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APPLICATION OF LABORATORY PERMEABILITY DATA 

By Ao I. Johnson 

ABSTRACT 

Judicious use of laboratory permeability data, combined with 
good geologic interpretation, often can be used for determining 
the transmissibility over large areas where aquifer tests using 
wells may not be economically feasibleo This report describes 
laboratory methods for determining permeability and then describes 
ways in which such data may be used for producing maps or cross­
sections of transmissibility or permeability. Published maps and 
cross-sections are provided as examples. To assist the hydrologist 
in estimating permeabilities when samples are not available for 
laboratory testing, some graphs and tables relating permeability to 
particle-size are provided, but the hydrologist is cautioned to use 
these relationships only with great cautiono 

INTRODUCTION 

Some of the basic material contained in this report originally 
was prepared in 1952 as instructional handouts for ground-water 
short courses and for training of foreign participantso The mate­
rial has been revised and expanded and is presented in the present 
form to make it more readily available to the field hydrologist. 
Illustrations now present published examples of the applications 
suggested in the 1952 materialo 

For small areas, a field pumping test is sufficient to predict 
the characteristics of an aquifero With a large area under study, 
the aquifer properties must be determined at many different locations 
and it is not usually economically feasible to make sufficient field 
tests to define the aquifer properties in detail for the whole 
aquifer. By supplementing a few field tests with labora~ory permea­
bility data and geologic interpretation, more point measurements 
representative of the hydrologic properties of the aquifer may be 
obtained. 

A sufficient number of samples seldom can be obtained to 
completely identify the permeability or transmissibility in detail 
for a projec~ areao However, a few judiciously chosen samples of 
high quality, combined with good geologic interp~etation, often will 
permit the extrapolation of permeability information over a large 
area with a fair degree of reliabilityo The importance of adequate 
geologic information, as well as the importance of collecting samples 
representative of at least all major textural units lying within the 
section or area of study, cannot be overemphasizedo 



PERMEABILITY DEFINED 

Permeability ia a measure of the capacity of a material to 
transmit water under pressure·. It may be determined in the labora-· 
tory by observing the rate of percolation of water through samples 
of known length and erose-sectional area under a known difference 
in head . 

. The basic law for flow of fluids through porous materials was 
established by Darcy, who demonstrated experimentally that the 
rate of flow of water waa proportional to the hydr.aulic gradient. 
Darcy '.s law may be expressed as · 

Q • kiA (1). 

in which Q. is the quantity of water.discbarged in a unit of time, 
! is the total cross-sectional area through which the water 
percolates, 1 is the hydraulic gradient (the difference in head, 
!!, divided by the length of flow, 1) and ,! is the coefficient of 
pe~bility of the material for water, or 

The coefficient of permeability~ P, used by the Ground Water 
Branch of ·the u.s. Geolog.ical Survey, la defined {Wenzel, 1942, 
p. 7) aa the rate of flow of water in gallons per day, through a 
cross-sectional area of 1 square foot under a hydraulic gradient 

0 of 1 foot per foot at a temperature of 60 F.(this is sometimes . 
known as a Meinzer). Other permeability units are used by other 
organizations and other disciplines and table 1 provides factors 
for converting between many CODIDOD permeability units. 

Coefficients of permeability,;ranging from 0.00001 to 90,000 
gpd per $q ft, have been determined in the Hydrologic Laboratory. 
The value depends in general upon the degree o~ sorting and upon 
arrangement and size of the particles. It is usually low tor clay 
and other fine-textured or tightly cemented materials, and high for 
coarse, clean gravel. Moat productive water:-bearing materials have 
coefficients of permea~ility of 100 or above and usually above 1,.000. 
In general, the 'permeability in a direction parallel to the be&ding 
plane (for. ccmven-ience, often designated as horizontal permeability) 
of sediments is greater than the permeability perpendicular to the 
bedding plan~ (often designated as vertical permeability). 
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LABORATORY METHODS 

Coefficients of permeability are determined in the laboratory 
in .constant-head or variable-head permeameters (fig. 1). The 
constant-head permeameteT is generally used for samples of medium 
to high permeability, the variable-head permeameter for samples of 
low permeability. 

The constant-head permeability method requires observations 
on the rate of discharge of water through a sample where the. 
difference in bead of water at the top and bottom of the sample 
is maintained at a constant value. From Darcy's law, th~ basic 
formula for the constant-head permeameter is 

(3) 

where ~ is the coefficient of permeability, ~ is the volume of 
percolat.ion, 1. is the length of the sample, A is the area of the 
sample cylinder, t is the length of the time of flow, h is the 
difference in head at the top and bottom of the sample: and OT is 
the ratio of the viscosity of water at the observed temperatUYe to 

0 the viscosity at 60 F. Using Ground Water Branch units, equation 
(3) becomes 

p = 21,200 QL C 
Ath T 

(4) 

when ! is in gallons per day per square foot, 2 is in cubic centi­
meters, 1. and. !:!. are in centimeters, ~ is in square centimeters, !. 
is in seconds, and CT is dtmensionless. 

The variable-head permeability method requires the indirect 
measurement of the quantity of water percolating through the sample 
by observing the rate of f.all of the water level in a manometer 
connected to the sample. By integrating Darcy's equation, the basic 
formula for use of the variable-head permeameter is 

aL ho 
k • 2.3Atlost; CT (5) 

where ~ is. the coefficient of permeability, h0 is the head in the 
manometer at zero time, h. is the head at anygiven elapsed time, .t 
is the elapsed time, ! is the cross-sectional area of the sample, 
~ is the area of the manometer, 1 is the length of the sample, 
and CT is the temperature correction . 
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Table 2.--Permeability conversion factors 

[From Johnson, A. I., 1963, Application of laboratory perme~bility data: U.S_. Geol-. Survey open-file rept.] 

•. 
Meinzer 

Cm per sec Ft per day · Ft per yr Darcy 
(gpd per sq ft) 

. . 3 .• . 6 3 4 Cm per sec l 2 •. 835xl0 . l.0348xl0 l.033xl0 2.12xl0 

Ft per ~ay 
. -4 

3.53xl0 l . 365 J.64xlo- 1 
7.48 

-.7 . . -3 -4 <, -2 
Ft per ·yr· 9.67xl0 2.74xl0 ,.1 9.99xl0 2.05xl0 

-4 
2.75 3 I Darcy 9.68xl0 ·1.00lxlO l 20.50 I 

I 

-5 -1 -2 1 

Meinz,er 4.72xl0 · l.34xl0 48.8 4.88xl0 l ! 

(gpd per sq ft) j 

Multip.ly. unit at left by numbe·r ·in ~olumn to get unit at top of column. All units bas·~d on temperature 
0 .. 0 

of 60 F or 15.6 C. 

• • r • •. • 
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Using Gr~und Water Branch units; equation (5) becomes 

h 
P = 48,81~ :~ log ~ CT (6) 

in which! fs in gallons per.day per square·foot under a hydraulic 
. 0. 

gradient of one· foot per ·foot ··at 60 F. ! and !. are in square 
centimeters, L is in centimeters, t is in seconds, h ·and hare in 
centimeters·, ;nd c~ is ·ditilensionless. 0 

-

In the above equation•, the propertiea of the percolation fluid 
have been neglected. However, permeability ia di~ectly proportional 
to the unit weight (density), 1, and inversely proportional to the 
viscosity, ~. .,. 
Thus, kl 

1 
(7) •k-

2 12 

and k • 
~2 

k - (8) 1 2 ~1 

Although special fluids, as well as air or other gases, 
are used by the Hydrologic Laboratory in the determination of 
permeability, most tests have used fairly pure water·. (See 
Johnson and Morris, 1962, for the chemical analysis of Denver tap 
water.) Under the latter conditions, the unit weight of water, 
1 , is essentially constant at avalue clos.e to 1 g per cc, but 
t~e viscosity, ~' varies considera~ly with changes in temperature. 
From equatio~ (7), it is obvious that permeability increases 
with an increase in temperature. 

Because co-efficients of permeabilitX are reported from the 
laboratory for a water temperature of 60 F, they must be corrected 
for the temperature of the. ground water before applying them 
to field problems. The permeability at some given .field tempera­
ture, ~' may be obtained fr~ the equation 

k60 
k.r = CT 

Table 2 provides the temperature corrections required for the 
most common ground-water temperatures . 

5 
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Table 2. --Temperature corrections for laboratory permeabilities 

Conversion factors for cogvertin~ coefficients of permeability at 
water temperature~ of 40 16 - 90. F to c.oefficients of permeability 
at water temperature of 60 F. 

k60 = kTCT 

Water Conversion . Water ·conversion 
tem~rature factor temperature factor 

(oF) (C~ (oF) (C~ 

40 1.37 65 0.93 

41 1.35 66 0.91 

42 1.33 67 0.90 

43 1.31 68 0.89 

44 1.28 69 0.88 
45 1.26 70 0.87 
46 1.24 71 0.86 

47 1.22 72 0.84 

48 1.20 73 0.83 

49 1.18 74 0.82 

50 1.16 75 0.81 

51 1.15 76 0.80 

52 1.13 77 0.79 

53 1.11 78 0.78 

54 1.09 79 0.77 

55 1.08 80 0.16 

56 1.06 81 0.75 

57 1.04 82 0.75 

58 1.03 83 0.74 
., 

59 1.01 84 0.73 

60 1.00 85 0.72 

61 0.98 86 0.71 

62 0.97 87 0.70 

63 0.96 88 .. 0.69 
64 0.95 89 0.69 

90 _0.68 
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Equations (7) and (8) show that permeabilities determined from 
flow of air or other gases theoretically can be converted to equiva• 
lent permeabilities for water. Although good agreement sometimes 
may be obtained (usually on fairly clean sands and gravels) from 
actual tests using either gas or water, the agreement more often is 
quite poor. The cases of disagreement usually can be explained by 
the fact that clay minerals in the sample may be. affected by water 
but not by gas. Thus, the author recommends the use of water for 
most permeability measurements in connection with ground-water 
studies. However, for special problems--s4ch as salt-water encroach­
ment, the tests should. be made with water of the same analysis as 
that found in the project area. When water is used for the permea­
bility test, entrapped air in the sample may cause plugging of some 
of the pore space and greatly reduce the apparent coefficient of· 
permeability. Thus, a specially-designed vacuum system (fig. 2) is 
used by the Hydrologic·Laboratory to provide the de-aired water 
used as a percolation fluid. Such water has an affinity for 
soluble gas and any gases present in the pore space will thus tend 
to be dissolved and carried out of the sample, satura~ing the pore 
space during the process. 

Once the sample is saturated, decreases in permeability usually 
will occur (fig. 3) if tes.ting is continued. This decrease is due 
to (1) migration of some gas bubbles to points where they can plug 
a pore space and reduce flow, (2) solid matter of microscope size 
plugging pore channels, (3) small amounts of dissolved chemicals 
plug the filter disks on the permeameters or react with the clay 
minerals in the sampie, (4) migration of fine particles of' the 
sample plugging pore passages, and (5) growth of micro-organisms 
reducing the effective pore space. Figure 3 shews that the length 
of time and the amplitude of the changes for (1) the early period 
of rising permeability (to saturation), (2)the middle period of 
relatively constant permeability, and (3) the later period of 
reducing pernaeabilities varies with the texture of the material 
being tested·. Figure 3 also shows, for a coarse sand, the difference 
in permeability obtained from use of ordinary tap water and de-aired 
water. The coefficient of permeability reported by the Hydrologic 
Laboratory is the maximum value obtained after several flow measure­
ments, the peak values on the graphs of figure 3, and represents 
the permeability at saturation. 

7 
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Figure 2. -~De-aired water-supply system for permeability testing, 
Hydrologic Laboratory, Denver, Colo. 
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Figure 3. --Graph showing variation of permeability with elapsed 
time of testing. 
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For saturated permeability measurements, undisturbed cores of 
unconsolidated materials are retained in the cylinder liners of drive 
~ore barrels. Undisturbed cores of consolidated materials are sealed 
with sealing wax in the percolation cylinders. Disturbed samples of 
unconsolidated materials are packed in the percolation cylinders by 
means of a specially-designed packing machine (fig. 4). All cylinders 
are installed directly in the permeameter to serve as the perco­
lation cylinder of the apparatus. 

1 

Figure 4.--Packing machine 

Unsaturated permeability, or the variation of permeability 
with degree of saturation, is determined in the Hydrologic Laboratory 
by use of the pressure-plate outflow method (Gardner, 1956), for 
unconsolidated materials, and by use of a modified stationary-liquid 
method (Burdine, l953; Corey, 1954; Hassler and others, 1936), for 
consolidated materials. The apparatus (bottom, cover photograph) 
used in the latter method holds the wetting phase (water) stationary 
within the sample by capillary forces while determining the permea­
b.ility of the sample to the non-wetting phase (air) under very low 
pressure gradients. The unsaturated permeability to water (fig. 5) 
is then calculated from the measured air permeabilities using a 
mathematical procedure developed by Corey (1954). 

9 
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Figure 5.--Relative permeability curves for Bandelier tuff~ 

USE OF LABORATORY DATA 

Application to Test-Hole Logs 

Aquifers usually consist of lithologic units,or layers, which have 
different texture and consequently-different permeabilityo To determine 
the average permeability of the section under study, good quality samples 
(preferably undisturbed cores) should be obtained from each of the layers 
and analyzed for their permeability. Once the permeabilities are known 
for the individual units, the average permeab~lity may be calculated by 
the following equation: 

1 
k a (10) 

where k ~ average coefficient of permeability parallel to the bedding 
planes of the layers, 

~ = total thickness of section under study, 
m1 , m2, • • • mn = thickness of each unit or layer., 

k1, k2, kn = coefficient of permeability of each unit or 'layer. 

Table 3 demonstrates the method of making such calculationso 

Once permeabilities have been obtained for the lithologic units or 
textures found in the project area, driller's or geologist's logs 
(preferably the ~atter) may be used in conjunction with those data to 
obtain the average permeability or transmissibility at many specific 
locations. 
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Table 3.--Application of laboratory permeability data to test-hole logs. 

Test-hole Thickness Coefficient Weighted permeability 

log (feet) 
of permeability or 
(gpd per sq ft) unit transmissibility 

(gpd per ft) 
Surface 

Unsaturated 
rna teria ls 25 

Water table 

Very--rin-e- -- --10---~0---- -1 000---
sand , 

Sandy silt 5 10 50 

Silty clay 

Medium sand 

Coarse sand­
fine gravel 

Medium-crs 
gravel with 
cobbles 

15 

10 

15 

20 

1 15 

2,000 20,000 

5,000 75,000 

8,000 160,000 

Base of aquifer~ 

Note: Saturated thickness (ft): 75. Aquifer transmissibility (gpd per 
ft): 256,000. Average permeability (gpd per sq ft): 256,000 7 75 : 
3,400 . 

11 



Maps of-Transmissibility or Permeability. 

Once transmissibilities, or average permeabilities, have been deter­
mined from ~quifer.tests or by calculation from laboratory and test-hole 
data, they may be.plotted at the location of the well or test hole. ·Con­
tours of equal transmissibility, or permeability, then may be drawn in a 
manner simifar to the preparation of topographic maps (fig. 6). Differ­
ent patterns also may be drawn between contours· to indicate ranges of 
transmissibility or permeability. 

Figures 7 through 15 present examples of areal maps showing pat·terns 
of transmissibility or permeability, and related properties •. Those 
figures showing permeability data may represent the average permeability 
for the total saturated thickness or for selected zones, according to the 
needs of the hydrologic problem. 

LEGEND 

• 
Test-hole and laboratory data 

60 

0 

Pumping-test data 

Transmissibility (gpd per ft X 1,000) 

Figure 6.--Example of a project map of transmissibilityo 
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(Illustration ·from Sniegock1, R. T., 1964) 
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(Illustration from Bedinger, M. S., Tanaka, H. H., and others, 1960) 

REPORT ON GROUND-WATER GEOLOGY AND HYDROLOGY OF THE LOWER ARKANSAS 

AND VERDIGRIS RIVER VALLEYS 
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Angeles County, Calif. 
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Geohydrologic Cross-Sections 

To completely understand subsurface hydraulic conditions, a 
geohydrologic cross-section is valuable. The cross-section is 
based on test-hole logs and laboratory and aquifer-test data and 
the interpretation of the geology. Patterns may indicate the 
hydrologic properties, or permeability values at specific sample 
locations may be shown beside the test hole or within the litho­
logic unit. In any case, it becomes obvious that there is little 
difference between a geologic and a geohydrologic cross-section, 
except for putting quantitative numbers on the geology. 

Figure 16 demonstrates the principle· and figures ·17 and 18 
present several examples of published geohydrologic sections. 
Figure 19 shows details of the area for the cross-section pre­
sented in figure 18. 
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Figure 16.--Geohydrologic cross-section of alluvial deposits. 
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Permeability of Rock and Soil Materials 

Although the best permeability data are those obtained from 
analysis of samples actually obtained from the study area, projects 
may not always have time or funds to collect the samples or have 
them analyzed. Figures 20 through 24 and table 4 are presented to 
provide the project hydrologist with a working list of permeability 
coefficients representative of the rock or soil materials found in 
his areao In most cases, the data or relationships result from 
research in the Hydrologic Laboratory. Figure 25 illustrates one 
method of presenting the physical and hydrologic properties of 
water-bearing materials in a test holeo The hydrologist is cautioned 
to apply these data only with great caution and is reminded that it 
is best to develop such relations for each particular project area. 
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Figure 20.--Relation of permeability to particle size for alluvial 

sediments near Chapman, Nebro 
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Table 4.--Typical coefficients of permeability, as determined on 

Material 

Granite 

Slate 

Dolomite 

Hematite 

Limestone 

Gneiss 

Basalt 

Tuff 

Sandstone 

Till 
Loess 

Beach ·sand 

Dune sand 

Alluvium 

Clay 

Silt 

Very fine sand 

Pine sand 

Medium sand 

Coarse sand 

Very coarse sand 

Very fine·gravel 

Fine gravel 

Medium gravel 

Coarse gravel 

Very coarse gravel 

Cobbles 

laboratory samples 

Permeability 
0 

(gpd per sq ft @ 60 F) 

0.0000009 

0.000001 

0.00009 

0.000002 

0.00001 

0.0005 

0.00004 

0.0003 

·o.oo3 
0.003 

1 

100 

200 

0.000005 

0.000003 

0.0002 

0.009 

0.002 

0.05 

1 

10 

30 

0.5 

30 

400 

600 
(see individual materials below) 

0.001 1 

1 

10 

100 

1,000 

4,500 

6,500 

s,ooo 
11,000 

16,000 

22,000 

30,000 

32 

10 

100 

1,000 

4,500. 

6,500 

8,000 

11,000 

16,000 

22,000 

30,000 

- 40,000 

Over 40,000 
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