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Abstract

The FORTRANl/ algorithm described in this report was developed for
applying corrections to normal resistivity logs of any electrode spac-
ing for the effects of drilling mud of known fesistivity in boreholes of
variable diameter. 'The corrections are based on Schlumberger departure
curves that are applicable to normal logs made with a §tandard Schium-
berger electric logging probe with an eleétrode diameter of 8.5 em (3.35
in). The FORTRAN algorithm'has been generalized to accommodate logs
made with other probes with different electrode diameters. Two simpli-
fying assumptions used by Schlumberger in developing the departure
curves also apply to the algorithm: (1) bed thickness is assumed to be
infinite (at least 10 times larger than the electrode spacing), and (2)

invasion of drilling mud into the formation is assumed to be negligible.

1/ The use of a trade name does not necessarily constitute endorsement

by the U.S. Geological Survey.



Introduction'

4' The FORTRAN algorithm described in this report is based on Schlum-
‘berger departure curves for.a’normal probe under conditiéns of no
invasion of drilling mud and infinite bed thickness with electrodes N
and B at an infinite distance from each other and from probe electrodes
A and M. These curves are published in Schlumberger Document Number 3
.(19R9). In developing the élgorithm, the Schlumberger departure curves
were digitizéﬁ to obtain values of Ra/Rm fof Rt/Rm ranging from Q.1 to
1000 and AM/d ranging from 0.2 to 700 as shown in table 1. Ra is
appa£ent resistivity, Rm is mud resistivity, Rt is trué resistivity, AM
is electrode spacing; and d is hole diameter. A stepwise mpltiple
regression procedure was applied to the digitized data divided into two
sets: one for Rt/Rm 1_1, the other for Rt/Rm > 1. Log(Rt/Rm) was taken
as the dependent vafiab}e, and log(Ra/Rm' and log(AM/d), together with
their powers and cross-products up to 4th degreé, were taken as the
independent variables. The two resulting eéuations of fitted surfaces
have multiple correlation coefficients of 0.9936 for Rt/Rm < 1 and
O.99§6 for Rt/Rm > 1 when carried to 11 terms given in equations (1) and
(2) below:

For Rt/Rm < 1

2 y

S = '0.98989832 x, - 0.14939863 x, - 0.025675792 x,
2 - 0.19797682 x,

2 5

3" 0.18076212 X, x3 + 0.85238666 XX
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+ 0.067224059 x23 + 0.076110412 x
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- 1.0115236 X3



Table 1.-~Valuus of Ra/Ra tabulated for Rt/Rm ranging £rom 0.1 to 1000 and AM/J vanging from 0.2 to 700 obtained from Schlumberger departure cutrves for

normal devics, no invaston, and beds of infiaite thickness (Schlunberger document no. 3, 1949).

A/d
- 4
YL 0.2 0.3 0.5 0.7 1.0 1.5 2.0 3.0 5.0 7.0 10 15 20 30 50 70 100 150 200 300 500 700
9.1 0,700 0.570 0.360 0.240  0.155 0.110 0.089 0.081 0.086 0.094 0.098 0.100 —— ——— —— ———— —— ——— e
0.2 0.7%0 0.630 0.440 0.340 0.250 0.195 0.180 0.180 0.197 0.200 0.200 0.200 ———— ——— ——— — — ——— mome emme meee meae
0.3 0.780 ©0.680 0.520 0.435 0.350 0.285 0.265 0.270 0.290 0.295 0.300 0.300  ~--- —— —— — —— —— e
0.5 0.8:0 0.780 0.670 ° 0.600 0.530  0.470 0:460 0.463 0.490 0.493 0.500 0.500 — —— ——— — —— ———— e ———,
0.7 0.%00 0.860 0.800 0.760 0.710 0.680 0.660 0.670 0.690 0.695 0.700 0.700 ———— —— —— —— — ——— e
1.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  -=~- ——— ——— —— ——- e e
1.3 LIS 1.20 1.30 1.40 1.50 1.55 1.60 1.60 1.52 1.50 1.50 1.50 1.50 ==’ - - -— ———= e mees emem eeee
.0 1.30 1.40 1.65 1.80 1.93 2.10 .15 2.15 2.05 2.0} 2.00 2.00 2.00 ~--- — —— — —— L I
3.0 150 LT3 2.20 2.50 2.80  3.1% 3.30 3.30 a7 3.10 .08 3.00 3.00 3,00 meem o emem emem ceen e e ecen oo
5.0 1.9 2.50 3.30 3.80 4.50 .13 5.60 5.85 5.70 5.45 5.30 5.10 3.00 5.00 ---- —— ——— ———— meme mmes meee eeee
7.0 2.45 3.00 4.10 5.00 6.10 7.20 8.00 8.60 8.40 7.90 7.30 7.10 7.00 7.00 ---- ——— ——— —— B e,
10 2.90 3.85 5.60 6.60 8.30 10.5 11.7 12.5 12.3 12.} 11.3 10.8 10.5 10.1 10,0 —-w- —_—— ——— B T
15 3.65 5.00 7.20 $.25 12.0 15.0 17.5 20.0 21.5 20.0- 18.7 i7.0 - 16.5 15.3 15.0 15.0 --—— ———— e
20 4.30 6.00 9.00 12.0 15.0 19.0 23.0 26.0 28.0 22.5 25.5 23.5 22.0 21.0 20.0 20,0 ---- —— wemm meen meee —eaa
31 5.50 7.0 . 12.4 16.0 20.5 1.0 32.0 40.0 46.0 /;a.s 44.0 38.5% 3s5.0 32.0 30.5 30.0 © 0.0 ~--o cmmm mmee meme ool
30 7.00 19.5 16.5 22.0 - 29.0 39.0 '68.0 60.0 13.0 16.5 74.5 61.0 60.0 55.0 52.0 50.3 50.0 50.0 ~-==  emee meee aeen
70 9.00 13.0 20,5 7.5 37.0 5t.o 63.0 82.0 105. 120. 120. 110. 96.0 84,0 75.0 73.0 ~7l.0 10.0 70,0 <—-- e " eeen
100 11.0 16.0 26.0 5.0 48.0 65.0 831.0 1i5. 145, 165. 170. 165. 150. 130. 115. 11o0. 105. 100. 100, w~ne mmee el
150 14.0 20.5 | 3.0 45.3 63.0 89.0 115, 150. 200. 230. 250. 240. 230. 200. 175. 165. 160. 155. 150. 150, ~=v=  e--e
- 200 11.0 25.0 40.0 *55.0 76.0 110. 135, 180, 253, 195. 330, 340. axe. 280, 24Q. 225, 210. 205. 100. 200, ~=m= o wmee
Joo 1.0 1.0 50.0 69.0 95.0 140, 180. 250, 360, 435, 500. 550. 555. 503, 425, 37a. 340. 320. o, 360, 300, ----
. 500 28.0 41.0 69.0 95.0 130. 195. 2535, 355. 530. 660. , 8lo. 935. 990. 970. 830. 135, 635. 565. 535. 515. 500, ----
“709 3%.0 49.0 . 80.0 120. 160. 240. 300, 440. 670, 860, 1100, 1300. 1400, 1500, 1300,  1200. 1000. *  870. 810. 750. 710. 0.
1000 40.0  60.0  100. 140. 195, 8s. 380. 540.  ‘830. 1120. 1420. 1740, 2000.  2300. 2200, 1870. 1630. 1350, 1250. 1370. 1100, 1000.
. ) : .
. : ¢
! 4 )



For Rt/Rm > 1

S = 0.015270453 x13 - 0.065033900 x12
- 0.0031720250 xzu - 0.022673233 x23 + 0.12836914 x

+ 1.2827109 x, (2)

2
2

- 0.056806217 x,, - 0.0033741998 x12x + 0.0020463816 x22x

3 3

+ 0.059729697 XoXq = 0.24143625 Xq = 0.13580321

where

7]
1]

log(Rt/Rm),

x, = log(Ra/Rm),

log(aM/d),

X3 = X X5 .

After S has been evgluated, true resistivity can be computed from
the relatiodship: .

ﬂt = Rm(exp 3S) . (3)

The significance of hole diameter, d, in parameter AM/d is that it
determines the thickﬁess of mud in the annular space between the probe
and the borehole wall when the probe is centered in ﬁhe borehole. fhe
thickness of mud in the annulus is (d-3.35)/2 inches for the standard
Schlumberger probg with an electrode diameter of 8.5 cm (3.35 inches).
The Schlumberger curves and equations (1) and (2) are valid for this
particular electrode diameter. For any other probe with a different
electrode diameter dp, used in a hole having a‘measgred diameter d', the
annulus is (d'-dp)/2, for which equations (1) and (é) are not valid if
d' is used in place of d. In order to obtain vaiid results from

equations (1) and (2) we must compute a different value for d which can

be regarded as an effective hole diameter. To accomplish this, we



equate (d-3.35)/2 to (d'—dp)/z‘apd solve fo} d to obtain the following
equation: |
d =d' + 3.55 -dp . W
For example, if the FORTRAN algorithm is applied to logs made with a
Gearhart-Owen probe with an electrode diameter of 0.73 cm (1.85 inches),
the effective hole diameter that is required for valid résults.from
equations (1) and (2) are:
d =d' +3.55 - 1.85 = d' + 1.50 inches (5)
Equation (5) can be interpreted as follows: since the Gearhart-Owen
probe is 1.50 inches»smaller in diameter than the Schlumberger probe,
the effective hole diameter for use with the departure curves must be
increased by 1.50 inches over the measured hole diameter in order to
make the annulus the -same for the Schiumberger probe for which the
- departure curves were derived and the actual Gearhart-Owen probe. The

value 1.50 is represented in the FORTRAN algorithm by "decorr" which is

computed as dcorr = 3.35 - dp near the beginning of the program segment.

Desceription of FORTRAN algorithm
The computational program segment listed in this report must be
preceded.by an input routine for reading the resistivity log values of
Ra (ohm-meters) into array xlog(i,1), and resistivity log depth; (feet)
into afray zlog(i,1). If a caliper log is available, the hole diameter
values (inches) are read into array xlog(i,2) with eorr;sponding depths
read into array zlog(i,2). Both logs should be digitized at the same

depth interval (usually 0.5 or 1.0 ft). The resistivity of fluid in the
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borehole is stored as "Rm", the electrode diameter of the probe as "dp",
and the nominal hole diameter as "diam". The nominal hole diameter is
used in place of the caliper 153 in intervals where the caliper log is
missing. The index of the last (deepest) data points in arrays
xlog(i,j) and zlog(i,j) is stored in array nm(j) where j = 1 represents
the resistivity log, and j = 2 represents the caliper log.

The program begins by testing Rm to assure that it is greater than
zero; the program stops if it is not. Then dcorr, the electrode
diameter correction 1is computed as described previously. Next the
caliper log, if it is available, is alined with resistivity log by
calling subroutine aline to obtain a hole diameter value at depth
zlog(i,1). fhen the normalized apparent resistivity Ram is computed by
dividing ihe observed resistivity xlog(i,1) by the mud resistivity Rm.
If Ram is lass than or equal to zero, xlog(i,1) is set equal to zero and
thé correction procedure is skipped. If Ram is nearly equal to 1 (0.95
< Ram < 1.05) the correction procedure is also skipped. Otherwise the
procedupe is continued with the computation of a value of AM/d corrected
for electrode diameter and stored as AMd = AM/(xdiam + decorr). Then, if

Ram is very small (Ram < 0.1), pam is set equal to 0.1 to prevént
~extrapolation of wild values. Then a test is made for large values of
AMd forAwhich no correction is required, using the criterion 125/AMd3 <
Ram which can be represented as a straight line Qn the logarithmic
departure curves passing through points AMd = 5 at Ram =1 and AMd = 10.8
“at Ram = 0.1. If AMd falls to the right of this line the correction

procedure is skipped, but if it falls to the left the correction formula
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for Ram < 1 is applied. For values of Ram > 1 a similar test is made for
fiarge values of AMd using the ceriterion \JAMd3/125 > Ram .which can be
“represented as a straight liné on the logarithmic departure curves
passing through points AMd = 5 at Ram = 1 and AMd = 500 at Ram = 1000.
If AMd falls to the right of this line the correction procedure is
skipped, but if it falls to the left the.correction formula for Ram ; 1
is applied. If the resultihg corrected value Rtm exceeds 1000, which is
beyond the uﬁper boundary of the departure curves, an extrapolation
procedure is used to obtain an approximate correction under the assump-
tion that curves for large Rtm replicate those in the range 500 < Rtm <
1000, but with peaks and other corresponding points falling along
parallel lines with slopes of 1.5 on the logarithmic departure curve
scale. Finally the normalization for mud resistivity is removed by
multiplying the normali;ed value Rtm by Rm and the result is stored back
in array xlog(i,1) as the corrected resistivity, and may be printed or
plotted by output routines of the user's chéice.

Subroutine aline is a general-purposelsubroutine for alining one
or two auxiliary logs stored in arrays xlog(i,2), =zlog(i,2), and
~ xlog(i,3), zlog(i,3) with a primary log stored in array xlog(i, 1),
zlog(i,1). Only one auxiliary log (the caliper log) is required to make
the correction to the pfimary log (the resistivity log) in the algorithm
described in this report:' Subroutine aline searches the caliper log
depth array zlog(i,2) for a erth that matches the specified depth of
interest of the primary log, ziog(i,1), and returns the appropriate

value of hole diameter to the main program as xaline(2). If an exact



depth match is not available,-linear interpolation is used to compute
xaline(2). If the specified depth of interest of the primary log is
beyond the range of depths representing the caliper log, a value of
xaline(2) = 0 is returned to the main program, and nominal hole diameter
(diam) is used instead.

The FORTRAN listing in this report is part of a genéralized log
interpretation program develcped and used by the U.S. Geological Survey

on the Honeywéll Multies computing system. The FORTRAN compiler for

this system requires.a nonstandard format for FORTRAN statements; in

particular, lower-case ASCII characters are used, and no continuation-
card numbers are needed in column 6. However, Multics programs can be

converted to standard FORTRAN format for use with other computers.



Example

An example of a result obtained by use of the program is given below along

with input resistivity and caliper log data that can be used as a test case.
In the example, mud resistivity (Rm) is 3 ohm-meters, nominal hole diameter
(diam) is 5.0 inches, and the probe electrode diameter (dp) is 1.85 inches.

Input data Output data

Observed 16" normal log Caliper log Corrected 16" normal log
Depth(ft) Ra (ohm-m) Depth(ft) Diam(in) Depth(£ft) Rt (chm-m)
Array: zlog(i,l) xlog(i,l) zlog(i,2) xlog(i,2) zlog(i,l) xlog(i, 1)
20.0 10 ~16.0 4.88 20.0 9.18
20.5 . 20 ©16.5  5.02 20.5 . 17.78
21.0 30 17.0 5.01 21.0 26.17
21.5 50 17.5 4.89 21.5 43.00
22.0 70 18.0 4.79 22.0 60.21
22.5 100 18.5 4.73 22.5 87.13
23.0 200 19.0 4.70 23.0 187.60
23.5. 200 19.5 4.65 23,5 306.56
24.0 500 20.0 4.62 24.0 '596. 99
24.5 700 20.5 4.60 . 24.5 968.26
25.0 1000 21.0 4.59 25.0 1665.87
- 25.5 800 21.5 4.60 25.5 1201.26
26.0 600 22.0 4.60 26.0 799.75
26.5 400 22.5 4.61 26.5 461.93
27.0 - 300 23.0 4.63 27.0 319.12
27.5 - 200 23.5 4.68 27.5 195.03
28.0 © 100 24.0 4.72 . 28.0 89.70
28.5 80 24.5 4.80 28.5 70.86
29.0 60 ~25.0 4.85 29.0 52.70
29.5 40 25.5 4.91 29.5 35.15
30.0 25 26.0 4.97 30.0 22.25
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3005

3007

FORTRAN ALGORITHM

alouCr, 1)

elaal(i.l) rFesistivity loa cerths, fee

t

MOS*AL rfSISTIVITY L = aud #nd hole diam COPPaClion 18241t rees4000044¢

ragistivity loa renainas, Anmemerers

leg at ceocth Z(i,1), inches

Am(l) T incex At last reaginn in presistivity lag array

elaa(i,2) = coliper 104 reasinas, incnes

21auli,e) = caliper lou aertfs, feet

an(c) = ingex At last reasinag in calioer lon array -
nlog = nuymeer of lurs in set: 2 if caliper loa is availaule, 1 if not
dp Z diareagne ot loniing oroue riectroues, incnes

acore = dift pmtecen wenium electrode diam anc e (3.35=an), inches
Aia 2 gpAacinn hetween electrode€s A ana 4, inches

Antd S Ar/ixuiamedCorr) - -

LE 2 mudg resistivity, ohm=meters

Qam 2 Aacparent resisStivity/nm

Rtm z currected resistivity/Rm

diam 2 nocminal hole diamater, inches

2aline€l) = hole agiuamcter from caliper

xQaiam = xaline(d) it caliper log reading

(ar)

18 avarlable at ueptn z2(i,t)

2 giam (norminal diameter) if caliper log is not availatle

comran xlov,2taqgsnmenliog

aimension xlog(S0un,3),210f(530us3),nm(3),xaline(3)

if(im.at.0.) go to 3005

print,” SIUP = Hm,le.u”

stono

nresznm(})

dcorr=5,35~up

go 3018 iz=l,nres

23t ans=dide

it(nloa.eq.l) 20 to 3007

call atine(isnaline) .
tt(xalinet?2),arm.0,.) xgiam=xaline(2)
Ramsnloul(i,1)/in .
tt(nam.qgt.0,.) Qo to 300y
xloalin,1)=d,

Qo to 3utd

€ test for no correction when Rams=l and wnen wnam<l ang AM/d is large

3008

iflaps(ram=1,),1t.0.15) g0 to 3¢14
8:;1=dx/(satamedecorr)

ftimam,3t.d.) ao to 3010
ft(nam,lt. U, 1) Kan=0,1
testS)i2u./42rna3

it(test,.le.nan) ao to Iula

€ apoly correctuon farmula tor nam<i

x1zaloa(Ram)
xé=alonlirq)
x3=ulrx?

xloalisl)=Pavexn((=~1. “qiqr65P°l'11*9.b959n349-ll'xl'(t(-? Sei7S57492e=2*

22%0,1228uS9e=2) 227 . A11NG]2e=2) ax

2~}

« W7 700ca=1)ra2+xl3n(~] ,ul1S523b6¢

=2 30260 l0e~2ax)exl t(x2r=).8070212e=1+¢3,5¢30b0he~1)2x¢e)=),242c2bbe=3)

ao to 3vla

e test tar no correction when Ram>l and Am/a is large

Jot0

testssart (Anda»5/125,)
it(test.ne.~an) go to 3vls

c apply correction formula tor rHaa>i

Jo12

3014

3018

3u20
302y

ixzu

Ros=iam

!l=aloq(9am)
2=alon(dsd)

::=-l-x£

Rtmzexn({(11.5270853e=2#x1=A,5033900e=2)ax1¢], 2“27[09)‘11
P ((=3.1720¢Svm=3exlesc¢073d33e=2)*n2¢].2230%lle~1)2ul=9,080h217e=2)"
xerx3a(=2.4{15025e=i=3.57i1990e=3ax1vx]1+(L. V4030 10e=32x¢+5,972%%7e=2)

*x2)"1.5500321e=1)
ffintmale.1v00.) go to 3016
PamzRama 5 .
RanzAtide 1S

tx=}

Qo to 3ul2

it(ix,eaq.1) Rtm=Row(Rtm/Ram)
xlog(isl)aRtaKm

continue

print 3029

tormat(/® RAm anu aAM/d correrction arplieu™)

end
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a

10
20

30

So

80
70

subroutine oline(i,x)
This suuroute alines depths of | or 2 logs aith 3 reference lcae storea
tn arrays xloy(isld)sziaulrel)s Tane lgus ta be alined are stored in
arrays xloati,2),e1000i,2) 1f one 1gn is to he alinert, anu 1n arrays
xloglis,elszion{i,é) anmt xtoufisrs),210nCi,8) it two louys are to be alined,

nloy = nunber ot laas to ce aliney
i = cectn 1ngex of retference Jga at alinement uepth zloali,l)
x = array ot x=values alined with xloati,1): x(1)zxlag(is,l)

common xlon,2log.nmenioasitel,ipltr,kple
aimension x109(50010,3),2103(500Us38),x(3),int(3),nnl3)

x(1)sxlonli,!) .

?eet=zlonli,g) .

it(i.gtell o to 20

c¢o 10 x=2,nl0y
int(x)=vtix((2lontl,1)=210a(l,x))/(2V0q(2,1)=2V0all,1)))

do 710 xz=2,nloy

2(k)=u,

j=ivintik) .
it(j.le.0.0r.j.atennik)) go te 70
it{zloc(jok).ene2ref) ao to 64
it(zloaljsk)eit.zret) Qo to 40
isi=1

i1{jel@a) go to 70
ft(zlon(jex)ear.zrat) an to 34
it(zlontjek).en.2rsf) 0o to 60
j1sj :

jésj*

go to Su

isjet .

ftljegtenml{k)) Ggo ta /0

ft(zloatjek).ltezret) ao to 40
{it(zloatjsk).en,2zrat) co to 69

it=)=1

iesj .
x{k)s((zret=2loaljl,k))*{xloalj2,x)=xlog(jlek)))/
(2lo0atjesk)=2zling(jlok))exiog(jl,k)

ao to 7V

x{k)=xlag(j,k]}
continue

return .
end
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Schlumberger Well Surveying Corp., 1949, Resistivity departure curves:

Schlumberger Well Surveyiné Corp., 121 p.
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