magnitude of the field strength or voltage 

coupled into the sensing loop without shielding. 

10. Evaluate the shielding attenuation. Determine the shielding ratio 

by dividing the unshielded quantity read in step 9 by the maximum 

shielded quantity read in step 5. Then: 

dB = 20 lo RF voltage unshielded 
glO RF voltage shielded 

11. Canpare the shielding attenuation with minimum required levels. 

If the requirements are not met, the defects must be located and 

corrected. 

8.6 Maintenance of Nl!MP Protective Equipnent 

8.6.1 Maintenance Procedures for Electrical Conduits and Fittings 

8.6.1.1 Correction of Discontinuities and other Defects 

1. Follow up periodic discontinuity checks prescribed in Sections 

8.5.1.1 and 8.5.1.2 to precisely locate any shielding defects. 

this may requi~e additional tests with shielding discontinuity 

detectors. 

2. Repair defects. 

J. Recheck in accordance with Sections 8.5.1.1 and 8.5.1.2. 

8.6.1.2 Correction of Deficiencies in Bonding Connections 

Bonding maintenance involves the repair of faulty grounding connec­

tions. The following procedl.µ'es apply: 

.---,,-----~------ ~·-~- . -
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9.0 EMP PROTECTION EVALUATION TECHNIQUES AND PROCEDURES · 

Analyses involving EMP protection techniques and procedures should 

include the following factors: 

1. identification of significant llMP protection design requirements. 

2. determination of alternative techniques and procedures to meet EMP 

protection design requirements. 

J. development or comparative cost evaluation data based upon the 

techniques and procedures determined above. 

4. choice of the most logical protection design weighing cost against 
adequacy of protection. 

Techniques and procedures to meet the NEMP design requirements are 

given in Sections 2.0 and J.O of this report. Cost evaluation data, based 

on 1966 estimates, to implement the protection requirements given in Sec­

tion 2.0 are listed in Table 9.1 for a p0"'1er building. This cost evalua­

tion does not consider the effects of possible carmnercial electric utility 

interconnect ion. 

TABLE 9.1 

PCMER BUILDING EMP PROTECTION COST EVALUATION DATA 

Criteria Requirement Est !mated or 
Reference Section Evaluation Considerations Relative Cost 

2.1 Control Roan Shiel di~ 

2.1.1 Different shielding attenua- $25 x 103 est. 

2.1.2 ti~ are required. For $25 x 103 est. metal skinned connnercial 
2.1.J shielded roams, costs are $25 x 103 est. 

approximately equal. 

2.2 Conduits 

2.2.1 Rigid steel 1.0 re 

2.2.2 »dT (or aluminum) 0.7 re 

---------- --
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Table 9.1 (cont.) 

.. -

Criteria Requirement Esti,mated or 
Reference Section Evaluation Consideratio~ Relative Cost 

2.1 and 2.2 Cable Tr~s Permitted only with overall 0.75 re 
metal shield. 

2.3 WiriES 

2.3.1 Major differences are covered 1.0 re 

· 2. 3, 2 in Sections 2.2.l and 2.2.2 1.0 re under Conduits. -
2.4 Electrical Eguipment 

2.4.1 Differences are in integral 1.10 re 

2.4.2 shielding or. equii:rnents. 1.05 re 

2.4.3 1.0 re 

2.5 Enclosures 

2.5.1 Differences are in shielding 1.10 ro 

2. 5.2 attenuation requirements. 1.05 re 

2.5.3 1.0 re 

2.6 Grounding 

2.6.1 C~lete grounding system $10 x 103 est. 
installed concurrent~ with 
building construction. 

2.7 OpeniESs 

2.7.1 Cost of air, exhaust and per-
so~l openings i:D. structure 
assumed as 
Reference Cost (no shield) $0.0 est. 

Overall Metal Shielding $54 x 103 est. 
Special Repar Shtelding $54 x 103 est. 

Welde~ Wire FabriQ Shielding $54 X lQJ Et,t. 
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Table 9.1 (cont.) 

Criteria Requirement Estimated or 
Reference Section Evaluation Considerations Relative Cost 
'. 

2.8 Penetrations 

2.8.1 Cost of electric conduit 
penetrat;ions in structure, 
assumed as 

R;·:ference Cost {no shield) 1.0 re 

Overall Metal Shielding 0.8 re 

Special Rebar Shielding 1.0 re 

Welded Wire Fabric Shielding 1.0 re 

2.9 · Utiliti PiEi!!i 

2~9.1 Same as Penetrations above. 

2.10 Overall BuildiE_i 
Shieldi!!i 

2.10.1 No building shielding 

2.10.2 Welded wire fabric (6 x 6 -
10/10)@ $0.15 per sq. rt. 

$21 x 103 est. 

2.10.2 Special rebar welding@ $70 x 103 est. 
$0.50 per sq. rt. 

2.11.3 Overall metal shielding (MSR 
power building) with 17811 

$238 x 103 est. 

steel plate@ $1.70 per sq. 
rt. 

The cost data given above were obtained from "Building_ Construction 

Cost Data 1%6", published by Robert Snow Means Company, Inc., Duxbury, 

Massachusetts and the Bechtel Corporation, Power and Industrial Division, 

Vernon, California. At this time it is not possible to estimate the total 

costs of conduits, wiring, electrical equipment, and equipment enclosures. 

In the table, therefore, only relative costs have been given for those items. 
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These relative costs are quite useful in that they make it possible to eva~ 

luate alternative shielding methods such as adding an overall metal shield 

and consequently substituting cable tray or EMT construction for cpnduits. 
As an example of the use:f'u~ss or the data in Table 9.1, a cost cem­

parison and cost evaluation of protection requirements, based on the most 
restrictive performa.."lCe requirements and severest site enviroIUDAnt, is 

given in Table 9.2. This table is particularly orierrted towards a pCMer 
building because, for all environments being considered, there are no dif­

ferences in the design criteria requirements for facilities. In order to 
present comparison data for other possible building shielding arra?igements, 
overall metal, special rebar walding and welded wire fabric were considered. 

Comparison of the "overall metal shielding" column Hith the last column or 
Table 9. 2 shows a cost advantage greatly in favor of "no building shield". 

Another cost comparison can be made between the extremes given in 
Section 2.0 criteria requirements for system performance and site environ~ 

ment requirements. This comparison is made in Table 9. J and l;lhow~ on'.cy' a 
small cost difference between the NEUP design requirements for the two 

grossly different canbinations of performance and environment require~nts. 
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TABLE 9.2 

POtlER BUILDING EMF PROI'ECTION COST CCMPARISON 

Criteria Requirement Overall Metal Special Rebar Welded Wire No Building 
Reference Section Plate Shield Welding Fabric Shield 

,. 

2.1 Control Room 
2.1. 1 $0.0 $25 X lOJ $25 x lOJ $25 x lOJ 

----
2.2 Conduits 

I 
2.2.1 1.0 re* 1.0 re 1.0 re 
2~2 ~2 0.7 re 

2.J Wiring 
2.J.l 1.0 re 1.0 re 1.0 re 1.0 re 

2.4 Electrical 
Eg,ui~ent 

2.4.1 1.1 re 
2.4.J 1.0 re 1.0 re 1.0 re 

2.5 Enclosures 
2.5.1 1.1 re 
2.5.J 1.0 re 1.0 re 1.0 re 

·-
2.6 Groundil?.( 

leas th~ 
2.6.1 $10 X 10 $10 X 103 $10 X 103 $10 X 103 

2.7 Openings 
2.7.1 $54 X 103 $54 x lOJ $54 X 103 $0.0 

2.8 Penetrations 
2.8.1 0.8 re 1.0 re 1.0 re 1.0 re 

i,.-. ... .... 

Overall BuildiE& 
$238 X 10J $70 x l03 $21 .x 103 $0.0 Shield 

-
* re= relative coat 
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TAaLE 9.J 

PCMER BUILDING PROTECTION COSTS VERSUS 
PERFORMANCE REQUIRJ!MENTS AND ENVmOtMENT 

(No Special Building Sl\ield) 

Cost Comparison 

Criteria Requirement a% Bua Voltage 50% Bus Voltage 
Reference Section 1000 A/meter 100 A/meter 

•:~.M.....,.,. 

2.1 Control Roan 

2.1.1 $25 X 10J 

2.1.J $20 X lOJ 

2.2 Conduits 

2.2.1 1.0 re* 
2.2.2 0.7 re 

2.J Wiring 

2.J.l 1.0 re 

2.J.2 l.O re 

2.4 Electrical E_guipment 

2.4.1 1.05 re 

2.4.J 1.0 ro 

2.5 Enclosures 

2.5.1 1.05 re 

2.5.J 1.0 re 

2.6 Grrunding ,. 

2.6.1 $10 X 103 $10 X 103 

2.7 O~ni~s 

2.7.1 l.O re l.O re 

2.8 Penetrations 

2.8.1 1.0 re 1.0 re 

* re= relative cost 

.,.__.. ______ ,......,_. I WA1m.&i'4¢¥04.p;;tOf$@ I P 

~-
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10.0 SUPPLEMENTARY REFERENCE INFORMATION 

10.l Grounding 

10.1.1 Grounding, Counterpoise, and Bonding 

General requirements of a protective system with respect t o grounding, 

counterpoises, and bonding are based on four considerations: 

1. The unwanted current must be conducted into the earth along a con­

trolled path. 

2. The current path shoul d have as l ow a res i stance as practical and, 

to minimize inductance, should be as short and as direct as 

possible. 

J. In areas where electr i cal equipment is located, a uni form pot en­

tial ground plane should be established. 

4. In areas frequented by personnel, so-called "touch" and ''step" vol­

tages should be prevented. These are the voltages that could exist 

between two pieces of equipment which an operator .:!oul.d simulta­

neously touch; or voltage differences that could exist between the 

point .where a man is standing and equipment he could t ouch, or vol­

tage differences that could exist between a man's feet. 

The first step towards meeting the above requirements is to provide a 

controlled path to conduct current into the earth. 

10.1.2 Ground Rods 

Current through a ,resistance path between a point of entrance and the 

earth will produce a voltage drop that might be dangerous to personnel and 

equiJmmt. At times, Uriwanted currents can be quite large; therefore, the 

resistance or the discharge path must be kept as small as possible. For 

this reason, structures or equipment that form part of a current discharge 

path are required to be electrically grounded; that is, have low resistance 

connec·tions to earth. The resistance of such a current path is generally 

the sum of the resistances of the metallic structure or equi pment ~nil its 

joints, as well as the ground resistance~ Usually: the ground resistance 
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is the largest component of resistance in a current path. 

To understand what :i,s meant by the term "ground resistance", certain 

underground electric current phenomena must be studied. The phenanenon of 

current conduction through the earth (a three-dimensional body) loses the 

simplicity of linear wires by which currents are usually directed. Fur­

ther, the ground under the earth's surface is not homogeneous; this makes 

a rigorous analysis of the distribution of ground currents very difficult, 

if not impossible. However, a quantitative analysis or electric currant 

phenomena in the ground is possible if homogeneity is assumed. Such an 

analysis will allow numerical calculations and permit definite conclusions 

to be drawn. The literature on ground resistance 1.a extensive and needs 

little expansion. The purpose or the paragraphs that follow is simply ' to 

provide a capsule introduction to ground resistance. 516 

To better understand earth-current phenanena, a simple electrode in 

homogeneous earth will be considered. 'l'he meter-kilogram-seciond (MKS) sys­

tem of units will be used for the analysis, 

The simplest electrode. geanetrlcally, is a hemisphere of radius (r 

meters) embedded in the earth as shown in Figure 10.1. If a current (I 

amperes) is passing through this electrode and spreadul.l radially into the 

ground, the current density at a distance (x meters) from the center of 

the hemisphere is (J amperes/meter2) 

where: J = Ix2 amperes/meter2 
2 n (1) 

According to Ohm's Law, such a current density produces an electric field 

strength (e volts/meter) because or the resistivity (p ohms-meter) or the 

earth, or 

e = pi = p I 
2 

volts/meter 
2 TT X 

(2) 

The voltage, as the line integral of the field strength from the surface 

of the conducting hemlsphere out to any distance (x meters) is 
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E = lx p I Jx dx P I 1 1 
edx = - ~ = - ( - - - ) 

2TT r x 2TT r x 

where r = radius of conducting hemisphere in meters. 

The total voltage between the hemisphere a,.~d a far-distant point 

preaching infinity) is: 

E = 
P I 

2 TT r 
volts 

(J) 

(x ap-

(4) 

The total resistance offered by the ruul."'_;l:plici'ty cf currer::.t paths diverg­

ing from the hemisphere is then 

R = ~ = __e__ 
I 2 TT r 

(5) 

As an example, a hemispherical electr ode of radius (r) = 1 meter em­

bedded in soil of resistivity P ~ 10 ohms-meter will have a ground resis­

tance of 
R = ;, :-.: 10 ohms-meter = l. 6 ohms 

2 TT r 2 TT (1 meter) 

This is the resistance to the passage of electric currerrt from the elec­

trode t.o the entire surrounding space. Most of this resistance is encoun­

tered in the region immediately around t he electrode because the surface 

area there is comparatively small. Analysis of Equation (J) ahows that 

fifty percent of the total voltage drop resulting from the current through 

this r esistance occurs between the surface of the electrode and a point at 

a distance (x == 2r), and that n:l.nety percent of the drop occurs between the 

electrode and a point at a distance ( x ~ lOr). For the example calculated, 

these distances are two meters and ten meters, respectively. The voltage 

gradient at point on the surface or the earth in proximity to a grounding 

electrode when carrying current, expressed as a percentage of the total 

electrode drop, is shown :f.n Figure 10.2. 

A significant potential difi'erence can exist between two adjacent 

points; for ·example, between poi.nts "a" and "b" on the surface of the earth 

---.......... -----~ ' ~ . ·~----------
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near a current-carrying groJ.nding electrode with a radius or one meter and 

with a total ground resistance of 1.6 ohms. For a current or 10,000 amperes, 

the potential difference between point "a", at two meters from the center or 

the electrode, and point "b", at 2-1/2 meters from the center, is shown to 

be approximately 1600 volts. 

Voltages df this order, existing between two points only one half meter 

apart on the surface or the earth can be harmful to people and electrical 

equipment. 

Thus far, a simple hemispherical electrode has been used to illustrate 

the effects of ground resistance upon ground electrode potentials and the 

voltage gradient (potential difference) along the surface of the earth near 

a current-carrying ground electrode. Exactly the same phenomena occur with 

the more commonly used ground rod - an electrode having a length much 

greater than its diameter. 

Ground rods usually come in 8 to 12 foot lengths which may be joined 

by couplings for driving to greater depths. Rod diameters are generally 

less than one inch. The resistance of a driven ground rod is, from Dwight6 

approximately 

R 
p 

[(2.JOJ log~) - 1] = 2 TT .(, r 

where p = ground rEsistivity, in ohms-meter 
.(, = length of rod, in meters 

r = radius or rod, in meters 

Table 10.1, from Sunde7 , shows the variations in grOU11d resistance 

with various rod lengths and diameters. Data for this table were obtained 

from Equation (6) using a ground resistivity p of. 100 ohms-meter, assumed 

to be unifom for the depths to which the rod is driven. Actua11y, the 

ground resistivity would vary somewhat with depth, being less at perma­

nent moisture levels than near the surface. 

Inspection of Equation (6) and Table 10.1 shows the following: 

1. &tall diameter rods driven to practical dept hs are nearly as 

~-------~--i--1----- ~· 
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effective for driven grounds as large diameter rods driven to the 

same r-apths. This is illustrated in Figure 10. J, chart A. 

2. The depth to which a ground rod is driven is very important , up 

to practical limits. Since the ground resistance decreases expo­

nentially with driven depth, driving a rod beyond a practical 

depth is accompanied by only a meager reduction in g1•ound resis­

tance, This is illustrated in Figure 10.J, chart B. 

J. The ground resistance obtainable with a driven r od depends directly 

upon the average earth resistivity of the soil into which it is 

driven. Ground resistance may vary considerably with soil and 

moisture contents, as shown in Table 10.2 from Watt8. 

From the fact that the ground resistance varies di rectly with the 

earth resistivity, and from the data of Tables 10.1 and 10.2, the ground 

resistance of any ground rod can be quic ;cly approximated. As an example, 

a 1/2-inch diameter rod driven ten feet into marine sand would offer a 

ground resi.stance between O. 35 ohm and 3. 5 ohm, the actual value being 

predominantly affected by moisture content. 

A nomogram relating the basic factors discussed above t o the resis­

tance developed with a single driven ground rod is presented in Figure 

10.4. This is useful in quickly determining the ground r esistance with 

variations in the parameters. 

To illustrate the use of the nomogram it will be assumed that a sin­

gle rod 5/811 in diameter is driven ten feet into soil having a uniform 

resistivity of 20 ohms-meter. To find the ground resistance, proceed as 

follows: 

1. With a straightedge, align the 10-foot division on the length (L) 

scale with the 5/811 division on the diameter (d) scale, and mark 

the point at which the straightedge intersects the uncalibrated 

(q) scale. 

2. Align this point with the 20 ohms-meter division on the resisti­

vttJ .,.(P) scale, and read out the corresponding ground resistance 
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TABLE 10.1 

GROUND RESISTANCE (OHMS)* OF VARIOUS LENGTHS AND DIAMETERS 
OF DRIVEN GROUND RODS 

Ground Rod 
Dr~ven Depth of Ground Rod(s) 

Diameter 1 2 5 10 20 50 
(inches) foot feet feet feet feet feet 

0.5 225 132 62 35 19.2 8.7 
1 188 llJ 55 31 17.J 8.0 
2 151 95 47 28.5 15.5 7.2 
4 115 77 40 25 13.6 6.5 

12 69 51 2S.5 18.1 10.9 5.4 
24 44 35 21 14.4 9.0 4.6 

* Based on earth resistivity (p = 100 ohms-meter) 

TABLE 10.2 

REPRESENTATIVE VALUES OF EARTH .3.ESISTIVITY 

100 
feet 

4.7 
4.J 
4.0 
J.6 
J.O 
2.6 

Approximate Resistivity 
Material (ohms-meter) 

good 10 to 102 
Soil average 102 to 10J 

poor 103 to 104 

Water sea 0,2 to 0.25 
fresh 10J to 104 

marine sands and shales l to 10 
marine sandstones 1 to 102 

Sediments clay 10 to 102 
sandstone (wet) 102 to 104 
sandstone (dry} 1o4 to 107 
limestone 104 to 108 

Igneous Rock granite 103 to 109 
basalt 105 to 109 

-
slate 101 to 10~ 

Metamorphic marble 10 to 10 
gneiss 103 to 107 
serpentine 1.oJ to 107 
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(6,6 ohms) on the R-scale, 

Now suppose thnt the 6,6 ohm r esist.a.nee must be reduced to 2. 5 ohln!1 

to me~t a specification. 1\ro practical methods or reducing the rod resis­

tance are possible. 

The first involves reducing the earth resistivity by chemical treat­

ment, retaining the 10 foot, 5/8" diameter rod, On the nanogram, align the 

desired resistance division, 2. 5 on the R scale _. with the mark on the q 

scale and read the resuired soil resist 1 vity 7. 5 ohms-meter on the p scale . 

The second method requires driving the rod t, (1 a greater depth, assum­

ing the original ground resistivity (20 ohms-meter). On the nomogram, 

align the 2.5 ohms division on the R scale with the 20 ohms-meter division 

on the p scale and mark the point of intersection or the straightedge on 

the q scale. TI1en align this point with the 5/811 division on the d scale 

and read the required rod length, J2 feet on the L scale. 

It is, of course, practical and possible to use a combination of 

these two mathods to attain a required rod resistance; on the other hand, 

the nornogram discloses the impracticality or using a larger diameter rod, 

if the original length and earth resistivity could not be altered. 

When it is not possible to obtain the desired ground resiutance from 

a single ground rod, several ground rods may be driven and connected 1.n 

parallel. If the spacing between rods is large compar~d to the driven 

depth of the individual rods, the ground resistance will be reduced in 

proportion to the number of rods. If, however, the rods are close to­

gether, each rod will be in the intense electrical field of its neighbor, 

and the ground resistance will not be reduced proportionately, 

If the rods are very close together the overall resistance becaoos: 

R a 
2 • 303 P log 2.!. (7) 
2nt A 

where A represents the radius or an equivalent rod, The expressions in 

Figure 10.5 show how the equivalent radius (A) depends on rod geaootry. 
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In ench case, "r" denotes the radius ot' the indiv1.dual rods. I£ the roda 

are moderat{~ ly close ·t,o each other, the overall roaistance will be more 

than if th same number of rods wer e driven far apart, For instance, u,s ing 

F~uations (7) and (8) with the necessary metric conversions, two J/4 inch 

diameter, 10 t'oot rods in parallel, driven one foot apart in a soil or resis­

tivity of 10 ohms-meter will have a resistance of 2.5 ohms. The same two 

rods driven ten fp,et apart in soil of the same resistivity will have a com­

bined ground resistance of 1.9 ohms. Lewis9 gives additional information on 

ground rods in parallel as a function of their spacing. 

Appropriate to the topic of grounding is a short discussion on the 

measurement or ground resistance. The fundamental method of measuring 

ground resistance makes use of the basic connections shown in Figure 10,6, 

Gurrent is circulated between the ground under test and an auxiliary ground, 

Preferably, this auxiliary ground should be located at a distance that is 

large compared to the dimensions of the ground under test, since it is not 

desirable to have interaction of the ground current distributions at the 

two electrodes. A voltage is then measured between the ground under test 

and a reference ground located somewhere between the two current-carrying 

electrodes. This reference ground should also be so located that it is not 

in the electric field of either of the current-carrying electrodes. Assum­

ing that placement is such that the current density at the reference elec­

trode is negligible, the resistance of the ground under test is: 

V 
R = I 

where Vis potential difference between the ground under test and the refer­

ence ground, and I is the current between the ground under test and the 

auxiliary ground. 

The measurement may be made using a voltmeter and ammeter with current 

being supplied by a transformer energized fran ac power lines, Alternately, 

a bridge may be used for the measurement. Most often, however, ground re­

sistance is measured with self-contained instruments such as the James G. 

Biddle Company's "Megger" ground resistance tester. 
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Wh(:n mo,wuring the ground resistance of an ex·~enuivt.: ffLr ucturc or 11 

com:rkx groundi.ng t,y:;tem, it may be difficult tn plo.c 'Lhe uuxil inry cur­

ren·t ground or the r eference ground sufficiently far from the ground under 

te s·t thnt the electric fields of the electrodes do not interact. Curdts
10 

hAs shown thut substantially the correct ground resistance is measured if 

the reference ground is placed at a point approximately 60 percent of the 

distance measured from the ground under test to the auxiliary ground. If 

the system is large, errors may be encountered as a result of stray cur­

rents in the ground from outside pwer sc.,urces. These will affect the accu­

racy of the ground resistance measurements under certain conditions. How­

ever, no such errors are introduced when using a self-contained ground 

t ester, since the current frequency of the test set :is generally different 

from the frequency of the interfering currents, Such interfering current 01 

11 can also be balanced out in the measuring instrument. Duke and Smith 

have described a sixty-cycle test set which contains such bqlancing cir­

cuits. This set is used for the measurement of low-impedance grounds . 

10.1.J Counterpoise 

A counterpoise is a continuous bare wire, or a network of bare wires, 

buried in the ground parallel to the surface. The seve ral functions of 

the counterpoiae are as follows: 

1, to reduce the resistance of grounding electrodes, 

2. to interconnect grounding electrodes. 

J. to provide a convenient means of grounding equipment anrl circuits. 

4. to reduce voltage gradients at the earth's surface. 

5. to "by-pass" undesired currents by conducting them away from the 

equipment and circuits being protected. 

The resistance of a single buried horizontal wire is, from Section J . 6 
7 of Sunde , 

R • TTP -t [(2. JOJ log/~ ~d) - 1] 
when 
d << -t 

(J.l) 
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t • length or wire, in meters 

r • wire radius, in meters 

d • burial depth, in meters 
Table 10. J shCMs how crunterpoise resistance to the earth varies with 

buried length and depth. 
Equation (11) assumes that the potential is uniform over the entire 

length or the counterpoise. If a counterpoise is very extensive, it will 

not be at the same potential all along its length and Equation (11) will 

not hold. However, from a practical viewpoint, the diameters and lengths 

or counterpoise conductor normally used are such that errors introduced by 

inherent counterpoise resistance may be neglected. 

TABLE 10.J 

RESISTANCE TO EARTH (OHMS)* OF HORIZONTAL GROUND WIRE** 
AT THE SURFACE AND AT A DEPTH OF 12 INCHES 

Ohms for Wire U!ngth 
10 20 50 100 200 500 

~l Depth feet feet feet feet feet feet 

0 - at surface 80 45 19.4 10.4 5.6 2.4 
12 inches 47 27 12.8 7.1 J.9 1.75 

* Based on soil resistivity of 100 ohms-meter 
** Wire gauge - No. 10 AWG (.00127 meter radius) 

1000 
feet 

1.29 

0.95 

Another consideration in determining the effective resistance to earth 

or a countel")?Oise is its transient response (surge impedance with respect 

to time) when it is conducting a current pulse. Initially, the effective 

resistance is relatively bigh - of the order of 150 ohms. This is defined 

as the "initial surge impedance". As the pulse propagates along the coun­

terpoise and enters the earth, the surge impedance or the counterpoise de­

creases progressively, eventually reaching a steady-state condition or 
minimal resistance. 

Toe sur~e propagates into the earth surrounding the counterpoise at 
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roughly one-third the speed or ligh~. As an example , approximately three 

microseconds or t ~ne would be required for a current surge to traverse a 

1000 root length or counterpoise . For a given l ength of buried conductor, 

the transient response will reduce to the steady-state minimum resistance 

raster if the counterpoise is made or several short, radial conductors than 

if it is just one long wire . Figure 10.7 from Lewis9 shows how the tran­

sient response or buried conductors varies with several counterpoise con­

figurations. In the case or dr iven ground rods, the final resistance is 

attained quickly, since the rods are relatively. short. (Widely-spaced 

ground rods cannot attain their ultimate, minimum resistance to earth until 

the current surge reaches the most distant rod.) As a practical matter for 

counterpoise application the first 250 feet or buried conductors are the 

most effective for grounding surge currents. This is brought out by Figure 

10.7 which shows that a buried counterpoise of four radial elements (L • 250 

feet per element) will attain an assumed impedance of t en ohms in less than 

two microseconds. The same amount of conductor arranged as a three-element 

counterpoise will attain the same impedance, but in a time of 2.5 micro­

seconds. Corresponding times for two radial elements and a single element 

counterpoise are four microseconds and over ten micr oseconds, respectively. 

Assuming soil or the same resistivity, a greater length of counterpoise con­

ductor buried deeper than the counterpoise or this example would produce 

lower ultimate effective impedances. 

Ground resistance decreases with increasing current (until the current 

heats the soil moisture to the boiling point). The proportional reduction 

in resistance is less for grounds of low resistance than for grounds or 

high resistance. Figure 10.8, from Lewis9, shows typical measured values 

or ground resistance as a !'unction or various impulse currents. 

10.1.4 Bondingl2 

Bonding is defined as providing connections between parts that must be 

electrically continuous, such as mechanical joints in metallic structures, 
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electrical connections of conduits or piping to structural metal, or inter­

connection of reinforcing metals in concrete structures. Bomling is neces­

sary for the following reasons: 
1. Bonding provides a minimum resistance and direct path for surge 

current from the point of entrance to the earth. 

2, Bonding protects personnel from shook hazard, resulting from inter­

nally faulted equipment. 

J. Bonding prevents the accumulation of static charges that produce 

radio interference as well as create a shook hazard and, by peri­

odic sparking, an explosion hazard, 

Applications or bonding usually involve flexible connections, capable 

of withstanding vibration and shook. Materials used for bonding should be 

able to resist fatigue; substitutions or improper, shorter, or fewer bond 

straps than reoamnended can canpromise safety. It is essential that bonds 

be inspected at regular maintenance intervals and replaced promptly when­

ever broken strands are discovered. 

Bonding application in connection with shielding and the other protec­

tion techniques is fully covered in Section 5.0. 

10.2 Cathodic Protection or Grounding Systems 

10.2,1 Concept or Galvanic Action 

For the protection of personnel and electrical equipment, power plants 

and similar installations are constructed with an extensive grounding grid, 

bonded to other metal structures to provide low resistance return paths for 

fault currents. This protective network generally consists or various 

metals selected for reasons other than their resistance to corrosion. When 

buried in conductive soil, these dissimilar, interconnected metals consti­

tute a large galvanic cell, as shown in Figure 10.9, which can produce cor­

rosion of undergroond structures. 

A galvanic cell is created when relatively uncorrodible metals, such 

as copper, are buried in low resistivity soil in close proximity to more 

I 

I 
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corrodible metals, such as steel. Such soil, acting as an electrolyte, 

completes the circuit. The degree of galvanic action that results is in­

fluenced, in part, by the relative positions of the metals in the Electro­

motive Series, as shown in Table 10.4. 

Potentials of the metals in the Electromotive Series are expressed 

with reference to the arbitrarily designated zero potential of the normal 

hydrogen electrode. The present convention is to show alkali metals as 

negative; thus an ordinary de volt~ter must have its posit i ve terminal 

connected to the cathode, or noble, terminal of a galvanic cell and its 

negative terminal connected to the anode, or corrosive, terminal of the 

cell to read upscale. In Figure 10.9 the steel is the negative terminal 

and the copper is the positive terminal. 

It is important to note that this table should never be used as more 

than a rough guide to the behavior or a galvanic couple, because the po­

tentials are profoondly influenced by the films formed on the surfaces or 

the metals. These films, in turn, depend on the chemical composition or 

the electrolyte and other environmental factors. 13 

The amount of corrosion current is governed by the relative potentials 

of the diss lmilar metals and by the resistivity and temperature of the soil. 

Consequently, the higher the differential between the metal potentials and 

soil temperature and the lower the soil resistivity, the greater the rate 

of galvanic corrosion. The corrosion rate is also affected in a degree by 

the distance between the anode and cathode metals and their area ratio. 

structures found to be particularly wlnerable to corrosion are gener­

ally those placed close to electrical grounds. These include tbe following: 

1. underground metallic pipes such as gas, oil and water lines, sewer 

pipes, drains, and culverts. 

2. tower footings for electrical transmission l ines. 

j. pole line ground anchors and rods . 

4. tower foot ings for radio transmi tters . 
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TABLE 10.4 

ELECTRCMOTIVE SERIES OF METALSlJ 

~ 

Based on Hydrogen Reference Electrode= 0.00 V 

Potential in Volts 

Sodium 

Magnesium 

Zinc 

Aluminum Alloys 

Cadmium 

steel Alloys 

Wrought or Cast Iron 

U!Bd 

Tin 

Brasses 

Tungsten 

Antimoey 

Copper 

Bronzes 

Cupro-Nickel Alloys 

Monel 

Nickel (passive) 

stainless steels (passive) 

Mercury 

Silver 

- 2.71 

- 2.J7 

- 1.10 

- 0.9J to - 0.70 

- 0.80 

- 0.51 to - 0.4J 

- 0.42 

- 0.40 to - 0.12 

- O.J9 to - O.lJ 

- 0. 1 ~ to - 0.07 

+ 0.05 

+ 0.10 

+ 0.25 

+ 0.25 to+ 0.27 

+ 0.28 to+ O.JO 

+ 0.Jl to+ 0.JJ 

+ O.J5 to+ 0.38 

+ 0.57 to+ 0.64 

+ 0. 79 

+ 0.80 

Alkali or 

Anodic End 

( Carros i ve ) 

Noble or 

Cathodic End 

(Non-corrosive) 
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5. buried and on-ground storage tanks. 

6. circulating water intake screens and frames. 

7. water boxes of surface condensers and heat exchangers. 

8. exterior and interior surfaces or storage tanks. 

9. building steel-reinforcing mats. 

10.2.2 Approaches to Cathodic Protection 

Cathodic protection, or measures for lessening the effects or galvanic 

action, can be provided by three general methods. These are often used in 

canbination and are as follOW's: 

1. Coating. All ungrounded metallic surfaces except those left bare 

for groo.nding purposes are carefully coated with a material having 

suitable electrical insulation strength and chemical ability to 

resist corrosion damage over a long period. 

2. Sacrificial Anodes. These anoder:., often used in conjunction with 

protective coatings, are electrically connected to the metal struc­

ture, pipe, etc. that requires protect ion. Sacrificial anodes are 

composed or an elkali metal having a highly negative electromotive 

potential to n ... t as the anode or a galvanic cell. Thus, current 

tran the structure tends to travel through this anode corroding it 

rather than attacking possible bare areas in the protective coat­

ing. These anodes are often installed in water tanks and intakes 

to react with corrosive water and protect the metal interiors. 

Because of their tunction as corroding anodes, they are expenda­

ble; therefore, they must be inspected at regular intervals and 

replaced periodically. 

). Opposing Voltage. This technique ot cathodic protection utilizes 

an outside source of voltage opposing the voltage of the galvanic 

cell. As sha.m by Figure 10.10, this countervoltage source is in­

stalled with its negative terminal connected to the structure being 

protected and its positive terminal connected to a remote drain 
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bed. By adjusting the opposing power source, the galvanic poten­

tial of the building or elements to be protected can be offset, 

minimizing the galvanic current and its corrosive effects. 

In water tanks and water intakes, anodes connected to the posi­

tive side or a de power source will provide the required protective 

current. Such anodes require periodic changing. 

Combinations or all three or the above cathodic protection methods are 

used in most large installations. The extent to whfoh these are applied 

depends entirely upon the corrosive environment. Coatings should not be 

used as the only means or cathodic protection because corrosion effects will 

then be concentrated at all the weak points in the coating. Sacrificial 

anodes and/or an electrical cathodic system are also required to minimize 

these effects. 

10.2.J Cathodic Protection or Electrical Installations 

Cathodic protection or extensive electrical installations such as a 

power plant and its interconnected remote facilities will involve making 

a preliminary survey to determine incidence or the site to corrosion, cor­

relation of this preliminary survey with the plant layout, applying catho­

dic protection techniques, and conducting certain measurements after the 

construction id complP.te. Each of these steps wtll be covered in detail 

in the following subsections. 

10.2.J.l Preliminary Survey 

The requirements for cathodic protection or a power plant or similar 

installation require an initial survey or the environmental condition.a at 

the site. The survey should include climatic temperature, drainage and 

aeration, soil resistivity, "half cell" potential measurements, and corro­

sion data history on other or previous installations in the vicinity. 14 

.Details or each or these survey factors are given below. 

l. Temperature. Corrosion takes place when the anode o.f a galvanic 

cell disintegrates in an aqueQls solution (electrolyte). The 
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electrochemical reactions are intluenced exponentially by tempera­

ture; discontinuities occur at or belCM freezing levels. 

2. Drainage and Aeration. Drainage and aeration at't'ect the chemical 

action and resistivity or the soil. In areas that are poor~ 

drained (in et'fect, submerged), chemical impurities may increase 

the electrical conductivity or the electro11te and accelerate the 

rate or corrosion. 
). Soil Resistivity. Soil resistance measurements should be made at 

the site and plotted on a map or the proposed installation. When 

appraising resistivity measurement·s or the soil in a given area, 

maxiDum reaistivities should be disregarded, because these can be 

due to local iDQlusions or rock, gravel, or sand, or to a local 

condition or high surface resistance. Resistivity varies with the 

type or soil and may range trom practic~ zero to 3000 or more 
ohms-meter. Table 10. S lists average resistiv~ • .ies tor various 

kinda or soil. 
TABLE 10., 

TrPIS or OOIL AND RESISTIVITms21 

Soil -
Sea Water 

P'q Ash, Cinder• 
Red Clay 

YellCM Clq 

Loam 

Sand, Gravel 

Resistivity (obma-metecl 

Practica~ mero to 0,3S 
2 to 20 

lS to ,o 
,o to 1,0 

,0 to 300 
1,0 or more 

Wide variations in soil re1i1tivity are otten found in areas 

only a rev miles apart. It ii poa1ible that at a aiven site the 

resistivity variations may be small, but in extreme cue•, they 

may be quite large. '!ht actual locatiana ot areas with ditrerent 
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soil resistivities should be lmown in order to provide adequate 
cathodic protection. In soils with resistivities 1;reater than 100 

ohms-meter, the threat of corrosion is not enough to cause concern. 

Soils with resistivities less than 100 ohms-meter are the ones 

that can cause corrosion. The degree of corrosion can be ,classi­

fied as shown in Table 10.6. 

TABLE 10.6 

CORROSION AS A FUNCTION OF OOIL RESISTIVITYJ.4 

Soil Resistivity (ohms-meter) Corrosion Effect 

10 or less Severe 

10 to 50 Mild to Severe 

50 to 100 Mild, if aerated 
100 or more Very mild 

4. "Half Cell" Potential Measurements. At the site where soil resis­
tance measurements are made, measurements should also be taken of 

the potential between structural steel elements and a copper/copper 

sulfate "half cell" (see Section 10.2.5). SUch potential measure­

ments are needed particularly in those areas where resistivity read­

ings were 1011 and buried structures are to be located. These poten­

tial readings afford a second method or checking possible corrosive 

action and they are related to corrosion as shown in Table 10.7. 
TABLE 10.7 

CC!mOSION AS A P'lJNCTION OF POTENTIAL BE'NEEN 
METALS TAKEN WITH cu/CUS>4 "HALF CELL11 14 

Volts steel to Copper (minimum) Probable Corrosion Effect 

O. 55 or more 

0.45 to O, 55 

O. 30 to 0.45 

0.15 to O. 30 
0.15 or less 

Severe 

Moderate 

Mlld 

Very mild 

Practically .none 
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5. Corrosion History. If any reasonably complete corrosion informa-

tion for the area is available, it can usually be obtained fran 

local utility companies. This history should not be used as design 

information, but it is use!'Ul to correlate with the results of the 

resistivity and potential measurements taken at the site. 

10.2.J.2 Correlation or Preliminary Survey and Plant Layout 

A layout should be made or the proposed plant site. All plant canpo­

nents such as building, tunnels, pipes, tanks, fences and grounds should be 

indicated. Although complete detai~s may not be ~vailable, information as 

to types of material and the generel location or dissimilar metals can be 

estimated. This layout, correlatej with the results or the corrosion sur­

vey, will fairly well define the system cathodic protection requirements. 

10.2.J.J General Practices for Cathodic Protection 

This section lists briefly the general practices for applying cathodic 

protection; specific practices are given in Section 10.2.4. 

l. Concrete provides an excellent protective coating for steel, cop­

per, and zinc and is used on all structures wherever possible. 

steel encased in concrete assumes a more cathodic or noble poten­

tial than steel in direot contact with soil. The potential devel­

oped by steel in concrete is usually of the same polarity and order 

or magnitude as copper in soil. Therefore, very little corrosion 

will circulate. 

2. other coatings are used for all metals such as pipes and tanks that 

cannot be encased in concrete. &!ch coatings are composed ot dif­

ferent grad.es of coal-tar and asphalt enamels with various rein­

forcements added. The principal value or coating is to interpose 

electrical resistance between the electrol¥te and the metal and to 

keep the metal dry in order to inhibit corrosion. 

J. Sacrifio ial anodes, as previously described, are used in conJuno­

tion with surface coatit1ga, especially 1n those areas where tbe 



Section 10 - Page JO 

coating may be inadequate or where no coating can be applied be­

cause or mechanical problems. 

4. Electrical cathodic protection systems employing externally ener­

gized anodes are used wherever coatings and sacrificial anodes are 

not capable or minimizing the corrosion current. Provisions should 

be made in the plant design ror installation or these systems ir 

initial design indicates a marginal condition with regard to corro­

sion severity. Attachment or metal coupons to structures or bury­

ing metal samples in suspected areas or severe corrosion may aid 

in identifying the need ror an electrical cathodic protection sys­

tem. More than one such system may be required ror a site, depend­

ing upon the distance between buildings, the lengths or water in­

takes and pipe runs, etc. 

10.2.J.4 Post-Construction Procedures 

Arter the plant is constructed, measurements should be taken or the 

potential or various structures to a copper/copper sulfate "half' cell". 

&lch measurements will indicate the corrosion threat and may dictate the 

necessity of' installing an electrical cathodic protection system. Ir this 

type of' system has already been installed, the measurements will facilitate 

adjustment of' the system to the proper counter-current levels. 

Following construction, all cathodic protection installations shall 

require periodic checks. These will include inspection of coatings, "half 

cell" potential measurements, adjustment of electrical cathodic protection 

syatem(s), or replacing sacrificial anodes. 

10.2.4 Specific Practices in Cathodic Protection 

Specific practices to be followed when applying cathodic protection 

are detailed in the next eight subsections. 

10.2.4.1 "Half Cell" Potential Criteria 

All cathodic protection 91stema are designed basically to provide 

alkali or corrodible meta.la such as steel with a negative potential greater 
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than the potential of copper, as r eferenced to a copper/copper sulfate 

"halt' cell". 

Table 10.8 lists metals and typical potentials normally observed in 

neutral soils and waters, measured with respect to this Cu/CuS04 "halt' cell". 

TABLE 10.8 

TYPICAL POTENTIALS OF META.LS NORMALLY OBSERVED IN NEUTRAL SOILS .\ND WATERS16 

(referenced to a copper sulfate electrode) 

Metals 

Canmercially pure magnesium 

Magnesium alloy (6% Al, J% Zn, 0.15% Mn) 

Zinc 

Aluminum alloy (5% Zn) 

Coomercially pure aluminum 

Mild steel (clean and shiny) 

Mild steel (rusted) 

Cast iron (not graphitized) 
u,ad 

Mild steel encased in concrete 

Copper, Brass, Bronze 

High-silicon cast iron 

Mill scale on steel 

Carbon, Graphite, Coke 

"Half Cell" Potentials 

- 1. 75 V 

- 1.6 V 

- 1.1 V 

- 1.0 V 

- 0.8 V 
- o.; to - o.8 v 
- 0.2 to - 0.5 V 

- 0.5 V 

- 0.5 V 

- 0.2 V 

- 0.2 V 

- 0.2 V 

- 0.2 V 

• O.J V 

These values of potentials are normally observed in soils and waters 

which are neither markedly acid nor ttlkaline. Depending on actual condi­

tions, individual potential measurements may vary by 0.2 volt or more. 

All measurements shall be made using a copper/copper sulfate "halt 

c!ell" with a potential or 0. 3 volt as the reference anode. To exceed the 

steel to copper potential requl.res that the steel, when measured vlth the 

copper/copper sulfate "halt cell", be greate.r than - 0.85 volt. (Normal 
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practice is to maintain a potential from - 0.85 volt to-1.00 volt by using 

sane rorm or cathodic protection.) 

10.2.4.2 Concrete Coating 

The following criteria will apply to concrete coatings: 

1. All underground metal structures, except piping and cabling and 

rods used ror grounding purposes, should be encased in at least 

two inches or concrete. The concrete mixture, unless specified 

for construction purposes, shall be composed or one part Portland 

cemant and two or three parts or coarse, washed sand. Cale ium 

chloride or other salts used as concrete additives should be eli­

minated or restricted to contents or less than one percent. 

2. Metallic piping (conduits, etc. ) shall be coated with insulat i.ng 

organic materials as prescribed in Section 10.2.4.J, but in addi­

tion, concrete coatings not less than two inches thick shall be 

applied over such piping tor a distance or twenty feet rrom aey 
structure. At all Junctions or 1.he concrete and organic coatings, 

the organic coating shall be applied first, followed by the con­

crete coating extended over the insulating coating ror at least 

two feet. Care must be taken to avoid uncoated metal in the pip­

ing or conduit runs, because steel encased in concrete tends to 

be highly cathodic to bare steel; eJq>osed sections will be sub­

ject to severe galvanic corrosion. 

10.2.4.3 other Coatingsl.4 

On all metal.lie pipelines, conduits, etc. beyond the i.Dlnediate vicinity 

ot the main power plant foundation, various insulating type coatings may be 

used. There are three basic types: coal-tar enamel, asphalt enamel, and 

plastic tapes. The selection or a coating system depends to an appreciable 

extent upon the type or soil encountered. 

Primera shall be applied to the cleaned pipe to ensure a tight bond 

between tbe metal and the enamel. These primers are sticky, with good vet­

tine characteristics. They adhere readily to the •tal and provide an 

--------- ----··· 



Section 10 - Page JJ 

organic surface to whi ch the hot coal-tar or asphalt enamel can bond. Prep­

aration for the primer coat requires sandblasting, especially at weldments, 

in good, dry weather when the pipe is warm. The primer shall be applied and 

the pipe coated with enamel before the primer collects dirt. Then shall nor­

mally follow a coating reinforcement or woven asbestos, either treated or 

untreated; this latter application is to protect the enamel by resisting 

displacing forces or stones and other abrasive bodies. 

Enamel coatings are furnished in narrow, moderate, and wide ranges. 

The term "narrow range" refers to the limited temperature range through 

which such an enamel may be used. For example, a narrOW'-range enamel that 

softens at 90°F will flOW' and sag on a vertical surface above 110°F and 

will crack and disbond if subjected to temperatures below J0°F. The range 

of 110°F - J0°F, or 80°F, is referred to as "narr.ow". Moderate-range ena­

mels are stable over a range from 0°F to 140°F, while wide-range enamels 

can be used fran -20°F to 16QOF. 

Pipeline tapes are made of plastics such as polyethylene, polyvieyl 

chloride, and polyvieylidene chloride, coated with sticky adhesives or 

rubber-resin mixtures. These "long chain" polymers are free fran cold-flow, 

chemically inert, and resistant to organisms. They are comparatively resis­

tant to pressure, but can be cut by sha.rp edges or stones. 

Resistances or new enamel coatings can range from a few thousilnd to 

several million ohms per square foot. Old coatings can deteriorate to less 

than 100 ohms per square root, but may retain a very high resistance if 

they are or exceptional quality. Plastic tapes have resistances or 20,000 

to J00,000 ohms per square foot. Because or their chemical stability, plas­

tic tapes can maintain this value or resistance in service. 

There is no canplete agreement among authorities as to exactly what is 

the most econcmical procedure for coating and evaluating coatings except on 

one point; no coating is perfect. It is almost universally agreed that any 

coating, no matter how carefully applied, will have holes in it after being 

______ ,,.._I'll" __ 
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subjected to soil pressure and abrasion for an appreciable length of time. 

Therefore, if the environment is corrosive, coatings alone cannot be de­

pended upon to protect pipes and other underground and underwater struc­

tures. Some supplementary form of cathodic protection, is then, an econo­

mical way to, in effect, plug the holes in coatings. If cathodic protec­

tion is applied, the cost is not greatly increased by a relatively l arge 

increase in the number of discontinuities, or "holidays", in the coating. 

"If the environment is not corros ve, neither coat lng nor cathodic 

protection can be Justified econanically; but if one is justified, the 

other is also, inasmuch as a combination of the two is more economical 

than cathodic protection alone. Finally, cathodic protection costs lit­

tle, if any, more for pipes and structures with fair, inexpensive coatings 

than for superior, expensive coatings. This does not imply that a coating 

of poor material or workmanship is Justified. The coating should be of 

high strength and high resistance, properly applied on a well-prepared 

surface, but without extras." 14 
10.2.4.4 Sacrificial Anodes 

Magnesium and zinc are the two metals most ccmnonly used for sacri­

t'icial anodes. The dissolution rate of magnesium anodes can ·oe estimated 

at fran JOO to 500 ampere-hours per pound. Such anodes are normally ob­

tained with a rating indicating current, life, and weight . For example, 

a 17-pound anode would be rated at 0.08 ampere (80 milliamperes) for ten 

years. Anode life would be approximately in inverse propc.:rti.on 1..o current 

load, as sha.m in Table 10.9. 

Magnesium anodes are buried in the ground, surrounded with backfills 

generally canposed of bentonite and gypswn. Surface current densities 

range fran JJ to 200 milliamperes per square foot. The potential or these 

anodes to a copper/copper sulfate "half cell" would measure about - 1.6 

volts. 
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TABLE 10.9 

ESTIMATED LIFE OF 17-POUND MAGNESIUM ANODE AS A FUNCTION OF CUHRENTl.4 

Estimated Lire 
(years) 

10 

8.J 

4.5 
2.5 

Anode Current 
(amperes) 

0.08 

0.12 

0.24 

0.47 

The dissolution rate o."' zinc anodes can be estimated as JJ5 ampere­

hours per second. The life or thes~ anodes is not influenced by surface 

current density, and zinc anl'>des can be designed for long . life. These 

anodes are also installed in backfills of bentonite and hydrated gypsum. 

Their potential to a copper/copper sulfate "half cell" is about - 1.1 

volts. 

The choices or shape and size of magnesium or zinc anodes depend on 

the current requirements and also on soil resistivity and desired length 

of anode life. In selecting a magnesium anode shape and size, the anode 

area should be large enrugh to conduct the required current, but yet as 

small as practicable to be favorable to the ampere-hour ootput per pound 

of magnesium. In very 1011 resistivity soil, or in s ea water, the l<Mer 

ootput voltage or zinc at a relatively low price per pound is preferable 

to the high output voltage or magnesium at a higher price per pound. In 

soils or sanewhat higher resistivitiea, the higher output voltage of mag­

nesium is advantageous. Both zinc and magnesium anodes are primarily re­

stricted to installations where cathodic current requirements are small, 

and where the environment has relatively low resistivity. If larger 

cathodic protection currents and higher output potentials are needed, an 

electrical cathodic system should be used. 
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10.2.4.5 Electrical Cathodic Systems 

Rectifiers operated from reduced ac inputs are camnonly used as the 

source of de power for electrical cathodic systems. Because of their lar­

ger current and higher voltage capability compared with sacrificial anodes, 

they are used for the protection or extensive underground metallic masses 

such as large pipe lines. 'The rectifiers are frequently hermetically­

sealed, oil-inunersed units, especially in outdoor installations; however, 

the transformers are usually dry-type. 

Remote ground beds or the electrical cathodic protect ion system con­

sist or either graphite or high-silicon cast iron anodes in a coke-breeze 

or carbonaceous backfill. Either vertical or horizontal anode configura­

tions can be employea: the choice is dependent on variations or soil resis­

tivity with burial depth. Open-hole, deep-well ground beds are desirable 

where geologic conditions permit their construction. In unconsolidated 

rormationf' that can be held open with drill mud, econanical deep-well 

ground beds can be constructed by installing anode canisters. Hc,.,rever, 

horizontal ground beds usually will be the conventional type or installa­

tion, with the anodes located near the surface in a straight line 

configuration. 

10.2.4.6 The Current Density Requirements for Cathodic Protection 

Soil or water corrosivity at a site is the principal factor dictating 

the need or cathodic protection for buried or immersed steel structures. 

Tests15 with bare steel having direct contact with very corrosive soi l 

indicate that cathodic protection current densities ranging fran 5 to 25 

milliamperes per square root are required to inhibit corrosion. By can­

parison, a current density or J mil· -unperes per square root can virtually 

eliminate corrosion or sheet piling belc,.,r mean low tide in sea water, while 

2 milliamperes per square root can protect bare steel submerged in a rela­

tively quiet river above tidewater, 

When the steel is coated, as outlined in Sections 10.2.4.2 and 10.2.4.J, 
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the current density requirements for cathodic protection are very much less 

than those for bare metal. As exwnples, well-coated pipelines may require 

only 0.01 to 0.02 milliamperes per square foot in soils with resistivities 

from 6 to 40 ohms-meter. An important pipeline in this country is being 

protected by current averaging 0.0025 milliamperes per square foot. Cur­

rent densities can be expected to increase with age and as soil damage 

develops discontinuities in coatings. 

In r - · ice, periodic checks are made of the current circulated by 

electricaJ. cathodic protection systems, which are usually operated in con­

junction with coatings on the structures. Any radical increases in catho­

dic current are indicative of coating deterioration. 

10.2.4.7 Examples of Cathodic Protection for Equipnent 

1. Intake Screens 

Intake screens, where cooling water is taken from a river, lake, 

or ocean, will require cathodic protection. Either electrical catho­

dic systems or sacrificial anodes can be used. If galvanic anodes 

are considered, the chemfoal compbsition of the water flowing through 

such intakes must be taken into account to verify that there are no 

constituents in the water that may cause an anode to be passive. 

Zinc anodes 2 inches by 2 inches by 60 inches are often welded 

directly to the steel side bars of intake screens. The life or the 

anodes will vary with the resistivity of the water and will also de­

pend upon the kind or material used for the screen cloth. In sea 

water, where screen cloth or copper alloy is used, anodes may have to 

be replaced annually; in higher resistivity water, life expectancy is 

longer. The actual size and type or anode will depend on water con­

ductivity, life desired, and current requirements. 17 

When cathodic current requirements are high, rectifier systems 

should be specified. I't. is necessary that the cathodic protection 

electrodes be properly located within the intake chamber, so that the 
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cathodic current will be reasonably well distributed throughout the 

structures being protected. For this particular application, these 

electrodes are connected to the positive side of the rectifier and 
the negative side of the rectifier goes to a remote ground bed. 

2. Tank Interiors 
Tank interiors can be protected either by zinc or magnesium anodes 

or by an electric cathodic system. Sacrificial anodes are commonly 
used in conjunction with insulated coatings. With either type of sys­

tem, however, electrodes need to be distributed in a manner tai lored 
to the tank design. 

J. Condenser Water Boxesl8 

Condenser water boxes can be protected from corrosive effects by 
one of the following methods: 

a. Non-aggressive waters - apply insulating coatings to materials 

that are cathodic to the steel or cast-iron box. 

b. Non-aggressive waters - apply insulating coatings to sheet and 

tube ends and apply a zinc-rich coating to water box interior 

surfaces. 

c. Non-aggressive waters - apply a mesh-reinforced coating of 

Gunite to the ferrous water box surfaces. 

d. Aggressive waters - use the coatings described in Item b. 

above, plus distributed sacrificial anodes. 

e. Aggressive waters - use the coatings described in Item b. 

above, plus an electrical cathodic system with distributed 

electrodes. 

10.2.4.8 Other Cathodic Protection Considerations 

1. Sheet Steel Pili.ng and Reinforced Concrete Piling 

Steel sheet piling in sea water will require protection e ither 

from zinc anodes or by use or an electrical cathodic protection 
system. Reinforced concrete piling will not be inherently 
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protected by the concrete coating, since the movement of sea water 

forces salt between particles of concr ete. This kind of piling is 

usually protected by an electrical cathodic system and it is essen­

tial that electrically conductive bonds be used between individual 

piles. 

2. Copper Grrund Cable 

Bare copper ground cable shall not be used in direct burial appli­

cations except where required for crnurte: r' · ise and counterpoise 

connectors. In all ot 1er applications , cop r cabl s should be 

insulated with neoprene jackets. Special cat odic protection 

cable (coated with 7/64 inch polyvinylchlor ide Jacket) are recom­

mended for the electrical cathodic system. 

Bare copper ground cable shall not be installed in steel con­

duit, but for construction purposes can be run thrrugh fibre duct 

or flexible plastic conduit. All underground splices 6..id connec­

tions should be taped and suitably waterproofed . 

J. Welding Equipnerrt 

n.iring the construction or a pc:Mer plant or industrial plant, con­

siderable corrosion damage to btlried structures can result £'ran 

the improper grrunding of welding equipnerrt. To avoid this, elec­

tric welding equipuent shall always be connected electrically to 

the particular structure being welded. 

10.2. 5 Cathodic Protection Measurement Techniques 

The preliminary survey of system cathodic protection outlined in Sec­

tion 10.2. J. l will require specific knowledge of soil resistivity at the 

site and enough "half cell" potential meastLrements t o pt·e !ct corrosion 

severity. Arter construction, determinations should be mad.a of the resis­

tance or conduit, pipeline, tank, and at.her accesaib -structur coatings, 

and potential test measurements should be made t o insure that a cathodic 

protection system, if required, is properly adJu t d. This t:rection 
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outlines the techniques for making these measurements. 

1. Soil Resistivity Measurements 

Resistivity measurements in undisturbed soil are usually made with 

a soil resistivity meter by the Wenner "four-pin" method illus­

trated in Figure 10.11. This method uses four pins set up in 

alignment on grade. The two outside, or current, electrodes (Cl 

and C2) are JD meters apart and the two inside, or potential, 

electrodes (Pl and P2) are D meters apart. Thia, in princii:le, 

is a "fall-of-potential" method with the resulting resistanc~ (R) 

between pins indicated on the instrument scale. Average soil re­

aist i vity, P in ohms-meter, at a depth belOW' grade corresponding 

to the distance D between potential pins Pl and P2 is then 

p :r 2 TT DR (12) 

2. Cathodic Protection Potential Measurements 

The voltages developed by galvanic action between buried or sub-

merged steel structures and other metals cathodic to steel are 

generally not measured directly, but by the use or "half cells"; 

the copper/copper sulfate "half cell" is the most CODIDOil for field 

work. The remaining "half cell" or the galvanic couple consists 

or the iron in the steel together with the soil or other aqueous 

environment. These two together produce a potential difference as 

in any other canplete cell. The main advantage or this arrange­

ment is that the copper/copper sulfate "half cell" can be moved 

readily t'ran one position on the iron/soil "half cell" to &l'\other 

for measuring potential difference between the iron Md the soil 

electrolyte at different points in the electrolyte. 

CC1111Deroial "half cells" consist or a plastic tube with a po­

rous wooden plug in one end and a copper rod supported by a plas­

tic or metal closure at the other end. Copper sulfate tn a satur­

ated aqueous solution is used as tbe electrolyte. Details are 

shown in Figure 10.12. 
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Since only the small potentials (or the order or one volt) 

developed by the canposite galvanic cell indicate the degree of 

corrosivity, it is vecy i.mpcrtant that accurate measurements be 

taken. The instrument bes·t suited for potential determination 

is the potentianeter, because it does not l oad the galvanic cell. 

A high quality de voltmeter could also be used, provided its re­

sistance is 20,000 ohms per volt or higher. 

The potential can be d.etermined with practical accuracy by 

placing the "half cell" in moist earth close to the structure at 

which a measurement is desired. Typical connections are shown in 

Figure 10.lJ. Usually, placement of' the "half cell11 is not criti­

cal, but its location can be extremely important in measuring po­

tentials on structures equipped with cathodic protection where geo­

metrical considerations may cause current shielding or parts of a 

structure. On tanks and along pipelines, test points or connec­

tions to the structure are usually installed to faJilitate the 

measurements. 

An example or the measurements and their application f.'ollows. 

It will be assumed that preliminary investigations, conducted as 

outlined in Section 10.2.J.l indicate that the site environment 

is corrosive, that an electrical cathodic protection system is 

needed, and that access connections to the buried structures have 

already been installed at selected locations. 

Potential measurements using the combined copper/copper sul­

fate halt-cell and the structure/soil hal1'-cell are taken at the 

test :points before aey cathodic protection current is applied. 

These voltages are recorded for reference and comparison with vol­

tages measured at the same test points with the cathodic protection 

current circulating .14 
Cathodic protection voltages are measur d und r two conditions: 
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one with the current flowing and the other at'ter the current has 

been on, but mane 1tarily shut off. The voltage with the current 

on corresponds to normal operation with cathodic protection. The 

"momentary-current-off" reading gives an indication of the degree 

of olarizati0n accomplished while the current was on. Canparison 

of these voltages will assist an experienced corrosion engineer in 

estimating the current to be applied for stabilized cathodic 

protect i vr .. 14 

As a criterion for the protect ion of steel structures, the 

cathodic current is adjusted until observed protective voltages 

are at least 0.85 volt, as measured with the copper/copper sul­

fate half-cell in all parts of the protected area.14 

The protective current is adjusted until the potential measure­

ments stabilize for a selected constant current. Several hours or 

operation will provide approximately constant voltages, but these 

will drift as polarization of the system progresses. Adjustments 

may extend over many months. Arter stabilization, the cathodic 

protection system should be kept in continuous operation. 

J. Determination of Coating Resistances 

The resistances of most new and some old pipe and tank coatings 

are sometimes very high. These resistances can be determined by 

measuring a surface area of several square feet. A current is 

passed between the pipe and a temporary metal sheath through a 

layer or moistened paper, measuring the voltage applied. Ohm's 

Law can then be used as the means or calculating the total re­

sistance of the area or the coating under the sheath. Dividing 

by the area will give the ohms per W1it area and, if the average 

coating thickness is lmOW'n, its resistivity can be canpui;ed on a 

volume basis. Details of the test set are shown in Figure 10.14. 
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10.J Overvoltage Protective Devices 

10.J.l Introduction and Justification 

With increased dependence on electric service by industry and the mili­

tary, nd thg advent or many specialized processes requiring contirruity or 

servic and accurately regulated pow-er, practical methods or controlling 

surges are important. &irges can originate within localized installations 

such as the power generating plant due to malf'unct :i oning of fault relaying 

and synchronizing systems, and i n some cases, ev-en fran load switching 

operations. Ir there is a utility tie, additional sources of surges are 

introduced. These include sudden load swings, capacitor and othdr switch­

ing operations, and lightning transients. Lightning can produce surges, 

because the transmission circuits linking an isolated station with a uti­

lity system are excellent lightning targets. 

When lightning strikes an energized overhead line, it introduces abnor­

mally high voltages on the line while finding the easies t path t o ground. 

In the case or high magnitude and/or long duration surges, the closest line 

insulators usually are flashed over and, if power current follows the ionized 

path to ground, a line-to-grrund fault occurs. 

Sanetimes, lightning voltages may be of insufficient magnitude to flash 

over line insulation and may appear on the line in the form or transient or 

traveling waves of surge voltage. These waves move away fran the stricken 

point in both directions at approximately the speed of light, stressing the 

insulation or the lines and all connected equipnent. Without surge protec­

tion, the insulation or transformers and other terminal apparatus which is 

usually weaker than the insulation normally provided on lines may be punc­

tured or £lashed. 

Two basic methods or overcaning the effect s of lightning on exposed 

equipnent have been found to be practical: 

1. The use of overhead grrund wires, whi ch shield energized circuits 

by intercepting direct lightni.ng strokes. To be effective, such 
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shielding wires must be properly placed above the power conductors 

and be adequately grounded. 

2. Evaluating the impulse or surge strengths of the line and appara­

tus insulation and applying suitable shunting devices of lower 

surge strength than that of the equipment. To be effective, such 

protective devices must be properly located with respect to the 
equipment .and adequately grounded. 

10.J.2 Principles of Overvoltage Protective Devi ces 

Assume that a surge appears on an energized conductor. The protection 

problem is how to get rid of the surge and how to restore the circuit to 

normal. What happens during the period the surge is being dissipated is 

also of interest. 

Figure 10.15 shows a single-phase ac generator feeding a load through 

a tr'anamission line. The generator includes a certain impedance designated 

as the power source impedance. 

Power Source 
Impedance 

Power 
Source 
Generator 

Surge 
Generator 

Transmission Line 

Overvoltage 
Protective 

Device 

FIGURE 10.15 Gen!ral Arrangement or Lightning Protection for Load 
at One End or Single Source Transmission Line 

Load 

----
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The surge generator introduces a high voltage surge (overvoltage tran­

sient) on the system. A circuit protector iij plac don the system near the 

load for protection against surges. 

The l~ast sophisticated circuit protector would be a spark gap which 

consists essentially of several spaced electrodes surrounded by air or sane 

other gaseous dielectric. A spark gap is generally adjusted to conduct 

when the voltage across its electrodes exceeds valu s l ess than those which 

the terminal apparatus (load equtµne t ) ould i.rit stand . 

With a spark gap, the first que ti n that arises is the range of vol­

tages over which it will sparkover (conduct). Sparkover voltage turns out 

to be vecy dependent upon gap shape, composition and pressure or the dielec­

tric, and the wave shape of the applied voltage surge . 

If the voltage wave is rising rapidly, the sparkover voltage will be 

higher than on a slc:Mly rising wave . To illustrat this, r' igure 10.16 

shows three different input voltage wave fronts (e1, e2, and e) and the 

voltage and time at which the gap sparks. '!'he dcrtted extension lines shc:M 

the course the applied voltage would take if the spar·k gap were not present. 

Wave front e1 represents a voltage t hat rises slowly, producing gap spark­

over after a time, t1, at voltage V8 1. A wave rising more slwly than e1 

would still cause gap sparkover at the same volta.ge, but after a longer 

time. A more rapidly rising voltage wave , e2, would cause gap sparkover 

at a higher voltage, V82, but in a shorter time, t2. Voltage wave e3 rises 
yet more rapidly, resulting in a higher gap sparkove1· voltage V83, in still 

less time, t 3• A curve connecting sparkover voltage levels V8 1, V8 2, and 

V8 3, etc. at corresponding times 0 1 sparkover t 1, t2, and t3 is called the 

volt-time or time-lag charact erist ic or the spark gap. 

In connection with the volt-time curve, F'1gure J.C . lo , the following 

points can be made: 

1. For spark gaps in air, ·the long tlme sparkover voltage (Vs1> can 

not be less than abrut JOO vol-ts. 
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tJ 

FIGURE 10.16 

Volt-time or 
time-lag curve 

~/ 

/ 
/ 

/ 

t2 Time • t1 

Volt-Time Curve ror a Spark Gap 

--

2. · With practical gap spacings (those that can be maintained by ad­

justment in service) using metal electrodes and air at atmospheric 

pressure at the dielectric, V81 is generally or the order or 1000 

to 1500 volts. 

J. The amount by which the sparkover voltage at short times exceeds 

the long time sparkover voltage (Vs1> is called the volt-time 
turn-up. 

4. The greater the gap spacing, the greater the volt .!.time turn-up. 

,. Gaps with non•unitorm tields, i.e. sharp-edged gaps, exhibit more 

turn-up and have a lower long time aparkover voltage, V81, than do 

gaps with smooth contours and uniform fields. 

-
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6. &Dall gaps, ot' the type potentially suitable for protection of 

control and coomrunication systems uch as missile electronics, 

would shCM vecy little volt-time turn-up even at times or a few 

t entas of a microsecond. 

7. Reduc ing the pressur of the air or gas dielectric lOliers the long 

t ime sparkover voltage, V81, but i.ncreases the amount of volt-time 

turn- p proportionately. The time required for the spark to form 

increases as the gas pre · ure i decrc:?as d . ..-,pat·kover can be con­

s de r e an avalanche ionization pr ocess ; if the dielectric is less 

dense , the .ionization potential to start the avalanche is lCMer, 

but more time is taken for ionizat ion to reach a maximum. 

8. Converse to 7, increasing the pressure increases V8 and decreases 

the volt-time turn-up proport ionately. 

9. By u i ng gases (such as neon) i nstead of ai.r as t.he gap dielectric, 

t he long duration sparkover voltage, V 8 1 , can be made much smaller 

t han JOO volts, but the volt••time turn-up will be increased propor­

tionately. 1'he addition of radioactive isotopes , such as krypton-

85, to gas dielectrics will reduce the volt-ti.me turn-up, stabilize 

the gap, and insure a precise, repetitive response. 

Once ionization or the dielectric media 0£ a spark gap is fully esta­

blished, th gap impedance drops to canparatively low values, the spark con­

ducts current , the gap maintains a practically constant lw voltage across 

its electrodes , and the gap will not autanatically de i onize . 

Refer to t he circuit d.iagram shCMn in Figure 10 .15. 'l'he current 

through a spark gap or other protective device will cane par tly frc:m the 

surge and partly from the power source generator . The energy (W) dissi­

pated as heat in the protectiv device will be the product of the total 

current ( I), t he arc drop voltage (V), and the duration of discharge (T). 

W • IVT 

This h at nergy is exchang d, eith r by radiatl• and oanduotion to 
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nearby objects and/or absorption in the mass of the spark gap electrodes. 

The energy absorbed by the spark gap electrodes raises their temperature, 

and if the current is allowed to continue, the temperatu e will continue 

to rise until an equilibrium condition is reached. Then energy absorbed 

by the gap is equal to the energy carried away to its surroundings. 

Energy developed as heat in a spark gap should be minimized and this 

can be done in several ways: 

1. Keep the voltage across the e lectrodes 101.1. Sine =- t. .. _ pa.rk gap 

is a device which automatically switches to a lO'w" voltage state 

when it operates, it develops less heat energy than would a device 

which merely clamps a surge at a certain voltage level. On the 

other hand, with its inherently low arc resistance accompanying 

sparkover, it allCMs passage or more current than a c lampi ng 

device , 

2. Limit the fault current through the protector. T'ne bul k of the 

current generally comes frcm the ac power soorce generator and not 

rrcm the surge which made the protector operate . he greater the 

impedance between the protector and the pCMer source generator, the 

better. For best overvoltage protection, the spark gap ·s best 

placed as close as possible to the load (assuming thi is what is 

to be protected). 

J. Limit the heat energy by interrupt ing the curren t hrough the gap 

as soon as possible arter sparkover. In a spark gap this must be 

done externally by interrupting and keeping th~ follow current at 

zero until the gap dielectric has complf?tely dP.ioni e . If the 

arc current is n.ot interrupted, an ordinary spark gap will conduct 

continuoosly and the circuit cannot be r eturned to it normal state 

unless it is deenergized by ext r nal mean.'3 , . uch as by pen.i.ng a 

circu t breaker or blowing a ruse . ,\ !'us mu r epl aced before 

the circuit can be restored. A circuit br ak r can be rec l osed 



Sect ion 10 - Page 5J 

either manually or automatically, the latter taking a few cycles 

to a few tens of cycles, but in any case, there ls sufficient time 

for the gap dielectric to deionize. 

One way to interrupt the follow current is to partially enclose the 

spark gap in an insulating tube . With the arc pai·tially confined, gas pres­

sure builds up in the tube and the expanding gas cools and deionizes the arc. 

Sequence diagrams shO'wing how such gaps operate to provide overvoltage pro­

tect ion for equipment are shown in Figure 10 .17. 

Another way to interrupt the follOW' current is to subject the arc at 

the spark gap electrodes to a magnetic field which, by motor action, causes 

the arc to move sidevays into an insulating baffle which simultaneously 

lengthens and cools the arc until it extinguishes at a current zero. Thia 

principle is generally canbined with the use of a nan-linear resistance 

material in series with the gap. Such a canbination is the basis or most 

valve-type surge arresters, Figure 10.18. 

Sequence diagrams showing the steps in the operation of valve-type 

arresters are shown in Figure 10.19. 

The non-linear resistance in a valve-type arrester is generally a mate­

rial canposed or silicon-carbide crystals in a suitable binder. It's General 

Electric trade name is 'nlyrite® and a generic term for it would be a varistor. 

It is made by several manufacturers. In this report, it will be referred to 

as a varistor for brevity. 

In a varistor, the current is proportional to sane power or the applied 

voltage. """n I • n.r.--, where 

K is the constant relating to the p]Vaical size or the varistor element and 

the exponent (n) is a constant relating to the caaposition or the varistor 

material. For Thyrite®, (n) is typically about four and may be as high as 

7. It (n) • 4, doubling E will force 16 times as much current th:ro.igh the 

non-linear resistance element. 

® Registered trademark or the General F;leotric Canpaey 
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Superimposed 
Surge 

ac supply line 

FIGURE 10.18 

~ Spark gap with 
magnetic blow out 

Non-linear resistance 
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valve e lament 

Basic Circuit Schematic for ac Valv -type Arrester 

Load 
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In designing a surge arrester for ac serv ,e, the varistor (valve­
element) is chosen so that if the normal operating voltage of the circuit 
is impressed on the varistor (as would occur if the gap has been made to 
sparkover by a lightning surge), the fol101,1 current wlll be limited to such 

a low value that the arc across the gap extinguishes at the first current 
zero. This ability of the arrester gap to extinguish an arc by itself is 

called its "ability to reseal against the operating voltage". If the sys­
tem disturbance caused by a surge is to be minimized, the surge protective 

device must have this ability to reseal. Most surge arresters have this 
ability. Plain spark gaps have no ability to reseal. Saoo kinds of protec­

tive devices using semiconductors in place of gaps have this ability, but 
sane do not. 

10. j. J &lrge Protection ~vices for Control 
Circuits and Canmunications Systems 

In general, control circuits and ccmnunication systems are operated at 
voltage levels considerably below those used for electric pc,.,rer work, there­

fore, the protective devices for these circuits need not handle the very 
large energies encountered at higher voltage levels. Sane of the devices 
to be described here will handle large surges, but others are sanewhat 
limited in their capabilities. 

Protective devices acting as overvoltage suppressors for control cir­

cuits and camnunication systems may be listed under three categories, cha­
racterized by their mode or operation: 

1. "Crowbar" devioes or switches. 
2. Voltage clippers and non-linear elements. 

j. Linear energy storage elements. 

1. "Crowbar" ~vices or Switches 

'nlese devices operate by abruptly conducting or breaking down electri­

cally when the voltage across them reaches a specified velue. This action 
can be the result of the breakdown or a dielectric gas between two electrodes 

or avalanche or other solid-state phenaaena across a semiconductor Junction 
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or Junctions. In general, devices employing breakdown or a gas can control 

high energy surges at the expense of rather loose tolerances on their pro­

tective voltage levels. Semiconductor devices can provide very tight con­

trol over voltage levels, but their thermal capacity to control surge energy 

is limited. 

The breakdown or avalanche may either be directly triggered by the 

overvoltage so that the device appears as a two-terminal device, or be 

triggered by an auxiliary electrode (gate) in a three-terminal device with 

the triggering signal supplied by an adjustable voltage sensing circuit. 

Many or these devices will continue to conduct after the initial trig­

gering, so that external means mµst be supplied to interrupt the power cur­

rent supplied by the steady-state voltage source after the disappearance of 

a triggering surge. Thi.a means that most generally, a serious disturbance 

is introduced in the system voltage until this power roll0',1 current can be 

interrupted. Sane or the devices listed in Table 10.10 incorporate the 

interrupting means, but this feature is limited to ac applications. For de 

circuit9, a definite voltage interruption is required to stop p011er roll0',1 

current. 

The initial conduction or breakdown action or these devices is not 

instantaneoo.s. As in the case or a spark gap, there is a relation between 

the time to breakdCMn and the rate at which the voltage is applied,with the 

result that the voltage to initiate conduction increases when the rate or 

voltage rise is increased. This is shCMn by the volt-time characteristic 

or a typical "cr011bar" device, shCMn in Figure 10.20. 

I 

' \ rve rises abruptly for times 
shorter than a microsecond 

de breakdow.n 

I 
10-6 

Time to BreakdCMn (seconds) 

FIGURE 10.20 Volt-Time Cbaraoteristios for a 11 CrOW"bar" Device 

I . 
I 
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TABLE 10.10 

SlWARY OF CHARACTERisrICS OF J./Jtl VOLTAGE SURGE SUPPRESSORS 

Mini.mumM­
Breakdown 
Voltage 

250 to 6000 

250 

800 

150 to 5000 

Ratio offf 
Max. to Min. 

Breakdown 
Voltage 

1.6 

2.5 

unknown 

unknown 

750 to 50,000 unknown 

2JO to 800 

500 to 2600 

250 to 400 

200 

70 to 120 

1000 

1000 

1500 to 5000 

unknown 

1.6 or 
greater 

4 

7.5 

4 

2.5 

4 

6 

Peak Amps 

2000 

2000 

JOOO 

unknown 

1000 to 
6000 

unknown 

6000 

unknown 

unknown 

unknown 

10,000 

5000 

JOO 

Self 
Inter­
rupting 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Manufacturer and Type 

General Electric Ccmpaey 
?JOB 

AMARK Corp. Cerbersis UAl 

EG and G Corp. Fenotron 

Victoreen Inc. VX-96 

Elect ronic Industries 
Series 43, 46, 47 

Siemens Corp. surge 
voltage protector 

Western Electric 
GA 51574, GA 51724 

L M Ericsson Corp. 

Amperex Corp. Model OJ69 

Neon Bulbs 

Gener al Electric Canpany 
9LA4C4 

West inghoose Corporation 
appliance protector 

De.le Corp. LA-9 

* Minimum overvoltage at which the protector will operate. Sane manufac­
turers provide gaps tor various voltages. 

H Maximum breakdown voltage is defined as the 0.1 mi crosecond operating 
voltage. 

-----
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The significance or this volt-time characteristic is that there is a 

time lag during which the "protective" device has no effect on the overvol­

tage. With steep-front surges, this can lead to high voltages left unsup­

pressed for durations of the order or a fraction or a microsecond until the 

device turns on. In this respect it parallels the volt-time characteristics 

or the simple spark gap discussed earlier. 

Spark gaps, gas tubes, and semiconductor switches have both advantages 

and disadvantages. Sane of these are listed as follo-Ns : 

Spark Gaps 

Advantages 

1. Simple and reliable. 

2. Easily fabricated. 

J. High energy handling capacity. 

4. Vecy low voltage drop (arc drop) during conducting state. When 

the gap is carrying c:aximum current, the voltage across the gap 

is typically 10-20 volts. Ir more current tries to flow, the arc 

channel increases in diameter and arc drop stays about the same. 

(A low arc drop indicates relatively lCM power absorption during 

the conducting phase.) 

5. Bilateral operation - same characteristics on either polarity. 

6. Fast response time - start conducting in less than one microsecond 

if well designed. 

7. Zero power consumption on standby. 

8. Wide operating range. 

9. Long life expectancy. 

10, Low internal capacitance. 

11. Require no auxiliary equip:nent, power supply, or maintenance. 

12. Relatively unaffected by radiation. 

Disadvantages 

1. Relatively high sparkover potential for their lCM-vol tage ratings. 
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2. Simple gaps will not extinguish follow current. This is a most 

important point to consider if they are to be used on a power cir­

cuit. The arc must be extinguished externally be removing the 

voltage in some manner, This can be done by interrupting devices 

(circuit breakers or ruses), or by inserting resistance rapidly 

into the circuit by an additional element such as Thyrite181, or by 

gas-blast deionizers, By suitable design, spark gaps can be made 

self-extinguishing, &!ch self-extinguishing properties may make 

use of the magnetic blow-out principle or other means. 

J, Spark gaps are seldom available in conveniently-packaged assem­

blies. They must be designed for each specific application. 

This situation is being improved. 

4. Spark gaps in air are sensitive to variations in atmospheric con­

ditions. Hermetically-sealed gaps do not have this disadvantage. 

Gas Tubes 

Neon, argon, krypton, zenon, and other gases ionizable at low pressure 

are orten employed as dielectrics in low voltage spark gaps. Such devi~es 

can be used as surge suppressors, but their characteristics should be fully 

understood if they are to be properly applied. 

Advantages 

1. Low cost. 

2. &Dall size (depending on bulb). 

J. Low sparkover voltage - typically 60-100 volts ln firing times 

greater than 2 µsec, 

4. Can pass very high current for short ti.me • 

5. Self-healing (usually). 

Disadvantages 

1. Poor volt-time "turn-up" characteristics . 

2. Will continue to conduct if the driving voltage is above 60-100 

volts. 
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J. Possibly more sensitive to radiation than spark gaps i n air at 

atmospht::ric pressure. 

4. Will not absorb large amounts of energy. 

Semiconductor Devices used as "crowbars" 

These are semiconductors, such as Zener diodes, silicon-controlled 

rectifiers (SCR's), etc., which conduct abruptly upon avalanche breakdown 

or upon triggering. Since the impedance of these devices collapses t o a 

very low value when they conduct, it is often necessary to add a seri es 

impedance in which surge energy can be dissipated and which, at the same 

time, limits the magnitude of p<Mer follow current. A non-linear resistor 

(varistor) such as silicon-carbide (Thyrite®) is very effective for this 

purpose. This material is used in camercial surge arresters. 

Advantages 

1. Good surge current ratings, although not as good as spark gaps. 

2. Low voltage drop when conducting. 

J. Suitable for use on low voltage de circuits. 

4. If properly applied, will interrupt follow current at the first 

power t'olla., current zero following initiation or conduction. 

Disadvantages 

l. Low thermal capacity to dissipate surge energy. 

2. Must be triggered by an auxiliary circuit. 

J. Will not interrupt follow current on de circuits. 

4. Limited in rate of build-up or current or rate or build-up of 

voltage which can be tolerated. 

5. Expensive. 

6. Nat bilateral. For protection on both polarities, two rectifiers 

and additional circuitry must be used. Bilateral devices are 

available. These are effectively two aeries SCR's back-to-back. 

Descriptions or several types of ooamercial "crowbar" devices are as 

rolla.,s: 
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Mark I Engineering Semiconductor Protector (SCl'l 

Thia is a semiconductor "crowbar " device which turns on in a very 

short time. The specification calla for turn-on in less than O. 5 µs; 

one device tested showed tum-on t imee of JO to 50 ns. The device 

could be set to exercise tight control over a de voltage, althrugh 

surges might rise to an excessively high voltage before the device 

turns on. In a previoo.s study, a )0 volt SCP device started conduct­

ing on surges of 50 volts, but a surge r i s ing at 40,000 volts per 

microsecond developed 1600 volts across the device before it turned 

on. This action is illustrated in Figure 10.20. 

The basic device clears the circuit by blowing a ruse after it has 

been tripped by a surge. The manufacturer's specification sheE:t indi­

cates that self-resetting models, and models to provide overcurrent 

protection, are available. 

The specification sheet does not discuss the effects of an over­

voltage surge or opposite polarity. For protection against surges of 

either polarity two devices might have to be used. 

Dressen-Barnes Overvoltage Load Protector (OVLP) 

'Ibis is another semiconductor "crowbar" device. It too shows a 

rapid turn-on time. It provides tight control over a de voltage, but 

surges can build up to a high voltage before the device turns on. In 

this respect it is similar to the Mark 1 dev:ice. In the study men­

tioned above, the OVLP reached sanewhat higher voltages than the SCP 

before it turned on. 

T. I. Xlixon Semiconductor Protector 

This device canbines a mechanical circui t brealre.r with a semicon­

ductor "crowbar" device. It turns on slower than eithe:r the SCP or 

OVLP and allows even higher surge voltages to appear be tore it breaks 

down. orraetting these disadvantages la its ability to interrupt i'ol­

low current or overou.rrents by means or its meobanioal oi.rcuit breaker. 
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The device is polarized, with no comment from the manufacturer as 

to its performance with reverse polarity s1l.I'ges. 

Dickson Series 11008 1200 8 and lJOO Solid state Cir cuit Breakers 

These devices are primarily designed for overcurrent protection, 

but can be used £or overvoltage protection. They consist of a semi­

conductor series element and a semiconductor shunt element, the latter 

being primarily a sensing device. They provide overvoltage protection 

by sensing either the overvoltage directly or the overcurrent caused 

by the overvoltage. When overvoltage is sensed, the series circuit 

breaker opens, discormecting the load fran the incoming surge. 
' 

It will be noticed that this approach to overvoltage protection 

differs £ran the semiconductor "crowbar" devices. A point or concern 

is the overvoltage that could be tolerated with the series switch 

open without danger or "punch-through" or the open switch. An auxi­

liary protector might have to be used to limit surge voltages so that 

"punch-through" could not occur. 

2. Voltage Clippers and Non-Linear Elements 

Voltage clippers, as suggested by the name, limit rise of the circuit 

voltage above a specified threshold, generally by l<Mering their impedance 

in the same proportions that the voltage rises, with the result that the 

corresponding current causes about the same or a veey slightly increased 

drop through the surge voltage source impedance. 

'ftleir effectiveness depends upon the ratio of their impedame under 

overvoltage conditions and the sourc .: impedance. The characteristic or 

these devices is best revealed thro.igh a plot of current versus voltage, 

which exhibits either a knee or a cttrvature as shown in Figure 10.21 in 

contrast with a linear resistor whict\ would be represent ed by the straight 

line on this figure. Voltage clippers utilizing non-linear elements draw 

a amall leakage current under steady-state conditions; this causes an 

energy dia~ipation which limits the steady-state voltage that may be 



--·----

Section 10 - Page 65 

applied to the device. When an increasing amount of surge current flaws 

throogh the device, the voltage across the device and the shunt-connected 

system to be protected rises slowly, as shown by the characteristic curve. 

It is apparent, hawever, that the voltage under surge conditions will, 

although limited, increase a significant percentage above the steady-state 

level. 

Since clippers actua~ convert the surge energy within themselves 

into heat, their capacity is directly related to their ca;,ability or stor­

ing or rapidly dissipating thermal energy. On the other hand, as soon as 

the surge current decays and vanishes, they recover t heir normal impedance, 

so that a minimum or disturbance is introduced after the surge; their pre­

sence in the circuit is not significant under steady-state conditions. 

Typical devices in this category include zener diodes, selenium rec­

tifiers, and silicon carbide. 

] 

FIGURE 10.21 

Silicon carbide-:,,/ 

/ 
/ ___ ,..,. 

oltage 

Zener 
/ diode y 

Performance Character istics of Clippers and Linear Resistor& 
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J. Linear Energy storage Elements 

Protective devices in this category consist of oapa.cit ors and ordi­

nary resistors which may be used individually or in combi nation across t he 

equipnent. 

Capacitors suppress overvoltage surges by temporari ly stor ing surge 

energy which is gradually dissipated through the impedance or the equipnent 

shunted by the capacitors; also the inherent distribut ed capacitance of 

long cables feeding equipnent can cause a progressive reduction or wave 

front steepness or surges reaching the equiJ1D8nt. 

Linear resistors are often employed across highly i nduct ive do cir­

cuits. These dissipate the stored energy or inductive elements. 

Canbinations or capacitors and resistors across equipnent are also 

feasible. Energy in surges is manentarily stored in the capacit ors, but 

dissipated at a predetermined decay rate dictated by the resistor. Such 

canbinations are sanetimes used to prevent excessive voltages at O} •n 

switches accanpaeyiqI surge reflection. 
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11.0 APPLICABLE DOCUMENTS 

11.l Associated Specifications 

11.l.l The primary specification governing the pa,,er system performance 

is the latest issue or the NIKE-X Power System Guidelines (U) classified 

SECRET - Restricted Data. 
11.1.2 Dorris, M. C., et al, SYSTEMS ENGINEERING FOR mE CONTRACT PERIOD -
FINAL REPORT (Bechtel Corporation, Vernon, California, November, 1965), 

Unclassified. 

11.1.J other specifications to be identified. 

11.2 Applicable Related Codes or Regulations 

11.2.1 Corps or Engineers Engineering Manual for Military Construction. 

11.2.2 National Electrical Code. 

11.2.J National Electrical Manufacturers Association (NFMA). 
11.2.4 American standards Association (ASA). 
11.2. 5 MIL-STD-108E, Military standard Definitions or and Basic Require­
ments tor Enclosures tor Electric and Electronic Equipnent. 

11.2.6 Institute or Electronic and Electrical Engineers standards (IEEE). 
11.2.7 other codes and regulations. 

11.J Special NFl.U> References 

11.J.l Final Technical Report an Nuclear Electranagnetic Pulse Ettects 
Research and Developnent studies in support or the NIKE-X Electrical Power 

System Program (U), (USAERDL, Fort Be 1 voir, Virginia, 5 November 1965), 
classified SECRET - Restricted Data. 
11.J.2 Electranagnetic Pulae Phenanenology and Etfeots (U), DASA Data 
Center Special Report 41, classified SECRET - Restricted Data. 

11.J.J G7J9040 NIKE-X Weapons System Technical Requirements tor Technical 
P'aoilities, JO June 1966 or latest revision. 

11.4 Order of Precedence 

11.5 Deviations 
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11.6 Glossary or Terms 

The following glossary is intended to clarify the meanings or certain 

terms within the context or these NM Protective Measures. 

Armored Pc,,,.rer Cable - electrical cable used tor pc,,,.rer circuit wiring having 
an outer interlocked armor ~onstruction and having each phase con­

ductor insulation wrapped with a copper shielding tape. 

Attenuation - reduction in magnitude or an electric or magnetic field, a 

current, or a voltage expressed in decibels, where 
Q1 

attenuation (dB) • 20 log~ (see Section 5.).1.1) 

Bonding straps - a flexible wire or strap; u1:1ed for bonding interconnections. 

Cell Type or Construction - a double-walled metal roan or building where the 

walls are internally connected by narr<:M strips or metal at dis­

crete intervals. 

Canponent Response - the voltage induced on electrical equipnent in a given 

NM environment. 

Conductivity - the reciprocal or resistivity (mho/meter, MKS). 

Conduit - denotes rigid steel conduit, except where specifically designated 

otherwise. 

Counterpoise - a continuous bare wire, or network, buried parallel to the 

earth's surface. 

Decibel - a unit or attenuation (see Attenuation). 

Dripproor (45 degrees) - a specification relating to enclosure design which 

conforms to definitions and requirements given 1n MIL-ST0-108!. 

Electrically Connected - having contact resistance less than 0.1 ohm. 

Electrostatic St.ield - a thin copper or aluminum grounded shield providing 

electric field shielding only. 

Enclosure - refers to cabinet, roan, or building which houses electrical 

equipnent. 

Fillet - a narrow band or steel plate. 
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Forced Air Ventilated - as defined in MIL-STD-108E. 

Hardened Loads - electrical loads and distribution equipment capable or 

withstanding site environment. 

Hertz - cycles per second. 

Induced Voltage - voltage developed around a conducting loop by a varying 

magnetic flux linked by the loop. 

Internal Grounding Ring - a continuous bare conductor around the inside 

walls of a buildi~.g. 

Injected Current - current which flows from a surroundirig medium (earth). 

Magnetic Field Environment - the azimuthal magnetic field at the surface or 

the earth. 

Metal - any kind or metal. 

Metal Coupons - buried metal samples periodically inspected ror corrosion. 

Na1P - nuclear electromagnetic pulse. 

Na1P Environment - the electric and magnetic fields resulting from a 

nuclear detcnatior1. 

Non-hardened Loads - electrical loads and distribution equipments not 

expected to withstand site environment. 

Non-metal - material incapable or conducting appreciable electric current. 

orr-the-shelr - an item purchased fran a manufacturer without alteration. 

Over-pressure - the penk pressure in pounds per square inch rran a given 

weapon yield. 

Permeability (µ) - the ratio or the flux density (B) to the magnetic inten­

sity (H). (µ = ~ 0 ), where (µ0 ) • permeability or rree space, 

. equal to 12.57 x 10-7 henries/meter, MKS, and (~) • relative 

permeability of a material. 

Pree ise Power - power supplied to electric and electronic loads whose steady­

state voltage and frequency requirements generally cannot be met 

by canmercial electric utility systems. 

Proof or Performance - test results or the unit meets government standards 

or military specifications. 

--~-~--
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Rebar - a steel rod used in reinforced concrete construction, commonly or 

materials such as (AS'IM Al5, AS'IM A4Jl, AS'm A432, and AS'llA A408). 

Relative Penneability (iir) - the ratio of the magnetic flux in a substance 

to the flux in air, the magnetomotive force and the geanetry of 

the magnetic circuit being the same in both cases. 

Resistivity - a measure of the resistance of a substance or a unit cross­

section and of unit length (ohm/meter, MKS). 

Rigid steel Conduit - a::i 1 ,~fined in Article J46 of Nati,)nal Electrical Code, 

latest revision. 

Shielding Degradation - a :reduction of the shielding effec·viveness in dB. 

Shielding Effectiveness - the attenuation in dB provided by an enclosure, 

roam, or building (~ee Attenuation). 

Shielding Volume - the volume encompassed by shielding material. 

Solid state - electrical equipment using components such as semiconductor 

diodes, transistors, etc. 

Splashproor - a specification relating to motor and generator housings 

which conform to definitions and requirements given in MIL-sTD-108E. 

Trade Size - trade term denoting nominal diameter size of conduit. 

Transient Overvoltage - a short duration voltage that exceeds the normal 

voltage rating or a circuit, component, or subsystem. 

Utility Power - pe1wer supplied to electric and electronic loads whose steady­

state voltage and frequency requirements generally can be met by 

modern, well-regulated commercial electric utility systems. 

Wave Guide - a metal cylindrical or rectangular shaped tube, open at both 

ends, used to attenuate electric or magnetic fields. 
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lJ.O PROTECTION TECHNIQUES AND METHODS INDEX 

This index is a quick reference or protection techniques and methods 

for the power plant building and facilities with regard to the following 
subjects: 

1. Control Roan Shielding 
2. Conduit 

J. Electricul Wiring 

4. Equipnent 

5. Enclosures 
6. Grounding 

7. Openings 
8. Penetrations 

9. Utility Piping 

10. Power Plant Building Shielding 

lJ.l Control Roan Shielding 

5. J • .J EMF Shielding for structures and Equipnent Roans by Solid Metal 
Plate (page 50) 

5.J.J.l Fields or Attenuation (page 50) 

5.J.J.2 Construction Practices tor Solid Metal Plate Shielding 
(page 50) 

5.J.J.2 - #4 Openings and Penetrations (page 51) 

5.J.J.2 - #5 Metal utility Piping and Electrical Conduits 

(page 5.J) 

5.J.J.2 - 16 Metal Utility Piping and Electrical Conduits 

(page 5.J) 
5.J.J.J Solid Metal Plate Shielding Calculations (page 5.J) 

lJ.2 Conduit 

5.2 Gra.mding, Bonding, and Lightning Protection (page 2) 

5.2.2,J,7 Connection or Conduits, Cable Sheaths, and 

Slielda to Ground (page l.4) 

---
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5.2.2.4 Bonding Practices for Conduit Runs to Out~ing Facilities 
(page 16) 

5.2.4.2 Specific Recamnendations tor Buried or Submerged Equip­
ment (coat ing or :f.mbedment or conduit in concrete )(page 24) 

5.J.2.1 Requirements for Conduits in Shielding Applications and 
tor Metal utility Piping (page J9) 

5.J.2.2 Metal Utility Piping and Conduit Penetrations at Buildings 

and Enclosures (page JJ) 
5.J.2.J Relationships between Factors Affecting the Susceptibility 

or Conduit Wiring to ma> Fields and Design Requirements 
tor Conduits and Metal utility Piping (page 44) 

5.J.7.2 Construction Practices tor Metal Equipnent Cabinets and 
Junction Boxes (page 106) 

5.J.7.2.J Conductors Entering or Leaving an F.qui1J11ent 
Enclosure or Junction Box (page 106) 

lJ.J Electrical Wiring 

5.2.2.J.10 Connection or Transformer Secondary 
Neutral to Ground (page 16) 

5.J.2 PMP Shielding tor Wiring in Conduits and Precautions tor 
Metal utility Piping (page 29) 

5.4 Overcurrent and Overvoltage Protection Techniques and Devices 
(page 118) 

5.4.1 Overcurrent Protection Device Application (page 118) 
5.4.2.1 Application or Surge Arresters tor Power Circuits 

(page 122) 

5.5 Filters (page lJl) 
5.6 Circuit Isolation by Application ot Synchronous Motor-Generator 

Sets (page 132) 
5. 7 Solid state Pover Converters tor Circuit Isolation (page lJ4) 
5.8 Uninterrupted POiier (page 134) 
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lJ.4 F.g.uipnent 

5~2 Grounding, Bonding, and Lightning Protection {page 2) 
5.2.l - #2 Grounding of Electrical Equipnent {page J) 

5.2.1 - #J Grounding of Electrical Equipment {page J) 
5.2.l - #4 Grounding of Electrical Equipnent {page J) 

5.2.2.J.J Internal Grounding Rings {page 10) 
5.2.2.J.6 Interconnection or Meta_ Objects Inside 

Buildings (page 11) 
5.2.l,.2 Specific Recanmendations for Buried or Submerged 

F.quipnent {page 24) 
5.4 Overcurrent and Overvoltage Protection Techniques and Devices 

{page 118) 

5.4.2 Overvoltage Protection Device Application {equipnent) 

{page 119) 

lJ.5 Enclosures 

IJ\ • •-

5.2.2.J.8 Connection or Generator Cable Shields 

and Associated Junction Boxes and Enclo­
sures to Ground {page 14) 

5.2.2.J.9 Connection or Shielded Enclosures to 
Ground {page 16) 

5.J.l.J "Overall" versus "Local" Shielding Practices 
(page 28) 

5.J.J.J Solid Metal Plate Shielding Calculations (page 53) 
5.J.6.1 Construction Details or Camnercial Shielding 

Enclosures (page lOJ) 

5.J.6.2 Performance Criteria tor Ccmnercial IMP Shielding 
(page 104) 

5. J. 7 &IP Shielding Attorded by .Equipnent Cabinets and Junction 
Boxes (page 105) 

5.J.7.2 Construction Practices tor Metal Equipnent 

--·--·-
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Cabinets and Junction Boxes (page 106) 
5.J.7.J F.quipnent Cabinet and Junction Box Attenuation 

Calculations, including Effects or Cabinet Open­
ings and Penetrations (page 107) 

5.2 Grounding, Bonding, and Lightning Protection (page 2) 
5.2.1 General Requirements tor Grounding, Bonding, and Lightning 

Protection (page '.3) 
5.2.2 Specific Recomnendations tor Grounding and. Bonding (page 4) 

5.2.2.1 Ground Rods and Interconnections (page 4) 

lJ.7 Openings 

5.2.2.2 Counterpoise Mats and Interconnections (page 4) 
5.2.2.'.3 External and Internal Connections to the Grounding 

System (page 9) 
5.J.2.2 Metal utility Piping and Conduit Penetrations at 

Buildings and Enclosures (grounding to counterpoise) 
(page JJ) 

5.J.J.2 Construction Practices tor Solid Metal Plate Shielding 
(page 51) 

5.J.3.2 - 14 Openings and Penetrations into a Shielded &lilding 
or F.quipnent Roan (page 51) 

5.J.J.3 Solid Metal Plate Slielding Calculations (page 53) 
Openuws in Metal Plate Shielding tor Doorways, Venti­
lators, ~ta, Exhaust and Intake Plenums (page 59) 

5.J.4.2 Construction Practices tor Rebar Shielding (page 67) 
5.J.4.2 - 13 Openings in Rebar-3\ielded Structures tor Door­

ways, Dlota, PleDWDS, etc. (page 68) 
5. 3.4. '.3 Attenuation Calculations tor Reinforcing Steel Rod 

(Rebar) Slielding (page 68) 

Discontumitlea in Rebar Slielding Caused by Openings 

and Penetrations (page 79) 
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5.J.5.2 Construction Practices for Welded Wire Fabric Shield­
ing (page 90) 

5.J.5.2 - 14 Openings tor Doorways, ])iota, Plenuma, etc. 
(page 90) 

5.J.5.J.l Welded Wire Fabric Shielding Calculations, 
assuming Definite Values or Conductivity 
and Permeability (page 9J) 

5. J.6 Ccmnercial F.MP Shielding (page lOJ) 
5.J.7 EMP Shielding Afforded by Equipment Cabinets and Junction Boxes 

(page 105) 

5.J.7.2 - 11 Construction Practices tor Metal Equipnent Cabi­
nets and Junction Boxes (page 106) 

5.J.7.J Equipnent Cabinet and Junction Box Attenuntion Calcula­
tions, including Effects or Cabinet Openings and Pene­
trations (page 107) 

lJ.8 Penetrations 

5.).2.2 Metal Utility Piping and Conduit Penetrations at Build­
ings and Enclosures (page JJ) 

5.J.J.2 Construction Practices for Solid Metal Plate Shielding 
(page 51) 

5.J.J.2 - 1, Electrical Conduits and Metal utility PipiDg Enter­
ing trail Outside and Penetrating Metal Pl.ate :llielding 
(page 53) . 

5.J.J.2 - 16 Electrical Conduits and Meta1 Utility Piping Pene­
trating an Inside Wall with Solid Metal Plate Siield­
ing (page 53) 

5.3.4.J Attenuation Calculations tor Reintorcing steel Rod 

(Rebar) Shielding (page 68) 

Diaccmtinuitiea 1n Rebar Shielding Caused by Openings 
and Penatrationa (page 79) 
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5.J.5.2 Construction Practices tor Welded Wire Fabric Shielding 
(page 90) 

5.J.5.2 - #5 Metal Utility Piping and Electrical Conduits Enter­
ing a Welded Wire Fabric Slielded structure (page 90) 

5.~.5.J.l Welded Wire Fabric Shielding Calculations, 
assuming Definite Values of Conductivity and 

Permeability (page 9J) 
5.J.6.1 Construction Details or Commercial Shielding Enclosures 

(page lOJ) 

5.J.7 00 Shielding Afforded by Equipment Cabinets and Junction Boxes 
(page 105) 

5.J.7.2 Construction Practices tor Metal Equipment Cabinets and 
Junction Boxes (page 106) 

5.J.7.J Equi:pnent Cabinet and Junction Box Attenua~ion Calcula­
tions including Errects or Cabinet Openings and Pene­
trations (page 107) 

lJ.9 utility Piping 

5.J.2 PMP Shielding tor Wiring in Conduits and Precautions tor Metal 
Utility Piping (page 29) 

-•·--

5.J.2.1 Requirements tor Conduits in Shielding Applications and 

ror Metal utility Piping (page 29) 
5.J.2.2 Metal utility Piping and Conduit Penetrations at Build• 

ings and Enclosures (page JJ) 
5.J.2.J Relationships between Factors Arrecting the Susceptibi­

lity or Conduit Wiring to :IMP Fields and Design Require­
ments ror Conduits and Metal utility Piping (page 44) 

5.J.4.2 Construction Practices ror Rebar Shielding (page 67) 

5.J.4.2 - 14 Metal utility Piping and Electrical Conduits Enter­
ing a Rebar Shielded structure (page 68) 

5. J. ,.2 Construction Practices tor Welded Wire Fabric Shielding 
(page 90) 

------



Section lJ - Page 7 

5.J.5.2 - #5 Metal Utility Pipirig and Electrical Conduits Enter­
ing a Welded Wire Fabric Shielded structure (page 90) 

lJ.10 Power Plant Building Shielding 

5.J.J EMP Shielding ror structures and Equipment Roans by Solid Metal 
Plate (page 50) 

5.J.4 EMP Shielding ror structures and Large EquiJJDent Roans by Rein­
forcing steel Bars (Rebars) (page 6J) 

5.J.5 EMP Shielding by Application of Welded Wire Fabric (page 88) 
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