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ABSTRACT

This paper is a discussion of the necessary geological factors which need to be investigated to ensure good
performance in deep anode ground beds. The key to good performance is the resistivity of strata over the length of
the anode column. The proper selection of the correct geologic strata within which to place deep anode beds is
crucial to the overall performance, not only initially, but over the operating life, and can substantially affect the
overall cost of the system. Proper strata selection requires a composite analysis of all available factors such as
geologic data, measured or calculated resistivities with borehole control in the form of lithologic logs, and
electrical (resistivity) logsto enhance the chances for success.

Keywords. Geologic Factors; Deep Anode Beds; Resistivity ¢fatd; Groundwater Characteristics; Design
Determinations.

INTRODUCTION

Deep anode ground beds are being used extensivielg iapplication of cathodic protection to variouslerground
structures. The growth in the use of deep anods hed been dramatic in the last twenty years dvemgh these
types of systems in various forms have been useadver forty eight year&?. The early deep anode ground beds,
although often satisfactory initially, failed withme and the industry became plagued with failuvéh an average
ground bed life of less than seven years. Althoungimy of these were component failures, quite oft@adequate
performance was the result of the strata in whieh deep anode bed was installed. This general golas
masked by the severe problems that were experidncede of various types of carbonaceous backfiictv were
not capable of discharging current efficiently woitih excessive gas buildup in the backfill voids.ld@ihe and
oxygen generated at the anode also had a veryraetial effect on the cable insulation and thereewarmerous
cable failures®?. To a lesser extent, anode material and anodeection failures contributed to the overall
problem. Recent years have seen a dramatic impmveim the quality of the installations, due to noned
materials, to the point where many of the deep armtls are replaceable using a unique method ijurodion
with backfill materials that are capable of disgfiag currents and dissipating gases very efficjh(Figure 1).

Surface soils can readily be accurately measuredefistivity level and anode ground beds desigaambrdingly.

In deep anode beds, however, accurate resistivgsorements are more difficult to obtain and donmaintain the
same degree of accuracy from readings obtained tinhenground surfaé® Thus, although these readings are useful
if obtainable, the results should not be reliedrupolely without the support of other geologicalada he several
types of surface field measurement techniques, the. Wenner Four Electrode configuration, the Getiderger
Array and the Central Electrode System have beequately discussed in the literature and will netfbcused
upon herein. However, they remain a desirable corapbin the overall analysis for deep anode begicgbions.
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Figure. 1: A Deep Anode System

Specific resistivity readings obtained from oil Welectric logs would be extremely useful, but teta is not
normalléll available for deep anode because the hgggperation is not initiated until a 150 - 300 reedepth is
reache€’.

Table 1: Typical groundwater ion concentrations (ppm) and resigtivities”

Well1 | well2 | Well 3
Depth (cm) 65 60 75
Diameter (mm) 300 300 300
Silica (SO,) 13 20 21
Iron (Fe 1.2 14 0.5¢€
Calcium (Ca) 98 80 82
Magnesium (Mg) 32 30 25
Sodium (Na) 15 25 30
Potassium (K) 2.8 3.0 3.8
Carbonate (C¢) 0.0 0.0 0.0
Bicarbonate (HCt) 347 39C 33C
Sulphate (SQ 92 32 7.8
Chloride (Cl) 17 22 31
Fluoride (F) 0.4 0.5 0.6
Nitrate (NQ) 1.0 25 1.0
Dissolved solid 47z 40€ 34t
Resistivity (mhos 1324 153( 1811
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Table2: Water Quality characteristics of Agbada field *

Parameters oh | TEMP | cong. (sremy| TOHAK | a:é’tr" ess| TDS | TSS | NH:N | NOSN | FTU | SQ. | CI | PQ. | DO | BODs | oo | Oil &grease
e ) -
Sample code C) (mg/l) (mg/l) (mg/l) | (mg/l) | (PPM) | (PPM) | Turb. | (mg/l) | (mg/l) | (mg/l) | (mg/l) | (mg/l) (mgll)
Agbadal | 5.03| 26 40 30.0 9.50 22 20 0263 760 NIL 2.00 715150 | 4.20 36 0 0
1 590 | 265 289 35.0 39.50 97 2.0 0263 5.40 : 1p0 0.01] 2.00| 6.30 5.2 0 0
2 504| 28 35 25.0 9.50 13 40 0395  6.00 / 2.00 8l5 .131] 245 210 10 0
3 439] 26 18 17.5 1.00 10 “ 10.5 226 7.05 6.0 0 0
4 391| 30 20 725 5.50 12 30 0263 7.40 ! .00 6l0 .751] 540 | 1.80 0 0
S 473] 28 21 725 5.00 13 50 0395 600 144 200 0 9. 250 | 3.15| 2.75 2 0
6 851| 28 16 25.0 8.00 9 340 1144 10460 1jo4 3Jo0 .0 1.88 | 3.85| 3.20 41 0.50
7 380 32 13 25.0 1.00 7 0.0 0.0 4.00 j 1.90 7/0 1]257.40 | 150 0 0
g 629 32 61 375 7.50 33 80 1315 7.80 4.00 95 753 7.30 | 6.00 52 10.33
1 642| 30 84 525 14.00 49 220 1710 5.20 L 50 4.0425 | 500 3.60 54 10.33
12 557| 30 32 325 450 18 23. 2104 8.00 5.p0 7.0400 | 7.60| 6.00 32 133.8
13 401] 30 88 575 2.10 49 19. 2367 7.60 100 6/00.057 475| 7.30] 6.10 44 8.98
BH-1 6.16| ?? 74 25 12 42 2.0 0.1¢ 520  1.p0 10 150 0 6. 1.0 2.8 0.20
BH-2 6.17 “ 40 30 17 24 3.0 0.20) 600 150 - 1 1.80 050 1.2 25 0.10
BH-3 6.34 “ 73 35 24 39 2.5 0.18 560  1.50 - 14 125 071 05 2.0 0.20
Agbada il 1| 487 28 18.2 275 4.0 10 25. 2365 560 060 5/008.0 413 | 255| 1.85 52 331.57
2 563| 28 37.10 375 11.50 19 22D 2893 6.00 0/60 004 8.0 3.00| 1.65] 1.15 58 16.16
3 438] 27 14.40 35.0 0.50 10 1.4 0.0D 3.20 I 1.p0 4.01.25 | 7.60| 6.70 0 0
4 500| 26 25.2 30.0 11.50 13 300 0789 11po 2/70002 9.0 3.63| 1.40| 1.10 44 0.50
5 47: ] 3 59.6( 25.C 12.0( 30 | 110.( | 0.267 [ 4.0C - 20C | 18.C | 1.5C | 45C | 3.7¢ 14 0
6 471 29 128.2 35.0 19.00 70 10p 0263 4.0 B 1/00125 | 1.13| 550| 4.50 2 0
7 502| 28 26.7 32.50 21.00 14 34p 0789 1040 304.004 8.0 225| 290] 2.30 53 0.50
8 462] 30 21.40 32.50 10.50 12 300 1052 9.0 253.001 7.0 1.88| 0.90] 050 47 0.50
Control x| 478| 28 38.10 32.50 8.50 20 15D 1184 1180 204.002 13.0 | 2.13| 490 3.85 43 0.30
BH-1 6.4¢ - 22 17.F 8 14 2.C 0.22 3.2C | 1.0C - 10 1.5C | 5.5C 0.8 2.C 0.1¢
BH-2 6.42 - 27 20 6 17 1. 0.27 4.0C | 1.5¢ - 10 178 | 7.3C 1.C 2.6 0.2(
BH-3 6.24 - 19 20 7 11 120 0.26 480 1.400 - 7 113 65014 3.0 0.20
*Courtesy of Fabino Consult Ltd, Lagos
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2.GEOLOGIC FACTORS

The dominant factors in the performance of any daegle system will be the selection of the mosbriable strata

in which to place the anode column. The charadiesisof favorable strata are an overall low, reiely
homogeneous resistivity over the length of the ancalumn. The resistivity of any stratum is dicthtet by the
composition of the stratum itself but by the watentent and the ions it contaftisCommon ions that contribute to
good conductivity include NaCI, Ca? SO, HCO;?, CO;2, and Md?. Table 1 shows an analysis of raw ground
water samples from 3 wells showing ion concentratiand dissolved solids. Calculated resistivities lsted as
derived from the equation:

_ 625000
TDS(ppm)

where 625,000 is a constant and TDS is total dissio$olids in parts per million. As some of thesgsiare found in
most ground waters, the main factors contributtiniptver overall strata resistivity are higher imncentrations and
larger amounts of water contained within the sffata

It is also discerned from Table 1 that while highesistivities are generally associated with lowen
concentrations, C4 Mg, HCO;", SO 2 ions, and perhaps most importantly, the totalahiesi solids appear to
have overriding influence on the resistivity of gnowater within strata. A similar trend is apparenthe water
quality characteristics presented in Table 2 fobadg | and Il fields in the Niger Delta, Nigerixcept that metal
ion concentrations were either very low or not detkle in the water samples analysed.

Table 3: Resistivity of sediments®

Rock Type Resistivity Range
Consolidated shale$ 20 -2x10
Argillites 8-10x1¢
Conglomerate 2x1C-1C°
Sandstones 1-6.4x40
Limestones 50 x 0O
Dolomite 35x16-5x10
Clays 1-10000
Alluvium and sanc 10-8000(

Oil sand: 4 —8000(

Table 4: Resistivities of igneous and metamor phic r ocks'®

Rock type Resistivity Range
Granite 3x16-1C
Granite porphyry 4.5 x Pqwet) — 1.3 x 10(dry)
Feldspar porphyry 4 x 2qwet)

Dacite 2 x 18 (wet)
Andesite 4.5 x 10(wet)
Diabase (various) 5-20x%0

Lava 16-5x16
Gabbro 10-1C°

Basalt 1.3 - 10 x fqdry)
Peridotite 3 x 1D(wet) — 6.5 x 10(dry)
Schists (calcareous & mic 20-1C°

Slates (various) 6xf0-4x18
Gneiss (various) 6.8 x TQwet) — 3 x 18(dry)
Marble 10 — 2.5 x 16 (dry)
Quartzites (various) 10 -2 x¥0

Tuffs 2 x 1C (wet)— 1C7 (dry)

Table 3 shows typical resistivity values for unadittated and consolidated sediments while Tableresgnts
typical resistivities for crystalline rock types.sAwould be expected, clays and argillites have miaster
resistivities than sandstones, conglomerates amktones.
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Generally, rock-forming minerals are highly resistito current flow, the presence of clay mineragésnd an
exception. The exchangeable ions in the clays repgrate from the lattice and make pore water cdandueven
though the formation water may not be saline. Assallt, clays usually have low resistivities — wiegtoccurring as
clay — rich soils or as shales. Thus, if it is Bitfed with certainty that the groundwater in agaas fresh, then low
resistivities are representative of clays. On ttfeiohand, fresh water which is essentially a pmmrductor, will
cause high resistivities when present in the ppexeas of a clean or clay-free soil, or in the paregoints of a
porous or dense relatively clay-free rock. Basethese considerations, it should be noted thaetisenothing very
distinctive about the kind of material that hashhig low resistivity values per se. Johnson and3pef® state that:
“it would be possible on the basis of high resisfito drill expecting to encounter a porous, fregater bearing
sand and instead encounter a tight dense sandstbhis’is because as deposits become more contsaljdde
moisture content, porosity, and permeability geliydecrease and the resistivity tends to be higharthermore,
saline pore water in a sand or porous highly fraztuock gives low resistivity values that are atsdicative of clay
or shale. In addition, the degree of saturationt tremies with seasons, in turn affects conductaacd, by
implication, the resistivity. Seasonal fluctuationsesistivity by as much as 200% have been repqiBrooké&”).

Similarly, in the crystalline igneous and metamacgicktypes, moisture content, permeability ancopity are low
due to the massive dense constituents and thdaesusistivities are very high making them undgse for deep
anode bed applications.

The corrosion engineer when designing a deep agaiend bed is concerned with locating favorablatator rock
types, usually within the 15 to 250 metre range.a&arage depth for a standard deep anode applidatigrobably
60 to 90 metres. This relatively shallow depth earfgeologically speaking) encounters an extremétyaof
materials depending on geographical location amdotien vary locally to a great extent. The stthtt are usually
encountered in that depth range vary from uncodatdd sediments including soils, alluvial clayftsssands, and
gravel to well consolidated sediments includinglshsandstone, conglomerates, and limestone. Metdritoand
igneous rock types may also be encountered at tiheysiiis but are typically encountered at greatpthde The
exception to this is in areas of previous earth enoent where previously almost horizontal sediméatge been
folded, and/or faulted, as in typical mountain rarayeas. Metamorphic rocks may also be preseng aloth
igneous intrusives. In the crystalline igneous anetamorphic rock types, moisture content, permiatdind
porosity are low and the resultant resistivitieg aery high making them undesirable for deep anbeé
applications. Thus, it becomes an investigatiodai@rmine not only the type of material that i&&encountered at
depth, but its characteristics in terms of watertent, porosity and permeability and the possitéenents present
resulting in ions in the water formations.

One important factor is the interpretation of wigtctually “rock”. Several potential installation§ deep anode
ground beds have been avoided because someonéetbfuat there was rock at depth or bedrock, andtren

often misinterpreted. In one instance, a major ek deep anode bed project was not accomplisieeduse of
reports of “rock” at the 15 metres depth. In faghat existed at the site was a layer of fairly higlsistance
dolomite at depth of 15 to 45 metres. Below th@myaver, were consolidated zones of very favorableresistivity

shale suitable for deep anode beds. Thus, theeesitata to the maximum potential depth must bestigated and
when “rock” is encountered it must be defined astsdype and composition. The “rocks” to be avdidee the
highly crystalline igneous and metamorphic rocks tire not underlain by sediments, i.e., “bedrock”.

In contrast, oil and gas producing regions are atnabways suitable areas for deep anode beds Ediube
typically thick overlying sedimentary deposits winioften occur in the 15 to 250 metres deep anoderdege.
Prolific areas such as the Niger Delta Basin inexig have overlying sediments of over 9,000 matrdhickness
making them excellent areas for deep anode beds.

Even when suitable strata are located, some oftkbsuld be avoided for other reasons. For exanugleain
limestones that are termed “vuggy” have large ¢ewiand voids that are formed by circulating growveter
through joints and fractures and along beddinggsabrilling through one of these cavities wouldulein loss of
circulation in the hole and make backfilling diffit if not impossible. Strata which contain artesisater (ground
water under head pressure) can also cause conlisatith deep anode installations and subsequenfdance.
Generally, heavy mud drilling will stop small flowghile hole casing may be required for heavier flates. Areas
of excessive water pressures should be avoidesk#iple.
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DESIGN DETERMINATIONS

One of the initial choices in any cathodic protectapplication would be to determine which typegodund bed
configuration would be most suitable for a givemplagation. Deep anode beds have become very popeleause
of surface congestion, difficulties in obtaininghts-of-way, minimal interference effects, favouealourrent
attenuation and good operating performance. Inrdaiea deep anode bed to be favoured electricalgr a surface
bed, relatively low resistivities at depth mustitientified and compared at a given location toréestivity of the
soils near the surfalk If the choice of a deep anode bed is obviousfier factors, then the task at hand is simply
to determine the specific design of the deep armsteat a given location. The corrosion engineesls n deep
anode bed design is to develop a composite typmalf/ses where all factors that may have an effe¢he system
will be considered. Figure [2] shows the informatihat should be obtained and analyzed to achiexeceessful
deep anode installation.

MATERIALS

RESISTIVITY
STRUCTUR
DEEP ANODE j DRILLING
GROUND SUCCESSFUL ) OPERATION
WATER BED
ENGINEERING

STRATA

Figure 2: Key factorswhich incor por ate a thorough composite analysis

Consideration of the geologic factors by the camoesngineer searching for low resistivity stratasomewhat
analogous to the approach taken by the petroleusiogist in his search for oil. Both gather as mukdta as
possible for the proposed area and base their usiods on all the data. The corrosion engineeodakihg for

relatively low and homogenous strata resistivityilevithe petroleum geologist is looking for oil. Theoblem with

deep anode beds is that reliable and accuratdivdgisneasurements are often lacking. Thus, hetndosother

things to try to ascertain what the relative vatight be. This requires studying and analyzinggdglogic maps,
(2) electric logs, (3) local drilling logs and catiohs, (4) supportive geologic information suchwaster table depth,
porosity, permeability or moisture content, (5)fage resistivity measurements to depth, and (6tieg cathodic
protection of deep anode beds. After all of thigimation is analyzed, the corrosion engineer nmake his
decision based on an analysis of each of the fachorarge projects, a small diameter test holghinbe drilled to
actually verify for certain the suitability of th&trata. The design is then completed by determitiregcurrent
capacity, the desired ground bed resistance, andesign life of the cathodic protection system.
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4.DRILLING OPERATIONSAND INSTALLATION

Once the deep anode design has been finalized, ritady for installation. Optimum performance amgee of
installation of the deep anode ground bed can bedmhieved by using the drilling equipment whistbést suited
for the strata in which the ground bed would béaltesd. Typical requirements are a clean, straligii¢, which will

maintain circulation when backfill material is puegh The normal choice in a drilling rig is a relaty small rotary
rig, typically used by water well drillers. Thesgs usually have the capability of drilling up t®® metres.
Alluvium and unconsolidated sedimentary stratauditig heavy gravel usually require a lined holengsa high
viscosity drilling mud. The viscosity of the drillj mud is varied as needed by the driller to mairttze integrity of
the hole and to be able to drill past areas ofsamteground water, cavities and weak areas inttlagas If it is not
expected to encounter strata which require mudirdyilthe strata may be drilled with the rotary dg air. Hard
rock drilling of sandstone and limestone would tgly be drilled using the rotary rig on air withhard rock bit.
Cable tool type rigs should be avoided except imeexely hard strata where a vertical pounding céérig may
be the only feasible way to penetrate the strdtayre very slow and not suitable for most inataihs.

An important part of the deep anode ground bedhiasion is to conduct an electrical resistancedbthe strata to
verify the designed anode column position and terd@ne the most favorable areas for anode placeriiée log

is usually conducted using an anode as an elecwiitiereference to the structure to be protecteabtAer helpful
measurement easy to obtain is the anode-to-anat#anece once the anode bed has been installedaakdilled.

These details assist in ensuring a more uniformeatidistribution over the anode column and mongakqurrent
output from the individual anodes. Strata resigtadiogs and anode-to-anode resistance logs maytbdited for

future design use.

CONCLUSION

The information provided herein leaves us to comelthat the dominant factor in deep anode bed pedioce is
the suitability of the strata where the deep artmetecolumn is installed. Therefore, it is necessary

1.Perform a thorough investigation of the geologgegtth to determine the electrical and physical attaristics of
the strata.

2.Base a decision on a composite analysis of therrdtion obtained to determine if an acceptable dewule bed
can be achieved.

3.Avoid deep anode bed installations in unalteredtatiine, igneous and metamorphic rock types.

4.Adjust the length of anode column and number ofdasdo suit the strata resistivity and adjust theda location
in the column for best performance.

5.Utilize the optimum drilling equipment and technégufor the strata expected to be encountered todera hole
that is clean, straight and will maintain circubeti

6.Properly log the installation to ascertain anodemm and position and use for future performancaarisons.
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