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OBJECTIVES

e DETERMINE EFFECTS OF VARIOUS SIZE/TYPE ROCKS ON BODY CURRENT
e DETERMINE EFFECTS OF ROCK MOISTURE CONTENT ON BODY CURRENT
e MEASURE OPEN CIRCUIT TOUCH VOLTAGES (EXPOSURE VOLTAGES)

e MEASURE CLOSED CIRCUIT TOUCH VOLTAGES (EXPOSURE CURRENT)

e DETERMINETHEVENIN EQUIVALENT RESISTANCE IN SERIESWITH FEET
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TEST SET UP

7200/240-120 V Pole Mounted
Distribution Transformer

240/480 V Isolation
Transformer

< .

NS
gr’"‘\

Multigrounded Neutral System
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240 V Variable
Transformer
i
.

24" x 24" Ground Grid
with Gravel and Ashpalt
Test Areas




TEST SET UP
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WETTING THE TEST AREA
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TEST TIMELINE

1. INITIALTESTS JULY 12, 2010 — DRY CONDITIONS

2. WET CONDITIONS JULY 13 — SPRINKLER + RAINFALL = 4 INCHES IN GAUGE (RE-
WETTED DURING TESTING TO MAINTAIN MOISTURE CONTENT

3. ALLOWEDTO DRY ONE HOUR AND RE-TESTED

4. RE-TESTED TWO DAYS LATER (JULY 15) AFTER 1 INCH ADDITIONAL RAIN
EVENING OF JULY 13

5. RE-TESTED THREE DAYS LATER (JULY 16)

6. FINAL DRY CONDITIONTESTING SEPT. 2 AFTER SEVERAL DRY DAYS (NO RAIN)
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DIRECT MEASUREMENTS

* Injected current (Ig)

* Ground Potential Rise (GPR) with respect to a remote ground rod located approximately 150'
from the ground grid

* Open Circuit Touch Voltage (Vtoc). For this report, the Open Circuit Touch Voltage is

defined as the voltage measured between the ground grid conductor and pin driven at a

surface location or metallic shoe soles of the worker located at that location.

* Exposure current (Iexp) measured as the Voltage across a 1000 € resistor representing a
human body (For this report, the voltage measured across the 1000 €2 resistor is defined as

the closed circuit touch voltage, Vtcc.).

* Open circuit touch voltage (Vtoc) measured between the ground grid riser and the pins driven
in the gravel (8" pins), concrete (3/4" anchors) and asphalt (1" nails). (This measurement

was used for comparison with the measurement from the metallic soles representing worker's

feet.)
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ROCK RESISTIVITY MEASUREMENTS

(&) Bottorn Electdode (b Top Electrode lll:__.ll

(] Device Filled with #34 Washed Gravel (d) Device Filled with 1%2" CGrusher Run Gravel
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RESISTIVITY OF ASPHALT USING THE
FOUR-PIN METHOD
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VARIABLES DERIVED FROM
MEASURED DATA

« OPEN CIRCUIT STEP VOLTAGE (Vg;oc)
* THEVENIN’S EQUIVALENT RESISTANCE IN SERIESWITH FEET (Ryyty)
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TEST LOCATIONS

1w

-

V1
. ; " 11/2" Crusher Run
® || s g / .
/{.‘I' - EE E o B E Em - mw s s s omm s ows omm Y
.}/ : | : Measuraments
| I | 1. MMeasure voltmge at sales of
A a V15 I V25 boots at each pin location
I 1), V14 | it ! withont 1000 0 resistar.
Measuramants | 15,.® e\ I (Vbgoc)
| ~ : ."-I']_ﬁ | 1 2 Measure voltage at soles of
1. Massure voltaze at soles of 15 ! ' avii \ boats at esch pin location
booes at each pin location I 15 @V12 I .y : usuﬂe';s}lm:lﬂrﬁim.
ithenst 10040 €3 resistar.
1E"'i.ll'lugl:-c] i : ts' @Vl 1 /3\."!.!"11 p—5']| 3- DMeasure voltage ateach
1. Measure voltage at soles of i | 1.2 pin (Vipzoo)
hoots at each pin location I Laas,, s | 4 Measure asphalt resistivity
< :ﬂnglﬂﬂﬂﬂrﬁisﬂx.iﬂ@ i -1 LF nsing 4-pin method.
 Measure voltage at each pin i T Nt e e e e o |
(Vpeoo) - , ]
4. Massure asphalt resistivity 1 I ]
using 4-pin method. I |
[ . Vil : e/ I
: .3 , 012 :
| CYEES . | g Vi3 &
: LLEE I eV44 y
i ®35 I _ ev4s b
i 1| Grid Riser i
| | I ¥
R, T P T (] AR R e T ] i
Vi : Wac
& #34 Washed Gravel #57 Washed Gravel e

EPRI 3002008836




EXPOSURE CURRENT MEASUREMENT
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OPEN-CIRCUIT TOUCH ANS STEP
VOLTAGES

e USE FLUKE 87 DIGITAL METER
e MEASURE VOLTAGE FROM GRID TO VARIOUS EMBEDDED PINSTO OBTAIN
OPEN-CIRCUIT TOUCH VOLTAGE

e OPEN-CIRCUIT STEP VOLTAGE COMPUTED AS DIFFERENCE BETWEEN
TOUCH VOLTAGES 3 FT APART
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Vioc
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toc — Iexp
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RESULTS - CONCRETE V
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RESULTS - CRUSHER RUN V
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RESULTS - #34 GRAVEL V
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RESULTS - #57 GRAVEL V
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RESULTS - ASPHALT V
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RESULTS - DRY TESTS V
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120

100

1

B0 -

Vioc (V)

40

20

0 .
0 5 10 15 20 25

Distance From Center of Ground Grid [Feet)

Figum 37
Pin o GridY _, FAZE010 {(Initial Dry Test)

l=z?

EPRI 3002008836

=== Cnicrete Pad

= 112" Crusher
Eun

sl $34 Washed
Gravel

e B0 7 Washed
Gravel

== Asphalt




RESU

EPRI 3002008836

LTS - WET TESTS V
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RESULTS - IHR AFTER WET V

toc

Pin to Grid Vioc, 7/13/2010 (1 Hr After Wet Tests)
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RESULTS - WET TESTS |,
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lexp or V tec Inside Grid Area and Gver Asphalt Bed
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RESULTS - 1HR WET TESTS |,
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RESULTS - DRY TESTS RE-RUN I,
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RESULTS - I, TESTS OUTSIDE GRID

| exp or VY toe 3" Crutside Esch Ground Grid Corner

& 71310 Wet Tests)

100
40
. BD | W 7/13/1001 Hr After
20 X ' Wet Tests)
= G FA1G/100 2 days After
5 cp > Wet Tests]
:Eim X A6/ 10(3 days After
E 30 Wet Tests)
- 20 29210 Dry Tests)
10 . 3 L
0 e Py K
Sail Crush Run  #34 57
Fiqume 328

| or¥ . (Comer Points, All Weather )

@ EPRI 3002008836




KEY OBSERVATIONS

* Between wet and dry conditions, the wet condition causes the maximum exposure current for
each type of surfacing material including the native soil.
* In wet conditions, the exposure currents are significantly higher for concrete and 1 /2"

crusher run compared to washed gravels (#34 and #57) and asphalt. (Note that the concrete

pad has no rebar)

* In wet conditions, the performance of 172" crusher run and concrete is almost the same as
the native soil.

* Between #34 and #57 washed gravel, the performance of #34 gravel is slightly better due to
larger sized rocks.

* The exposure currents on washed gravel (#34 and #57) and asphalt beds reduce dramatically
within an hour from wetting. In comparison, 1 2" crusher run took three days of drying to
reduce the exposure current level to that of washed gravel.

* As expected, the highest exposure currents were measured three feet outside the ground grid
corners.

* In the case of washed gravel and asphalt, the change in exposure currents is much more
dramatic (several orders of magnitudes) compared to the change in the open circuit touch

Voltage.
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RESULTS - WET TESTS Ry,

Thevenin's Eguivalent Resistance in Series with Feet
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RESULTS - 1HR WET TESTS R,

Thevenin's Eguivalent Resistance in Series with Feat
771372010 [1 Hr After Wet Tests)
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RESULTS - DRY TESTS RE-RUN Ry,

Thevenin's Fguivalent Resistance in Series with Feet
71372010 [Dry Tests Re-run}
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RESISTIVITY - ASPHALT

Asphalt Resistivity, 4 Fin Method
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Asphahl Besistivity at Different Pin Spacing and Moisture Conditions

PROBLEMS WITH PIN CONTACT RESISTANCE IN ASPHALT
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RESISTIVITY - DRY GRAVEL

GravelResistivity with Dry Sample
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Figum 338
Resistivity of Gravel Samples (Samplke Dry)
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RESISTIVITY - SATURATED GRAVEL

Gravel| Resistivity with 5ample S5aturated with Tap Water
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Resistivity of Gravel Samples (Sample Saturated with Tap YWater)
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RESISTIVITY — DRAINED GRAVEL

GravelResistivity with Sample Water Drained
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Resistivity of Gravel Samples (Sample with Water Drained)
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SO WHAT ARE THE WORST CASE
DESIGN ASSUMPTIONS?

LOOKING AT COMPUTED (OPEN-CIRCUIT) TOUCH VOLTAGES INDEPENDENTLY
FROMTOLERABLE VOLTAGES, ONE MIGHT THINK WORST CASE IS FOR VERY DRY
SOIL (HIGH RESISTIVITY AND CORRESPONDING HIGHTOUCH VOLTAGES) AND
VERY WET SURFACE COVER (LOW RESISTIVITY AND LOW R, )

HOWEVER, UPON FURTHER REVIEW. ...

THESETESTS INDICATE WORST CASE IS FOR BOTH SOIL AND SURFACE COVER
BEING VERY WET — GIVES HIGHEST BODY CURRENT Iexp

THEREFORE, ANY STANDARDIZED ROCK RESISTIVITY TESTING SHOULD BE
DONE FOR WET ROCK CONDITIONS. BUT HOW WET? SATURATED OR
DRAINED?TBD
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COMPARISON TO STD 80
(NOT PART OF THIS PROJECT)

SAMPLE

1-1/2 CRUSHER RUN RERUN
1-1/2 CRUSHER RUN RERUN
1-1/2 CRUSHER RUN RERUN
1-1/2 CRUSHER RUN RERUN
1-1/2 CRUSHER RUN RERUN
1-1/2 CRUSHER RUN RERUN

1-1/2 CRUSHER RUN WET
1-1/2 CRUSHER RUN WET
1-1/2 CRUSHER RUN WET
1-1/2 CRUSHER RUN WET
1-1/2 CRUSHER RUN WET
1-1/2 CRUSHER RUN WET

1-1/2 CRUSHER RUN 1HR
1-1/2 CRUSHER RUN 1HR
1-1/2 CRUSHER RUN 1HR
1-1/2 CRUSHER RUN 1HR
1-1/2 CRUSHER RUN 1HR
1-1/2 CRUSHER RUN 1HR
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V11
V12
V13
V14
V15
V1C

Vi1
V12
V13
V14
V15
V1C

Vi1
V12
V13
V14
V15
V1C

LOCATION SAMPLE r

3195
3195
3195
3195
3195
3195

43
43
43
43
43
43

120
120
120
120
120
120

SOIL r

195
195
195
195
195
195

195
195
195
195
195
195

195
195
195
195
195
195

Voc
40.8
44.7
47.3
47.3
49.3
113.7

30.3
325
34.5
35.8
36.8
102.6

32.1
34.5
36.6
38.2
39.3
102.2

lcc mA
0.315
0.85
0.42
0.412
0.54
0.85

121
17.9
23.7
28.5
28.2
76

14.9
17.3
18.1
22.9
19.1
71.2

Rthev C
128523.8
51588.24

111619
113805.8
90296.3
132764.7

1504.132
815.6425
455.6962
256.1404
304.9645
350

1154.362
994.2197
1022.099
668.1223
1057.592
435.3933

Cs 80
0.71
0.71
0.71
0.71
0.71
0.71

2.10
2.10
2.10
2.10
2.10
2.10

1.19
1.19
1.19
1.19
1.19
1.19

Rthev 80
3395.948
3395.948
3395.948
3395.948
3395.948
3395.948

135.2586
135.2586
135.2586
135.2586
135.2586
135.2586

2149138
214.9138
214.9138
214.9138
214.9138
2149138




COMPARISON TO STD 80
(NOT PART OF THIS PROJECT)
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SAMPLE LOCATION SAMPLE p SOIL©O Voc IlcemA  RthevC Cs 80 Rthev 80
#37RERLIM WAl 2232620 135 29,1  0,0208 1398038 0.63 23036598
#37RERLM WAz 2232620 135 292 0,0128 2280230 0.63 23036353
#37RERLIM W3 2232620 135 9.4 0,0092 3194634 0.63 23036598
#3537 RERLIM W4 2232620 135 347 0,017¥3 2004730 0.63 23036353
#37RERLM W5 22326720 135 30,7 0.0102 2008204 0.63 2309658
#3537 RERLIM WAC 2232620 135 A3 0.0202 3414842 0.63 23036353
HITWET WAl 7 195 8.7 4 B17a 1.53 165,2586
H#3TWET WAz 72 135 32,6 4.4 £403,091 1.53 165,2586
HITWET W3 72 195 9.7 a2 aBE5,385 1.53 1652586
H#3TWET W4 72 135 av.e 4.6 7217391 1.53 165,2586
HITWET WS 72 195 39,3 4.9 F020, 408 1.53 1652586
#ITWET WAC 72 135 100.4 11.3 7834.336 1.53 165,2586
#3537 1HR WAl 4332 135 28.8 0,423 67085.11 0.7a 4634,224
#371HR WAz 4332 195 32.5 0454 690431 0.7o 4534,224
#3537 1HR W3 4332 135 35.9 0,512 63117.13 0.7a 4634,224
#371HR w4 4332 135 382 0,598 E2873.6 0.7o 4634,224
#371HR WS 4332 195 35,6 0,592  65851.853 0.7o 4634,224
#37 1HR WAC 4332 195 976 074 130831.9 0.7o 4634,224




COMPARISON TO STD 80

(NOT PART OF THIS PROJECT)

SAMPLE LOCATION SAMPLE p SOIL O Voo  lcemA RthevC Cs 80 Rthev 80
#3I4 RERLIM W3l 2811809 195 244 0,0073 3314068 0.69 2908353
#34 RERLIM WAl 2811308 155 241 0.0062 3836057 0.63 2908333
H#I4 RERLIM w33 2811209 195 23,8 0,0051 4BESEET 0.659 2903853
H#IARERLIM w34 2811509 135 274 0,007 33132386 0.69 29035853
H#I4 RERLIM w35 2811809 195 347 0,0133 2605023 0.69 29085853
#3I4 RERLIM WIC 2811809 195 0.6 0.,0134 4521388 0.69 2908353
HIAWET w3l 92 195 32,2 2.2 12636.36 1.35 135.94383
HILWET W32 92 135 35.9 2.5 13360 1.35 135.24583
HIWET w33 92 195 aB.8 2.2 16636.36 1.35 185,94583
HILWET W3 91 195 40,9 .7 14148.15 1.35 185,94583
HI4WET W3 9 155 42,6 2.3 1e040 1.35 155.94583
HI4WET WAC 92 195 10g.8 £.1 16236.07 1.35 135.94483
#I41HR w3l 3765 135 3l1.3 0.084 371613 0.7a 6054563
#I41HR W3l a7eS 195 34,5 0.081 4249259 0.7o 6054, 565
#341HR W33 a7ea 155 381 0.15e  243230.8 0.0 6054, 563
#241HR w34 37ES 195 29.9 0.171 2323333 0.7a E054.563
#241HR w35 a7ES 195 41.5 0,158  Zele58.2 0.7a E054,563
#I41HR W3C 3765 135 1035 0,372 2733011 0.7a 6054563
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REASONS FOR GREAT DIFFERENCES
BETWEEN MEASURED & STD 807

 MUTUAL RESISTANCE BETWEEN FEET AND GRID ,
PLUS BETWEEN FEET IS IGNORED IN STD 80

e UNKNOWN “TRUE” RESISTIVITY OF SOIL FOR EACH
CONDITION

e STD 80 ASSUMES PERFECT CONTACTWITH
SURFACE,WHILETHERE MIGHT BE SIGNIFICANT
CONTACT RESISTANCE IN MEASUREMENTS

@ EPRI 3002008836




@ EPRI 3002008836

277




	Touch and Step Voltage Measurements on�Field Installed Ground Grid Overlaid with�Gravel and Asphalt Beds
	Slide Number 2
	OBJECTIVES
	TEST SET UP
	TEST SET UP
	WETTING THE TEST AREA
	TEST TIMELINE
	DIRECT MEASUREMENTS
	ROCK RESISTIVITY MEASUREMENTS
	RESISTIVITY OF ASPHALT USING THE FOUR-PIN METHOD
	VARIABLES DERIVED FROM MEASURED DATA
	TEST LOCATIONS
	EXPOSURE CURRENT MEASUREMENT
	OPEN-CIRCUIT TOUCH ANS STEP VOLTAGES
	RTHEV ????
	RESULTS – CONCRETE Vtoc
	RESULTS – CRUSHER RUN Vtoc
	RESULTS - #34 GRAVEL Vtoc
	RESULTS - #57 GRAVEL Vtoc
	RESULTS – ASPHALT Vtoc
	RESULTS – DRY TESTS Vtoc
	RESULTS – WET TESTS Vtoc
	RESULTS – 1HR AFTER WET Vtoc
	RESULTS – WET TESTS Iexp
	RESULTS – 1HR WET TESTS Iexp
	RESULTS – DRY TESTS RE-RUN Iexp
	RESULTS – Iexp TESTS OUTSIDE GRID
	KEY OBSERVATIONS
	RESULTS – WET TESTS Rthev
	RESULTS – 1HR WET TESTS Rthev
	RESULTS – DRY TESTS RE-RUN Rthev
	RESISTIVITY - ASPHALT
	RESISTIVITY – DRY GRAVEL
	RESISTIVITY – SATURATED GRAVEL
	RESISTIVITY – DRAINED GRAVEL
	SO WHAT ARE THE WORST CASE DESIGN ASSUMPTIONS?
	COMPARISON TO STD 80 �(NOT PART OF THIS PROJECT)
	COMPARISON TO STD 80 �(NOT PART OF THIS PROJECT)
	COMPARISON TO STD 80 �(NOT PART OF THIS PROJECT)
	REASONS FOR GREAT DIFFERENCES BETWEEN MEASURED & STD 80?
	Slide Number 41

