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DETERMINATION OF FILTRATION COEFFICIENT
OF WATER-BEARING SAND LAYERS BY WELL LOGGING

Janos CSOKAS*

Darcy’s law for fluid filtration and Kozeny’s relationship for permeability are of a similar
form. Utilizing this similarity a functional relationship can be derived for well-sorted water-bearing
sands, connecting the coefficient of tortuosity and the specific grain surface (i.e. filtration path) with
Kozeny’s effective grain diameter and the average shape factor of the grains (grain geometry). The
coefficient of tortuosity and Kozeny’s effective grain diameter can be determined from resistivity-
and porosity logs, the specific surface can also be found if the effective grain diameter is known.
The kinematic viscosity of pore water can be computed from layer temperature, obtained from the
temperature log. Substituting these data into Darcy's law, the filtration coefficient can be determined
with a fair approximation. The formulae derived in the present paper are especially recommended
for investigations of water-bearing layers within coal seams, with the aim of protection against water
inrush.
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1 Introduction

Between the hanging- and footwalls of coal-bearing formations one fre-
quently finds such water-bearing clastic sediments, shaly or pure sands, sand-
stones, gravels or pyroclastics which must be opened up and drained by means
of boreholes, either from the surface or from the mine galleries, for the sake of
protections against flooding. The water yield of such formations can be deter-
mined from their so-called Darcy filtration coefficient, or /*-factor. The k-factor
of porous water-bearing layers is determined from the temporal changes of the
water level created by means of drainage or absorption in a well (or several
wells) drilled into the given layer, the amount of water yielded by pumping tests,
as well as from data of the monitoring wells. This way of determining the
Ar-factor, however, is time-consuming and, for several reasons, inaccurate.

The above-described way to determine the ~-factor is rarely possible in
mines because of technical difficulties. On the other hand, geophysical well
logging in exploratory boreholes penetrating the given water-bearing layer
provides a continuous record of the variation of certain geophysical quantities,
which are directly related to the /;-factor. For logging purposes sondes of small
diameter are available, which can be used even in holes of 60 mm diameter. The
movement of the probes in the drill holes and the recording of the measured data
are performed in the mines by portable devices.
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The technique to be described is most advantageous for hydrogeologic and
stratigraphic studies of water-bearing layers of coal measures with several coal
seams, where the deeper coal beds are explored by drilling from the above-lying
mines.

2. Relationship between filtration path and grain geometry

The filtration coefficient of sands and sandstones consisting of mixed-
grains can be expressed in terms of the properties of pore-water and rock matrix,
according to Darcy’s law, as
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where y is the specific weight of the pore water, 1/ is its dynamic viscosity, n the
void ratio (porosity) of the rock, Dhthe effective grain diameter introduced by
Kozeny, and d the average shape factor of the grains [Kovacs 1981]. In porous
rocks the flow of water depends on four factors: (i) the first of these is connected
with the geometrical characteristics of the grains (grain shape, grain size, grain
size distribution); (ii) the second with such rock properties as compaction,
cementation and tortuosity. These characteristics are in connection neither with
the fluid properties affecting the flow (specific weight and viscosity) nor with the
type of motion of the fluid (laminary and turbulent flows). The properties
depending on the rock can be contracted into a single factor K, which is termed
permeability, viz.
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(iii) the third factor affecting water flow is the ratio describing the fluid proper-
ties. For this we have

2

I v

where g=9.81 ms 2is the gravitational acceleration, vis the kinematic viscosity
of water, related to layer temperature, T (°C) as

1778 « 10"2
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(iv) the fourth — generally neglectable — factor expresses the dependence on
pressure and salinity. Summing up, the factor describing fluid properties be-
comes
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where C denotes the temperature factor inside the brackets. Making use of
Kozeny’s equation, Eq. (2) can be rewritten so as to express the permeability
of rock in terms of compaction, n¥ (1 —n)2, tortuosity coefficient, t and specific
surface of mineral grain constituents Sv:

(6)

[Pirson 1963]. For a bundle of capillary tubes the numerical factor is 1/2, for
real rocks, however, an empirical factor of 1/5 has been found [Carman 1956].

By Egs. (2) and (6) we can relate the coefficient of tortuosity and the specific
grain surface, that is the filtration path, to Kozeny’s effective grain diameter and
the average grain shape factor, that is, to the grain geometry:

Since porosity, tortuosity and specific grain surface can be determined by
geophysical well logging, the permeability as well as the filtration coefficient, k
can be determined by means of Egs. (6) and (1).

3. Determination of the factors affecting permeability
Determination of the porosity

The porosity n can be determined with the required accuracy either from
individual porosity logs (density-, neutron-, or acoustic logs) or from their
combinations.

If we have resistivity logs only, we cannot compute the real porosity by
means of the formation factor, as Archie’s formula or its modified forms do not
suffice in themselves to solve this problem in the case of fresh-water-bearing
porous formations.

Determination of the tortuosity coefficient

For a model of a bundle of capillary tubes the tortuosity coefficient is
t2 = Fn [Pirson 1963]. Real rock however, has proved to be better approxi-
mated by the relation

= Fn (8)



60 Csobkas

[Ogbe-B assiouni 1978], where

Rp
. ©

is the formation factor [Pirson 1963]. RO denotes the electric resistivity of the
rock saturated by formation water, Rwthat of the formation water, in situ. By
Egs. (8) and (9) the tortuosity coefficient can be expressed in terms of well-log
data as

F =

t = (10)

Determination of the specific surface

The specific surface of a homogeneously dispersed system of spheres is

S L

[cf. Pirson 1963]. In filtration calculations it is recommended that Kozeny’s
effective grain diameter be utilized since this takes into account grain size as well
as its distribution [Kozeny 1953]. The effective grain diameter is defined as the
diameter of spheres in a homogeneously dispersed system of spheres built up
of identical diameter and density spheres in such a manner that the whole system
has the same surface as the actual one.

Determination of Kozeny} effective grain-size diameter

In order to determine the effective grain-size diameter from well-log data,
one should use several empirical formulae. In essence, these relationships serve
as a substitute for the grain-size distribution histogram. If the grain-size distri-
bution can be approximated by a mathematically easily describable curve then
a relationship can be established between the characteristic grain diameters,
which would also involve the “inequality factor” U [cf. Kovacs 1981]. For the
grain-size distribution of sand, the inequality factor U is defined as

(12)

where D0 denotes the grain diameter belonging to 60% on the grain-size
distribution curve, while the value D10 corresponding to 10% is the so-called
Hazen’s standard grain diameter. For well-sorted water-bearing sands we
usually have 2.0"(/*2.5 [Alger 1971].
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For different kinds of sand the ratio of their characteristic grain-diameters
is related to the logarithm of the inequality factor by

Dh

-"E = 1919 log U+ 10 (13)
in the above-mentioned range of U (see Fig. 7.), where Dhis the effective Kozeny
grain size. If U changes between 2.0 and 2.5, the values of log U will range
between 0.301 and 0.398, that is, on the average, the right-hand-side of Eq. (13)
will be 1.671. Taking the mean value, the error is negligibly small, + 0.093; that
is, for fairly well-sorted fresh-water-bearing sands the effective Kozeny grain
size is approximately related to the standard grain diameter of Hazen as

Dh = 1671 «7210 (14)

Fig. I. Ratio of characteristic grain diameters for sand, as a function of the inequality factor
[after Kovacs 1981]

/. dbra. Homokok jellemz& szemcseatmérd hanyadosa az egyenl6tlenségi egyitthatojuk
figgvényében [Kovacs 1981 nyoman]

Pue. I. XapakTepHble OTHOLUEHWS! [MAMETPOB 3epeH B MecKax Kak (yHKUMM KO3(hduLmMeHTa
HepaBHOMepHOCTK [No Kovacs 1981]

Taking the mean value of the two empirical formulae proposed by Aiger
[1971], in order to connect Hazen’s standard grain diameter with the formation
factor (cf. Eq. 9), we get

72,0[m] = 5.22- KI'4log» (15)
presented in Fig. 2. From Egs. (14) and (15) the effective grain diameter becomes

70 = 8723 mI(T4logA (16)
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Fig. 2. Formation factor as a function of Hazen's standard grain diameter [after A 1ger 1971]

2. dbra. A Hazen-féle mértékad6 szemcseatmérd és a formacidtényez6 dsszefiiggése [A 1ger 1971
nyoman]

Puc. 2. 3aBUCUMOCTb HOPMALMOHHOTO (hakTopa OT CTAHAAPTHOrO AMAaMeTpa 3epeH No XaseHy
[no Arger 1971]

That is, upon substituting Eqg. (16) into (11), the specific surface becomes
6

8.723 m10“4 log —

(17)

If we substitute Eqgs. (10) and (17) into (6) and carry out numerical operations,
we obtain the following expression for permeability:
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T2 = 4.227 MK 8- - 18
a-m (18)

(Let us recall here that 10-9 m2 = 103 darcy).

If the rock is poorly sorted ((/» 2.5) and/or it contains a significant amount
of flat grains (/£»9), the coefficient figuring in Eg. (18) should be modified
empirically so as to give a more accurate value of the filtration coefficient.

4. Equation for the filtration coefficient

Upon multiplying Eq. (18), describing permeability, by the factor describ-
ing the temperature-dependence of the kinematic viscosity of the filtrating water
(Eg. 5), an equation is obtained for the filtration coefficient, k\

k[ms']] = 2.332- 10“6C (19)

The coefficient C, as a function of temperature, can be read off the curve of Fg. 3.

If the assumptions made on grain-size distribution and grain shape are
poorly met, the coefficient of Eq. (19) should be corrected on the basis of the
grain-size distribution curve or by means of another log (gamma-ray) to achieve
a better fit with permeability.

5. A case history

Airger [1971], describes a study where the relations between grain-size,
formation factor and permeability were investigated on nine sand samples taken
from water wells. The standard grain diameters, D10 were determined from the
grain-size distribution curves of the samples; the RO resistivities of the samples
were measured for pore waters of three different resistivities; the porosities and
the formation factors belonging to the three different pore-fluids were deter-
mined. These data, as well as the values of permeability and of the filtration
coefficient are compiled in Table /.

On the basis of this table, the following conclusions can be made:

1 For all samples the formation factor, F, the filtration coefficient, K, and the
permeability K decrease with increasing resistivity, Rwof the saturant.
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Fig. 3. Temperature factor of filtration coefficient
3. dbra. A szivargasi tényez6 hémérsékleti egyitthatdja

Puc. 3. TemnepaTypHbIii KO3DDMUNEHT DUNbTPaLMOHHOIO hakTopa

2. When the samples were first saturated by brine of /?,,= 11 fim resistivity
(5 » 103ppm NaCl concentration at 25 °C), and subsequently by brine of 7.1 fim
resistivity (7 ¢ 102ppm), the filtration coefficient of the samples did not decrease
more than a few per cent: k(l.1) —k(7.1) = (2-6) *10“8ms"“1

3. The decrease of the filtration coefficient is by an order of magnitude larger
if the samples are saturated by fresh water of 32.0 Bm resistivity (1.5 * 102 ppm):

£(1.1)-£(32.0) = (10-50) «KIF9ms"1
£(7.1)-£(32.0) = ( 8-32)- 10~9ms_1.

4. fhe phenomenon is due to the fact that the resistivity, Rw of water was
originally determined for the total mass of water. Rock resistivity RO was also
accepted as a steady-state value, achieved after saturation and compaction. On
the other hand, the resistivity, Rw belonging to the total mass of water has
decreased because of ion exchange with the mineral grains, and because of
dissociation, surface conductivity and adsorption. The less the original con-
centration of salt in the water saturating the samples, the larger would become
this subsequent resistivity decrease.
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5. The ratio of the resistivity, RO of the samples to the resistivity, Rwmeasured
in the total mass of water is not equal to the real formation factor of the rock,
as the resistivity of water changes inside the pores of the rock.

6. According to Table I, the decrease of the filtration coefficient of the rock
samples in only 2-3% in the case of saturation by water of 11 Bm and 7.1 Bm
resistivity, respectively, even though their porosity is 33.2-35.8%, and their
standard grain-size D10 lies in the 127.0-203.2 /nn range.

The resistivity of 32.0 Rm of the fresh water has decreased - using the
formation factor F belonging to Rw— 11 8m - to 22.3-17.6 Bm inside the
pores, that is by some 30-45%. On the other hand, the 7.1 Bm dropped only
to 6.5-6.0 Bm, i.e. it has become only 8.5-15.5 per cent less. If we substitute the
real formation factors - computed from the /% specific resistivities valid inside
the pores - into Egs. (18) and (19), the permeabilities and filtration factors,
respectively, of the different rock samples will be the same, independently of the
specific resistivities of pore water and of rock, respectively.

The use of Egs. (18) and (19) is primarily recommended for the delineation
of producing layers penetrated by water-prospecting boreholes and for deter-
mining the expectable water yield. Additionally, these equations can be used for
designing the protection system against water inrush in coal mines, by determin-
ing the filtration coefficients of water bearing sandstones and by locating
running sand layers.

REFERENCES

Alger R. P. 1971: Interpretation of electric logs in fresh-water wells in unconsolidated formations.
SPE Reprint Series No. 1 pp. 246-270

Carman P. C. 1956: Flow of gases through porous media. London. 182 p.

Kovacs Gy. 1981: Seepage hydraulics. Akadémiai Kiadd, Budapest, 730 p.

Kozeny J. 1953: Hydraulik. Wien

Ogbe D., Bassiouni Z. 1978: Estimation of aquifer permeabilities from electric well logs. The Log
Analyst, 19, 5, pp. 21-27

Pirson S. I. 1963: Handbook of Well Log Analysis. Prentice-Hall, Inc. Englewood Cliffs. N. J.



Determination offiltration coefficient of water-bearing. . . 67

ViZTAROLO HOMOK RETEGEK SZIVARGASI TENYEZOJENEK MEGHATAROZASA
FUROLYUKSZELVENYEZESSEL

CSOKAS Janos

A Darcy-féle szivargasi egyenlet és a Kozeny-féle permeabilitds formula ' ' nl6. Ennek
alapjan jol osztalyozott viztarol6 homokokra felirhatd a lorluozitasi egyitthaté és a fajlagos
szemcsefellilet (a szivargasi palya), valamint a Kozeny-féle hatékony szemcseatméro és a szemcsék
atlagos alaki tényezdje (a szemcse-geometria) kozotti figgvény. A tortudzitasi tényez6t és a Kozeny-
féle hatékony szemcseatmér6t a fajlagos ellenallas és a porozilas szelvényekbdl meg lehet hatarozni.
A fajlagos feluletet pedig a hatékony szemcseatmérd ismeretében lehet megadni. H&mérséklet
szelvénybdl kapott réteghéfok ismeretében a pérusviz kinematikai viszkozitasa szamithato. A fent
emlitett adatokat a Darcy-féle egyenletbe behelyettesitve a szivargasi tényezét j6 kdzelitéssel meg
lehet kapni. A cikkben levezetett egyenletek féleg széntelcpes 6sszletek viztarold rétegeinek hid-
rolégiai vizsgalatara javasolhatok a vizvédelem tervezéséhez.

OMNPEAENEHVNE KO®PUNLUMNEHTA ®PUNJIbTPALUNN MECHAHbBLIX BOJOHOCHbIX
KOMITJIEKCOB MNMYTEM KAPOTAXA BYPOBbLIX CKBAXWH

AHow YOKALL

YpaBHeHue ¢unbTpaumMn fapcu cxogHa ¢ qopmynoli npoHuuaemoctn KoseHu. Ha 3aTom
OCHOBaHWM MOXHO BbIBECTM (hOPMY/NY 3aBUCMMOCTU YAeNbHOW NMOBEPXHOCTU 3epeH (TpaeKTopuii
hunbTpayun) ¢ Ko3hHULNEHTOM, XapaKTEPU3YHOLWUM CNOXHOCTb MOPOBbLIX KaHanoB, OT 3gdek-
TUBHOTO AnvameTpa 3epeH Mo Ko3eHW co cpefHWM napameTpom (opMbl 3epeH (FreOMeTpuUmn 3epeH).
KoathhmuneHT, xapakTepu3yoLUiA CAOXHOCTb MOPOBbLIX KaHanoB, N 3PMEKTUBHbIV AuaMeTp 3epeH
no Ko3eHn MOXHO OnpesenunTb No KPUBBLIM YAENbHbIX CONMPOTMBEHWIA 1 MOPUCTOCTH, a YAe/bHYIO
NOBEPXHOCTb MOXHO 3aJaTb N0 U3BECTHOMY 3(D(EKTUBHOMY AuaMeTpy. Ha OCHOBaHUW WM3BECTHOM
TeMnepatypbl €051, ONpefeNieHHOl No TeMMnepaTypHbIM KPUBbLIM, MOXHO paccuMTaTb KMHeMaTuue-
CKyl0 BSI3KOCTb MOPOBbIX BOfA. [OACTaBNAsS MOMYYeHHble AaHHble B ypaBHeHWe [lapcu, MOXHO
C [JOCTAaTOYHON TOYHOCTbLIO OMNpefenuTb KO3MMULMEHT (GuUAbTpauun. YpaBHEHUS, BblBeAeHHbIE
B HacTosleli pa6oTe, MOTyT 6bITb PEKOMEH/0BaHbI B NEPBYHD OYepedb B r’MAPONOrMYECKUX UCChe-
[OBaHWAX BOAOHOCHbIX FOPU3OHTOB YINIEHOCHBIX TOLL,.






