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ABSTRACT 

The determination of water permeability through a soil is 

necessary to estimate seepage losses from S~mall reservoirs. At 

the present time, the methods available to conduct this determi

nation in partially saturated fine grained soils are expensive and 

in most cases not commensurate with the cost or importance of the 

individual structure•, This investigation was conducted to evaluate 

the use of a proposed, potentially inexpensive field procedure in 

this situation. 

A modified borehole apparatus was utilized in field tests to 

determine the permeability of a partially saturated soil deposit in 

place. Undisturbed samples from the same location were tested in 

the laboratory by several recommended procedures. It was found that 

the range of permeability values obtained in the field correlated 

closely to the range of values obtained by detailed laboratory 

testing. 
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I. INTRODUCTION 

An engineering evaluation of permeability is necessary for the 

design of every structure where seepage of water or seepage forces 

could have an adverse effect on the structure. The principle 

engineering problems involving permeability include seepage from 

reservoirs and canals, dewatering of excavations, drainage of roads 

and airfields and stability of embankment slopes. In the State of 

Missouri, approximately 2 million dollars are spent annually for the 

investigation and construction of small reservoirs having impound

ment areas in the order of 10 to 100 acres. (l) Further, approxi-

mately one-third of the smal.l reservoirs constructed on the predomi-

nately residual soils of the southern one-half of the state do not 

reach their design pool elevation due to unanticipated seepage 

losses. In many cases, these reservoirs fail to reach a usable pool 

elevation. 

These failures reflect primarily the fact that the laboratory 

and field methods currently available and generally accepted for 

evaluating permeability, require expense which in many cases is not 

connn.ensurate with the size and importance of these individual 

structures. The U. s. Bureau of Reclamation recommends the use of 

average values of permeability basai on soil classification for 

investigations where the cost of p~sent permeability testing 

procedures cannot be justified. The use of average values for 

estimating seepage losses from small reservoirs does not appear to 

be appropriate if economical testing procedures can be devised. This 



investigation was conducted to evaluate a proposed, potentially 

inexpensive field method for determining permeability in a fine 

grained, partially saturated soil. 



II. REVIEW OF PERMEABILITY 

A. Penneabili ty and Darcy's Law 

In soils engineering, penneability is the meA.sure of water 

conductivity through a soil media. Darcy's Law establishes a 

relationship between the velocity of saturated, laminar flow and 

the gravity potential causing the flow. This relationship is: 

v = ki where: v = superficial. velocity 

i = hydraulic gradient 

k = · coefficient of penneabili ty 

Since permeability is not only a fUnction of the soil, but also 

the unit weight and viscosity of the water, it is necessary to 

establish unit conditions of control so that the coefficient of 

penn.eabili ty reflects the properties of the soil alone. Since both 

the density and viscosity of water are a function of temperature, a 

control temperature of 20°C has been generally accepted. Thus the 

coefficient of permeability (~0) reflects empirically a property of 

the soil alone. 

It has been found experimentally by Ric~rds (4 ) and others, that 

a fonn of Darcy's Law is applicable to laminar flow through unsatu-

rated soil and can be expressed as: 

v = kui where: v : superficial velocity 

i = hydraulic gradient 

ku= unsaturated coefficient of 
penn.eability 

In this equation, ku is not constant but a function of the degree of 

saturation as indicated in Figure 1.( 5) The stages of moisture 
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1.0r-----------------------. 

Threshold Saturation 
Point 

0 
0 0.2 0.4 0.6 o.s 1.0 

Degree of Saturation 

FIGURE 1. RELATIONSHIP BETWEEN DIDREE OF 
SATURATION AND PERMEABILITY RATIO after Irmay( 6) 

---
(a) Adsorption 

(b) Vapor Transfer 

(c) Distillation 

(d) Sur.face Creep 

(e) Hydraulic Flow Unsaturated 

..._ (f) Hydraulic Flow Saturated 

FIGURE 2. WATER MOVEMBNT IN THE VAIUOVS 
STAGES m A POROUS MATERIAL after Rose t 0 ) 



transmission through soil from the zero saturated point to the 

saturated condition have been identified by RoseC6) and are illus-

trated in Figure 2. 

Water transmission through an unsaturated soil is effected by 

gravity, electrical and chemical forces; thermal gradients; vap()r 

pressure; and/or capillary influences. (7) In the evaluation of 

5 

seepage now from small reservoirs, gravity and capillary potentials 

are of primary concern. In saturated soils where there are no air-

water interfaces, capillacy forces do not exist and seepage takes 

place primarily due to gravity. 

The evaluation of permeability involves the determination of 

superficial velocity under a gravity potential. In partially 

saturated soils, the problem is far more complex since the capillary 

forces play an important role. The evaluation of the total energy 

potential causing flow under these conditions is not fully under-

stood. Hence, in order to evaluate the coefficient of permeability 

in an unsaturated soil, it is necessary for the soil to become 

saturated and for the flow rate to be constant in the area which is 

influenced by the test. 

B. Pemeability in Natural Soil Deposits 

In natural soil deposits, the coefficient of pemeability, 

reported by many investigators, ranges .from 10 an/sec in gravel to 

10-9cm/sec in clay. Qualitatively, soils with permeability values 

greater than lo-4an.fsec are generally ter.med as pervious; those with 

values in the range o.f 10-4 to 10-6 em/sec are semi pervious; and those 

less than 10-6an/sec are impervious. It has been recognized by many 



investigators that the coefficient of penn.eability of soil may vary 

greatly with minor changes in texture, density, mineralogical compo-

sition, structure, and water content. As a result, the engineering 

indices, void ratio, plasticity and degree saturation, Which reflect 

the condition of the pores for cxmducting water, are the principle 

variables of soil penneability. Since these properties vary from 

place to place xi. thin a deposit, rather large variations in the 

coefficient of permeability can also be expected. 

Particle orientation, due to the mode of deposition of the soil 

and soil structure, gives rise to penneabilities varying in 

different directions. For instance, in alluvial soils, permeabil-

i ties in the horizontal direction may be many times greater than in 

the vertical direction. Along the same line, fracturing and 

fissuring in many fine grained soils can give rise to very large 

per.meabilities through these deposits. 

Due to the possible variations from place to place within a soil 

deposit, determination of a single average value of permeability for 

the deposit is extremely difficult. Therefore, even though the 

permeability of an individual sample may be dete:nnined very accurately, 

the value of permeability representative of a particular deposit is 

generally considered as an order of magnitude rather than a specific 

value. For most practical engineering problems, it is desirable to 

establish the range of penneabili ty values within the deposit. The 

value representative of the deposit as a whole is generally limited 

in accuracj' to the nearest power of 10. ( 8 ) 



C. Evaluation of Penneabili ty 

In the laborator.y, permeability can be evaluated utilizing 

Darcy's Law, consolidation theory, capillary theory or empirical 

equations based on various index properties of the soil. In the 

field, penneability is evaluated in place, primarily by use of 

Darcy's Law. Laboratory tests procedures and their range of 

applicability are outlined in detail in laboratory manuals and in 

most soil mechanics texts, (9)(10) and will not be discussed here. 

However, the inherent problems common to all laboratory evaluations 

of pe:nneability in natural soil deposits are worthy of mentioning. 

Representative undisturbed samples must be obtained from the field 

in a manner to preserve the structure and properties of the soil. 

In many soils this is extremely difficult to accomplish. The 

problems in this area have been discussed extensively by Hvorslev.(ll) 

Secondly, the oondi tiona of the test must approximate the condi tiona 

that will exist in the field. This may be difficult to accomplish in 

the laboratory. Finally, the number of samples tested, no matter 

how accurate the individual results, must be sufficient to establish 

the permeability range of the deposit. This generally requires 

extensive testing, the oost of 'Which cannot be justified in many 

instances. The wide variations within a deposit indicate that a 

field evaluation of pemeability through large volumes of soil is 

desirable provided that the oost of such testing can be justified. 

Numerous field methods for determining per.meabilit.y have been 

proposed. Of these, the methods developed and tested by Kirkham and 

others(l2)(l3) appear to be most applicable for the investigation 

of small dam si tea. These methods measure the loss or increa~~e in 
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head in a single borehole when water is pumped out of or into the 

hole at a measured flow rate. From these measurements permeability 

can be evaluated using an empirical equation based on Darcy's Law 

modified to include the boundar,y conditions of the test. The general 

approach of this method can be used in measuring permeability in 

partially saturated soils provided that time is allowed for the soil 

to become saturated by infiltration in the vicinity effected by the 

test.(l4)(l5) The permeability can be computed when a constant flow 

rate is established through this wetted zone. The procedure 

described in U. s. Bureau of Reclamation test designation E-18(l5) 

appears to have the widest applicability for the investigation 

of small dam sites. The basic concepts of this empirical method are 

illustrated in Figure 3. 

In the equations for constant head or falling head laboratory 

perm.eameters, which are derived directly from Darcy's Law, a shape 

factor L/A appears, \oil ere L = the length of the now pa. th corre-

sponding to the head loss and A =-the area through which the flow is 

taking place. It has been found by Harza(l6) and Taylor(l7) employing 

different methods, that the shape factor for saturated flow in the 

situation depicted in Figure 3, is equal to l/5.5r, where r is the 

radius of the tube. Shape factors for other boundary conditions have 

been determined by numerous investigators and are summarized in a 
(18) 

paper by Hvorslev. 

Utilizing these shape factors, it is possible to estimate 

permeability in the area of the cavity once a saturated envelope is 

established and flow into the cavity is constant. The coefficient of 

permeability measured by these methods is a mean value of the 



min lOr 

+ 
min lOr 

t 

Undisturbed 
Core 

2" diam 

Ground Surface 

H 

Pemeable 
Strata 

GWT 

q 
k = 5.5rH 

where: 

q = flow rate(anJsec) 

H = head (em) 

r = radius of tube( an) 

FIGURE 3. OPEN END BOREHOLE TESt 
after USBR Test Designation E-18 24) 

30" 

Piezometer 
tube 

1" diam 

Tube 

8'' diam 

Auger 
Hole 

4" diam 

[] 
j_ 

1 

Relative Size 

35 270 

FIGURE 4. RELATIVE S~ 0) SAMPLE 
after Reeve and Kirkham 29 

1400 



horizontal and vertical permeabilities. However, according to Reeve 

and Kirkham,(l9) horizontal permeability dominates the test results 

in uncased holes whereas vertical permeabilities dominate the 

results in cased holes. The relative volumes of soil tested by 

various single cavity methods have been computed by these two 

investigators and are Shown in Figure 4. 

These methods, although crude in nature, give better estimates 

of the overall permeability than do isolated laboratory tests. (20) 

However, according to Goulder and Gass, (2l) borehole methods are -~--~-

generally limited to the measurement of permeability in the range of 

10-l to lo-4 an/sec because of the difficulties in metering flow 

and the time required to perform the tests. Finally in their 

opinion refinements in the method in order to extend the range are 

not justified for normal operations. 

Despite this opinion, it was desirable to pursue this approach 

further in hopes of finding a solution to the original problem. For 

this reason, an adaption to the apparatus used in u. s. Bureau of 

Reclamation test designation E-18 was made in order that lower flow 

rates could be observed. See Figure 5. A field and laboratory 

investigation was then conducted to evaluate the use of this 

modified apparatus in fine grained unsaturated soils. 
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III. INVESTIGATION 

A. Conduct of the Investigation 

In order to evaluate the falling head adaptation to the bore-

hole test procedure in a fine grained unsaturated soil, a test site 

was selected in the field. Utilizing this apparatus, the inplace 

permeability was evaluated at control locations within a small area. 

Undisturbed samples for laboratory testing were taken at the same 

locations. Finally all of the test results were compared and 

analyzed. 

B. Description of the Site 

The test site is located in the SE ~~ Sec. 21, T3SN, R~d. 

A stereopair of this area appears in Figure 6. The pedological soil 

boundaries indicated on this stereopair were delineated by Moriarity 

d ....... _ t• (22) an J.·.~e.r J..n • 

The test series was performed in the deposit mapped as Atkins, 

which is a poorly drained silt loam. Boring logs made previously 

at the site by the Missouri Conservation Commission, indicate that 

this deposit is an inorganic silt of low plasticity and overlies 

bedrock at a depth of approximately 10 feet. The bedrock in the 

area is Jefferson City dolomite.(23) The borings by the Conser

vation Commission were made in SeptEill.ber, 1964. At that time free 

groundwater was not encountered in any of the borings. 

c. Field Procedure 

A ~riangul.a.r grid was established so that all the test locations 

would be equally spaced within the test area. An arbitrary spacing 

of ten feet was selected to minimize the effects of lateral soil 

changes within the deposit. The possibility of hydraulic inter

ference between holes during the testing period was also eliminated 
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FIGURE 6. STEROPAIR OF THE TEST SITE, Pedogical Soil Boundaries delineated by 1-briarity 
and Martin(22) 
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by this spacing. The A and B horizons of the soil were removed at 

each test location. A 3 inch shelby tube was pressed into the 

14 

soil by a hydraulic ram to a depth of approximately 24 inches below 

the original ground level to obtain an undisturbed sample for 

laboratory testing. After removaJ. of the shelby tube, a cylindrical 

steel tube of the same diameter was placed tightly into the hole, 

thereby casing the sides of the hole to the bottom. 

After the casing was in place, the hole was filled with clean 

water and fitted with the falling head device shown in Figure 5. 

Care was exercised to insure that the temperature of the added water 

was greater than the tEmperature of the soil, thus precluding the 

release of gases from the water to the soil. After the initial. 

filling, the tube was not allowed to drain oompletely. 

Periodically, falling head measurements were made over a 

considerable period of time until consistent readings were obtained. 

When consistent readings were obtained, it was assumed that the 

saturated envelope had been established in the area of the test. 

Permeability was computed based on these consistent readings. Finally 

at the completion of a field permeability test, a one inch diameter 

sampling probe was pushed into the saturated soils at the bottom of 

the hole. The condition and character of these soils ~re visually 

examined from the probe core. 

D. Laboratory Procedure 

The undisturbed samples were transported to the laboratory 

where the tube was cut and the sample trimmed as sho1m in Figure 7. 

The soil trimmings from section 1 and the undisturbed material from 

section 2 were used to determine the dr.Y unit weight, grain size 
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distribution, specific gravity and water content in the natural state. 

The prepared test specimen, section 1, was fitted with the same 

falling head adaptation as was used in the field. (See Figure Sa). 

The apparatus was then filled with water and falling head readings 

were taken in the same manner as in the field. After several days, 

stable readings were obtained and the permeability was then evaluated 

from a formula based on Darcy's Law. The sample with the apparatus 

attached was then placed in water as shown in Figure Sb. After 

sufficient time had been allowed for the sample to attain stress 

equilibrium, a falling head permeability test was performed. 

Finally, the sample from the test section was extruded and 

carved into a consolidation ring. A consolidation test was performed 

and permeability was computed on the basis of the classical theory of 

consolidation using data from the dial reading time curves. 
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IV. RESULTS 

The results of the field and laboratory testing have been 

compiled for analysis and are shown graphically in Figures 9 and 10. 

Results that lend themselves to tabulation are oontained in Tables 

1 through 6. 

Table 1 lists the index characteristics for the samples from 

each borehole location. The range of index properties for the 

test site are shown graphically in Figures 9 and 10. Table 2 lists 

the basic relationships of the soil at each location. Natural water 

content and degree of saturation were not included in this tabulation 

since these values varied considerably during the period of testing. 

The maximum natural water content measured was 20.8 percent and 

minimum was 4.6 percent. The coefficient of penneability and the 

corresponding void ratios measured in each of the four testing 

methods are listed in Tables 3 through 6 and are shown graphically in 

Figure ll. 



TABLE 1. PHYSICAL CHARACTERISTICS 

Sample Liquid Plastic Plastic %Passing Unified 
No. Limit Limit Index #200 Classification 

1-1 23.9 18.0 5.9 88 CL-ML 

1-3 33·5 17.2 16.3 93 CL 

1-4 29.9 20.4 9.5 91 CL 

1-5 30.6 19.2 11.4 92 CL 

1-6 31.6 17.8 13.8 93 CL 

1-7 31.5 18.7 11.8 94 CL 

1-8 23.3 19.4 3·9 88 HL 

1-11 24·3 19.7 4.6 88 CL-ML 

1-12 21.8 17.5 4.3 89 CL-HL 

1-13 21.8 18.8 3.0 88 ML 

~ 
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TABLE 2 

PROPERTIES OF 
UNDISTURBED SANPLES 

SAJ.1PLE DRY UNIT SPECIFIC VOID 
NO. WEIGH_j GRAVITY OF RATIO 

1b/ft SOLIDS 

1-1 104.5 2.61 .557 

1-2 102.0 2.63 .610 

1-3 97.0 2.63 .680 

1-4 111.5 2.68 .500 

1-5 107.0 2.68 .562 

1-6 112.5 2.68 ·490 

1-7 106.0 2.66 .564 

1-8 101.0 2.65 .635 

1-9 102.5 2.63 .600 

1-11 96.5 2.61 .690 

1-12 97.5 2.62 .675 

1~13 98.0 2.63 .675 



TABLE 3 

RESULTS FROM FIELD TESTS 

SAMPLE VOID PERMEABILITY 
NO. RATIO em/sec 

1-1 .560 3.6xJ..o-7 

1-3 .690 1.6xlo-4 

1-4 .500 8.2xl0-6 

1-5 .570 1.5x10-6 

1-6 .485 1.1x1o-6 

1-7 .570 if- 5.0x1o-8 

1-8 .635 l.Sxl.o-4 

1-11 .690 S.S:x:lo-7 

1-12 .675 6.2xlo-4 

1-13 .675 Seal Broke 

*Flow rate too small to be read accurately. 



TABLE 4 

RESULTS FROM JNFILTRA TION TESTS 
(LABORATORY PROCEDURE) 

SAMPlE VOID PERMEABILITY 
NO. RATIO em/sec 

1-1 .593 3.6xlo-6 

1-3 .680 4.2xlo-5 

1-4 .719 1.2xl.o-6 

1-5 .700 7.7x1o-7 

1-6 .S41 3.5x1o-5 

1-7 .747 1.0xlo-5 

1-S .636 4.6xlo-5 

1-11 .649 1.4xlo-5 

1-12 .677 1.7xlo-5 

1-13 .676 2.5xlo-4 



TABLE 5 

RESULTS FROM FALLING HEAD TESTS 
(LABORATORY PROCEDURE) 

SAMPlE VOID PERMEABILITY 
NO. RATIO em/sec 

1-1 ·593 3.0x1o-6 

1-3 .600 4.2:xlo-5 

1-4 .719 2.1x1o-6 

1-5 .700 9.7x10-7 

1-6 .841 2.5.x1o-5 

1-7 .747 1.0xl.o-5 

1-8 .636 4.3x1Q-5 

1-11 .649 1.3xlo-5 

1-12 .677 1.7xlQ-5 



TABLE 6 

RESULTS FIDM CONSOLIDATION TESTS 
(LABORATORY PROCEDURE) 

SAMPLE AVERAGE VOID PERMEABILITY 
NO. RATIO em/sec 

1-1 could not be trimmed into a ring 

1-3 .670 9.4x1o-6 

.653 6.5xl.0-6 

.636 5.3xl.0-6 

.617 4.8xlo-6 

·596 3.6xl.0-6 

1-4 -717 1.2xlo-5 

.700. 1.7xl.0-5 

.669 1.4x1o-5 

.640 6.6xl.0-6 

1-5 .696 s.<]xlo-6 

.681 1.6xl.0-5 

.660 1.7xl.0-5 

.647 1.0xlo-5 

.624 7.2xl.0-6 

1-6 .831 4.9x1o-5 

.007 8.6xl.o-5 

.700 3.9xl.0-5 

·755 2.6xlo-5 

·732 1.8xl.o-5 

(Continued) 



S.MfPIE 
NO. 

1-7 

TABLE 6 (Concluded) 

RESULTS OF CONSOLIDATION TESTS CONTINUED 

AVERAGE VOID PERMEABILITY 
RATIO em/see 

.740 5.6x1o-5 

.728 3.wo-5 

.m 4.9x1o-5 

.698 2.5xl0-5 

.679 l.Sxl.o-5 

1-8 could not be trmmed into a ring 

1-11 .646 5.3:x1o-5 

.638 l.wo-4 

.630 5.5x1o-5 

.624 7.6xJ.o-5 

.616 4.9x1o-5 

.608 2.5:xl0-5 

1-12 .671 5.l:xlo-4 

.661 1.7XJ..0-4 

.655 6.7XJ..0-5 

.652 1.4xlo-5 
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V. DISCUSSION 

A. Analysis of Re.sul ts 

In order to properly evaluate and compare the results obtained, 

it is necessary to visualize the significant changes that occurred 

within the samples, both in the laboratory and in the field as 

permeation progressed. 

Permeation of an unsaturated soil results in the increase in the 

degree of saturation. This increase in moisture content in addition 

to the increased hydrostatic pressure of the test, results in complex 

changes in the stress relationships within the sample. These changes 

are not completely understood; however, their existence is evidenced 

by either a swelling or compression of the soil which indicates change 

in effective stress. These changes in volume within the samples due 

to permeation were measured in all the laboratory tests and are 

shown graphically in Figure 12. 

The void ratios corresponding to the coefficient of permeability, 

obtained from laboratory testing, shown in Figure 11, are not the same 

as the void ratios that existed in the field. In order to compare the 

laboratory data with the field data, it is necessary to plot void 

ratio-permeability curves for each sample and from this relationship 

determine the permeability of the sample that corresponds to the 

initial void ratio in the field. 

According to Lambe, (24) the void ratio-permeability relationship 

approximates a straight line. Hence, from the void ratio-permeability 

data obtained from the consolidation test, it is possible to estimate 

the permeability corresponding to the void ratio in the field. On 

this basis, the laboratory values can be compared to those obtained 
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in the field. Figure 13 shows the corrected void ratio-permeability 

relationships for the test site. Figures ll~o through 20 show the void 

ratio permeability relationship for each test sample. Although this 

procedure appears logical, it may be limited somewhat in accuracy 

since it assumes that the compression curve obtained in the 

consolidation test corresponds to the swelling curve due to permeation. 

Swelling or consolidation due to permeation undoubtedly occurred in 

the vicinity of the borehole tube. However, this phenomena. was not 

measured due to the physical difficulties involved in obtaining such 

data. Probe samples taken from the soil at the bottom of the 

borehole at the conclusion of a field test, showed qualitative 

evidence of swelling only in the first inch of the material. 

Despite the above noted limitations, a comparison of the results 

for the· entire test site was made. (See Table 7) The accuracy of the 

first digit in the log qycle as shown, may be questionable, however 

it is useful for co.mparative purposes. In general the falling head 

and infiltration values of pem.eability are smaller than the 

corresponding consolidation test values. This difference can be due 

to several factors, however the possibility that the sample contained 

a certain amount of entrapped air is likely to be the dominant cause 

of this difference. The range of permeability values obtained from 

the borehole method compare very well with the laborator,y values. 

Therefore, this field method appears well within the limits of the 

accuracy desired for estimating permeability in small reservoir inves-

tigations. 
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TABLE 7 

COMPARISON OF RESULTS OF PERMEABILITY DETERMINATION 

TEST ME'll-IOD COEFFICIENT OF PERMEABILITY 
em/sec 

Consolidation-Permeability 2xl.o-7 to ?xl0-4 

Falling Head 9xl0-8 to 6Xlo-5 

Infiltration lxlo-7 to 6.xlo-5 

Borehole 5xl.o-8 to 7.xl0-4 



B. Evalua. tion of the Borehole Method 

Although this method is relatively simple, and the close 

correlation obtained between the field and laboratory values in 

this investigation indicates its applicability to fine grained 

unsaturated soils, certain words of caution are necessary here. 

33. 

The advantages and shortcomings of this method as it applies to 

saturated soils have been discussed in previous papers by Hvorslev 

and others. (25) (26) In the application of the method to partially 

saturated soils, these same sources of error not only exist but are 

likely to be even more significant. 

Although the shape factor used in this method is empirical in 

nature, it is probably not as great a source of error as the 

difficulties inherent in the practical conduct of the test. 

Considerable time is required for the development of a wetted zone 

in the vicinity of the test hole. The problem of determining the 

minimum time to establish constant flow and the min:Unum volume of 

water required to fonn the bulb was not a part of this investigation. 

It was noted that the period of time required to obtain stable readings 

varied from several days in the more pervious soils to several weeks 

in the less pervious soils. During this period, considerable 

corrosion of the steel casing was noted. The effects of this 

corrosion were not evaluated. Leakage of water up the sides of the 

casing can be a source of considerable error. This was noted in the 

test hole 1-13 and therefore it was necessary to abandon this test 

location. In order to preclude this problem, it is necessary to 

have the casing fit snugly in the hole. In cleaning the hole, a 



certain amount of disturbance is bound to occur. It is necessary 

that the field technique be such that this effect is minimal since 

the greatest friction losses occur very close to the outlet. Further, 

in filling the hole, extreme care is necessar,y to prevent turbitity which 

could mask the results of the test. The existance of entrapped air in 

the area of the test is very likely. Finally the volume changes, that 

take place in the area of the test due to penneation and the effect on 

the resulting permeability value are extremely difficult to evaluate. 

c. Applicability of the Borehole Method 

This method appears workable in estima. ting permea.bili ty in 

unsaturated fine grained soils. However, additional investigation is 

necessary before the applicability of this method of testing is 

firmly established. 

The evaluation of permeability at each test site required 

approximately six to eight man hours. Only the time required for the 

installation of the apparatus and final evaluation of permeability 

required engineering experience and judgement. The mechanics of 

keeping the hole filled and taking periodic readings does not require 

technical engineering ability. If the cost of this type of 

permeability determination can be justified in investigating a small 

dam site, its uses may be warranted. 



VI. CONCLUSIONS AND RECONMENDA TIONS 

The primary objective of this investigation was to determine the 

suitability of an in place method for evaluating penneabili ty in a 

fine grained unsaturated soil and to evaluate the applicability of 

this method for the investigation of small dam sites. 

This method provides per.meability data, for the fine grained 

partially saturated soils tested, that are within the accuracy 

generally accepted for the solution of engineering problems. 

TJ?.is method is well sui ted for measuring the per.meabili ty of 

the soil oover in the investigation of small dam sites, provided 

qualified engineering personnel are available to provide the necessary 

teChnical supervision and to evaluate the results properly. 

Systematic investigations should be conducted to detect and 

evaluate the sources of error in borehole observations. The minimum 

time to develop experimental now conditions and the variables 

involved should be investigated to insure that the test is not 

discontinued prematurely. The borehole equation could be developed 

into simple nomograms thereby making calculations less complicated. 

It was noted that the slope of the void ratio-penn.eabili ty curves 

varied considerably with the changing index properties of the soil. 

An investigation to determine variables in this relationship in terms 

of index properties could lead to a better understanding of this 

relationship in engineering tenns. Finally it is recommended that 

further investigations be undertaken to substantiate the tentative 

conclusions of this investigation. Until such research is completed, 

this method should be applied only with the best engineering judgement. 



APPENDIX A 

VOID RATIO-PERMEABILITY RELATIONSHIPS 
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