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TABLE 3. 

Summary of Permeability Test Pat a. 

Test 
Series 

No. 
Material 

Median 
Diameter 

mm ft. 

Porosity PC Test 
Series 

No. 
Material 

Median 
Diameter 

mm ft. 
By weighing 
Solids 

By drain-
ing Voids 

1 BM3-2 .3 /4 " B. Metal 16 5. 2x10" 2 45 . 5 42. 6 2 Ml 23 Marble mixture 24. 9 8. 2x10" 37 . 9 35. 8 4 G1 NepeanR.sand 0. 53 1. 74x10""^ 38 . 7 27. 2 
5 G3 3 /8 " R. Gravel 5. 8 1. 9xlO~; 39 . 2 36. 9 6 G2 - 1 / 4 " R. Gravel 2. 3 7. 5x10" ' 41 . 8 37. 1 8 BMl 3 /16" B. Metal 3. 2 1. 05x10" 47 . 7 45. 9 9 BM2 3 /8 " Blue Metal 6. 4 2. 10x10-2 45 . 8 41. 6 10 G6 3" R .grave l 55 1. 80x10" 36 . 9 37. 3 

11 BM5 3" Blue Metal 37 1. 21x10"^ 48, . 3 46. 3 
12 G5 l i " R. gravel 26 8. 5x10 -2 37, , 2 34. 9 13 G4 3 /4" R. gravel 16 5. 2x10-2 36. 7 33. 9 
14 BM4 l i " Blue Metal 25 8. 2x10-2 43. 8 41. 8 
15 B M 3 - L 3 /4" Blue Metal 14 4. 6x10 " 42.. 8 39. 5 
16 Ml 16 mm Marbles 16. 0 5. 24x10-2 36. 9 36. 9 
17 M2 25 mm Marbles 24. 9 8. 16x10-2 36. 9 38. 0 
18 G7 6" R. Gravel 110 3. 60x10-1 40. 6 40. 4 
19 Ml 16 mm Marbles 16. 0 5. 24x10-2 41. .5 41. 3 
20 Ml 1 G mm Marbles 16. 0 5. 24x10-2 37. 2 37. 8 
21 BM3-1. 3 /4 " B. metal 14 4. 6x10-2 51. 5 48. 5 
22 M3 29 mm Marbles 29. 0 9. 5x10-2 38. 5 38. 0 

Note: (a) Porosit ies shown on Figures 4 to 10 are those obtained by 
weighing solids. 

(b) Marble mixture Ml 23 consists of 16, 25 and 29 mm marbles 
in the proportions 1. 23: 1. 05: 1. 00 by weight. 
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SUMMARY. 

The permeabil i ty c h a r a c t e r i s t i c s of a variety of c o a r s e , non-

cohesive granular mater ia ls were determined from tests in a 22 inch 

diameter permeameter . The mater ia ls included sand, broken stone 

and r iver gravel up to 6 inches in size and three s izes of glass 

spheres . Provis ion was made for the determination and exclusion 

of wall effects by measurement of flow through the full c r o s s - s e c t i o n 

and also through a central core 14 inches in diameter. 

-5 
Veloc i t ies , based on gross area , ranged from 10 to 1. 5 feet 

_4 

per second and hydraulic gradients from 10 to 15. 

The velocity - hydraulic gradient (V-S) relationship plotted on 

logarithmic paper yielded, for each sample, a s e r i e s of straight 

l ines with sharp discontinuities of slope between each regime rather 

than a curved transit ion from the low Darcy-type flow to the high 

turbulent flow region. F o r each mater ia l , and each packing of the 

mater ia l , the V-S relationship is charac ter i sed by a discontinuous 

exponential relationship of the form 

s = av'̂  

Values of a and n have been determined for each mater ia l deposited 

without compaction and for severa l of the mater ia ls deposited so as to 

i n c r e a s e their porosi t ies . 
Each mater ia l yielded 3 or more regimes (sets of values of a 



(ix) 

and n), the values of n ranging from 0. 8 through unity (Darcy's law) and up 

to 1. 9. 

Changes in porosity produced large changes in a and small changes 

in n, in any particular regime. 

No general unified relationship between S and V^or between the 

Darcy friction factor and Reynolds number was obtainable, owing to 

the impracticability of incorporating any effective allowance either for 

particle shape and grading or for porosity. The use of fall velocity as 

a parameter incorporating these characteristics was found to offer no 

significant advantage. In fact, it is shown that in the absence of 

geometrical similarity of particle size and arrangement any such 

generalisation cannot be expected. 

The upper limit of Darcy's law could be predicted more accurately 

f rom a correlation between coefficient of permeability and limiting hyd-

raulic gradient than from a Reynolds number. No method of predicting 

the lower limit of validity of Darcy's law was apparent. 



1. Introduction 

Many theoretical and experimental investigations into the character-

istics of fluid flow through porous media have been undertaken since the 

results of Darcy 's experiments were published in 1856. These invest-

igations have arisen mainly from the necessity to calculate hydraulic 

gradients and flow rates in the fields of filtration, oil production, ground-

water flow, chemical processing, soil mechanics and rockfill dam design. 

The porous media involved in these investigations have ranged from 

naturally occurring cemented rocks and uncemented soils, sands and 

gravels and crushed aggregates through beds of spheres to beds of odd 

shaped particles such as Berl saddles and Raschig rings used in the 

chemical industry. The fluids used in the investigations have been 

mainly water and air. 

Because of the wide range of particle sizes, shapes and gradings and 

porosities, the geometrical properties of the media varied greatly. 

It is little wonder, then, that attempts to obtain one general equation 

f rom which flow rates and hydraulic gradients may be calculated for all 

types of porous media, permeating fluids and flow rates have been un-

successful. Until recently, even the form of the relationship between 

flow rate and hydraulic gradient for a particular porous medium has 

remained obscure. 

The complex, but far simpler, problem of the flow rate - hydraulic 
gradient relationship for the flow of fluids through circular pipes has been 



2. 

generalised only for flow through smooth pipes, pipes with a "uniform 

sand grain roughness" and pipes with a random type of roughness termed 

"comne rcial pipe roughness". Even then, flow rate - hydraulic gradient 

tests must be carried out on each type of pipe surface to determine the 

"roughness" before hydraulic gradients for other pipe diameters or flow 

rates can be calculated. Measurements of the physical characteristics of 

the roughness projections cannot as yet be used to calculate the "roughness" 

of a pipe surface. 

When this is considered, the possibility of a single correlation be -

tween the permeability characteristics of porous media and the infinite 

range of possible physical characteristics of the media appears very r e -

mote. The most that can be expected is a number of correlations 

applicable to narrow ranges of porous media having approximate 

geometrical similarity. 

Although the experimental investigation described in Sections 5 to 

8 has been restricted to coarse granular media, which have been taken 

as those of coarse sand size or greater, it has been considered advisable 

to review the field of porous media flow in its entirety as all flow regimes 

which have been discovered in porous media may occur in coarse media, 

provided a wide enough range of flow rates is covered. 

Emphasis is laid on those aspects of flow through coarse granular 

media which are of practical importance in civil engineering. The state 

of knowledge, within the civil engineering profession, of flow through 
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granular materials for conditions outside the range of validity of Darcy 's 

law is poor. A great deal of further research and dissemination of inform-

ation is required before a designer can confidently predict flow rates and 

hydraulic gradients for flows of this type. • 

The purpose of this thesis is to review existing information on the 

subject, to investigate experimentally some of the aspects requiring 

clarification and to set out what is considered to be the most rational 

approach to the use of present knowledge in civil engineering applications. 



2. Literature Review 

2. 1 General 

The review which follows is aimed at placing the particular study of 

flow through coarse granular media in perspective in the broader field of 

porous media flow. Of the few English language books available on flow 

through porous media, that by Scheidegger (1960) is the only one which 

devotes much space to the high flow rates which are pertinent to coarse 

materials. Muskat's c lassic reference work (1937) is now out of date on 

this topic and the recent work by Collins (1961) treats the topic only 

briefly. 

Research work carried out since Darcy's results were published in 

1856 falls into three main categories: 

(i) That aimed at correlating permeability with physical characteristics 

of porous media. 

(ii) That aimed at theoretical justification of Darcy's law and the 

permeability correlations, mentioned in (i), on the basis of various 

flow models. 

(iii) That aimed at studying the upper limit of validity of Darcy 's law 

and determining equations applicable to high flow rates. 

Much of the more important recent research work has been carried 

out in East European and Soviet countries and the associated publications 

are either difficult to obtain or are obtainable only in untranslated form. 



5 . 

2. 2 D a r c y ' s Law 

(a) D a r c y ' s Experiments 

Hubbert (1940) reports that Darcy ' s experiments (1856) were c a r r i e d 

out on a well compacted f i l ter medium consisting mainly of sand but with a 

proportion of large shell part ic les included. Most of Darcy ' s tes ts were 

confined to the l inear flow regime but he recognised that there was an 

upper l imit to the validity of his law. He defined this l imit in t e r m s of 

the velocity (approximately 10 to 11 c m / s e c . for his mater ia l ) . 

(b) Methods of Express ion 

Written in modern t e r m s , Darcy ' s law states that: 

Q = k A 4 f 2 .1 

where Q is the discharge 

A is the gross c r o s s - s e c t i o n a l area of 
flow 

A h is the head loss over a distance A 1 
in the direction of flow 

k is called the coefficient of permeabil i ty 

The coefficient of permeabil i ty, k, depends on the physical c h a r a c t e r -

i s t i c s of the porous medium and the viscosity of the permeating fluid. 

Equation 2. 1 can be re -wri t ten as 

V = k S 2. 2 

'I' The flow regime in which Darcy ' s law holds will be called the l inear 

r e g i m e throughout this thes is . 
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-where V = § is called the "discharge velocity" or"filter velocity' 
A 

or "flow velocity" 

S = is the hydraulic gradient. 

The fluid viscosity, fu, may be isolated f rom the coefficient of 

permeability and the hydraulic gradient expressed in terms of pressure 

by writing 

V = - S 2.3 jU p 
where S = T S = X f ^ is the pressure loss gradient p A 1 

K is called the permeability of the porous medium 

and depends only on its physical properties 

y is the specific weight of the fluid. 

Alternatively, V = ^ ^ ^ 2. 4 

Equations 2. 1 to 2. 4 are all frequently referred to as Darcy 's 

law although Equation 2. 1 is closest to Darcy's original expression. 

Reference to Darcy's law is generally taken as a reference to 

a linear relationship between discharge velocity and hydraulic gradient 

in flow through porous media, however mathematically expressed, 

(c) Theoretical Derivations 

Attempts at theoretical justification of Darcy's law have been 

based on -

(i) the application of the Navier-Stokes equations neglecting 

'!' Throughout this thesis the abbreviated term "velocity" will be used 

to re fer to V. 
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i n e r t i a l t e r m s e . g . Phil ip(1957) 
(ii) d i m e n s i o n a l ana lys i s e . g . Slepicka (1961(a), 1961(b) 
(iii) analogy with flow in c a p i l l a r y tubes (see Sche idegger (1960) pp. 114 
to 130 f o r a c o m p r e h e n s i v e l i s t which inc ludes the work of Kozeny and 
C a r m a n ) . 

T h i s is an ind i r ec t appl icat ion of the Nav ie r -S tokes equat ions . 
(iv) The appl ica t ion of f o r m u l a e de r ived by the appl icat ion of the Navie r . 
Stokes equat ions to o the r f luid flow p r o b l e m s (e. g. the use of O s e e n ' s 
equat ions f o r v i scous flow pas t a s p h e r e by I b e r a l l (1950) in h is d r a g 
t h e o r y of pe rmeab i l i t y ) . 
(v) the d i r ec t i on appl ica t ion of Newton 's laws of mot ion and v i s cos i t y 
(Hall (1956) ), 
(vi) the appl ica t ion of s t a t i s t i c a l me thods . 

D i m e n s i o n a l ana ly s i s , without the use of addi t ional phys i ca l 
equa t ions , cannot p rove the n a t u r e of the funct ion r e l a t ing d i s c h a r g e 
ve loc i ty , hydrau l i c g rad ien t and the phys ica l c h a r a c t e r i s t i c s of porous 
m e d i a ; and the solut ion of the Nav ie r -S tokes equat ions f o r anything but 
v e r y s i m p l e hypothe t ica l mode l s of porous m e d i a is not at p r e s e n t 
m a t h e m a t i c a l l y f e a s i b l e . Thus the t h e o r e t i c a l ve r i f i c a t i on of D a r c y ' s 
law f o r r e a l po rous m e d i a by methods (i) to (v) r e m a i n s to be achieved . 

S e v e r a l p a p e r s have appea red on the appl ica t ion of s t a t i s t i c a l 
t h e o r y to the de r iva t ion of the r e l a t i o n s h i p be tween d i s c h a r g e ve loc i ty 



and hydraulic gradient. This approach recognises the random nature 

of most porous media instead of substituting for it an oversimplified 

ordered model. 

The use of the "random wall<" approach to produce a statistical 

model of flow through porous media is discussed by Scheidegger (1954, 

1960) who has done a great deal of the original work on the subject. 

The approach shows more promise than any other used to date 

but the mathematical difficulties are very great. A simplified model 

has allowed the derivation of a linear expression equivalent to Darcy's 

law. 

(d) Limits of Validity. 

(i) Theoretical Predictions 

None of the theoretical derivations mentioned in Section 2. 2 gives 

a means of calculating either the upper or lower limit of validity of 

Darcy's law. 

Derivations based directly on the Navier-Stokes equations imply 

an upper limit when the inertial terms become significant, while those 

based on analogy with flow in tubes suggest a breakdown of the law when 

turbulence commences. Watson (1963) has carried out a computer 

solution of the Navier-Stokes equations for two dimensional flow through 

a spaced array of squares to determine the value of Reynolds number at 

which the permeability becomes noticeably affected by the inertial terms 
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The resul ts show a rapid increase in the intertial effect between Reynolds 

numbers of 0. 2 and 5. These figures fall within the range 0 . 1 to 75 

quoted by Scheidegger (196 0) as the extreme values of the limiting 

Reynolds number determined experimentally and reported in the l i terature 

However, this approach does not allow l imits to be calculated for any-

thing but simple arrangements of simple geometr ical shapes. 

The assumption in all the attempts at theoret ical derivation that 

the permeating fluid behaves as a Newtonian fluid under all flow conditions 

precludes any possibil i ty of a lower limit to the law. However, e x -

periment has shown that at least in some c ircumstances a lower l imit 

ex is t s . 

(ii) Experimental Investigations 

Upper Limit 

Many experimental investigations have been carr ied out to determine 

the upper l imit of validity of Darcy ' s law. A number of these have been 

associated with attempts to determine general equations for the discharge 

velocity - hydraulic gradient relationship at high flow rates . It has been 

customary to express the upper limit of validity in t e rms of a Reynolds 

number but the difficulty of determining a suitable charac ter i s t i c length 

for the part ic les or pores of a porous medium, together with the fact 

that other factors such as part ic le shape and grading and porosity appear 

to affect the l imit , has led to a wide range of limiting Reynolds numbers 
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being reported. Scheidegger (1960) quotes the range as frona 0. 1 to 75, 

a factor of 750 existing between the upper and lower values compared with 

a factor of approximately 2 for the corresponding limit in pipes for normal 

experimental setups.. 

It appears very doubtful whether a Reynolds number will ever serve 

to characterise the upper limit except for geometrically similar packings 

of the same type of material. 

Some of the investigations which express results in terms of 

Reynolds numbers are those of Fancher, Lewis and Barnes (1933) r e -

ported by Muskat (1937), Hickox (1934), Bakhmeteff and Fe odor off 

(1937), Rose (1945a, 1945c), Rose and Rizk (1949), Cohen de Lara (1955), 

Boreli and Batinic (1961), Yalim and Franke (1961), Karadi and Nagy 

(1961), Nagy (1961), Gerber and Perrin (1962), Anandakrishnan and 

Varadaraju]lu(196 3), Ward (1964). 

Experimental work by Slepicka (1961) led to the expression of the 

limit in terms of a critical hydraulic gradient for a particular porous 

medium. This hydraulic gradient was then related to the permeability 

of the medium for the linear flow regime. However, the correlation 

between permeability and critical hydraulic gradient is poor, allowing 

differences of as much as 700 pc. between experimental results and 

the mean line drawn. 
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L o w e r L i m i t 
L i t t l e a t t en t ion has b e e n paid to a l o w e r l i m i t of va l id i ty of D a r c y ' s 

law f o r the f low of w a t e r , e x c e p t f o r s o m e w o r k on flow t h r o u g h c l a y e y 
m a t e r i a l s , p o s s i b l y b e c a u s e of the d i f f i cu l ty of c a r r y i n g out a c c u r a t e 
e x p e r i m e n t a l w o r k with low flow r a t e s and h y d r a u l i c g r a d i e n t s . 

Dev ia t i ons f r o m D a r c y ' s law f o r the flow of g a s e s t h r o u g h p o r o u s 
m e d i a a r e d i s c u s s e d by S c h e i d e g g e r (1960) and I f f ly (1960). T h e y a r e 
thought to be due to the "Knudsen e f f e c t " o r " m o l e c u l a r s t r e a m i n g " which 
c a u s e s head l o s s e s to be l o w e r t han t h o s e p r e d i c t e d by D a r c y ' s law f o r 
low gas f low r a t e s . 

F i s h e l (1935) c a r r i e d out t e s t s on s a n d s and c l a i m e d tha t the r e -
s u l t s showed tha t D a r c y ' s law w a s va l id down to h y d r a u l i c g r a d i e n t s of 
2 to 3 inches p e r m i l e (o r S = 5 x 10"^). 

T h e r e i s , h o w e v e r , a g r e a t dea l of s c a t t e r of h i s r e s u l t s at low 
g r a d i e n t s . 

S w a r t z e n d r u b e r (196 2) r e p o r t e d tha t King (1898) d e t e c t e d dev ia t i ons 
f r o m D a r c y ' s law at low h y d r a u l i c g r a d i e n t s . E x p r e s s e d in m o d e r n 
t e r m s . K i n g ' s r e s u l t s ind ica te tha t on a l i n e a r plot the d i s c h a r g e 
ve loc i t y - h y d r a u l i c g r a d i e n t r e l a t i o n s h i p f o r the s a n d s and s a n d s t o n e 
t e s t e d c o n s i s t e d of s t r a i g h t l i ne s i n t e r s e c t i n g the h y d r a u l i c g r a d i e n t 
ax i s at v a l u e s about 0. 2 f o r sand and 16 f o r s a n d s t o n e . T h e s e r e s u l t s 
i m p l y tha t the s lope of the l ine changed at v e r y low h y d r a u l i c g r a d i e n t s 
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to pass through the intersection of the axes, or that there was a "starting 

gradient" which had to be overcome before flow could occur. Swartzendruber 

attributed the deviations from Darcy's law to non-Newtonian behaviour of the 

permeating water at low hydraulic gradients and analysed these and similar 

results f rom the work of Von Engelhardt and Tunn (1955), Lutz and Kemper 

(1959) and Hansbo (1960) on this basis. It is important to note that all 

these results were from tests on fine grained materials and that 

Swartzendruber, in his summary, referred to "a modified equation for 

liquid flow in porous media containing clay", thus attributing the non-

Newtonian behaviour of the fluid to the presence of clay particles. In 

adopting non-Newtonian fluid instead of Bingham plastic characteristics 

for thewater he ruled out the possibility of "starting gradients" despite 

the fact that he reported claims by Derjaguin and Krylov (1944) for the 

occurrence of these in ceramic and charcoal filters. 

Nagy (1961) also reported deviations from Darcy's law for low 

flow rates through materials containing clay. 

In clayey materials, the deviations from Darcy's law at low hyd-

raulic gradients are frequently referred to as being due to "e lectro -

chemical" or "electromolecular" effects. 

The only reference found to suggest that this phenomenon might 

also occur for the flow of water through relatively coarse grained mat-

erials is that of Slepicka (1961) who quotes the results of tests by Izbas 

(1953) on a gravel with a coefficient of permeability of 460 cms / sec. 
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These results indicate, for hydraulic gradients below 2 x 10"^, a regime 

in which the head losses are much greater than those predicted by Darcy ' s 

law. There is, however, a large scatter of the experimental results. 

Similar results are quoted by Slepicka for a material with a coeff icient 

of permeability of 60 c m s / s e c . (2 f t / s e c , ) . 

2. 3 Application of Dimensional Analysis 

Either by analogy with dimensional analysis for flow in pipes, or by 

direct application of dimensional analysis, the variables involved in flow 

through porous media are usually grouped into a Reynolds number involving 

some length term chosen as characteristic of the geometry of porous 

media and a friction factor which is usually arranged to follow the f o rm of 

the frict ion factor in the Darcy-Weisbach equation for head losses in flow 

through c ircular pipes. A number of other parameters may enter the r e -

lationship if additional variables are included in the dimensional analysis. 

Rose (1956(a) ) and Rose and Rizk (1949) chose a large number of 

variables in an attempt to obtain a complete relationship. Assuming an 

exponential relationship they expressed their function in the f o rm 

H = D M g e ' f z u ) 2.5 

where H = head loss 
V = discharge velocity 

d = particle diameter 

p = fluid density 

h = fi lter bed depth (in flow direction) 
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D = f i l t e r t u b e d i a m e t e r 
IJ, = f l u i d v i s c o s i t y 
g = a c c e l e r a t i o n due to g r a v i t y 
e = s u r f a c e r o u g h n e s s h e i g h t of t h e p a r t i c l e s 
f = p o r o s i t y 
z = d i m e n s i o n l e s s s h a p e f a c t o r 
u = d i m e n s i o n l e s s p a r t i c l e s i z e d i s t r i b u t i o n f a c t o r . 

B y u s i n g d i m e n s i o n a l a n a l y s i s t h e y o b t a i n e d a r e o r g a n i z e d f u n c t i o n 
in t h e f o r m 

S= 0 d 2. 6 

T h e i n t r o d u c t i o n of H and g i n s t e a d of a p r e s s u r e d i f f e r e n c e A p 

c a u s e d u n n e c e s s a r y c o m p l i c a t i o n s . 
O t h e r i n v e s t i g a t o r s o m i t one o r m o r e of t h e above v a r i a b l e s . S o m e 

m a k e t h e a s s u m p t i o n of an e x p o n e n t i a l r e l a t i o n s h i p , o t h e r s r e t a i n t he 
f u n c t i o n in a m o r e b a s i c f o r m . 

S ince d i m e n s i o n a l a n a l y s i s c a n b e e x p e c t e d to g ive g e n e r a l r e l a t i o n s h i p s 
on ly f o r g e o m e t r i c a l l y s i m i l a r p o r o u s m e d i a , t he u s e of v a r i a b l e s s u c h a s 
p o r o s i t y in c o n j u n c t i o n w i th a c h a r a c t e r i s t i c p a r t i c l e d i a m e t e r i s not 
j u s t i f i e d . If t h e p o r o s i t y i s c h a n g e d i n d e p e n d e n t l y of t h e p a r t i c l e s i z e , 
g e o m e t r i c a l s i m i l a r i t y i s no t m a i n t a i n e d . S i m i l a r a r g u m e n t s app ly to t h e 
i n c l u s i o n of s h a p e f a c t o r s and s i z e d i s t r i b u t i o n f a c t o r s . 

A s i m p l i f i e d e x p r e s s i o n a p p l i c a b l e to a p a r t i c u l a r g e o m e t r i c a l l y 
s i m i l a r s e r i e s of p o r o u s m e d i a a p p e a r s to b e a l l t h a t i s w a r r a n t e d . 
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This takes the form -

, Y,á,iO, M ) = 0 2.7 
A X I 

where Ap , . 
- pressure drop gradient 

V - velocit -y ~ gross cross-sectional area 

d = characteristic length 

^ = fluid density 

fjL = fluid viscosity 

Using dimensional analysis, this expression may be rearranged to 

give 

0 ( V ^ — S Ó ^ ) = 0 2.8 

which can be re-written as 

or S = 2.9 gd ^ ju 

where S = hydraulic gradient = - ^ ^ JL . ^ 

This corresponds to the Darcy-Weisbach equation 

2. 10 
2gd 

where f is the Darcy friction factor. 

Thus f = 03 (H) 

where lEl = ^ ^ i s the Reynolds number based on a characteristic 

length, d, such as the particle diameter. 
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Friction factor - Reynolds number plots can be expected to show 

a different graph for each geometrically similar series of porous media. 

Published experimental data indicate that this is so. 

It should be noted that an alternative friction factor, f ' , called the 

Fanning friction factor may be defined by the equation 

2 . 1 1 
gd 

Then f = 
¿i 

kju 

Slepicka (1961(a), 1961(b) ) used the permeability (K = ) 

to characterise the geometry of porous media instead of a length term 

such as particle diameter. He also included a term, to represent the 

solid-liquid interfacial tension at the solid - liquid boundaries. However, 

he omitted to include the density, /^, and was thus in error . His new KS KS 

dimensionless parameters, and — intended to be applicable 

to all flow conditions are not valid. He also failed to state how O-might 

be determined and in calculations apparently took it to be constant. I f ^ 

is introduced into Slepicka's dimensional analysis the normal Reynolds 

number and Euler number parameters emerge and it is seen that the 

introduction of the permeability K is equivalent to using K2 for the length 

term in the conventional dimensional analysis. 

Ward (196 4) following Harleman, Melhorn and Ru mer (1963) 

actually used K2 as the characteristic length. 
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The use of K^ as the characteristic length is no more than a math-

ematical dodge which brings the linear sections of friction factor -

Reynolds number graphs together. The values of K must still be derived 

from permeability tests and can be expected to correlate with physical 

characteristics only for geometrically similar porous media. 

Dimensional analysis will only rearrange the variables chosen as 

applicable to the problem. It will not yield the nature of the relationship 

between the variables. If the nature of a physical relationship emerges 

from what is often loosely termed dimensional analysis, it is because 

additional assumptions or physical equations have been introduced in the 

process. The most common assumption is that inherent in the Rayleigh 

method of dimensional analysis in which the relationship between the 

variables is assumed to be an exponential one. The analysis of Rose and 

Rizk mentioned earlier in this section involves this assumption, as does 

that of Slepicka (1961(a), 1961(b) ) who claims to prove by dimensional 

analysis that the relationship between velocity and hydraulic gradient is 

an exponential one. 

2. 4 Empirical Correlations 

(a) General 

Empirical correlations proposed by numerous investigators will 

be dealt with only briefly in this review since they give satisfactory 

results only for the limited range of particle sizes, shapes, gradings 
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and porosities and hydraulic gradients for which they were derived. 

Attempts to obtain correlations covering wide ranges of porous media 

characteristics have not been successful. 

(b) Correlations between Permeability or Friction Factor and 
Physical Characteristics 

Correlations of this type fall into four main groups: 

(i) those based on theories postulating a capillary flow model; 

(ii) those based on theories postulating flow in channels of 
more complicated form than parallel, series or branching 
capillaries. These may be called hydraulic radius theories; 

(iii) those based on a friction factor approach; 

(iv) those based on drag theories in which the flow is considered 
to be around a closely spaced system of particles rather than 
through a series of channels formed between the particles. 

The first two are concerned mainly with flow in the linear regime 

while the last two deal with both linear and post-linear regimes. 

(i) Correlations based on Capillary Flow Theories 

Correlations based on capillary models may postulate series, 

parallel, series-parallel or branching tubes. The characteristic flow 

dimension adopted is the tube diameter. With the possible exception of 

special types of porous media in which the flow paths do resemble 

capillaries these correlations cannot be expected to yield results 

applicable outside the narrow range of conditions for which they were 
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derived. Flow through the tortuous paths in porous media with sudden 

expansions and contractions cannot be considered analogous to flow in 

capillaries. The disorder of natural porous media cannot be represented 

Marshall (196 2) gives a recent summary of various capillary theories and 

their equations. 

(ii) Correlations Based on Hydraulic Radius Theories 

In hydraulic radius theories, the characteristic pci^dimension is 

taken as the hydraulic radius, a vague concept when applied to the flow 

channels in a porous medium. It is usually defined as the ratio of the 

surface area of the pores to the volume of the pore space. 

The Kozeny equation 
CP^ K = — 2. 12 
s2 

and the Kozeny-C arman equation 

p3 
K = 2 2.13 

or modifications of these, are equations which have been frequently 

used to calculate permeabilities for fine grained materials . 

K = permeability 

c = the Kozeny constant 

P = porosity 

s = specific surface = surface area/unit 
gross volume 

SQ= Carman's "specif ic surface exposed to 
the fluid" 

= surface area exposed to the fluid/unit 
solid volume 
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Frequently Equation 2. 11 is modified by adding a tortuosity term, T, which 

in this case has no strictly defined meaning. The equation becomes 

2.14 

The value of the constant c is doubtful although according to 

Kozeny's theory it varies only slightly with particle shape. The terms 

s and T have to be determined experimentally. 

Equations such as the Kozeny equation should be used only for 

media of the same type as those for which the constants have been 

determined. 

A recent attempt to prove the validity of the equation for simplified 

media has been made by Rose (1959). 

Cohen de Lara (1955) , Madhav and Subba Rao (1963), are among 

the more recent of those to report discrepancies between the experimentally 

determined relationship between permeability and porosity and that ob-

tained from the Kozeny theory. 

(iii) Correlations between Friction Factor and Physical 
Characteristics 

Numerous investigators including Bakhmeteff and Feodoroff (1937), 

Muskat (1937), Cohen de Lara (1955) and Tek (1957) have quoted em-

pirical relationships between friction factor, Reynolds number and 

physical characteristics of porous media such as particle mean diameter, 

porosity and surface area. No general agreement has been reached and 

it appears that each different type of porous medium requires a different 
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equation. This observation agrees with the discussion presented in 

Section 2. 3. 

(iv) Correlat ions based on Drag Theory 

T h e r e can be no basic distinction between a part ic le drag theory 

and a theory assuming flow channels with diameters charac ter i sed by 

part ic le s ize , since the variables entering into both problems are the 

same whether the flow is laminar , with or without appreciable inert ial 

e f fec ts , or turbulent. 

Ibera l l (1950) assumed a random distribution of cylindrical f ibres 

and laminar flow with no appreciable interaction between f ibres . 

Assuming one third of the f ibres to be oriented paral le l to each of three 

mutually perpendicular axes, he used existing theoret ical drag force 

equations to compute the flow res is tance . His approach was thus an 

indirect application of the Navier-Stokes equations. 

Watson's (1963) direct solution of the Navier-Stokes equations for 

a simplified two dimensional system of spaced squares was also a drag 

approach. 

Cohen de L a r a (1955) used the expression 

s - - C 'V^ 2 15 
^ - d 2g 

A T J 

with ^ ^ = S = hydraulic gradient 

C = "coeff ic ient of drag" 

V = discharge velocity 
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to r e p r e s e n t the head l o s s t h r o u g h a p o r o u s bed . H o w e v e r , t h i s e x -
p r e s s i o n is ana logous to the D a r c y f r i c t i o n f a c t o r equa t ion 

S , 2 .16 2gd ' 
a f a c t wh ich the au tho r r e c o g n i s e d . Cohen de L a r a then c o m p a r e d 
the " d r a g c o e f f i c i e n t " (or f r i c t i o n f ac to r ) - Reynolds n u m b e r g r a p h s 
f o r h i s t e s t s on s p h e r e s and n e a r s p h e r i c a l sand p a r t i c l e s to the c u r v e f o r 
the d r a g c o e f f i c i e n t of a s ing le s p h e r e . Within h i s l i m i t e d r a n g e of 
m a t e r i a l s he ob ta ined r e a s o n a b l y good a g r e e m e n t p rov ided the " d i a m e t e r " , 
d, f o r h e t e r o g e n e o u s s a n d s was def ined as tha t of a s p h e r e having the s a m e 
c o e f f i c i e n t of d r a g as the m e a n d r a g coe f f i c i en t of the indiv idual g r a i n s of 
the m i x t u r e . 

Van d e r T u i n (1960) a t t emp ted to e x p r e s s h i s r e s u l t s in the s a m e 
w a y but had to choose an " o p p o r t u n e " d i a m e t e r to f i t h i s r e s u l t s to the 
d r a g c o e f f i c i e n t c u r v e . T h e s e r e s u l t s w e r e f o r g r a v e l s and c r u s h e d 
b a s a l t r ang ing in m e d i a n s i z e f r o m 7 m m to 385 m m and c o v e r e d s h o r t 2 
s e c t i o n s of t he d r a g c o e f f i c i e n t c u r v e be tween Reynolds n u m b e r s of 10 
and 10^. A p a r t f r o m i l l u s t r a t i n g that in the fu l ly t u r b u l e n t flow r e g i m e , 
the f r i c t i o n f a c t o r does not v a r y g r e a t l y wi th v a r i a t i o n in Reynolds n u m b e r 
b a s e d on s o m e hypo the t i ca l " d i a m e t e r " , the c o m p a r i s o n s e e m s to be of 
l i t t l e s i g n i f i c a n c e . It would c e r t a i n l y be s u r p r i s i n g if the f r i c t i o n f a c t o r 
c u r v e f o r f low t h r o u g h p o r o u s m e d i a c o m p o s e d of a n g u l a r m a t e r i a l 5 
d r o p p e d s h a r p l y f o r Reyno lds n u m b e r s beyond 2 x 1 0 as does the d r a g 
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coefficient curve for a sphere, or even followed the gradual variation in 

coefficient f rom 0. 4 to 0.5 in the "flat" part of the curve, since both of 

these phenomena are due to movements of the separation zone on a sphere. 

(c) Empirical Relationships between Velocity and Hydraulic Gradient 
for High Flow Rates. 

A number of empirical equations have been proposed for the discharge 

velocity-hydraulic gradient relationship for flow at velocities above the 

upper limit of validity of Darcy's law. Among these are: 

(i) that proposed by Forcheimer (1901) and quoted by Bakhmeteff (1937). 

Using the notation adopted in this thesis, the equation states: 

S = a V + b V^ 2. 17 
P 

This equation was later modified to agree better with experimental data 

to: 
S = aV + bV^ + eV^ 2. 18 

P 

where S^ = hydraulic gradient in terms of pressure 

V = velocity 

a , b , c are constants. 

(ii) various exponential equations of the form 

S = aV"" 2. 19 

such as those of White (1935) with n = 1.8, Escande (1953) with n = 2, 

Wilkins (1955) with n = 1. 85, Parkin (1962) with n = 1. 86. Scheidegger 

(1960, p. 163) reports a number of other investigators who obtained 

similar equations but a wide variation of the value of the exponent, n. 
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(iii) v a r i o u s c o r r e l a t i o n s b e t w e e n the f r i c t i o n f a c t o r , f , and Reyno lds 
n u m b e r , m e n t i o n e d in p a r t (b). T y p i c a l of t h e s e is B a k h m e t e f f ' s (1937) 
equa t ion f o r high flow r a t e s 

f = _24_2 2. 20 
p 

wi th t he Reyno lds n u m b e r , IR b a s e d on a m e a n d i a m e t e r and a " p o r e 
n V v e l o c i t y V = -y— , w h e r e P = p o r o s i t y . P p 2/ 3 

E q u a t i o n s such as t h i s , e x p r e s s e d in t e r m s of Reynolds n u p i b e r and 
f r i c t i o n f a c t o r , a r e in tended to g e n e r a l i s e the r e s u l t s of the m o r e b a s i c 
v e l o c i t y - h y d r a u l i c g r a d i e n t r e l a t i o n s h i p s . 

Some equa t ions of th i s type ( e . g . that of W a r d (1964) ) c o v e r both 
l i n e a r and p o s t - l i n e a r flow r e g i m e s with the one e x p r e s s i o n . 

The g r e a t v a r i e t y of e x p r e s s i o n s tha t has b e e n p r o p o s e d ( s ee 
S c h e i d e g g e r (1960) pp. 163-168) i s an ind ica t ion that a f r i c t i o n f a c t o r -
Reyno lds n u m b e r c o r r e l a t i o n , even with the in t roduc t ion of o t h e r t e r m s 
such as p o r o s i t y and shape f a c t o r s , is unable to y ie ld one g e n e r a l r e -
l a t i o n s h i p f o r high flow r a t e s t h rough al l t ypes of p o r o u s m e d i a . 

2. 5 E v i d e n c e f o r a G e n e r a l Exponen t i a l Ve loc i ty - Hydrau l i c 
G r a d i e n t R e l a t i o n s h i p 

The r e c e n t p a p e r s by Slep£ka(1961) and A n a n d a k r i s h n a n and 
V a r a d a r a j u l u (1963) ind ica te that an exponen t ia l r e l a t i o n s h i p of the f o r m 
S = aV^ ho lds o v e r a wide r a n g e of f l ows . In p a r t i c u l a r , the flow r a n g e 
i s d iv ided into a n u m b e r of r e g i m e s each with i t s own va lue of a and n 
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which appear to vary f rom one porous medium to another. The results 

also show sharp divisions between regimes; i. e, abrupt changes in a 

and n at the limits of a regime. 

Slepicka's results indicate only three regimes, a "linear" one in which 

Darcy 's law holds, a "pre- l inear" one for lower velocities and a "post-

linear" one for higher velocities. His results do not, however, pre -

clude the possibility of additional regimes for higher flow rates than 

those he achieved. 

The results of Anandakrishnan and Varadarajulu^ tests on sands 

indicate that there may be at least three regimes above the linear one. 

A re-examination by the author of the results of other investigators 

such as Bakhmeteff and Feodoroff (1937), Fancher, Lewis and Barnes 

(1933) (see Muskat, 1937, p. 60), Karadi and Nagy (1961), Boreli and 

Batinic (1961), and Nagy (1961) shows that on a log-log plot, straight 

lines representing the equation S = aV^ and sharp intersections fit the 

experimental results better than the curves drawn by the investigators 

where scatter due to experimental errors is not excessive. 

In many cases , random experimental errors have masked the true 

nature of the relationship. 

The numerous reports of an exponential relationship for high 

flow rates with a single value of n which varies f rom one investigation 

to another (e. g. Bakhmeteff (1937), Escande (1953), Wilkins (1955), 
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Parkin (196 2) can be attributed to two causes. The first is the limited 

range of flow rates over which investigations have been carried out. Even 

if a change in regime occurred near the start or finish of a test series the 

fact that a few points lay off the single straight line on a log-log plot would 

probably be attributed to experimental errors . The second is the scatter 

of experimental results which hides changes in slopes of the velocity-

hydraulic gradient lines plotted on log-log paper. 

2. 6 Experimental Investigations with Coarse Materials 

Few experiments using very coarse grained porous media have been 

reported, no doubt because of the large test installations required and the 

physical difficulty of handling the materials. 

Wilkins (1955) carried out tests in a pipe on materials having 

particle sizes up to 8 inches while Van der Tuin (1960) carried out tests 

in an open channel on basalt boulders weighing up to 200 kilograms 

(440 lbs. ) and with a mean size about 385 mm (15 inches). Wilkins' 

test results yield an exponential relationship of the form S = aV^ with 

n = 1. 85 for crushed dolerite up to 3 inches in size and marbles up to 1 

inch in diameter. The results show a greater value of n for 8 inch 

crushed dolerite, but the exact value is not given. 

Van der Tuin's results are expressed in a number of ways, one of 

which is by the relationship S = aV^. For his very large material, 

values of n of 1.92 and 2. 23 were reported. 
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Slepicka (1961(a) ) quoting the results of Izbas (1953), indicates 

values of n between 1. 37 and 2. 49 for tests on gravels. 

Escande's (1953) tests were carried out on media composed of crushed 

rock particles with a mean size of approximately 2 inches. He stated that 

the value of n must be equal to 2 on the assumption that fully turbulent 

flow must occur for high Reynolds numbers. There is no theoretical 

justification for the value of 2, even if the state of flow is fully turbulent. 

The relationship between the hypothetical velocity V and the actual vel -

ocities which occur in the pores has not been established. Escande's 

results do not conclusively support his assumption as experimental errors 

mask the true value of n for his tests. 

The tests reported by Parkin (196 2) were carried out on 3/ 8 inch 

and 3 /4 inch crushed blue metal over a limited range of flow rates for 

each material. A value of n equal to 1. 86 was determined. 

2. 7 Summary 

If coarse granular media are defined as those made up of particles 

the size of coarse sand and larger, the review occupying Sections 2. 1 to 

2. 6 shows that all aspects of the general problem of flow through porous 

media must be considered when dealing with flow through coarse granular 

media. There is evidence to show that, for low flow rates, Darcy 's law 

may be relevant and that for even lower flow rates so called "molecular" 

effects may be significant, even for materials much coarser than coarse 
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sand, and Darcy's law may not apply. For flow rates above the upper 

lirait of validity of Darcy's law the same form of velocity - hydraulic 

gradient relationship appears to apply to flow through coarse grained as 

to flow through fine grained materials. 

Theoretical treatments have not advanced the knowledge of the nature 

of flow through porous media to any appreciable extent. Dimensional 

analysis has, however, been useful in arranging the pertinent variables 

into dimensionless parameters which are of assistance in organizing and 

plotting the results of experiments. 

Empirical correlations which have been determined for various 

types of porous media and flow conditions are applicable only to the con-

ditions under which they were derived and should not be extrapolated be -

yond these conditions. The only really reliable method of determining 

the velocity hydraulic gradient relationship for a coarse granular 

medium encountered in engineering practice is to carry out permeability 

tests over the relevant range of flow rates. Careful comparison of 

materials with those described in conjunction with published head loss 

data may, however, allow useful estimates to be made. 

In engineering investigations the importance of the various aspects 

discussed depends on the nature of the problem being investigated. 

Various civil engineering applications will be discussed in the next 

section. 



29. 

3. Porous Media Problems in Civil Engineering 

3. 1 General 

A number of porous media flow problems are met in civil engineér-

ing practice. The main differences between these lie in the size and 

type of particles of which the media are composed, the range of hydraulic 

gradients involved and whether or not a free surface is present. Almost 

invariably the permeating fluid is water whose temperature lies in such 

a narrow range that the viscosity variation over the range may be neglected 

in many circumstances. 

3. 2 Typical Examples 

(a) Filtration 

Filtration may involve fine or coarse granular media and all flow 

regimes may occur in practice. 

However, trickling filtration through coarse granular filters such as 

those found in sewage disposal systems must be treated as a separate 

problem as the voids are not completely filled with water. 

(b) Percolation through Earth Retaining Structures 

Earth retaining structures, such as earth dams, m a y b e composed 

of a number of zones of different granular media with different permeability 

characteristics. The same form of velocity-hydraulic gradient relation-

ship will apply to the flow through each zone but the flow regimes may 

differ from one zone to the other or even within each zone. 
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(c) Groundwater Flow 

Naturally occurring groundwater flow through gravel or coarse sand 

beds will usually be at very low hydraulic gradients and a linear (Darcy) 

flow regime, or even a pre linear regime may occur. 

The assumption, commonly made, that Darcy's law will not be applic-

able to flow through materials as coarse as gravels will result in over -

estimates of head losses or underestimates of flow rates if a linear regime 

does occur. There is evidence to show that linear regimes may occur in 

gravels for Reynolds numbers much greater than the limiting value between 

1 and 5 which is usually adopted. 

The assumption that Darcy's law is always valid for low flow rates 

will, on the other hand, result in underestimates of head losses and over-

estimates of flow rates if a pre-linear regime occurs. 

A particular problem is the estimation of flows through gravel beds 

in river channels where the average slope of the water surface may be as 

low as a few inches per mile. In such cases either linear or pre-linear 

flow regimes might be expected to occur and estimates of flow rates made 

on the assumption that the flow through gravels is "turbulent" may be 

grossly in error . 

(d) Flow into Pumped Wells 

A number of flow regimes may be expected in the vicinity of wells 

sunk into gravel beds. High gradients can be expected near a well, with 
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post-linear flow regimes and with changes to linear and possibly pre-

linear regimes further away from the well. 

(e) Field Permeability Tests 

The calculations associated with field permeability tests assume that 

Darcy 's law is applicable in all cases. This may not be so, with the r e -

sult that such determinations may be in error , particularly if pre-linear 

flow regimes are encountered. 

(f) Flow through Rockfill Dams 

The passage of water through rockfill dams may be allowed either 

as a planned or an emergency measure during construction or to meet 

part or all of the overspill requirements of the completed structure. 

Because of the disastrous nature of a dam failure, the ability to 

make accurate predictions of flow rates and hydraulic gradients is of 

vital importance in the design of such structures. The important Aspect 

of stability of the rockfill under the action of the flowing water is also r e -

lated to the hydraulic gradient. 

Flows through prototype structures will usually be at very high 

Reynolds numbers and problems of extrapolating model results to give 

predictions of prototype conditions arise. The requirements of geomet-

rical similarity are difficult to meet and the possible existence of a 

number of post-linear flow regimes for different ranges of Reynolds 

number makes the attainment of dynamic similarity equally difficult. 
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33. Difficulties in Determing Flow Rates and Hydraulic Gradients 

(a) Form of the Velocity-Hydraulic Gradient Relationship 

Apart f rom the linear flow regime to which Darcy's law applies, the 

form of the general relationship linking velocity and hydraulic gradient for 

a particular porous medium has remained obscure. The main reasons for 

this are: -

(i) The plotting together of the results f rom many different porous media 

for limited test ranges in an attempt to define a common or mean curve 

rather than first defining clearly the relationship for a particular medium. 

(ii) The limited flow ranges over which most of the tests were carried 

out. 

(iii) The experimental errors which caused a scatter in the experimental 

results sufficient to hide significant features of the relationship. 

(iv) The tendency to fit curves to experimental results rather than 

straight lines even though the straight lines give a better fit. This tend-

ency may be attributed to theoretical notions requiring gradual changes 

f rom laminar to turbulent flow or the gradual appearance of inertial 

effects in laminar flow. 

No standard engineering reference book is yet sufficiently up to 

date to give the form of the velocity - hydraulic gradient relationship 

over a wide range of flow rates. 
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(b) Predict ion of Constants in the Velocity-Hydraulic Gradient 
Relationship 

Whether an exponential relationship or some other empir ical equation 

is used, constants have to be determined before flow rates or hydraulic 

gradients can be predicted. In general , the only accurate determination 

of these constants can come from tests on the particular porous medium 

under consideration. E m p i r i c a l correlat ions discussed in Chapter 2 are 

useful only for the narrow ranges of particle charac ter i s t i c s and porosit ies 

for which they were developed. 

There is as yet no known way of taking any granular mater ia l , determ-

ining certain physical c h a r a c t e r i s t i c s , and making accurate es t imates of 

the required constants. 

(c) Predict ion of Regime Changes 

When the knowledge of flow through porous media was res t r i c ted 

mainly to the l inear regime, a serious problem was to predict accurately 

the flow rate at which Darcy ' s law ceased to hold. Only a rough est imate 

could be made in t e r m s of a Reynolds number. 

The use of a discontinuous exponential relationship with sharp breaks 

between a number of flow regimes makes the problem even more difficult 

as only a poor corre lat ion exists (Slepicka (1961(a), 1961(b) ) between the 

hydraulic gradients at which the changes occur and the permeabil i ty of the 

medium. 
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(d) Anisotropic Porous Media 

The problem of calculating flow rates and hydraulic gradients through 

anisotropic beds becomes very complex when different flow regimes may 

be expected for different flow rates and different directions. Anisotropy 

is the rule rather than the exception in natural gravel deposits so the diff-

iculty occurs frequently. 

(e) Application of Similarity and Models to the Solution of Porous 
Media Problems 

Except in the case of simple particles such as spheres the attain-

ment of geometrical similarity between one porous medium and another 

medium composed of apparently similar particles at the same porosity 

is very unlikely. This is reflected in the variability of the velocity -

hydraulic gradient and friction factor - Reynolds number graphs for 

apparently similar materials at the same porosities. 

In addition, the different flow regimes which may occur for the 

same hydraulic gradient in, say, medium and very coarse grained media, 

means that the criterion of obtaining "turbulent" flow and the same 

porosity in model and prototype is insufficient to guarantee that flow 

patterns, flow rates and hydraulic gradients in the model will represent 

those in the prototype, even if geometrical similarity were achieved. 

(f) Flow Nets 

The problem of how to draw flow nets for flow regimes other than 
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the linear one in which Darcy's law holds is serious. None of the analogies 

or graphical procedures applicable to Darcy type flow is valid for either the 

pre-linear or post-linear regimes. Should a number of regimes occur in 

various regions of a rock or gravel structure because of a considerable 

variation of hydraulic gradients the difficulty would be even greater. 
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4. Purpose of Experimental Investigation 

The experimental investigation described in Chapters 5 to 7 was in-

tended to c lar i fy ideas on a number of aspects of flow through coarse gran-

ular media. The r e s e a r c h was oriented towards the application of the r e -

sults to civil engineering investigations. 

The investigation was intended to determine 

(i) whether a general velocity - hydraulic gradient relationship was 

applicable over a wide range of flow rates to coarse as well as fine grained 

granular media of the type commonly met in civil engineering pract ice . 

River gravel and crushed rock were chosen as representative of these 

mater ia l s and glass marbles were chosen to allow comparison of resul ts 

with many published results for flow through beds of spheres ; 

(ii) for what types of coarse granular media and what range of flows 

D a r c y ' s law might be encountered; 

(iii) whether "molecu lar " effects might cause a deviation from 

D a r c y ' s law at very low hydraulic gradients, even for relat ively coarse 

grained mater ia l s ; 

(iv) the magnitude of "wall e f fec ts" in permeameters 

(v) whether the physical charac ter i s t i c s of the part ic les of a coarse 

granular medium could be charac ter i sed by the mean velocity of fall 

through water of the part ic les of the medium; 

(vi) whether a simple relationship between porosity and permeabil i ty 
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is applicable over a wide range of flow conditions for a particular porous 

medium; 

(vii) whether the onset of turbulence coincided with the upper limit of 

validity of Darcy's law. 
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5. Experimental Apparatus 

5. 1 General 

The main criteria adopted for the design of the permeameter and 

associated apparatus used in the experiments were: 

(i) the ability to carry out permeability tests on granular material 

ranging f rom coarse sands to coarse gravels; 

(ii) the ability to cover a range of hydraulic gradients from approximately 
- 4 

10 to 10 and velocities from near zero to approximately one foot per 

second; 

(iii) the necessity of determining or removing "wall effects" in the 

permeameter. 

5. 2 Permeameter 

(a) Basic Requirements 

(i) Tube Diameter . It has been stated in literature dealing with 

permeameters (Rose and Rizk, (1949), Zenz and Othmer (1960) ) that pro -

vided the ratio of particle diameter to tube diameter does not exceed 10 pc. 

"Wall effects" may be neglected. The only justification found for this 

statement is that given by Rose and Rizk (1949) whose graphs of "wall 

effect" against diameter ratio and Reynolds number, obtained by a 

correlation procedure and not direct measurement, are open to question. 

In the absence of other information, a tube diameter of approximately 

2 feet was decided on to allow materials with nominal diameters up to 2 

inches to be tested. Additional precautions to exclude, and to determine 
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the ef fect of, the flow adjacent to the walls of the p e r m e a m e t e r a r e 

d e s c r i b e d in Sect ion 5. 2(b). 

(ii) D i r e c t i o n of Flow. P r e l i m i n a r y investigation of a design of 

p e r m e a m e t e r intended to e l iminate "wal l e f f e c t s " showed that a downflow 

model would be s i m p l e r to operate , as the outflow sect ion would need to 

be r e l a t i v e l y heavy and have a number of pipe outlets and would be b e t t e r 

placed in a permanent position at the bottom. The s i m p l e r inflow and tes t 

s e c t i o n s could then be placed at the top and arranged for e a s y r e m o v a l and 

r e p l a c e m e n t for leading s a m p l e s . 

In addition, the lower the outlets could be placed without u n n e c e s s a r y 

pipework, the g r e a t e r the maximum head there would be available for 

diss ipat ion in the sample under t e s t . 

(ii) Sample and T e s t Lengths . P r o v i s i o n was made for sample 

lengths up to 4 feet with t es t lengths of 2 feet and 3 feet to depend on the 

p a r t i c l e s ize of the m a t e r i a l under tes t . The re la t ive ly short lengths w e r e 

chosen to reduce the weight of m a t e r i a l required and the p e r m e a m e t e r 

height to a minimum and allow the g r e a t e s t poss ib le energy gradients to 

be obtained with the avai lable head while s t i l l retaining a length suff ic ient 

to give r e p r e s e n t a t i v e r e s u l t s . 

(b) P e r m e a m e t e r Detai ls 

Deta i l s of the construct ion of the p e r m e a m e t e r and the a r r a n g e m e n t 

of outlets a re shown in F i g u r e s 1 and 2. The p e r m e a m e t e r and a s s o c i a t e d 
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apparatus are shown in Photograph 1. 

The body of the p e r m e a m e t e r was fabr i cated f r o m open ended 44 

gal lon drums . T h e s e a f f orded a cheap c i r c u l a r sec t i on about the d i a m e t e r 

r e q u i r e d and their light weight al lowed the p e r m e a m e t e r to be a s s e m b l e d 

and dismantled by one operator with the aid of a b l o c k and tackle pos i t ioned 

overhead . 

The main features of the p e r m e a m e t e r are : 

(i) Inlet Section. A 3 feet long inlet sec t i on was used. It was fitted 

with p e r f o r a t e d metal ba f f l es to b r e a k up the jet of water entering f r o m the 

8 inch d iameter inlet pipe at high f low rates . 

(ii) T e s t Sect ion. The 4 feet long test sect ion was prov ided with a number 

of glands made f r o m 1 / 4 inch double ended pe t ro l unions. F o u r of these 

w e r e spaced at 90° intervals around the test sec t i on at each of a number of 

l e v e l s to allow the insert ion of 1 / 4 " O . D . p r e s s u r e tapping tubes. 

Neoprene r ings w e r e used to s ea l the tubes in the glands. 

A 6 inch square p e r s p e x window was fitted to allow visual observat ion 

of the sample in the test sect ion . 

( i i i ) Outlet Section. The 3 feet long outlet sec t i on was des igned to 

enable the f low down a 14 inch d iameter centra l c o r e of the test mater ia l to 

be i so lated f r o m the f low down the annular sec t ion between this c o r e and 

the wal l of the p e r m e a m e t e r . 

An inner 14 inch d i a m e t e r thin wal led tube was bolted to the b o t t o m 



Photograph 1: General View of Permeameter , 
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of the outlet section and a 6 inch diameter outlet provided through the base. 

A view of this tube is shown in Photograph 2. 

Four 4 inch I. D. outlets were spaced at 90*̂  around the outer wall 

of the outlet section near its base to allow the flow through the outer 

section to be drawn off uniformly without causing eccentricity in the 

pattern of flow in this section at high flow rates. The aim was to provide 

a practically constant flow distance and head loss to the outlets for all 

water particles emerging from the outer portion of the base of the sample 

under test. 

(iv) Sample Supports . Heavy steel grids flame cut from 5/8 inch thick 

steel plate were used to support the weight of the sample and the force of 

up to 2 tons caused by the pressure difference at high flow rates. These 

grids were supported on steel beams set into the inner tube. A layer of 

perforated metal and, for finer materials, a layer of fly gauze, rested on 

the grid. 

The grids are shown on Photograph 3. 

(v) Pressure Equality Indicator. To enable the piezometric heads to be 

kept the same in the inner and outer portions of the outlet section, a vis-

ual indicator was installed. Two tappings were drilled at the same level 

in the walls of the inner and outer tubes a short distance below the support, 

ing grids. This distance was chosen to be great enough to eliminate 

trouble from local jets emerging from the grids and yet not be so great 



Photograph 2. Outlet Sect ion of P e r m e a m e t e r 
showing inner tube. 

Photograph 3. Mater ia l - suppor t ing G r i d s in 
P e r m e a m e t e r . 
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for there to be any appreciable head loss due to pipe friction between the 

base of the specimen and the tappings. Copper tubes with internal 

diameters of approximately 1/8 inch were set into the walls so that they 

were accurately flush with the inner surfaces. Plastic tubing with an in-

ternal diameter of approximately 1 /4 inch was used to connect these tapp-

ings via'a loop outside the permeameter. A short length of 1/8 inch 1. D. 

plastic tubing was inserted as a constriction into this loop at its mid point 

and a hypodermic needle inserted through the wall of the constriction to 

allow dye to be injected. 

Head differences between the inner and outer portions of the outlet 

sections could then be detected by movement of the dye. 

The indicator and internal connections are shown on Photographs 2, 

4 and 5. 

(vi) Joints and Seals. Cutting and welding of the 44 gallon drums were 

arranged so that the rolled over edges of the test section mated with the 

rolled over edges of the inlet and outlet sections. Guide rings with very 

small clearances were fitted around the drums at each joint. These were 

tack welded to one drum only, the other drum being a light push fit into 

the guide ring. A rubber ring was used in each joint as a seal. The use 

of a grease which would not attack rubber was found to be necessary to 

facilitate assembling and dismantling the joints. 

The joints were held together by four chains spaced at 90° around the 

permeameter with four additional light chains to hold the test section on 
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Photograph 4 (above) 
Pressure Equality 
Indicator. 

Photograph 5 (left). 
Piezometer Tapping 
Junction Box. 
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the ou t le t s e c t i o n whi le the t e s t s e c t i o n w a s be ing loaded . All c h a i n s 
w e r e t e n s i o n e d by m e a n s of r i gg ing s c r e w s . 

(c) P e r m e a m e t e r Ou t l e t s 
T h e a r r a n g e m e n t of ou t l e t s f r o m the p e r m e a m e t e r is shown in 

F i g u r e 2. and P h o t o g r a p h s 6 and 7. 
Ou t l e t s 6 inch , 3 inch , 1 inch and 3 / 8 inch in d i a m e t e r w e r e r e -

q u i r e d f o r both t h e i n n e r and ou t e r p o r t i o n s of the out le t s e c t i o n to 
a l low a c c u r a t e a d j u s t m e n t of the wide r a n g e of flow r a t e s . 

The p a i r of 6 inch ou t l e t s w e r e f ixed in pos i t i on above a 1, 000 cubic 
f e e t c a l i b r a t e d vo lume m e a s u r i n g t ank equipped wi th an e l e c t r i c a l dev ice 
f o r i nd ica t ing the con tac t of the w a t e r s u r f a c e wi th a n u m b e r of hook 
g a u g e s which could a l s o be o b s e r v e d v i sua l ly . T h e o u t e r f low w a s 
d i v e r t e d v ia a chute into a w a s t e d r a i n when r e q u i r e d . F low r a t e s up to 
4 c f s w e r e m e a s u r e d in t h i s t ank . 

T h e 3 inch , 1 inch and 3 / 8 inch ou t le t s w e r e p r o v i d e d wi th p ipe b e n d s 
s l id ing on h o r i z o n t a l b a r s s o tha t when an out le t w a s m o v e d to d i r e c t w a t e r 
in to a m e a s u r i n g c o n t a i n e r i t s e l eva t ion r e m a i n e d c o n s t a n t . T h i s w a s 
n e c e s s a r y to r e t a i n the b a l a n c e of flow b e t w e e n the o u t e r and i n n e r o u t l e t s , 
p r e s e t by a d j u s t i n g the v a l v e s to m a k e the p i e z o m e t r i c h e a d s equa l in t he 
i n n e r and o u t e r s e c t i o n s be low the b a s e of the s a m p l e . F l o w s f r o m the 
3 inch ou t l e t s w e r e m e a s u r e d in a 30 cub ic f ee t c a p a c i t y t ank on a 3j000xi lb, 
c a p a c i t y s e t of s c a l e s . F l o w s f r o m the 1 inch and 3 / 8 inch ou t l e t s w e r e 



Photograph 6. 6 inch, 1 inch, and 3/ 8 inch d i amete r 
P e r m e a m e t e r Outlets . 

Photograph 7. 3 inch d i a m e t e r P e r m e a m e t e r Outlets 
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measured in a 10 gallon bin on a 1̂ 000 lb. x 1 /4 lb. set of scales. Small 

flows f rom the 3/8 inch outlets could also be measured in measuring 

cylinders or by counting and timing drops for very small flows. 

(d) Pressure Tapping Junction Boxes 

Plastic tubes of equal lengths were led from the four tappings at 

each level of the permeameter test section into junction boxes f rom which 

single tubes were led to the manometers. The justification for adopting 

the pressure in the junction box as the mean pressure at a given level is 

given in Appendix 1. Photograph 5 shows a junction box in position. 

(e) Water Supply 

Water was supplied to the permeameter from a large reservoir via 

approximately 300 feet of 18 inch diameter and 50 feet of 10 inch diameter 

pipe. The distances were sufficiently short to allow pressure fluctuations 

caused by small wind waves on the reservoir to be transmitted to the 

permeameter, causing difficulty in the measurement of small head 

differences under even mildly windy conditions. 

The level of the water surface in the reservoir remained constant 

during tests. 

5. 3 Manometers 

Three manometers were required to cover the range of hydraiilic 

gradients with the required accuracy. A mercury-water U-tube was 

used for head differences f rom 25 to 10 feet of water, a water U-tube 
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for head differences f rom 10 feet to 0. 5 feet of water and a pair of 

Casella raicroraanometers for head differences f rom 15 centimetres to 

0. 01 centimetre of water. 

The micromanome ters were connected at the bottoms of the sight 

glasses to the permeameter pressure tappings and at the tops to an air 

reservoir . The pressure in this reservoir was controlled by either 

adding air f rom an auxiliary cylinder pressurised by a foot pump or 

bleeding off water contained in the bottom of the reservoir . Water was 

found to be necessary to give a sufficiently sensitive control of pressure 

as it could be bled off in very small quantities. 

The micromanometers were thus used to measure accurately the 

water levels in an inverted air-water U-tube. 

The manometer setup is shown in Photograph 8. 

5. 4 Piezo-e lectr ic Turbulence Detector 

Several methods of detecting the onset of turbulence in the perm-

eameter were investigated and a detector using a piezo-electr ic crystal 

as the detecting element was decided on. The design of this detector is 

shown in Figure 3. 

Pressure fluctuations were led through a short length of flexible 

tubing connected to the permeameter at one end and the cover of the 

detector at the other. Water in the tube was isolated f rom the crystal 

by a thin metal diaphragm sealed between the cover and body of the 

detector. 



Photograph 8. Arrangement of Manometers 

Photograph 9. P iezo-e lec t r i c Turbulence Detector, 
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Voltage fluctuations produced by the pressure fluctuations on the 

crystal were transferred through a noise-free co-axial cable direct to a 

cathode ray oscilloscope with a maximum sensitivity of 1 m V per cm or 

through an intermediate low frequency amplifier to an oscilloscope with a 

maximum sensitivity of 30 m V per cm. 

Since detection, and not measurement, of turbulence fluctuations 

was the aim, the circuitry was kept as simple as possible. 

A photograph of the detector in position is shown in Photograph 9. 

5. 5 Fall Velocity Tanks 

A 12 feet long, 22 inch diameter tank for measuring fall velocities 

of particles was welded together from open ended 44 gallon drums with 

the bottoms cut out. Perspex windows were fitted in the tank to allow 

falling particles to be observed and a 45° mirror was placed in front of 

the top window to allow an observer at the base to time the fall of 

particles near the top and bottom of the tank. 

A 3 feet x 3 feet x 6 feet high tank with one perspex wall and an 

8 feet X 8 feet x 10 feet high tank were also used for fall velocity tests. 
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6. Details of Tests and Procedures 

6. 1 Permeability Tests 

(a) General. The first series of tests in the permeameter was 

carried out on a sample of 3 / 4 inch crushed blue metal. It was intended 

to determine the relationship between flow velocity and hydraulic gradient 

and to investigate differences between results obtained for increasing and 

decreasing flows, wall effects in the permeameter, the effect of spreading 

tests over a period of a number of days, the effect of variation of water 

pressure in the permeameter and to develop techniques required to min-

imise experimental errors . A large number of tests were included in 

this series to investigate these aspects. 

Using the techniques developed in the first ser ies , tests were then 

undertaken to determine the head loss - velocity relationships for 7 

gradings of Nepean River Gravel (including Nepean River Sand), 5 

gradings of crushed blue metal, 3 sizes of glass marbles and one mixture 

of the 3 sizes of marbles. 

Further tests were performed on 3 /4 inch crushed blue metal and 

16 mm diameter marbles to check existing formulae for the relationship 

between permeability and porosity. 

(b) Loading and Unloading the Permeameter . Between 0. 8 and 1. 0 

tons of test material were handled each time the permeameter was loaded 

and unloaded. The material was weighed before loading and elevated in 



48. 

4 gallon containers. It was distributed evenly over the entire c ross -

section of the test section by pouring from a height of approximately 4 

feet. No tamping or other form of compaction was attempted. When the 

test section was filled to the required height the surface was levelled and 

its height measured before it was covered with a perforated metal grid 

to prevent displacement of the surface particles by water while the 

permeameter was being filled. 

The unloading procedure consisted of removing the inlet section and 

lifting one side of the test section to allow material to spill down a chute 

into drums. 

The use of a rubber ring joint in the inlet pipe and rigging screws 

in the tensioning chains allowed one operator to dismantle and unload the 

permeameter in half an hour. 

Two operators were needed to load the permeameter, the time 

required for the complete loading and reassembly operation being approx-

imately l i hours. 

The loading and unloading procedures are illustrated by photographs 

10 and 11. 

(c) Pre-Test Procedure. Before carrying out tests, water was 

run through the permeameter at the maximum flow rate for some time 

to wash out any very fine material from coarse material and to allow 

the sample to settle. Settlement was checked by observing the head 



Photograph 10. Loading the Permeameter. 

Photograph 11. Unloading the Permeameter 
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loss, over the test length during this initial period and by checking the 

sample height when unloading the permeameter at the end of a series of 

tests. 

All manometer tubes were flushed out and this flushing repeated at 

intervals during the tests. 

(d) Balancing Inner and Outer Flows. The necessity for separate 

control of the flows through the inner and outer outlets, even though each 

outlet of a pair was kept at the same level, was caused by the inequality 

of the head losses in the paired outlet lines. 

This difference in head loss was due to the different rates of flow 

in the two outlets and the impracticability of adjusting the shapes and 

sizes of the inner and outer valves, pipes and hoses to allow for this 

effect. 

Each of the pairs of valves in use for a particular test was adjusted 

until the required head difference over the test length was obtained and 

dye injected into the pressure indicator constriction remained 

stationary. 

This procedure was intended to maintain a constant piezometric 

head across the base of the sample in the permeameter so that the dis-

tribution of flow in the test section would be the same as if the inner 

outlet were not present. 

A constant rate of head loss between the top and bottom surfaces 
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of the sample were also ensured by this procedure. Thus head differences 

measured between piezometer tappings near the outer walls could be ex-

pected to represent head differences for the entire cross section of the 

flow 

(e) Measurement of Flow Velocities. Velocities of flow through 

the inner core and the total cross-sect ional area of the permeameter were 

calculated by dividing measured flow rates by the appropriate c r o s s -

sectional areas. 

These flow rates were measured by weighing or measuring the volume 

of water discharged during a measured time interval. Times were 

measured by means of a stop watch. Details of the outlets f rom the 

permeameter and the corresponding measuring facilities are listed in 

Section 5. 2(c). 

A comparison of the velocities determined for the total cross 

section and the inner core allowed wall effects to be studied. 

When the large volume tank was being used with the fixed 6 inch 

outlets a pump was used to keep it empty while the flow was set. When 

conditions were steady, the pump was stopped and the time taken for 

the water surface to rise f rom one hook gauge to another was measured. 

F o r all other measuring containers, the flow was directed into, or 

diverted from, the container by sliding the appropriate 3 inch, 1 inch 

or 3/8 inch outlets along the horizontal bar provided. 
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Very small flows from the 3/8 inch outlets were measured by count-

ing the number of drops discharged in a measured time. The drop volume 

was determined independently by measuring the volume deposited in a 

measuring cylinder by a counted number of drops. This procedure was 

found to be necessary because at these low flow rates the minute valve 

opendings required tended to be unstable and it was difficult to maintain 

the correct balance between the inner and outer flows. Simultaneous 

counting of drops from both outlets over a short period was the only way 

repeatable results could be obtained. The drop volume could be checked 

over a much longer period, despite the variations in flow rate, since the 

drop volume was practically constant provided discrete drops were formed, 

(f) Measurement of Hydraulic Gradient 

(i) Test Lengths Piezometer tappings used in the tests were set 

accurately 2 feet and 3 feet apart. The 2 feet test length was used for 

all tests except those on materials of nominal size greater than inches 

for which the 3 feet length was used. 

Hydraulic gradients were calculated from the head losses measured 

over the test lengths. 

(ii) Piezometer Tappings. For tests on fine materials the 1/4 inch 

O. D. , 1/8 inch 1. D, piezometer tubes were inserted through glands 

approximately V2inch into the permeameter and covered with cylinders 

of fly gauze which projected inwards a furthery2 inch leaving small shielded 
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cavities in front of the openings. This was done to prevent the small 

particles f rom blocking the ends of the tubes. 

For tests on medium sized materials, the gauze covers were 

omitted and for very coarse materials the ends of the tubes were set 

flush with the inside of the permeameter. 

Investigators have used a number of types of piezometer tappings 

ranging f rom flush openings to tubes inserted to the middle of the perm-

eameter and turned upwards to face the flow (Wilkins, 1955). Provided 

the velocity effects at the upper and lower tappings are the same it appears 

that the type of tapping is immaterial as these effects cancel when the head 

difference is determined. The main point to watch is that the flow con-

ditions at each opening are the same. A device to average the heads at 

a number of tappings, such as that used in this investigation, is useful in 

minimising the effect of differences in flow around the openings. 

An important advantage of tappings set close to the permeameter 

wall is that their positions can be measured accurately and will remain 

constant. 

(iii) Measurement of Head Loss. Details of the mercury-water and 

water manometers and the Casella micromanometers used to measure head 

losses are given in Section 5.3. The use of the mercury-water and water 

U-tubes was according to normal practice but the micro-manometer setup 

was non-standard, the sight glasses and point gauges being used to measure 
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accurately the water levels in the two legs of an inverted air-water U-tube. 

No ideal micromanometer is available for this application and the measure-

ment of head losses , not flow rates, set the limit below which the hydraulic 

gradient-velocity relationship could not be investigated. 

To minimise e r rors , the point of one of the micromanometers was 

kept at a constant level and the water surface brought level with this 

point by adjusting the air pressure in the top of the U tube. The 

apparatus for carrying out this procedure is described in Section 5.3. 

The level of the point in the other micromanometer was adjusted to be. 

equal to that of the water surface in the other leg of the manometer. 

By adopting this procedure two pointings and one vernier reading 

were involved whereas two points and two vernier readings would have 

been involved had the level of both points been altered. One source of 

accidental error was thus eliminated. 

The main difficulties met in using the micromanonteters were: 

(i) The separation of the eyepieces of the micrometers required the 

eye to be moved and re- focussed to check the water surface at both 

points. This caused particular difficulty if the levels were oscillating 

slightly. 

(ii) Because the levels of the points were fixed in the sight glasses, 

adjustment of the level of one point caused a re-adjustment of the level of 

the water in the leg containing the fixed point. This necessitated the 
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development of good judgment in adjusting both the level of the moving 

point and the air pressure in the U-tube, or the measurement of small 

head losses became very time consuming. 

(iii) The separate stands supporting the point gauges could not be 

placed c loser together than approximately 9 inches so that slight tilting 

of the supporting surface due to temperature and moisture changes 

caused the zero levels to wander. 

(iv) Because the position of a point could not be seen through the 

optical system when it was above the water surface, the mean position 

of fluctuating levels could not be judged accurately. Damping in the 

test sample caused pressure fluctuations originating in the water supply 

line to be greater at the upstream than at the downstream tapping, thus 

preventing the troughs of fluctuating levels being used as guides when 

setting the points. This made the measurement of small head differences 

difficult when there was the slightest pressure fluctuation in the supply 

main. Such measurements had to be restricted to periods when there 

was practically no wind. 

Difficulties (i) to (iii) could possibly be overcome or minimised 

for head differences up to 1 or 2 inches by using a pair of sight glasses 

and movable points attached to one stand and with a common optical 

system so that both points could be viewed simultaneously. The use 

of points attached to micrometer drums and sliding in glands in the 
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bottoms of the sight glasses would allow more accurate measurement 

of levels and would overcome the problems caused by having points 

fixed in level in the sight glasses. 

(g) Measurement of Temperature and the Control of Temperature 
Differences within the Permeameter 

Water temperatures were measured initially by thermometer to 

0. to determine the viscosity of the water for each test. 

However, several discrepancies which occurred for low flow rates 

showed that for these tests the temperatures within the inner and outer 

sections of the permeameter had to be maintained constant within approx-

imately 0. to prevent convection currents being set up in the test 

section and through the pressure equality indicator. It was found that if 

a temperature difference as small as 0. 2 or 0. 3°C existed between the 

outer and the inner portions of the outlet section a definite flow was 

set up through the pressure indicator device when no flow was passing 

through the permeameter. This flow caused an incorrect balance of 

the flows f rom the outer and inner outlets when the valves were ad-

justed to stop the dye movement during a test. 

Once the trouble had been detected the water was flushed out of 

the permeameter each time a series of small flow tests was to be 

carried out. It was noticed that the most consistent results were 

obtained at times when the temperatures of the water supply and the 

atmosphere were approximately equal. Under these conditions there 
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was no tendency for the water near the outer surface of the permeanieter 

to gain heat from or lose heat to the surroundings. 

(h) Checking the Onset of Turbulence in the Permeameter 

The piezo-electric detector described in Section 5. 4 was inserted 

through the side wall of the test section at right angles to the flow. For 

fine materials the tapping tube was allowed to project approximately j 

inch inside the wall and was covered with a fly gauze cylinder which 

projected inwards a further j inch. For medium size materials the 

fly gauze was omitted and for the coarsest materials the tube was left 

flush with the inner surface. 

One of two available cathode ray oscilloscopes was used to detect 

and display the output of the probe. One of these was sufficiently 

sensitive to allow the probe to be connected directly to its input. The 

other was used with a low frequency amplifier with a response down to 

approximately 5 c. p. s. between it and the probe. The latter setup was 

used for most tests. 

The apparatus was used during a number of the permeability 

tests in an attempt to detect the velocity or hydraulic gradient at 

which irregular fluctuations became apparent on the oscilloscope trace. 

Checks were carried out with both increasing and decreasing flow rates, 

(i) Measurement of Porosity 

The porosities of the porous media as placed in the permeameter 
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were checked by two methods. 

In the first method the porosity was calculated f rom the weight 

of material loaded and the gross volume occupied in the permeameter. 

Since the material was allowed to settle under the action of the max-

imum flow before tests were carried out, the height of the sample 

determined after the tests was used xo calculate the gross volume. 

In the second method, water was drained f rom the permeameter 

until no more flowed from the upper piezometer tappings. The water 

between the upper and lower piezometer tappings was then drained 

off and weighed. The volume of drained water was taken as the volume 

of voids. 

It was anticipated that the two methods would agree closely 

only for coarse smooth materials because of interstitial and surface 

retention effects. 

6. 2 Tests to check the effect of Porosity on the Velocity -
Hydraulic Gradient Relationship 

The tests described in Section 6.1 (a) were aimed at determining 

the hydraulic gradient - velocity relationships for a number of 

materials for one porosity for each material. To allow a comparison 

of the results for different porosities a limited number of tests were 

carried out on 3 /4 inch blue metal and 16 mm diameter marbles at 

a number of porosities. These tests were intended to check the 

applicability of a number of published relationships connecting 
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porosity and permeability characteristics (see Cohen de Lara (1955) ) . 

Porosit ies greater than those obtained by pouring material into 

the permeameter were obtained by mixing approximately 25 pc. by 

weight of crushed ice of maximum size l i inches with the test material 

before it was loaded into the permeameter. The ice was allowed to 

melt and the surface was levelled before the permeameter was r e -

assembled. Settlement was then allowed to occur under the action of 

the maximum test flow until a stable packing was formed. 

Intermediate porosities were obtained by vibrating the permeameter, 

rodding, and applying impact loading to the upper surface after the loose 

packing tests had been completed. 

In all cases the methods of measuring porosity described in 

Section 6 .1 (i) were adhered to. 

6. 3 Tests to Determine the Physical Characteristics of the 
Particles of the Granular Media 

(a) Description of Materials 

(i) River Gravels. The river gravels came f rom the Nepean River 

between Penrith and Richmond, N, S. W. They were composed mainly 

of water worn particles of hard igneous and metamorphic rocks and 

minerals derived f rom these. 

The coarse and medium gravels consisted entirely of well 

rounded fragments of quartzite and intermediate igneous rocks such 

as granodiorite and porphyry. Although rounded, many of the 
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particles were somewhat flat. 

The fine gravels consisted of small angular rock particles and 

separate mineral grains. Quartz was the predominant separate min-

eral present with some feldspar. The proportion of quartz increased 

with increasing fineness until for sand it was approximately 98 pc. 

The angularity of the particles increased with increasing fineness but 

the tendency towards flatness decreased until for sand it had almost 

disappeared. 

(ii) Crushed Blue Metal. The crushed blue metal came f rom 

Prospect , N. S.W. All sizes consisted of angular particles of 

crushed dolerite. The smaller sizes had a higher proportion of the 

lighter minerals as these tend to crush more easily. This was r e -

flected in the results of specific gravity tests. Of the two samples 

of 3 /4 inch blue metal, sample BM3-2, used in test series No. 1, was 

more flaky than sample BM3-1. 

The sizes and shapes of particles of the various materials are 

in Photographs 12 to 24. Photographs 25 and 26 show 3 inch and 

6 inch river gravel in position in the permeameter. 

(b) Particle Size Analyses 

Sieve analyses of all river gravels and crushed rock materials 

used in the permeability tests were carried out according to A. S. T. M. 

Tentative Standard D422-54T. 
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Photograph 25. 3 inch River Gravel in 
Permeameter. 

Photograph 26. 6 inch River Gravel in 
Permeameter. 
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The s a m p l e s u s e d f o r t he s i eve a n a l y s e s w e r e t aken as the m a t -
e r i a l s w e r e be ing un loaded f r o m the p e r m e a m e t e r to avoid including 
any f i ne s in the m a t e r i a l o r i g i n a l l y loaded and which might have been 
w a s h e d out by the high p r e - t e s t f lows . 

T h e s i z e s of m a r b l e s w e r e m e a s u r e d us ing v e r n i e r c a l i p e r s and 
m i c r o m e t e r s . E c c e n t r i c i t y was checked by m e a s u r i n g t h r e e mu tua l ly 
p e r p e n d i c u l a r d i a m e t e r s . 

(c) Spec i f ic G r a v i t y T e s t s 
Speci f ic g r a v i t i e s of the m a t e r i a l s w e r e r e q u i r e d f o r the ca l cu la t ion 

of so l id v o l u m e s f r o m weigh ts and f o r a d j u s t m e n t of f a l l ve loc i ty r e -
s u l t s . D e t e r m i n a t i o n s w e r e made us ing the method se t out in 
A. S. T . M . S tandard C127. 

(d) F a l l Ve loc i ty T e s t s 
F a l l ve loc i t i e s w e r e m e a s u r e d in an a t t empt to d e t e r m i n e a 

f a c t o r f o r the p a r t i c l e s of a m a t e r i a l which would c h a r a c t e r i s e t h e i r 
s i z e , shape and g rad ing . 

A p p r o x i m a t e l y 100 p a r t i c l e s of each m a t e r i a l u sed in the p e r m -
eab i l i t y t e s t s w e r e d ropped individual ly in a f a l l ve loc i ty tank . F a l l 
t i m e s ove r a f ixed d i s t a n c e w e r e m e a s u r e d with a s topwatch . The 
t anks l i s t e d in Sect ion 5. 5 w e r e u sed f o r t h e s e t e s t s . 

Addi t iona l t e s t s w e r e c a r r i e d out on s o m e m a t e r i a l s to d e t e r m i n e 
the d i f f e r e n c e s be tween fa l l ve loc i t i e s in the v a r i o u s t anks and to check 



6 1 . 

the consistency of fall and timing of individual particles. 

An approximate check on the distance required for particles to 

reach terminal velocity was made by photographing the fall of 

particles with a movie camera. 

The tests on the 6 inch river gravel had to be performed in a 

concrete tank in which the fall of the particles could not be observed. 

These particles were dropped from a height sufficient to allow them 

to reach the approximate terminal velocities expected in water. F a l l 

t imes were measured over a 10 feet fall distance from the water sur-

face to the bottom of the tank. 
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7. E x p e r i m e n t a l Resu l t s 

7. 1 P e r m e a b i l i t y T e s t s 

Deta i led s u m m a r i e s of the r e s u l t s of the pe rmeab i l i t y t e s t s on 

g l a s s m a r b l e s , r i v e r g r a v e l s and c ru shed blue m e t a l agg rega te s a r e 

l i s t ed in T a b l e s 8 to 27 in Appendix II. Veloci t ies and hydraul ic 

g r ad i en t s d e t e r m i n e d in these t e s t s a r e plotted in F i g u r e s 4 to 10. 

On t h e s e f i g u r e s f i l l ed - in symbols r e p r e s e n t flows through the inn te r 

sec t ion of the p e r m e a m e t e r while open symbols r e p r e s e n t f lows through 

the to ta l c r o s s sec t iona l a r e a . 

In the drawing of the g raphs fo r low flow r a t e s , l e s s weight has 

been p laced on the r e s u l t s with v e r y low hydraul ic g rad ien t s s ince the 

poss ib le e r r o r in these is high. This is i l l u s t r a t ed by the s c a t t e r of 

the lowest points on the g raphs . 

A br ie f s u m m a r y of t e s t n u m b e r s , m a t e r i a l s , median d i a m e t e r s 

and p o r o s i t i e s is given in Table 3. A loose- lea f copy of this tab le is 

provided fo r e a se of r e f e r e n c e throughout the text . 

7. 2 M a t e r i a l C h a r a c t e r i s t i c s 

(a) Sieve Analyses 

A s u m m a r y of s ieve ana lys is r e s u l t s is p r e s e n t e d in Table 4. 

T h e s e r e s u l t s a r e plotted on conventional grading shee t s in F i g u r e s 

11 and 12, on loga r i thmic probabi l i ty pape r in F i g u r e s 13 and 14 and 

on l i n e a r probabi l i ty pape r in F i g u r e s 15 and 16. 
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(b) Fall Velocities 

Fall velocity test results are summarized in Table 5. The re -

sults are plotted on logarithmic probability paper in Figures 17 to 

19 and on linear probability paper in Figures 20 to 22. 

Median fall velocities have been adjusted to allow for the differ-

ent specific gravities of the materials. These velocities, adjusted 

to a specific gravity of 2. 65 (that of quartz) are tabulated in Table 7. 

It should be noted that fall velocities for the same particles in 

different tanks differed because of the effect of wall proximity in the 

smaller tanks. In general, the results from the 3 ft. x 3 ft. tank 

were accepted as the most accurate as wall effects were a minimum 

for this tank. 
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8. Analysis of Exper imenta l Results 

8. 1 Permeabi l i ty T e s t s 

(a) F o r m of Veloci ty - Hydraulic Gradient Relationship. 

The resul ts of permeabil i ty tes ts plotted in F igures 4 to 10 show 

that for a wide range of c o a r s e granular media and hydraulic gradients 
_ 4 

between 10 and 15, the velocity - hydraulic gradient relationship is 

a discontinuous exponential one. In all c a s e s a number of flow reg imes 

which plot as straight l ines on the log log plots are apparent. This is 

true for both the flow through the in-.e/-- section and the flow through the 

total c r o s s - s e c t i o n of the permeameter . The equation for each regime 

may be written 

S = a v " 

where S = hydraulic gradient 

V = velocity 
a, n are constants for each regime for a 

part icular granular medium. 

F o r each regime of a medium, the value of a is equal to the value 

of S for which V is unity, (the S - V curve being extended to this region 

if n e c e s s a r y ) , and the corresponding value of n is the slope of the S - V 

line. 

Table 1 gives a summary of the values of velocity and hydraulic 

gradient for the l imits of experimental data, and the intersect ion points 

of the straight line sections of the graphs, together with calculated 
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values of a and n. The latter were obtained algebraically and, where 

possible, checked graphically on the original plotting sheets. 

Figure 10 shows all of the velocity-hydraulic gradient graphs 

drawn on the one sheet to facilitate a comparison of the graphical forms 

In accordance with Slepicka's (196Xa) 1961(b) ) notation, regimes 

for which n = 1 will be called linear regimes; those for which n < 1 

will be called pre-l inear regimes and those for which n > l will be 

called post-linear regimes, 

(i) Linear Regimes 

Linear regimes were obtained for the 3/16 inch and 3/8 blue 

metal, sand, - 1 / 4 inch and 3/8 inch gravel samples, 17 mm diameter 

marbles and the marble mixture containing 17 mm diameter marbles. 

The apparatus available for head loss measurements precluded the 

possibility of determining linear regimes for crushed rock and gravel 

aggregates with nominal sizes greater than approximately j inch, as 

sufficiently low hydraulic gradients could not be measured. 

Within the limits of accuracy of the experimental results, values 

obtained for n for the linear regimes did not differ significantly f rom 

1. 00. The most accurate determinations were for the less coarse 

materials and yielded values of 1. 00 t 1 pc. 

It should be noted that the linear regime is the only one for which 

the exponent, n, remained sensibly constant despite changes in 



TABLE I. SUMMARY OF DATA DEFINING FLOW REGIMES. 

rest Material Porosity 
P 

Post-Linear Regimes 1 ' Linear Regime 1 Pre-Linear Regime 

pc. V 
ft/ sec 

s a n : 
ft/Yec 

S a n ft/sec S a n V 
ft/ sec 

S a n 1 V 
ft/sec S a n \r 

ft/sec s 1 a n 
ft/\ef S 

1 

•2 i 

BM3-2. 3/4" Bl. 
Metal 

M l 23 Marble Mix. 

45.5 

37.9 

*0.805 

•1. 25 

•lO.O 

*11.5 

15.0 

7.51 

1.87 

1.87 

9.8x10"^ 

0.138 

0.194 

0.188 

12.7 

6.16 

1.73 

1.76 

3.31x10"® 2. 96x10"® 6. 25 1.57 1.12x10"' 

2.61x10"' 

5. 45x10"? 

1.00x10"® 

1.70 

3 . 03 

1. 281 
1.57 

1.8x10"® 

9. 9x10"® 

5. 2x10"* 

2.19x10"® 

Q. 253 

D. 239 

0.98 1 

1.02 

»5. 4x10"^ 

»7.0x10"^ 

»1.6x10"'* 

»1.48x10'^ 

4 G1 Nepean Sand 38.7 4. 50x10"^ 11.5 442 1.18 1.50x10"® 3.13 211 1.00 6. 1x10"^ 1. 28x10"® 69 0.89 »2. 0x10"® »6.2x10"* 

5 G3 3/8" River 
Gravel 

39. 2 »0. 209 *10. 0 147 1. 72 4. 35x10"® 0. 675 71.8 1.49 1.12x10"' 8.55x10"® 23.3 1. 24 3.27x10"® 1.95x10"® i. 40 1.01 1.74x10"* 1.00x10'® 

6 G2-I/4" River 
Gravel 

41. 8 •0. 200 »13. 4 210 1.71 0.141 7.37 128 1.46 4.60x10"® 1.44 60. 1 1. 21 7.5x10"® 
0.160 !1.3 1.00 1. 30x10"** 2. 78x10"® 6.1 0.86 »6.0x10"® »1.97x10"* 

8 3M1 3/ l6 "BLMet^ 47.7 i'o. 350 »12. 7 re. 7 1.71 2. 91x10"® 0.179 12. 4 1. 20 4. 6x10"® 1.96x10"® 4.63 1.01 1. 54x10"® 6. 45x10"® 1.10 0.79 »4. 5x10'® »3,9x10'"* 

9 BM2 3/8"Bi. Metad 45.8 CO. 463 »12.5 17.6 1.74' 3.90x10"® 0.170 16.9 1. 42 6.70x10"® 1. 40x10"® 2.02 0.99 1.04x10® 2. 20x10"® 0.55 0.80 «9. 0x10"® »3.07x10'"* 

10 G6 3"iiiver Gravel 36.9 *1. 02 04 4.85 1.86 3. 27*10"^ 8. OxlO"^ , 2.62 1.69 »9.0x10"® »9.0x10"^ 

11 : BM5 3" Blue Metal 48.3 *0. 94 * m o 11.3 1.88 3.59x10"^ 2. OOxlff® 7.89 1.80 7.5x10"® 1.2xl(y® 0.92 1.36 «1.7x10"® »1.6x10"^ 

12 35 i i "R iver Gravel 37. 2 «0. 855 *10. 0 13.4 1.85 5.90xlff^ 7.17xlff® 7.97 1.67 6.1x10"® 1.64x10® 1.31 1.31 »1. 4x10"® »2.38x10"^ 

13 34 3/4"River Gr. 36.7 «0.63 »10.0 ; 25. 4 1.83 4.6x10"^ 9.0x10"® 11.9 1.59 1. 36x10 ® 1.30x10"® 7. 20 1.47 5.35xlff® 3. 30x10"® 2.74 1. 29 »1 2x10'® »4. 83x10"^ 

14 1 BM4 I f " Bl. Metal '43.8 *0. 95 *10, 0 11. 0 : 1.89 7.1x10"^ 7. 5x10 ® 7.60 1.75 1. 23x10"® 3.5x10"® 2. 27 1. 47 »5.0x10"® »9.3x10"^ 

15 BM3.1. 3/ 4"B1. Met. 42.8 *0. 69 »10.0 19.7 1.82 4. 10x10"® 5. 85x10'® 6.66 1.48 4. 4x10"® 2.14x10"® 1.79 1. 24 *1.2x10"® »4. 27x10""̂  

16 Ml 16min Marbles 3^.9 «0.895 •8.0 ' 9.80 1.83 9.4x10"^ 0.131 6.91 1.68 2. 80x10" ® 1.72x10"® 2.88 1.43 5. 17.X10"® 1.53x10"® 0.309 1.01 »8.0x10"* »2.33x10"* 

17 M2 25 mm Marbles 36.9 *1. 06 »7.00 . 6. 28 1.87 0.180 0. 255 5. 40 1.7» 3.92x10"® 1.69x10"® 2. 70 1. 57 »1.00x10"® »5.4x10"^ 

18 . 

19 

G7 e".River Gravel 

VII l'è nim Marbles 

Wi'B 

41. 5 

*1.35 

•0, 510 

*2.50 ' 

»1.60 

1.41 

5.55 

1.91 

1. 85 

'7.0x10"® 

0.172 

8.8x10"^ 

0. 215 

1 1.07 

4.52 

1.80 

1.73. 

^5. 85x10"® 

1. 72x10"® 

•1.00x10"^ 

4.00x10"® 1. 22 1. 41 7.7x10'® 1. 29x10"® 0. 205 1.04 »1.16x10"® »1.8x10'"* 

20 1 M 1'6 mm Marbles 37.2 *0. 450. *1.88 7.98 1.81 ' 9.1x10'^ 0.104 6.29 1.71' 1. 80x10"® 6.5x10"® 2. 00 1. 43 »B.5xl0'® »1.52x10"® 

21 J ÌM3-1.3/4"Bl.Met. 51.5 »0. 4Q0 » I . 50 8.45 1- 89 j [8.0x10"® , %. 2x10"® 5.33 1.70 2. 33xior® l 8. 8jd0" ' 2. 05 1.45 5. 2x10"® 1.00x10"® 0.712 1. 25 *2. 00x10"® »3.05x10"' -

22 MS 29 mm Marbles 38. 5 ! •6.00 4.79 i . a s j fS. 80x10"^ 2. 45x10"® 2. 30 1.60 »3. 90x10"® *3. 30x10"^ 



T A B L E 2 
ANALYSIS OF P E R M E A B I L I T Y TEST RESULTS. 

Teat 
S e r i e s 

10 

U 

M a t e r i a l 

B M 3 - 2 3 / 4 " Blue Meta l 

M l 2 3 Marb l e Mix tu re 

G l Nepean Sand 

G3 3 / 8" R i v e r G r a v e l 

G2-1/ 4" R i v e r G r a v e l 

B M l 3 / 16" Blue Meta l 

BM2 3 / 8" Blue Meta l 

G6 3" R i v e r G r a v e l 

BM5 3" Blue Meta l 

P o r o s i t y 

P 

37. 9 

C h a r a c t e r i s t i c P a r t i c l e 
Leng ths 

d 10 pc. d 50 pc. 

11 

15.8, 

0 . 2 7 

41, 8 

45. 8 

36. 0 

48. 3 

f t . 

4. 7 

40 

25 

3. 6x10" 
d "10 

5, 2x10-2 

- > 

l i t t dsn 
6 .6x10 

f i o ORO 
.-3 3.1x10 

a s o 

6, 2x10-3 

^ 0 

m m 

16 

0. 69 

0 . 6 3 

O, 53 

0. 51 

5, 8 

O, 35 

2, 3 

0. 41 

"50 
1. 54x10" 

i l I L 
d50 
1. 31x10" 

l l f l °50 
8. 2x10 

•̂ 50 

O, 59 
6. 4 

0. 73 

55 
O, 73 
37 

0. 68 

f t . 

5, 2x10 - 2 

1. 9X10"2 

7. 5x10" 

W a t e r 
Kinemat ic 
Viscos i ty 
f t ^ / s e c . 

2. 10x10" 

1 .80x10 '^ 

1. 21x10" 

1, 25 
+ 0, 17) 
-O, 02) 

+ 0, 03 I 
- 0 , 0 5 ) 

1. 42 

+ 0. 03) 
- 0 , 0 2 ) 

+ 0, 01) 

-O, 02) 

+ 0. 01 ) 
-O, 00 ) 

1, 41 
+ 0. 03) 
- 0 . 01 ) 

1, 41 
+ 0. 02) 
-0. 04 ) 

1. 37 
+ 0. 04) 
- 0 . 0 4 ) 

1, 39 
+ 0. 04) 
-O, 0 4 ) 

C r i t i c a l Values 
f r o m e x p e r i m e n t a l 

g r a p h s 
V 

ft / s e a 
0, 805 
9 . 8 x 1 0 - 2 
3. 31x10-2 
1. 12x10-2 
1 .8x10-3 
5, 4x10-4 
1, 25 
0. 138 
2, 61x10-2 
9 ,9x10"^ 
7, 0x10-4 
4, 50x10-2 
1. 50x10-2 

-5 
6 

6 .1x10 
2. 0x10 
0, 209 
4, 35x10-2 
1. 12x10-2 
3, 27x10-3 
1,74x10 4 
0. 200 

0. 141 
4,60x10-2 
7 . 5 x 1 0 - 3 
1. 30x10-4 
6 ,0x10 -6 
0. 350 
2. 91x10-2 

, - 3 4. 6x10 
1. 54x10 
4, 5x10-5 

-3 

n-2 0, 463 
3. 90x10-
6 . 7 0 x 1 0 - 3 
1. 04x10-3 
9 . 0 x 1 0 - 6 
1, 0 2 

3. 27x10 
9 .0x10" 
0. 94 
3. 89x10-2 
7 , 5 x 1 0 - 3 
1 ,7x10-3 

,-2 
0, 0 

0, 194 
2, 96x10 
5. 45x10-3 
5, 2x10-4 
I . 6 x 1 0 - 4 
I I , 5 

0. 188 
1.00x10-2 
2. 19x10-3 
I , 48x10-4 
I I , 5 

3, 13 
1. 28x10"^ 
6. 2x10" 

1 0 . 0 
0. 675 

8, 95x:10-2 
1. 95X10-2 
1. 00x10-3 
13, 4 

7, 37 
1. 44 
0. 160 

2,.7.8x10-3 
1. 97x10-4 
12, 7 

0, 179 
1. 96x10"' 
6 45x10-: 
3, 9x10-4 

12. 5 
0. 170 

1, 40x10 
2, 20x10-3 
3, 07x10-4 

«-2 

5, 04 
8,0x10-^ 
9 . 0 x 1 0 " 

.-2 10 .0 
2.00x10 
1 . 2 x 1 0 - 3 
1 , 6 x 1 0 - 4 

Reynolds 
Number 

3. 35x10 
4, 07x102 

38X102 
4,66x10^ 

5 
25 

7,65X103 
8, 45X102 

,60X102 
6,06X10^ 
4, 28 
5. 51 
1 , 8 4 
7, 47x10-3 
2. 45x10-4 
2, 8Ox102 
5. 8 2 x l 0 l 
1. 5 0 x l 0 ' 
4, 38 
2. 3 3 x 1 0 - ' 
1, 07x102 
7.55X10 2. 46x10^ 
4, 02 
6 . 9 6 x 1 0 - 2 
3. 21x10-3 
2, 61X102 
2. 17X10^ 
3. 43 
1. 15 
3. 35x10-2 
6 .90x102 
5, 81X10^ 
9, 98 
1. 5S 
1 . 3 4 x l 0 r l 

1 18x10 ' 
8. 18x10^ 
3 ,13x102 
6. 53x10^ 
I .48x10^ 

F r i c t i o n 
F a c t o r 

5 ,17x10 
6 .77x10^ 
9 .01x10^ 
1. 46x102 
5, 38X102 
1, 84x103 

,1 3 ,89x10 
5. 22xl0. | 
7, 75x10^ 
1. 18x102 
1,59X103 
6. 35X1O2 
1, 56x103 
3. 86x10^ 
1. 74x10 ' 
2, 80x102 
4, 37x102 
8. 77x102 
2. 23x103 
4, 03x104 
1, 6 2XU)2 
I, 79x102 
3. 28x102 
1. 37X103 
7. 95x104 
2, 65x l0 ' ' 
6 ,98x10^ 
1 .43x102 
6. 25x102 
1. 84x103 
1. 30x10^ 
7 , o o x i o l 
1. 51x102 
4. 21x102 
2, 76x lo3 
5. 12X104 
5. 62x10^ 
8.67X10^ 
1, 29x102 
8. 82X10^ 
I . 21x102 
1. 66x102 
4. 32x102 

Adjus ted m e a n 
p a r t i c l e f a l l 
ve loc i ty V j 

n / s e c . 
1. 56 

0, 91 

O, 67 

0 . 6 3 

0. 89 

3, 48 

2.36 

0. 516 
6 , 3 x 1 0 - 2 
2 12x10-2 
7, 2x10-3 
1 . 1 5 x 1 0 - 3 
3, 46x10-4 
0, 414 
4. 57x10-2 
8, 65x10-3 
3, 28x10-3 2, 32x10 -4 

0, 230 
4. 78x10-2 
1. 23x10-2 
3 59x10-3 
1, 91x10-4 
0, 299 
0. 210 
6 , 86x10-2 
1. 12x10-2 
1. 9 4 x 1 0 - 4 
9. 0x10-6 
0, 556 
4, 6 2 x 1 0 - 2 
7 , 3 x 1 0 - 3 
2, 45x10-3 
7 , 1 x 1 0 - 5 

ySi / 

.-2 

„ -2 0, 520 
4. 38x10" 
7. 53x10-3 
1. 17x10-3 
1. 0 1 x 1 0 - 4 
0. 290 
9. 40x10" 
2. 58x10 -4 

«-3 

0. 398 
1. 52x10-2 
3. 18x10-3 
7. 2x10-4 

30 
1 2 , 1 

3, 05 
0 . 6 4 2 

2, 79x10" 
2. 45x10-3 

394 
32, 4 

4. 13 
1 .03 

5. 38x10-3 

2, 0 0 
0. 267 
3. 44xl0r2 
3. 92x10-3 
1, 15xy)-5 
1, 33 
8, 45x10-^ 
1 ,5 0 x 1 0 -^ 
5. 86x10-3 
1. 76x10-6 
2. 44x10-9 
7 , 4 5 
3. 0 4 x 1 0 " ' 
1 ,10x10 
1 , 2 5 x 1 0 - 3 
5. 15x10- ' ' 

- 2 

„-1 17. 5 
7. 70x10-
4. 74x10-2 
1. 13x10^3 
5. 24x10-6 
478 
9. 92 
1 . 8 4 
186 
6. 18 
7. 87x10-1 
6. 87x10-2 



T A B L E 2 ( c o n t ' d . ) 
ANALYSIS O F PERMEABILITY TEST RESULTS 

T e s t 
S e r i e s 

12 

13 

M a t e r i a l 

19 

G5 l i " R ive r 
G rave l 

G4 3/ 4" R ive r 
G r a v e l 

BM4 l i " Blue Metal 

BM3-1 3 / 4" Blue 
Meta l 

Ml 16 m m M a r b l e s 

M2 25 m m M a r b l e s 

G7 6" R i v e r G r a v e l 

S/Il 16 m m M a r b l e s 

Ml 16 m m M a r b l e s 

P o r o s i t y 

P 
pc. 

37, 2 

36. 7 

36. 9 

40, 6 

37, 2 

C h a r a c t e r i s t i c P a r t i c l e 
Lengths 

d 10 pc. d 50 pc. 

19 

12 

19 

15.6 

15. 6 

6 . 2 x 1 0 

dlO 
^50 

3, 9x10 

h o 

ft. 

- 2 

- 2 

' 50 d 
B, 2 x 1 0 " ' 

j l O 

3, 4x10"^ 
dlO 

5,11x10' ' 
iLÜ 
>50 

d50 
2,75xl0"' 

m m 

bs) d50 
S . l l x l f f ' 

<^10 

5.11x10" 

d50 

26 

0. 73 

16 

0. 75 

25 

0,76 

14 

0, 75 

16. 0 

0, 98 

24,9 
0. 99 

110 

0, 76 

16. 0 

0, 98 

16. 0 

0. 98 

f t . 

8. 5x10 

W a t e r 
K inema t i c 
V i scos i ty 

u X 10® 
f t2 / s e c . 

8,2xl(T 

4.6x10' 

- 2 
5.24x10 

- 2 8.16xX0 

.60x1^ 

- 2 5,24x10 

- 2 5,24x10 

1, 40 

+ 0. 00) 

- 0 . 0 0 ) 

+ 0, 017) 
- 0 , 001) 

1, 41 

+ 0. 02) 
- 0 . 0 1 ) 

1. 39 
+ 0, 0 2 ) 

- 0 , 0 3 ) 

+ 0. 02) 
-0 , 03 ) 

1, 37 
+ 0, 03) 
- 0 , 02) 

1, 37 
+ 0. 03 ) 
- 0. 05 ) 

1 .30 
+ 0 . 0 5 ) 
- 0 . 0 7 ) 

+ 0.00) 
- 0 . 0 0 ) 

C r i t i c a l Va lues 
f r o m e x p e r i m e n t a l 

g r a p h s 
V 

f t / s e c . 

0, 855 
5. 9x10-2 
6 , 1 x 1 0 - 3 
1. 4x10-3 
0. 63 

4.6x10 
1. 36x10 

- 2 

,-2 
5 ,35x10 ,^ 1 . 2 x 1 0 - 3 
0, 95 
7. 1x10" 
1.23x10-2 
5 . 0 x 1 0 - 3 

1-2 

,-2 0, 69 
4.10x10 
4, 4x10-3 
1 ,2x10-3 
0 ,895 -
9, 4x10-2 
2. 80x10-2 
5, 17x10-3 
8 , 0 x 1 0 - 4 

.-2 
1, 06 
0, 1 8 0 
3. 92x10 
1, 00x10-3 
1. 35 

0. 510 
0, 172 
1. 72x10"^ 
7 . 7 x 1 0 - 3 
1. 16x10"^ 

^-2 0. 450 
9, 1x10 
1.80x10-2 
6 . 5 x 1 0 - 3 

7. n x l O " ' ^ 
1. 64x10"^ 
2. 38x10-4 

10. 0 
9. 0x10-2 
1 . 3 0 x 1 0 - 2 
3 .30x10"^ 
4. 83x10-4 

10. 0 
7 .5x10" 
3 . 5 x 1 0 - 3 
9 . 3 x 1 0 - 4 

. - 2 

. - 2 10.0 
5, 85x10" 
2. 14x10-3 
4. 27x10-4 
8, 0 
0. 131 
1 .72x10-2 
1 . 5 3 x 1 0 - 3 
2. 33x10-4 
7. 00 
0, 255 
1, 69x10 
5, 4x10-5 

- 2 

2. 50 
8, 8x10" 
1 , 0 0 x 1 0 - 4 

. - 3 

1 , 6 0 
0. 215 
4. 00x10-3 
1. 29x10-3 
1 . 8 x 1 0 - 4 
1, 8 8 

0, 104 
6 . 5 x 1 0 - 3 
1 .52x10-3 

Reynolds 
N u m b e r 

Vd 50 

5, 19 X 10 
3. 58x102 
3 .70x10^ 
8. 5 
2. 34x10^ 
1 ,71x10^ 
5, 05x10^ 
1,99x10^ 4, 46 
5.52x10^ 
4, 13X102 
7. 1 5 x l 0 l 
2, 91x10^ 
2, 28x10^ 
1.36X102 
1, 4 6 x l 0 l 
3. 97 
3,40X103 
3.57X102 
1.06X102 
1. 9 6 x l 0 l 
3. 04 
6.31X10^ 
1.07X103 
2.34X102 
5. 95 
3 .55x10^ 
1.84X103 
1. 54X102 

2. 06X10"' 
6. 94x10^ 
6. 9 4 x l 0 l 
3 .11x10^ 
4. 68 
1. 90x10^ 
3.85X102 
7. 60x10^ 
2.75x10^ 

F r i c t i o n 
F a c t o r 

2gd5oS 

7. 49 X 10 ' 
1. 13X102 
2. 41x10^ 
6 . 6 5 x 1 0 2 
8. 43x10^ 
1. 42x102 
2. 35x102 
3. 86X102 1. 12X103 
5.85X10^ 
7, 8 5 x l 0 l 
1, 22X102 
1, 96X102 
6 22X10^ 
1. 03x102 
3,2GX102 
8, 80X102 

5, o i x i o l 
7,41X10^ 
1, 94X102 
1, 23X1 03 
3.28X10 
4. 13x lo l 
5 , 7 7 x l 0 l 
2. 84X102 
3 ,19x10^ 
4,16X10^ 
6 , 7 8 x l 0 l 

2. 08x10^ 
2. 46x10^ 
4. 57x10^ 
7.33x10^ 
4. 50x102 
3.13x10^ 
4, 25x l0 l 
6 . 7 8 x l 0 l 
1 .21x102 

Ad jus t ed m e a n 
p a r t i c l e fa l l 
ve loc i ty V j 

f t / s e c . 

2. 20 

5, 96 

0, 388 
2 .68x10-2 
2. 77x10 - 4 
6. 4x10-4 
0. 350 
2. 55x10-2 
7 . 5 5 x 1 0 - 3 
2. 97x10-3 6 . 7 x 1 0 - 4 
0. 468 
3. 49x10-2 
6. 06x10-3 -3 2. 46x10 
0. 396 
2 .35x10-2 
2 .53x10-3 
6 . 9 x 1 0 - 4 
0. 339 
3. 56x10-2 
1 .06x10-2 
1 . 9 6 x 1 0 - 3 
3 . 0 3 x 1 0 - 4 
0. 342 
5 .80x10-2 
1 .26x10-2 
3 . 2 3 x 1 0 - 3 
0. 227 
1 .18x10-
9 . 8 2 x 1 0 - 4 

. - 2 

0. 193 
6 . 5 2 x 1 0 - 2 
6. 52x10-3 
2. 92x10-3 
4. 40x10-4 
0 . 1 7 0 
3. 45x10 ' 
6 . 8 2 x 1 0 - 3 
2. 46x10-3 

- I i 
rsv 

139 
6 36 
3 .07x10-^ 
2, 56x10-2 
55. 5 

2. 40 
4. 30x10-1 
1 , 0 3 x l 0 - J 
7 , 9 5 x 1 0 - 3 
189 
10, 5 

1 .17 
2.96x10 
73. 5 
2. 64 

8 . 9 x 1 0 - 2 
9 . 0 5 x 1 0 - 3 
202 
14. 3 
2. 88 

2. 03xl0- ' ' l 
7 . 5 6 x 1 0 - 4 
386 
51, 9 
8, 09 
4, 20x10-2 
2, 233 

88 , 5 
4. 54 

198 
56 .6 

3 . 0 4 
8. 47x10'^ 
2 .07x10-2 
122 

18. 2 
2. 25 J 

4. 5 3 x l i 



TABLE 2 (Cont'd.) 

ANALYSIS OF PERMEABILITY TEST RESULTS. 

Test 
Series 

Material Porosity 

P 
pc. 

Characteristic Particle 
Lengths 

d 10 pc. 1 d 50 pc. 
ft. ft. 

Water 
Kinematic 
V i s c o s i ^ 

K X 10= 
ft / sec . 

Critical Values 
from experiments^ 

graphs 
V 

ft/ sec. 

Reynolds 
Number 

50 

Friction 
Factor-

2gd5„S 

Adjusted mean 
particle fall 
velocity V 

ft / sec . 

r sv 

22 

BM3 - 1. 3/ 4" Blue 
Metal 

M3. 29 mm Marbles 

51.5 

38. 5 

10. 5 

28. 5 

d io  
^50 

9.35x10-' 

d io 

14 

0. 75 

29.0 

0. 98 

1.6xlC? 

- 2 
9.5x10 

1. 23 

+ 0. 0 0 ) 
-0 . 01 ) 

1. 20 

+ 0. 04) 
-0. 02 ) 

0. 400 
- 2 8 0x10 

2. 33x10" 
5. 2xd0-3 
2. 00x10-3 

1. 50 
7,2x10" 
8.8x10" 
1.00x10-3 
3.05x10-4 

1. 50x10" 
2. 99x10, 
8.71x10 
1.95x10^ 
7. 48 

1. 13 
5.80x10 
3.90x10 

6. 00 
2, 45x10 
3.30x10 

8.95x10 
4. 59x10 
3.09x10 

2.78x10* 
3.33x10^ 
4. 80x10 
1.10x10 
2. 26x102 

4. 46xlo; 
1 .33x l0 ' 

0. 230 
4. 59x10"^ 
1.34x10" 
2. 99x10-3 
1.15x10-3 

0.341 
1.75x10 
1.18x10 

108 
18. 0 

3.63 
3. 55x10-1 
6. 63xl0r2 

6 23 
20. 6 



TABLE 3. 

Summary of Permeability T est Pat a. 

Test Median Porosity PC 
Series Material Diameter By weighing By drain-

No. mm ft. Solids ing Voids 
1 BM3-2 .3 /4 " B. Metal 16 5. 2x10" 2 45. 5 42.6 
2 Ml 23 Marble mixture 24. 9 8. 2x10" 37. 9 35. 8 
4 G1 NepeanR.sand 0. 53 1.74x10" 38. 7 27. 2 
5 G3 3 /8 " R. Gravel 5. 8 1.9x10"^ 39. 2 36. 9 
6 G2 - 1 / 4 " R. Gravel 2. 3 7.5x10" 41. 8 37. 1 
8 BMl 3/16" B. Metal 3. 2 1 .05x10 ' 47. 7 45. 9 
9 BM2 3 /8 " Blue Metal 6. 4 2. 1 0 x 1 0 - 2 45. 8 41.6 

10 G6 3" R .grave l 55 1.80x10" 36. 9 37. 3 
11 BM5 3" Blue Metal 37 1. 21x10-^ 48. 3 46. 3 
12 G5 l i " R. gravel 26 8. 5 x 1 0 - 2 37. 2 34. 9 

G4 3 /4" R. gravel 16 5. 2 x 1 0 - 2 36. 7 33. 9 
14 BM4 l i " Blue Metal 25 8. 2 x 1 0 - 2 43. 8 41. 8 
15 BM3-1, 3 /4" Blue Metal 14 4. 6x10 " 42.. 8 39. 5 
16 Ml 16 mm Marbles 16. 0 5. 2 4 x 1 0 - 2 36. 9 36. 9 
17 M2 25 mm Marbles 24. 9 8 . 1 6 x 1 0 - 2 36. 9 38. 0 
18 G7 6" R. Gravel 110 3.60x10-1 40. 6 40. 4 
19 Ml 16 mm Marbles 16. 0 5. 2 4 x 1 0 - 2 41.. 5 41. 3 
20 Ml 1 6 mm Marbles 16. 0 5. 2 4 x 1 0 - 2 37. 2 37. 8 
21 BM3-1. 3 /4" B. metal 14 4. 6 x 1 0 - 2 51. 5 48. 5 
22 M3 29 mm Marbles 29. 0 9 . 5 x 1 0 - 2 38. 5 38. 0 

Note: (a) Porosities shown on Figures 4 to 10 are those obtained by 
weighing solids. 

(b) Marble mixture Ml 23 consists of 16, 25 and 29 mm marbles 
in the proportions 1. 23: 1. 05: 1. 00 by weight. 
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porosity and part ic le shape, s ize and gradings. 

In the l inear reg ime, laminar flow with negligible inert ia l effects 

is postulated, but no conclusive evidence appears to have been published 

to show experimental confirmation of this. The turbulence tes ts r e -

ported la ter in this section were inconclusive. 

The occurrence of a l inear regime in fine gravels and crushed rock 

- 1 - 2 

aggregates for hydraulic gradients between 10 and 10 is of prac t i ca l 

significance since many engineers consider that for hydraulic gradients 

within their range of interest , Darcy ' s law is not applicable for m a t e r i a l s 

c o a r s e r than c o a r s e sand. This impress ion is apparently the result 

of the widespread bel ief that the " c r i t i c a l " Reynolds number l ies be -

tween 1 and 5, whereas in fact it may be as high as 75 (Scheidegger 

(1960) ). Values up to 60 were obtained in these experiments . 

(ii) P o s t - l i n e a r Regimes 

Each test s e r i e s which covered an appreciable range of flows 

above the upper l imit of the l inear regime revealed the existence of a 

number of post - l inear reg imes , each with an exponent, n, between 1 

and 2. The maximum values of n obtained for each of the c o a r s e r 

media were between 1. 8 and 1 . 9 . Those media for which l inear 

reg imes and reg imes with exponents between 1, 8 and 1. 9 were 

obtained mostly exhibited two intermediate r e g i m e s , but in some 

c a s e s three such reg imes were observed. F igure 7 is of par t icular 



6 7 . 

interest as it shows both two and three intermediate regimes for 3 /4 

inch blue metal packed with low and high porosity. 

The results of these tests alone might suggest that the regimes 

for which the value of n lay between 1. 8 and 1. 9 represented a state of 

fully turbulent flow and that intermediate regimes represented trans-

ition states between laminar and turbulent flows. However, the r e -

sults of Izbas (1953) (quoted by Slepicka (1961 (a) ) show values of n 

as high as 2. 49 for a regime above the linear regime and Van der Tuin 

(1960) quotes an exponential relationship for tests on gravel and basalt 

boulders, of mean size 6 2 mm, 225 mm and 385 mm, with values of n 

equal to 1.92 and 2. 23. It is possible, therefore, that additional 

regimes above those detected might have been found if a higher range 

of hydraulic gradients had been covered. The stage at which complete 

turbulence and perhaps an upper limiting value of n is reached is not 

apparent f rom the nature of the graphs. 

(iii) Pre- l inear Regime 

The experimental results of tests on 3/16 inch and 3/8 inch blue 

metal, Nepean River sand and - 1 / 4 inch river gravel indicated the 

existence of a lower limit to the linear regime and an adjacent pre -

linear regime . Only one pre-linear regime could be detected for 

each material but additional pre-l inear regimes might have been found 

had it been possible to measure lower hydraulic gradients. At the low 
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hydraulic gradients the scatter of experimental results is greater than 

for higher hydraulic gradients but there is a significant departure from 

Darcy's law in the cases mentioned. The results for 3/16 inch blue 

metal, in particular, for which test conditions were very favourable, 

plot closely on the pre-linear line. 

The hydraulic gradients marking the lower limit of validity of 

- 2 

Darcy's law varied from approximatly 10 for the Nepean River sand 

-3 

to 2 X 10 for the 3/8 inch blue metal. These gradients are well 

within the range of practical significance to engineers. 

Reynolds numbers based on median diameters for the lower limit - 3 

of the linear regime varied from approximately 8 x 1 0 for the Nepean 

River sand to 2 for the 3/8 inch blue metal. 

It is interesting to note that the 3/16 inch blue metal, which 

many engineers would consider too coarse for Darcy's law to be 

applied, not only showed a linear regime, but a pre-linear regime as -3 

well for hydraulic gradients below 6 x 10 (approx. 1 in 150). 

Current ideas in the engineering field on the validity of Darcy's 

law at low hydraulic gradients are based more on speculation than on 

experimental evidence. They are typefied by a statement by Jacob (1950) 

in Chapter 5 of "Engineering Hydraulics" (Editor Rouse); "Regarding the 

lower limit of applicability of Darcy's law, it may safely be stated that 

there is no perceptible lower limit in a sand whose smallest pores are 
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s e v e r a l thousands of molecular diameters a c r o s s . That is to say, 

s ince water behaves as a viscous liquid at vanishingly low hydraulic 

gradients , it will flow through pores in sand in obedience to D a r c y ' s 

law at gradients far s m a l l e r than those which can be measured in the 

laboratory" . 

The occurrence of p r e - l i n e a r regimes possibly can be attributed 

to the interaction between solid and liquid molecules at the solid-

liquid boundaries within porous media. This interaction gives r i s e 

to the phenomenon called " contact tension" or interfacial tension" 

by those who work in the fields of the chemistry and physics of surfaces , 

It is analogous to the surface tension which is fami l iar to engineers as 

a phenomenon occurring at liquid - gas interfaces . Reference texts 

such as those of Schwartz, (1949), Harkins (1952) and Bikerman (1958) 

discuss interfacia l tension at solid liquid boundaries in the general 

context of surface chemistry . 

The net result of surface effects appears to be non-Newtonian 

behaviour of the water at low flow rates in the in ters t i ces of at least 

some porous media. 

Swartzendruber (196 2) analysed resul ts obtained for fine grained 

porous media by a number of investigators on the bas i s of water acting 

as a non-Newtonian fluid at low flow ra tes . Those who c la im the 

exis tence of " s tar t ing" or " threshold" hydraulic gradients imply that 
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water acts as a Bingham plastic type material under these conditions, 

rather than as a non-Newtonian fluid with a stress-strain rate graph 

passing through zero. 

The only reference found by the author to this effect being notice-

able for flow through coarse granular materials is that of Slepicka 

(1961 (a) ) who quotes the results of tests on two gravel materials 

which, despite a large scatter of experimental results, appeared to 

show a deviation from Darcy's law at low flow rates. 

The effect has normally been reported for tests on fine grained 

clayey materials and has been attributed to "c lay-water" interaction or 

"e lectro -molecular" action. The fact that it has not been reported more 

often for coarse materials may be due to the infrequency of very low 

hydraulic gradient measurements. 

The results of this investigation show that pre-linear regimes can 

occur for gravels and crushed rock aggregates as well as for clayey 

materials. They support the hypothesis of non-Newtonian rather than 

Bingham plastic type behaviour of the permeating water, since the 

equations for the pre-linear regimes determined have the origin of c o -

ordinates as a possible solution. However, the velocity-hydraulic 

gradient graphs for hydraulic gradients lower than those covered in the 

tests might deviate f rom the expcnetial form, and not pass through the 

origin. The possibility of Bingham type behaviour of the water and 
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the existence of "threshold" hydraulic gradients is thus not entirely 

ruled out. If this type of behaviour did occur, the "threshold" gradient 

would have to be overcome before flow would occur. Claims by 

Derjaguin and Krylov in support of this have been quoted by 

Swartzendruber (196 2). 

(iv) Abrupt Changes between Regimes 

The velocity-hydraulic gradient graphs show what are for all 

practical purposes abrupt changes between regimes. In particular, 

the results of test series 1, for which a large number of readings was 

taken show no significant curvature or additional scatter of plotted 

points at changes of regime. The results of Slepicka (1961(a) ) and 

Anandakrishnan and Varadarajulu (1963) show equally abrupt changes. 

The appearance of these abrupt changes conflicts with the f r e -

quently stated assertion that the change f rom laminar to turbulent 

flow in porous media must be gradual. For instance, Jacob, in 

Chapter 5 of "Engineering Hydraulics" (1950, editor Rouse) states 

that "The transition from laminar to turbulent flow in sands is quite 

gradual, requiring at least a thousandfold increase in velocity to reach 

the limit of fully established turbulence" In the light of the results 

of this investigation and those reported above such statements are apt 

to be misleading without additional qualification regarding the nature 

of the transition. 
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The assumption of gradual changes in all porous media may 

be attributed to the scatter of experimental results which characterise 

many investigations, the development of general equations from data for 

a relatively narrow range of flow conditions and frequently to the plotting 

together of experimental results f rom tests on a number of porous 

media and drawing a curve of best fit between the scatter of points 

which results (See Carman's (1937) plot of the results of Fancher, 

Lewis and Barnes; Bakhmeteff and itoderoff (1937); Rose and Rizk (1949) 

Cohen de Lara (1955); Karadi and Nagy (1961). 

No evidence is available as to the reason for the abrupt changes. 

Actual measurements of local conditions such as the nature of the sep-

aration zones and levels of turbulence in the flow channels are required 

before any theory can be established. It seems unlikely that the changes 

are due to local packing irregularities in the permeameter, with con-

sequent local zones of turbulence, since the same material replaced in 

the permeameter at a different porosity shows changes identical in 

nature with those which occur for the original filling although the hyd-

raulic gradients at which they occur may differ. Abrupt changes were 

found to occur for all media tested including those composed of spherical, 

rounded, angular, uniform sized and graded particles. 

The changes may be caused by the occurrence of a number of 

stable flow patterns around the particles of the media with sudden 
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changes f rom one to another. 

(b) Turbulence Detector Results 

The velocities at which random pressure fluctuations were registered 

by the piezo-electr ic turbulence detector are marked on the velocity -

hydraulic gradient plots in Figures 5 and 6. There is no significant 

correlation between the median grain sizes of the media and the velocities 

at which the fluctuations were found to commence. As a result, no con-

stant Reynolds number based on median diameters was found to apply. 

Calculated Reynolds numbers varied from approximately 1 to 150. 

Since the velocities are not constant they do not correspond to any 

particular flow rate or approach velocity in the inlet section of the perm-

eameter. The flow rate corresponding to a critical Reynolds number of 
- 2 

2, 000 in the approach section is approximately 3 . 5 x 1 0 c. f. s . , approx-

imately 3 to 13 times as great as the flow rates equivalent to the in-

dicated velocities. It is , therefore, unlikely that the response of the 

indicator was connected with the onset of turbulent conditions in the in-

let section and associated vibration of the permeameter. 

The results do appear to give a general indication of the onset 

of turbulence in the test section corresponding to the upper limit of 

the linear regime, particularly for the finer materials. The erratic 

results, particularly for the coarser materials, can probably be 

attributed to the use of only one pressure tapping which gave an 
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indication only of local flow conditions, not the average of conditions 

prevailing throughout the test section. This distinction is particularly 

noteworthy in the tests on the 6 inch and 3 inch gravels where one particle 

could significantly affect the flow over a large area around the tapping. 

The indicator was extremely sensitive and could be used only when 

the laboratory was free f rom vibrations caused by wind, model con-

struction work or large flows falling into drainage channels. It is felt 

that with refinement of the electronic circuitry to increase the signal 

to noise ratio and allow changes in the nature of the trace on the osc i l lo -

scope to be observed more accurately, a piezo-electr ic detector would 

yield useful information on the nature of flow in the interstices of gran-

ular media. The development of a probe to pick up pressure fluctuations 

f rom a number of points in the permeameter or the use of dummy particles 

as sensing elements might overcome the difficulty of determining average 

conditions. Measurements of pressure distributions on dummy particles, 

such as those of Wentz and Thodos (1963), but for a wider range of flow 

rates, might be useful. 

(c) Permeameter Wall Effects 

(i) Differences between Inner and Total Flow Velocities 

The heavy and light lines in Figures 4, 5 and 6 respectively rep-

resent velocity-hydraulic gradient relationships determined for the 

inner section and total cross -sect ion of the permeameter. Filled in 

symbols are experimental points plotted for the inner section and open 
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symbols are points plotted for the total cross -sect ion flows. It will be 

seen that in almost all cases the velocity through the inner section is 

less than the velocity averaged over the total cross-sect ional area. 

The difference is presumably caused by a disproportionate flow of 

water passing down the zone immediately adjacent to the wall of the test 

section. Against this wall no "interlocking" of the particles is possible 

and voids of nature different from those present in the material away 

f rom the wall must occur. 

For the tests on the coarser materials the difference between the 

two calculated velocities is of the order of 5 pc. to 10 pc. Since there 

are no appreciable differences in slopes of the corresponding lines on 

the log- log plots for these materials the equation S = aV^ holds for 

both velocities with values of n unchanged. A parallel shift in the V 

direction means a constant change in the logarithm of a for each regime 

of each test series . Thus the results of the experiments indicate that 

the values of n determined for coarse granular media in a permeameter 

in which the whole of the flow is measured should not be in error to any 

significant extent but the values of a will be in error by a constant 

proportion which may be as high as 15 pc. 

For the finer materials, sand , - 1 / 4 inch river gravel and 3/16 

inch blue metal, the percentage error decreased with increasing 

hydraulic gradient and values of n for corresponding lines differed 
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slightly. It is noteworthy that these were the only materials with a 

large proportion of fine material which might have altered the nature of the 

voids. 

The results of the tests on sand were exceptionalin that the 

velocity through the inner section was greater than the overall velocity 

for all but the higher flows. This material was subjected to a water 

pressure f rom underneath during the pre-test procedure to help remove 

entrapped air and was accidentally reduced to a "quick" condition. 

Large bubbles of air trapped beneath the sample were forced upwards 

around the sides of the permeameter. The permeameter was dismantled 

and the top of the sand re- level led before tests were carried out but the 

packing of the sand was undoubtedly altered by the accident. It is 

possible that this caused the altered relationship between the measured 

velocities. 

Test ser ies 5 on 3/8 inch river gravel showed a sudden change 

in the percentage difference between velocities. At the end of the 

tests a small flaky particle of gravel, which had passed through the 

retaining grid, was found in one of the pressure equaliser tappings 

and projecting approximately 1/16" inch into the flow. It appears 

that this particle became lodged during the test run and that all 

pressure equalisations after this were in error . 

Two other test ser ies , numbers 3 and 7 for which results are 
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not listed, had to be discontinued because of large discrepancies between 

the inner and overall velocities. Measured overall velocities were up to 

twice the inner velocities. The materials involved were - 1 / 4 inch river 

gravel and 3/16 inch blue metal both of which contained a lot of fine 

particles. These were loaded into the permeameter without fly gauze 

on top of the punched metal grid so that fine particles washed out by the 

pre-test flows would not block the grid. Examination of the permeameter 

in each case after dismantling showed that the level of the upper surface 

of the sample at one side of the permeameter had fallen as the result of 

material escaping down the side of the punched metal grid. This had 

not been mated correctly with the outlet section which was slightly 

eccentric as the result of welding distortion. Both test series were 

repeated with the fly gauze in position to give the results listed in 

series 6 and 8 . 

(ii) Comparison with Published Results 

The results do not support the conclusions drawn by Rose (1945) 

and Rose and Rizk (1949) from tests on assemblages of spheres of 

various diameters in a permeameter tube of fixed diameter. Their 

results, plotted in the form 

Head loss for finite bed ĝ̂ g-î g ^ tube diameter 
Head loss for infinite bed Dp particle diameter 

are shown in abbreviated form in the diagram overleaf 
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10 100 

Wall effect correction factor correlated by Rose and Rizk 

r e p r o d u c e d f r o m Zenz and O t h m e r (1960). The o r i g i n a l plot of R o s e 
and Rizk shows a much g r e a t e r n u m b e r of l i nes f o r d i f f e r e n t Reyno lds 
n u m b e r s and w e r e p lo t ted by comput ing , on the b a s i s of a f r i c t i o n f a c t o r 
Reyno lds n u m b e r r e l a t i o n s h i p p r e v i o u s l y d e t e r m i n e d by t h e m , the 
h y d r a u l i c g r a d i e n t s f o r v a r i o u s Reynolds n u m b e r s and v a r i o u s d i a m e t e r 
r a t i o s . It is i m p o r t a n t to note that the r e s u l t s w e r e not obta ined by 
v a r y i n g the d i a m e t e r of the t e s t bed and keeping the s p h e r e s i z e and 
p o r o s i t y c o n s t a n t , a p r o c e d u r e which would have y ie lded d i r e c t head 
l o s s c o m p a r i s o n s . T h i s would have e l i m i n a t e d the a s s u m p t i o n s in -
volved in a l lowing f o r p o r o s i t y v a r i a t i o n s and u s ing one ve loc i t y 
h y d r a u l i c g r a d i e n t r e l a t i o n s h i p f o r flow th rough s p h e r e s of v a r i o u s 
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sizes at various porosities (i. e. for media not geometrically similar) . 

The results of the author's tests on marbles, plotted in friction factor 

versus Reynolds number form in Figure 23, show that a single equation 

will not accurately describe this relationship for geometrically d is -

similar media. 

It appears probable, then, that the curves of Rose and Rizk depend 

on other factors as well as wall effects. 

The small variation in percentage wall effect with flow rate and 

the insensitivity to tube diameter to particle median size ratios down to 

5 apparent in this investigation is explicable when the nature of the 

porosity change near the wall is considered. Provided the permeameter 

is loaded by distributing the material evenly over the whole area in the 

same manner, porosity changes should be restricted to a narrow zone 

adjacent to the wall. In this zone no particles project f r om the waU to 

interlock with the voids between the adjacent layer of particles so a re l -

atively free passage for water is provided. As the particle size in-

creases the size of the voids increases but the same proportional in-

crease can be expected in the voids near the wall as in those nearer 

the centre of the permeameter. A relatively constant velocity d is -

tribution and percentage wall effect can therefore be expected to apply 

to each flow regime. Variations in the wall effect for the various 

materials can probably be attributed to the effect of local packing 
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variations and variations of particle shape and grading which affect the 

nature of the voids. 

The hypothesis that wall effects are restricted to a narrow zone 

adjacent to the permeameter wall is supported by the results of a pitot 

traverse by Saunders and Ford (1940) across the outlet face of a 

circular porous bed. They found that the velocity across the bed was 

approximately constant except for an annular area approximately one 

particle diameter wide adjacent to the tube wall in which the velocity 

was as much as 50 pc higher than the inner velocity. This evidence 

supports the assumption that the flows through the inner section of the 

permeameter used by the author represented flows through a bed of 

infinite extent, since in all cases the median particle size was less than 

the distance between the inner tube and the outer wall. 

8. 2 Physical Characteristics of Materials Tested 

(a) Lithologieal Descriptions 

Lithological descriptions of the river gravels and blue metals 

are given in Section 6. 3(a). By engineering standards they are hard 

inert materials and their mineralogical properties would not be ex-

pected to influence the flow of water through them. 

(b) Particle Sizes and Gradings 

The conventional plots of particle gradings given in Figures 11 

and 12 are included to allow comparison with materials for which 



T A B L E 4 
SUMMARY O F SIEVE ANALYSIS RESULTS. 

A. S. T . M. 
Sieve No. 

Opening P e r c e n t a g e s f i n e r than s i z e s shown f o r l i s t e d s a m p l e s . A. S. T . M. 
Sieve No. in m m . G1 G2 G3 G4 G5 

N e p e a n ' - 1 / 4" R i v e r 3 / 8 " R i v e r 3 / 4" R i v e r R i v e r 
,R. Sand G r a v e l G r a ve1 G r a v e l G r a v e l 

6 inch 152. 4 
4 inch 101. 6 
3 inch 76. 2 
2 inc]:> 50. 8 100. 0 
I j inch 38: 1 100. 0 98. 7 
1 inch 25. 4 99. 4 49. 2 
3 / 4 inch 19. 1 68. 2 7.5 
1 / 2 inch 12. 7 100. 0 1 5 . 5 1. 3 
3 / 8 inch 9. 52 100. 0 100. 0 99. 2 2. 8 0. 6 
4 4. 76 99. 6 98. 4 28. 9 0. 3 0. 5 
10 2. 00 93. 4 37. 9 8. 9 0. 0 0. 2 
20 0. 84 81. 4 5. 9 3. 1 0. 0 
40 0. 42 34. 0 1. 2 1. 5 
60 0. 25 5. 8 0. 5 0. 9 

140 0 . 1 0 5 0. 4 0. 0 0. 0 
200 0. 074 0. 2 
P a n - 0. 0 



T A B L E 4 (cont 'd . ) 

A. S . T . M . 
Sieve No. 

Opening 
in mm. 

P e r c e n t a g e s f iner than s i z e s shown for l i s ted s a m p l e s . A. S . T . M . 
Sieve No. 

Opening 
in mm. 

G6 
3" R i v e r 

Gravel 

G7 
6 " R i v e r 
Grave l 

B M l 
3/16" Blue 

Metal 

B M 2 
3/ 8 " Blue 

Metal 

B M 3 - 1 
3/ 4" B lue 

Meta l 

6 inch 152. 4 1 0 0 . 0 
4 inch 101. 6 34. 7 
3 inch 76. 2 100. 0 0. 0 
2 inch 50. 8 35. 9 
l|-inch 38. 1 4. 6 
1 inch 25. 4 0. 3 1 0 0 . 0 
3/4 inch - 1 9 . 1 0. 0 1 99. 5 
1/2 inch 12. 7 100. 0 25. 6 
3/8 inch 9. 52 100. 0 99. 4 3. 1 
4 4. 76 77. 9 8. 5 1. 2 
10 2. 00 10. 3 2. 0 
20 0. 84 3. 4 1 . 3 
40 0. 42 2. 0 0. 9 
60 0. 25 1. 3 0. 7 

140 0. 105 0. 5 
200 0. 074 0. 4 
Pan - 0. 0 



T A B L E 4 ( con t ' d . ) 

A. S. T . M. 
S ieve No. 

Opening 
in m m . 

P e r c e n t a g e s f i n e r t han s i z e s shown f o r l i s t e d s a m p l e s . A. S. T . M. 
S ieve No. 

Opening 
in m m . 

B M 3 - 2 
3 / 4 " Blue M e t a l 

B M 4 
l i " Blue M e t a l 

BM5 
3" B lue M e t a l 

6 inch 152. 4 
4 inch 101. 6 
3 i n c h 76. 2 100. 0 
2 inch 50. 8 96. 4 

inch 38. 1 100. 0 51. 9 
1 inch 25. 4 1 0 0 . 0 . 51. 1 8. 7 
3 / 4 inch 19. i 9 1 . 1 10. 1 4. 4 
1 / 2 inch 12:-7 ' 17. 5 2. 0 2. 5 
3 / 8 inch 9. 52 1. 7 1 . 8 1. 9 
4 4. 76 0. 4 1 . 6 1. 5 
10 2. 00 0. 4 
20 0. 84 
40 0. 42 
60 0. 25 

140 0. 105 
200 0. 074 

P a n — 

1 
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an engineer must make approximate estimates of flow rates or 

hydraulic gradients without carrying out permeability tests. 

The logarithmic probability plots of Figures 13 and 14 and the 

linear probability plots of Figures 15 and 16 identify those materials 

in which the particle sizes are approximately normally distributed 

and those in which the logarithms of particle size are normally 

distributed. Naturally occurring graded sands and gravels and 

artificial crushings tend to exhibit a log normal distribution and plot 

as straight lines on log probability paper. It will be seen from 

Figures 13 and 14 that the only material that showed this character-

istic was the Nepean River sand. Most of the remaining materials 

would be better approximated by normal distributions since their 

gradings tend to plot as straight lines on linear probability paper in 

Figures 15 and 16. The I j inch and 3 inch blue metal samples were 

exceptions in that their gradings do not approximate to straight lines 

on either type of plot. 

The probability plots give a clearer qualitative picture of the 

grain size distributions of materials than do the conventional plots 

and allow their distributions to be classed as approximately normal, 

log normal or other. The use of a classification such as this, to-

gether with the median grain size and type of particle might be of 

assistance in the classification of permeability results, at least for 
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normally and log normally distributed materials. The use of a mean 

or median particle size and a standard deviation calculated f rom the 

sieve analysis results by a formula applicable to normal distributions, 

regardless of the actual distributions of the experimental results, is 

unsatisfactory as a measure of size and grading. 

Marble sizes determined by measuring with calipers three mut-

ually perpendicular diameters of 50 marbles of each size are as listed 

below. 

Code Nominal Diameter Mean Diameter Standard Deviation 

MI 16 mm 16 .0 .mm 0.3 mm 
M2 25 mm 24. 9 mm 0. 3 mm 
M3 29 mm 29. 0 mm 0. 4 mm 

The marble mixture, Ml 23, consisted of 16, 25 and 29 mm 

marbles in the following proportions by weight:- 1. 23: 1. 05: 1. 00. 

The marbles were only slightly eccentric in shape and since regular 

packings were not attempted they were treated as spherical particles. 

(c) Fall Velocities 

Fall velocities of particles were measured in an attempt to 

determine a factor which would characterise particle shape, size and 

grading. The median fall velocity of the particles of a granular 

medium is influenced by all three of these factors. The fall ve l -

ocity is also a function of the particle specif ic gravity and the fluid 

properties, density and viscosity. These factors were kept constant 
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by carrying out all tests in water at a relatively constant temperature 

and adjusting results for the small particle specif ic gravity dif ferences 

involved (see Appendix HI ). Since only coarse particles were in-

volved it was considered that fall velocities would be high enough for 

drag coeff icients to be independent of Reynolds number and median fall 

velocities to be a real measure of shape, size and grading. 

A number of papers have been published dealing with correlations 

between physical characteristics of particles and their fall velocities 

in the turbulent range (e .g . Alberts on (1952), Heywood (1962) ); 

however, it was considered essential to make direct measurements of 

fall velocities in this case rather than to make physical size and shape 

measurements and to attempt to use the published correlations. 

Initial tests on the consistency of timing falls by eye and stop-

watch showed that approximately 100 particles should be timed sep -

arately for each material. 

The results, summarized in Table 5 are plotted as frequency 

distributions on logarithmic probability paper in Figures 17 to 19 and 

on linear probability paper in Figures 20 to 22. Plotting was done 

in this f o rm to determine whether the distributions were normal or 

log normal. Comparison of Figures 19, 21 and 22 shows that the 

only r iver gravel material for which the fall velocity distribution 

plotted as a straight line on linear probability paper was the - 1 /4 



T A B L E 5 
S u m m a r y of F a l l Ve loc i ty T e s t R e s u l t s . 

T a n k C r o s s T i m e d F a l l N u m b e r of M e a n F a l l | Med ian S a m p l e C o e f f i c i e n t 
M a t e r i a l Sec t ion D i s t a n c e P a r t i c l e s Ve loc i ty Ve loc i t y S t a n d a r d of 

D e v i a t i o n V a r i a t i o n 
(feet) (fps) ( fps) (fps) 

B M l 3/16" Bl . M e t a l 3ft . X 3f t . 3. 5 100 0. 63 0. 61 0 . 1 8 0. 29 
B M l 3/16" Bl . M e t a l 6 in. d ia . 2. 5 100 0. 70 0. 69 0. 20 0. 29 
BM2 3/8" BL M e t a l 3 f t . x 3 f t . 3. 5 105 0. 89 0. 88 0. 21 0. 24 
BM2 3/8" Bl . M e t a l 6in. d ia . 5 97 1. 00 0. 98 0. 27 0. 27 
B M 3 - 1 3/4" Bl . M e t a l 3f t . x3f t . 3. 5 100 1. 74 1. 79 0. 30 0. 17 
B M 3 - 2 3/4" Bl . M e t a l 3f t . x3f t . 3. 5 100 1. 56 1. 63 0. 31 0. 20 
B M 3 - 2 3/4" Bl . M e t a l 2ft. x l f t . 6. 0 208 1. 48 1. 53 0. 29 0. 20 
B M 4 l i " Bl . M e t a l 3ft . x3f t . 3. 5 100 2. 03 2. 12 0. 38 0. 19 
BM5 3" Bl . M e t a l 3f t . x3f t . 3,. 5 100 2. 36 2. 43 0. 50 0. 21 
G2 - 1/4" .R. G r a v e l 6in. d ia . 2, 5 100 0. 67 0. 65 0. 22 0. 33 
G3 3 / 8 " R. G r a v e l 6in. d ia . 2. 5 96 1. 06 1. 06 0. 21 0. 20 
G3 3/8" R. G r a v e l 3ft . x3f t . 3. 5 100 0. 91 0. 93 0. 25 0. 28 
G4 3/4" R. G r a v e l 3f t . x3f t . 3. 5 99 1. 80 1. 82 0. 28 0. 15 
G5 l i " R. G r a v e l 3ft . x3f t . 3. 5 100 2. 20 2. 23 0. 46 0. 21 
G6 3" R. G r a v e l 3f t . x3f t . 3. 5 53 3. 48 3. 44 0. 92 0. 26 
G7;6" R. G r a v e l 8f t . x8f t . 10. 1 92 5. 96 5. 94 1. 27 0. 21 
M l l 6 m m M a r b l e s 3f t . x3f t . 3. 5 50 2. 64 2. 74 0. 18 0. 068 
M l 1 6 m m M a r b l e s 1. 8f t . d ia . 9. 5 20 2. 67 2. 70 0. 052 0. 020 
M2 25 m m M a r b l e s 3f t . x3f t . 3. 5 20 3. 10 3, 25 0. 23 0. 074 
M2 .25mm M a r b l e s 1. 8ft'. d ia . 9. 5 20 3. 20 3. 26 0. 10 0. 031 
M3 2 9 m m M a r b l e s 3f t . x3f t . 3. 5 20 3. 31 3. 41 0. 16 0. 048 
M3 2 9 m m M a r b l e s 1. 8f t . d ia . 9. 5 20 3, 41 3, 48 0. 08 0. 023 



TABLE 6 

RESULTS OF SPECIFIC GRAVITY TESTS 
i H m III 

Material Weight 
Dry 

(gms) 

Weight 
Surface 

Wet 

(gms) 

Weight 
Surface 

Dry 

(gms) 

Weight j 
Sub-
merged 
in water 

(gms) 

I L O S S 
of 

weight 
(4)-(5) 
(gms) 

Specific 
Gravity 

29 mm marbles 1, 519 1, 519 912 607 2. 50 
29mm marbles 1, 352 1,352 810 542 2. 49 

16 mm marbles 1, 235 1, 235 741 494 2. 50 
16 m m marbles 933 - 933 560 373 2. 50 

3/4" r iver gravel 781 788 785 486 299 2. 63 
3 / 8 " r i v e r gravel 674 689 681 419 26 2 2. 63 

3 / 4 " blue metal 
(BM3-1) 658 662 660 429 231 2. 86 

3 / 4 " blue metal 
(BM3-2) 830 834 832 540 29 2 2. 85 

3 / 8 " blue metal 807 814 808 5 21 287 2. 82 
3 /16" blue metal 908 929 906 584 322 2. 81 



TABLE 7 

Fall Velocities adjusted for Specific Gravity Difference 

Material Specific 
Gravity 

Mean Fall 
Velocity 

ft / sec. 

Coefficient 
of 

Variation 

Adjusted Mean 
Fall Velocity 

ft / sec. 

BMl 3 / l 6 " B l . Metal 2. 81 0. 63 0. 29 0. 60 

BM2 3 /8" Bl. Metal 2. 82 0. 89 0. 24 0. 85 

BM3-1 3 /4" Bl. Metal 2. 85 1. 74 0. 17 1. 64 

BM3-2 3/4" Bl. Metal 2. 86 1. 56 0. 20 1. 47 

BM4 l i " Bl. Metal 2. 85 2. 03 0. 19 1. 92 

BM5 3" Bl. Metal 2. 85 2. 36 0. 21 2. 23 

G2. - 1 / 4" River Or. 2. 63 0. 67" 0. 33 0. 67 

G3 3 /8" River Gr. 2. 63 0. 91 0. 28 0. 92 

G4 3 /4" River Gr. 2. 63 1. 80 0. 15 1. 81 

G5 l i " River Gravel 2. 63 2. 20 0. 21 2. 21 

G6 3" River Gravel 2. 63 3. 48 0. 26 3. 50 

G7 6" River Gravel 2. 63 5. 96"̂  0. 21 6. 00 

Ml 16 mm Marbles 2. 50 2. 64 0.068 2. 77 

M2 25 mm Marbles 2. 50 3. 10 0. 074 3. 25 

M3 29 mm Marbles 2. 50 3. 31 0. 048 3. 47 

N. B. All velocities f rom 3' x 3' tank except those marked 
In 6" dia. cylinder Probably 10 pc. lower in 

3 ft. X 3 ft. tank 

+ In 8' X 8' tank. 
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inch gravel, a material containing a large proportion of fine nearly-

spherical particles which fell at velocities not in the fully turbulent 

range. All other river gravels showed log normal distributions. Com-

parison of Figures 18 and 20 shows that all the blue metal particle fall 

velocity distributions could be considered as log normal. Although the 

3/16 inch blue metal contained a large proportion of small particles 

these were very flaky and their fall did not appear to be influenced 

greatly by viscous effects. 

The results indicate, therefore, that all particle fall velocity -

frequency distributions except that for - 1 / 4 inch river gravel can be 

treated as approximately log normal. The constancy of the type of 

distribution allows a meaningful comparison of median values to be 

made. 

The use of fall velocities and median particle sizes in calculations 

of Reynolds numbers and friction factors and other pairs of dimension-

less parameters is described in Section 8 . 3 . 

8. 3 Generalization of Velocity - Hydraulic Gradient Relationship 

(a) Use of Velocity - Hydraulic Gradient Plois 

The failure of investigators in the past to obtain general Reynolds 

number-friction factor correlations applicable to a wide range of gran-

ular media has been discussed in Chapter 2. Those correlations which 

have been obtained have required permeameter tests to determine 
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characteristics such as permeability and shape factors before they 

could be used. 

For purposes of use in engineering it seems logical at the present 

time to leave the results of permeability tests in terms of velocity and 

hydraulic gradient, rather than convert them to Reynolds number and 

friction factor form. There is no advantage in using Reynolds numbers 

unless they give generality to the results either by way of producing a 

common friction factor-Reynolds number plot or by allowing changes 

of flow regime to be predicted at certain Reynolds numbers. For most 

porous media problems met in engineering practice the effect of change 

of viscosity of water with temperature can be neglected in comparison 

with other uncertainties which are present. 

Attempts by Slepicka (1961(a), 1961(b))to generalise velocity -

hydraulic gradient graphs by correlating permeability with hydraulic 

gradients for changes of regime and with the constants a and n in the 

equation S = aV^ yielded no useful result with, perhaps, one exception 

discussed later. Most of the correlations are very poor. Similar 

correlations were attempted by the author for the results of this in-

vestigation. The following plots yielded no significant correlation: 

(i) a for one regime versus a for adjacent regime 

(ii) a for regime with n = 1. 85 versus a for linear regime 

(iii) a for post-linear regime adjacent to linear regime versus 
a for linear regime 
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(iv) n about 1. 85 versus a for n about 1. 85 

(v) hydraulic gradient for lower limit of linear regime 

versus a for linear regime. 

Inspection of the results in Table 1 is sufficient to reveal the 

lack of correlation. Two correlations were, however, obtained. 

The f irst , between the value of a for the pre-l inear regime and a for 

the linear regime, is shown in Figure 25.With only four points avail-

able for the graph it is possible that the correlation was only 

accidental. 

The second,shown in Figure 26, between the hydraulic gradient 

for the upper limit of the linear (Darcy) regime and the value of a for 

this regime (i. e. between the hydraulic gradient for the upper limit 

of validity of Darcy 's law and the reciprocal of the coefficient of 

permeability) is of practical significance. Differences between in-

dividual results and a mean curve are not greater than 150 pc. , c o m -

pared with a range 30 times as great as this for the corresponding 

Reynolds numbers determined f rom Figure 23. This range of 

Reynolds number would reduce to approximately 15 if the lines for the 

linear regimes were brought together by using K = permeability as 

the characteristic length in the computation of Reynolds numbers and 

friction factors. 

It appears that the use of the correlation graph of Figure 26 
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would allow more accurate predictions of the upper limit of flow con-

ditions for which Darcy's law is valid than predictions based on 

Reynolds number. However, more experimental results are needed 

for a wider range of material types and permeabilities before definite 

conclusions can be drawn. A similar correlation is reported by 

Slepicka, but all of his results are for fine materials and his limiting 

hydraulic gradients cover a narrow range around the value 10. Two 

results by Izbas (see Slepicka (1961(a) ) for limiting values of hyd-
o 

raulic gradient approximately 5 x 10" are also plotted. A straight 

line is drawn on the log - log plot between the two sets of results but 

any number of curves could have been drawn to provide at least as 

good a fit. Predictions of limiting hydraulic gradient f rom Slepicka's 

graph and Figure 26 differ by as much as 100 pc. 

It is possible that both graphs are applicable only for the limited 

range of materials for which they were derived or that further ex -

perimental points would show that the shape of one or both of the 

graphs was incorrect. 

An unfortunate feature, of the use of the correlation between 

limiting hydraulic gradient and permeability is that the permeability 

must be determined by experiment if an accurate value is to be 

obtained. In many cases it would then be simpler to determine the 

limiting hydraulic gradient experimentally, rather than use a 
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correlation. However, in some cases it might be difficult with the 

available apparatus to reach the limiting gradient and a correlation would 

be useful. 

(b) Friction Factor - Reynolds Number Plots 

The conventional way of presenting permeability test results is on 

friction factor - Reynolds number graphs. Differences of presentation 

lie in the choice of velocity and particle characteristic length used to 

calculate the parameters and in the selection of either the Darcy or 

the Fanning friction factor. 

The velocity most commonly used is the " f i l ter" or "discharge" 

T . . discharge velocity, V = • gross area 

Another hypothetical velocity, sometimes called the "voids 

velocity" is calculated by dividing the discharge by the " c r o s s -

sectional area of voids" i . e . "Voids velocity" = . This 

velocity has no physical significance and there appears to be no just-

ification for its use instead of the simpler term, V. Friction factor -

Reynolds number plots on this basis (e. g. Parkin (196 2) ) or on the 

basis of more complicated adjustments of V (e. g. Bakhmeteff (and 

Feoderoff (1937) ) show no more generality than plots made using V. 

The friction factors and Reynolds numbers plotted in Figure 

23 are calculated using the velocity, V. 

A wide choice of particle characteristic lengths may be made. 
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Normally a "diameter" determined from the results of a sieve analysis 

is used. This may be a mean or median diameter or some other 

diameter such as the sieve opening through which 10 pc. of 

particles pass, chosen for general soil mechanics use on the basis of 

Hazen's tests on sand (see Terzaghi and Peck, Chapter 1 (1948) ). 

An hydraulic radius based on particle volumes and estimated surface 

areas may also be used. For spherical particles, particularly 

uniform size materials which have been used extensively in tests, 

an actual diameter is the obvious choice. 

The median diameters determined from sieve analyses have 

been used to calculate friction factors and Reynolds numbers plotted 

in Figure 23. Measured diameters were used for the marbles. 

The lack of generality of friction factor - Reynolds number 

plots cannot be attributed solely to the coice of inappropriate length 

characteristics. Since the term "d" occurs to the first power in 

both Reynolds number and friction factor, a change of d in the process -

ing of the results of tests on a particular material is equivalent to a 

displacement of the f-IR curve, on a log log plot, at 45° to both axes. 

The amount of the shift is given by 2 log where d is the diameter 

originally used and d' is the new diameter. Once one f-IR plot has 

been drawn, further f - H plots can be obtained simply by parallel 

shifts of the lines in appropriate directions at 45° to the axes. It 
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is clear that f - ]R lines will not reduce to a common line by adjustment 

of length characteristic unless they are parallel over their entire lengths 

Compariscnof the ratios listed in Table 2 and the linear regime ^50 

sections of Figure 23 show that the use of the d^^ value would not bring 

even these sections to a common line. 
If it is desired to calculate the changes of d required to shift an 

f - IR line a certain amount it can be done by calculating 
d + Ad log = ^ 

where d is the "diameter" originally used in the 
calculations 

A d is the change in diameter required 
is the logarithmic scale distance measured 
at 45° to the axes and denoting the shift 

distance required. 

It will be seen that the f - IR lines will not reduce to a common 

line by individual adjustment of the "diameters" used in the calculations, 

since they are far from parallel. 

The lines may be drawn closer together by using xfK = 

v/Permeability as the characteristic length as Ward (196 4) has done. 

This procedure has, however, only a mathematical and not a physical 

significance s i n c e / k is a characteristic which has to be determined 

from the graphs themselves (or the V - S graphs from which they 

were determined) and is not a physical characteristic which can be 
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measured independently. Until some measurement which will correlate 

linearly with permeability can be found^no new light is thrown on the 

generalisation of the f - IR plots by this procedure. If such a 

correlation could be found, the best that could be hoped for would be a 

common linear line with a number of post-linear lines for different 

geometrically similar media. 

The use of {K as the characteristic length also poses the problem 

of how to treat results of media for which a linear regime cannot be 

determined. 

It will be noted that only those values of IR and f corresponding to 

limits of data and intersection points on the V-S graphs are plotted. 

This is justified by the following argument which demonstrates that 

straight lines on the V-S plot will also plot straight on the f-IR plot. 

Combination of the equations S = aV^ 

and S = fV^ 
2gd 

n- 2 yields f = 2gd a V 
T T . n - 2 

= 2gd a ( f i ) 

For a given test series g and d are constant and v is approximately 

constant (assumed so in plotting V-S lines) 

. . f = constant x a(—-—) 

IR . ' . log f = log constant + log a + (n-2) log(—^^—) 
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F o r a p a r t i c u l a r r e g i m e , n and a a r e cons tan t , i. e . f o r each r e g i m e , 
log f = cons tan t + (n - 2) log H . T h e r e f o r e each s t r a i g h t l ine on the 
V-S plots wi l l plot as a s t r a i gh t l ine on the f-IR plot. 

The r e a s o n f o r c u r v e s with a l a r g e s c a t t e r of r e s u l t s joining the 
' l a m i n a r " and " tu rbu len t " s ec t i ons of mos t publ i shed f-IR plots f o r a 
n u m b e r of m a t e r i a l s can be unde r s tood when the c o r r e s p o n d i n g reg ion 
of F i g u r e 23 is inspec ted . If the individual t e s t l ines a r e not d rawn , 
a r a n d o m s c a t t e r of e x p e r i m e n t a l points r e s u l t s . 

The r ange of Reynolds n u m b e r s over which the u p p e r l i m i t s of 
t he l i n e a r r e g i m e s s p r e a d is f r o m app rox ima te ly 2 to 60. Thus a f a c t o r 
of 30 e x i s t s be tween the e x t r e m e va lues d e t e r m i n e d in t h e s e e x p e r i m e n t s . 
T h i s f a c t o r could be r educed to app rox ima te ly 15 by drawing t h e . j 
l i n e a r s ec t i ons of the g r a p h s toge the r by r ep l ac ing d by / K . It is 
evident tha t the commonly accepted c r i t i c a l Reynolds n u m b e r s 1 or 5, 
would be poor c r i t e r i a f o r the l i m i t s of the l i n e a r r e g i m e s d e t e r m i n e d 
in t h e s e e x p e r i m e n t s . 

The r e s u l t s a l so comple t e ly inval idate the ca lcu la t ion of c r i t i c a l 
ve loc i t i e s on the b a s i s of analogy with flow in c i r c u l a r p ipes f o r which 
c r i t i c a l Reynolds n u m b e r s of the o r d e r of 2, 000 occu r . Although post 
r e s e a r c h has shown conc lus ive ly that such an analogy is c o m p l e t e l y 
inval id , ca l cu l a t ions of c r i t i c a l ve loc i t i e s on th i s b a s i s have a p p e a r e d 
as r e c e n t l y as 1964 in a United S ta tes Geolog ica l Survey P r o f e s s i o n a l 
P a p e r by Smith and Sayre (1964). 
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(c) Use of Fall Velocity as a Measure of Particle Size, Grading and 
Shape 

The justification for using median particle fall velocities as a 

measure of the size, grading and shape of the particles of a granular 

medium is discussed in Section 8. 2 (c). Since the variation of the 

drag coefficient of a sphere caused by gradual movements of separation 

points cannot have a counterpart in the fall of angular particles, it was 

considered inappropriate to calculate the diameters of equivalent spheres 

with fall velocities equal to the median values determined. A justifiable 

comparison might be made with a "sphere" which had a drag coefficient 

independent of Reynolds number within the range of fall velocities en-

countered. An additional argument against attempting to use equivalent 

sphere diameters is the inability of alterations in d values to bring the 

f - H graphs of Figure 23 together. Equivalent diameters calculated 

f r om the fall velocity results could not therefore produce one general 

graph f rom all the experimental results. Examination of Figure 23 

shows that some of the linear regime sections overlap post-linear 

sections of other lines and parallel shifts at an angle 45° to the axes 

certainly would not bring about co-incidence. 

Because no satisfactory comparison was possible if equivalent 

sphere diameters were used, it was decided to apply the fall 

velocities directly as an empirical measure of particle shape, size 

and grading. Using dimensional analysis, the variables 
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A'x 
i!i-i/-V n 1 ¿ i o o T-» o V» Q mr> o + V G can be r e - a r r a n g e d into the dimensionless p a r a m e t e r s ^ and 

f 

^ M " Y SI/ 
A X 

Values of these p a r a m e t e r s a re l is ted in Table 2 and plotted on F igure 
24. The plotted points r epresen t the l imits of data and in tersect ions 
of the l ines on the V-S plot. The justif ication for plotting only these 
points and drawing s traight l ines between is set out below. 

Combining S = aV and Y Sv 

y sv y av 
3-n 3-n 

; - i h e^'i 
Y av 

F o r each r eg ime for each tes t s e r i e s 
y , a, a re constant (v assumed constant in plotting 

V - S lines) 
. v V , V ,3-n ^ ^ . ,—A— = (-Tr—) X constant 

y s v f 
^ V " • ( ) = log constant + (3 - n) log r^ 

,3 
r 

plot s t ra ight on the V-S plot will plot as s t ra ight l ines . It i s , t h e r e f o r e , 

3 
Thus , on a log log plot of ^ ^ ^ against , V-S l ines which 
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only n e c e s s a r y to plot the i n t e r s e c t i o n points and end points and draw-
s t r a i g h t l ines be tween . 

It i s evident f r o m the r e s u l t s that the use of fa l l ve loc i t i e s fa i led 
to g e n e r a l i s e the p e r m e a b i l i t y t e s t r e s u l t s . 

8. 4 E f f ec t of P o r o s i t y on P e r m e a b i l i t y and F r i c t i o n F a c t o r 
S e v e r a l i nves t i ga to r s have publ ished e m p i r i c a l c o r r e l a t i o n s 

be tween p o r o s i t y and f r i c t i o n f a c t o r o r p e r m e a b i l i t y . A n u m b e r of 
t h e s e a r e l i s t ed by Engelund (1953). Cohen de L a r a (1955) plots s e v e r a l 
and shows that t h e r e a r e l a r g e d i s c r e p a n c i e s be tween the c o r r e l a t i o n s 
except f o r p o r o s i t i e s about 40 pc. Givan (1934) a l so shows that d i s -
c r e p a n c i e s exis t . 

The e x p e r i m e n t s of G e r b e r and P e r r i n (196 2) and Yalin and 
F r a n k e (1961) show that even fo r the s a m e s p h e r i c a l p a r t i c l e s in a 
p e r m e a m e t e r at the s a m e p o r o s i t y the f r i c t i o n f a c t o r - R e y n o l d s n u m b e r 
g r a p h m a y v a r y b e c a u s e of d i f f e ren t a r r a n g e m e n t s of the s p h e r e s , 
p a r t i c u l a r l y fo r s m a l l va lues of the r a t i o p e r m e a m e t e r tube d i a m e t e r 
to p a r t i c l e d i a m e t e r . The inabi l i ty to obtain one p o r o s i t y - f r i c t i o n 
f a c t o r c o r r e l a t i o n m a y t h e r e f o r e be a t t r ibu ted to lack of g e o m e t r i c a l 
s i m i l a r i t y of po rous m e d i a (i. e. of both parotide shape and a r r a n g e m e n t ) . 

In the absence of c o r r e l a t i o n s fo r spec i f i c types of g r a n u l a r m e d i a , 
t h e r e a p p e a r s l i t t le j u s t i f i ca t ion in eng ineer ing p r a c t i c e to u s e the m o r e 
compl i ca t ed of the sugges t ed c o r r e l a t i o n s to p r ed i c t the e f fec t o n f r i c t i o n 
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factor of change in porosity. The only exception to this would be if the 

media and flow conditions under consideration matched those for which 

the more complicated correlations were obtained. 

An approximate estimate of the change might be made f rom the 

equation foe—- reported by Cohen de Lara (1955) and Mavis and 

Wilsey (1936). The latter reported exponents of P as low as 4 for 

some materials so estimates made on the assumption that 

f oc — may be greatly in error . 
P^ 

The only accurate way of determining the effect of porosity changes 

for a particular material appears to be to carry out a series of perm-

eability tests for different porosities. 

It has been suggested by the author that the only way in which 

frict ion-factor Reynolds number plots might be generalised is to 

determine a series of graphs for geometrically similar media. This 

might produce a plot similar to the pipe friction factor charts. In this 

case, testing a particular granular material at various porosities would 

be analogous to performing tests on a pipe whose diameter could be 

altered without altering the roughness projection heights. The tests 

would then be on geometrically dissimilar pipes. Friction factors and 

Reynolds numbers would plot on a curve cutting across the various 
roughness lines. An explanation such as this with the possibility of 
diameter 
a multitude of lines joining the results of tests on geometrically dissimilar 
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media caused by changes in porosity would explain the variety of 

porosity - friction factor correlations reported. 

The permeability tests carried out in connection with this in-

vestigation on 16 mm diameter marbles, 3/4 inch blue metal and 3/4 

inch river gravel were not intended to produce general correlations. 

They were intended to show whether the nature of the velocity -

hydraulic gradient relationship changed with change in porosity and 

to allow spot checks to be made of published porosity - friction factor 

correlations. The results of these tests are plotted in Figures 7, 8 

and 9. The results of three of the test series plotted in Figure 9 are 

the work of an undergraduate thesis student, A. Grove, working in con-

junction with the author. 

It is apparent from the Figures that although the nature of the 

V-S relationship does not change and correspondingly abrupt changes 

occur between straight line sections, the slopes of the lines, and 

thus values of the exponent, n, change with changes in porosity. In 

other words changes in porosity can cause changes in both a and n 

in the equation S = aV^. This evidence supports the statement that 

permeability tests at various porosities are required if an accurate 

adjustment of friction factors for porosity changes is to be made. 

Spot checks on the variation of friction factor with porosity for 

the 16 mm marbles and 3/4 inch blue metal at Reynolds numbers of 
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3 2 
10 , 10 and 10 yielded the following results 

Material Porosity 

change 

pc. 

]R=10^ IR = 10^ H s 10 

3 / 4 inch blue 

metal 

42. 8 to 51. 5 
1 

f 

varies 

p 4 . 8 . 3 p 4 . 9 

16 m m : ' 

marbles 
36. 9 to 41. 5 as: 

p 5 . 3 
P®' 

3 p 5 . 7 

It is clear from this limited check that the use of the approximation 

f 00-^5 may lead to large errors. Variations in the exponent of P for 

tests on a particular material result from the f - H graphs for different 

porosities not being parallel over their entire lengths. Only parallel 

lines will yield a constant exponent since log f, - logics constant for all 

£ 
IR values, with parallel lines, and the ratio j is therefore constant. 

2 
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9. Conclusions 

9. 1 F o r m of Velocity - Hydraulic Gradient Relationship. 

The resul ts of this investigation show that the form of the velocity • 

hydraulic gradient relationship for the flow of water through coarse gran-

ular media consisting of spherical , rounded or angular part ic les is a 

discontinuous exponential one which may be expressed in the form 

S = a v " 

A number of flow regimes occur, each with its own value of a and 

n. Abrupt changes of a and n separate the various reg imes . 

The regimes which may occur for flow through a part icular porous 

medium may be c lass i f ied into: 

(i) A l inear regime for which n = 1. In this reg ime D a r c y ' s 

law is valid 

i . e . S = aV 

or V = kS 

(ii) At least one p r e - l i n e a r regime for which n < 1. In this 

regime non-Newtonian c h a r a c t e r i s t i c s caused by interfacia l tension 

effects are postulated for the permeating water. 

(iii) Several post - l inear regimes for which n >1 . At least a 

part ial state of turbulence exis ts in these reg imes . Values of n 

grea ter than 2 have been reported for very coarse mater ia l s . 
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9. 2 Turbulence Detec,ition 

The turbulence detector results gave a general indication of turbulence 

commencing near the upper limit of the linear regime. The results 

appeared to be influenced greatly by local flow conditions. Refinement 

of the detector circuitry and the insertion of probes at a number of 

points, perhaps in dummy particles, should give more accurate 

results . 

9. 3 Wall Effects in Permeameters 

Permeameter wall effects for tests on coarse materials showed up 

as an increase in average velocity of 5 to 10 pc. measured over the 

total cross sectional area of the permeameter compared with that 

measured across the inner section. This increase did not vary sig-

nificantly with tube to particle diameter ratio down to approximately 

five. 

9. 4 Generalisation of Velocity-Hydraulic Gradient Data 

(a) No method of expressing velocity and hydraulic gradient re -

sults has yet been devised that will generalise the results of flow through 

a wide range of types of porous media. Limited correlations which 

have been published are useful only if applied to flow cases s imilar to 

those for which they were derived. 

(b) Fr ic t ion factor - Reynolds number plots can be expected to 

yield general relationships only for ser ies of geometrically similar 
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porous media. Attempts to obtain a single general relationship for all 

media have not been successful. 

(c) There is little justification at present for expressing velocity -

hydraulic gradient data required for civil engineering use in friction 

factor - Reynolds number form since this form is more complicated and 

does not allow generalisations to be made. 

(d) A correlation between coefficient of permeability, k 

(k = — ), and the hydraulic gradient corresponding to the upper 
linear 

limit of validity of Darcy 's law gave a much better prediction of this 

limit than did a Reynolds number based on particle size. The application 

of this correlation involves additional information in that a measurement 

of permeability over at least a limited region of the linear regime is 

required. 

(d) The value of a for the pre-linear regime appears to correlate 

with the value of a for the linear regime (or the coefficient of permeability, 

k). More information is required to confirm this. 

(e) The use of measured fall velocities as a criterion of particle 

size, shape and grading does not unify the velocity-hydraulic gradient 

results for tests on similar or different types of material at approximately 

the same porosity. 
9. 5 Effect of Porosity Changes on Friction Factors 

The experimental results showed that changes in a, n and the 
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hydraulic gradients for changes in regime accompanied porosity changes. 

No simple porosity - friction factor function applies to all porous media, 

or even to a particular porous medium independent of peyhbids number (for 

flow rate). Use under all conditions of the frequently quoted relationship 

f c?ç--r can lead to large errors . The only accurate way of determining pO 

the effect of changes in porosity for a particular granular medium is to 

carry out permeability tests for various porosities. 

9. 6 Application of Results in Civil Engineering 

(a) Accurate knowledge of the velocity - hydraulic gradient r e -

lationship for a particular coarse granular medium can only be obtained 

at present by undertaking permeability tests over the range of flow 

rates and hydraulic gradients pertinent to the problem being 

investigated. 

(b) Small porosity changes result in large changes of velocity for 

a given hydraulic gradient. Control of porosity or careful evaluation 

of the effects of porosity changes for a particular porous medium must 

be achieved if predictions of flow rates and hydraulic gradients for flows 

through coarse granular beds are to be accurate. 

(c) Velocities and hydraulic gradients are best plotted directly on 

log log paper for engineering use rather than a friction factor Reynolds 

number plots. 

(d) Conventional flow nets and other analogies are applicable only 
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to flows in the linear regime and application of these to flows outside 

either the upper or lower limits of validity of the linear regime may 

lead to large errors . 

(e) Accurate scaling up of model results on moderately coarse 

granular media to prototypes composed of very coarse granular 

particles can be achieved only if dynamic similarity with prototype 

conditions is attained in the model. This requires geometrically 

similar media and flow rates such that model and prototype flow 

regimes are the same. 

(f) Permeameters for coarse granular materials should be 

designed to eliminate wall effects or an appropriate allowance should 

be made. 

9. 7 Further Research Required 

(a) Investigation of flow regimes and values of n for very coarse 

granular media of the size used in prototype rock-f i l l structures is r e -

quired to confirm model scaling techniques. 

(b) Further investigation of velocities and hydraulic gradients 

for low flow rates is required before the reasons for the occurrence 

of pre-l inear regimes can be confirmed. 

(c) More accurate turbulence detection experiments are required 

to definitely establish at what point on the velocity-hydraulic gradient 

graph turbulence becomes established. Measurements of local 
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velocities, pressures and turbulent fluctuations are also needed to 

throw lighten the causes of the abrupt changes in regime. 

(d) Attempts to determine friction factor - Reynolds number 

correlations on the basis of geometrically similar series of media 

should be attempted. It is possible that in this way a general friction 

factor - Reynolds nunaber chart could be built up. 

(e) The application of statistical theory to define: the require-

ments of "average" geometrical similarity in random packings of 

granular particles would be required before much progress could be 

made on generalising results for graded materials. 
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1. 

APPENDIX I. j u s t i f i c a t i o n of Use of P i e z o m e t e r Tapping 
Junct ion Boxes . 

Let (i) the p r e s s u r e s at each of the four p i e z o m e t e r tappings at a 

c e r t a i n l eve l on the p e r m e a m e t e r be p , p , p , p , 
1 ^ o 4 

(ii) the p r e s s u r e in the junct ion box be p 

(iii) the equa l i s ing flows in the connect ing tubes be q^, 

and the c o r r e s p o n d i n g ve loc i t i es be v . , v , v , v , -L ^ O 4 

(iv) the lengths and d i a m e t e r s of a l l connect ing tubes be 1 and f 

r e s p e c t i v e l y . 

Assume the equa l i s ing f lows a r e s m a l l enough to be l a m i n a r . 
Then , ca l l ing q and v va lues towards the junct ion pos i t ive , 

3 2iulvi 
y Pi • P = - - T T 

e tc . 

3 2 julvo 

3 2 iulvi 

p = 32iulv2 
^2 ^ + P 

i 2 

e tc . 

V P 4 32 M 1 (v, + + V„ + V J + p 

TTO 



2. 

but + qg + = 0 (algebraically) 

Pi + P^ + P3 + P4 
4 = P 

i. e. the pressure in the junction box is the arithmetic mean of the 

pressure at the four piezometer tappings provided 

(i) connecting tube lengths are equal 

(ii) tube diameters are equal 

(ii^ flow in the tubes is laminar. 

Condition for Laminar Flow in Connecting Tubes 

Actual tubes used were 1/4 inch 1. D. plastic, 6 feet in length and 

not sharply curved. 

Adopt critical Reynolds number of 2, 000 and water at 60^F 

(V = 1. 2 X 10"^ ft^/ sec, ) 
-5 Then upper limit of v = 2, 000 x 1. 2 x 10 

0. 02 

= 1.2 ft/ sec. 

A P = 32 ju 1 V 
5 _ 3 2 x 1 . 2 x 1 0 - ^ x 1 . 9 4 x 6 x 1 . 2 - psi 

( 0. 02 X 144 

= 0. 093 psi 

= 2i inches head of water 

i. e. Maximum allowable head difference between an individual tapping 

and the junction box is 2i inches of water for laminar flow to occur. 



A P P E N D I X II 
1. 

T A B L E 8 
P e r m e a b i l i t y T e s t No. 1 on B M 3 - 2 3 / 4" Blue M e t a l 
P o r o s i t y (a) by d r a i n i n g voids 42. 6 pc. (b) by weighing so l i d s 45. 5 pc 

I n n e r F low Only T o t a l F low 
Veloci ty(V) Hydraxilic T e m p . Velocity(V) Hydrau l i c T e m p . 
f t / s e c . Gradien t (S) 

T e m p . 
f t / s e c . Gradient (S) c . 

0. 461 3. 50 . 15. 5 
0. 264 1. 20 15. 5 
0. 106 0. 217 15. 5 
0. 387 2. 36 15. 5 
0. 368 2. 34 15. 5 
0. 259 1. 18 15. 5 
0. 155 0. 455 15. 5 
0 . 1 1 8 0. 276 15. 5 
7. 35x10-2 0. 118 15. 5 
5. 15x10-2 6. 4x10-2 15. 5 
3 . 3 1 x 1 0 - 2 2. 96x10-2 15. 5 
1 . 5 9 x 1 0 - 2 9. 26x10"^ 15. 5 
1 . 3 9 x 1 0 - 2 
6. 25x10"^ 

7. 05x10-2 15-. 5 1 . 3 9 x 1 0 - 2 
6. 25x10"^ 1. 97x10-2 15. 5 
0. 758 9. 18 15. 5 
0 . 7 0 7 '7. 65 15. 5 
0. 655 6. 30 15. 5 
0. 762 9. 27 15. 5 0. 

0. 
0. 

858 
815 
725 

9. 11 
7. 59 
5. 91 

15. 
15. 
15. 

5 
5 
5 

0. 552 3. 93 15. 5 
0 . 3 3 0 1. 45 15. 5 
0. 253 0. 93 15. 5 
0. 245 0. 85 15. 5 
0. 184 0. 478 15. 5 
0. 148 0. 33 15. 5 
0. 121 0. 228 ^ 15. 5 
7. 97x10- 2 0. 109 

4. 72X10 '2 
15. 5 

5. 01x10- 2 0. 109 
4. 72X10 '2 15. 5 

2. 68x10- 2 1 . 6 5 x 1 0 - 2 
8.6X10"2 

15. 5 
1. 79x10- 2 1 . 6 5 x 1 0 - 2 

8.6X10"2 15. 5 
5. 46x10- 3 1. 5x10-2 15. 5 



2. 

APPENDIX II TABLE 8 (cont'd. ) 

Permeability Test No. 1 on BM3-2 3/ 4" Blue Metal 
Porosity (a) by draining voids 42. 6 pc. (b) by weighing solids 45. 5 pc 

Inner Flow Only Total Flow 

Velocity! V) Hydraulic Temp. 
^C. 

^ Velocity! V) Hydraulic Temp. 
ft/ sec. Gradiente S) 

Temp. 
^C. ft/ sec. Gradient(S) 

1. 26x10-2 6.9X10"2 15. 5 1. 44x10-2 6. 9klO-2 15. 5 
5. 48x10-2, 2. 42x10-2 15. 5 6. 28x10-2 2. 42x10-*^ 15. 5 
1. 51x10-3 5.6x10-5 15. 5 1.70x10-2 5. 6x10-5 15. 5 
2. 57x10-2 2. 01x10-2 15. 4 2. 94x10-2 2. 01x10-2 15. 4 
2. 03X10"2 1. 54x10-2 15. 4 2. 37x10-2, 1. 54x10-2 

6. 2x10-2 
15. 4 

1. 17x10"^ 6. 2x10-2 15. 4 1.35x10-2 
1. 54x10-2 
6. 2x10-2 15. 4 

6 .0x10-4 2. 5x10"^ 
7. 4x10"^ 

15. 4 1.3x10-2 2. 5x10-4 
7. 4x10-^ 

15. 4 
2. 2x10-2 

2. 5x10"^ 
7. 4x10"^ 15. 4 2. 8x10-2 

2. 5x10-4 
7. 4x10-^ 15. 4 

4. 8x10-2 1. 64X10"2 15. 4 5.6x10-3 1. 64x10-2 15. 4 
8. 3x10-2 
1. 25X10'2 

3. 69xio;:2 15. 4 9. 7x10-2 3. 69x10"^ 15. 4 8. 3x10-2 
1. 25X10'2 6. 5x10'^ 

1. 36x10-2 
2. 49X10"2 

15. 4 1. 46x10-2 6. 5x10-2 ! 15. 4 
2. 04x10-2 

6. 5x10'^ 
1. 36x10-2 
2. 49X10"2 

15. 4 
2. 96x10-2 
4. 60X10"2 

6. 5x10'^ 
1. 36x10-2 
2. 49X10"2 15. 4 2. 96x10-2 

4. 60X10"2 5. 26x10" 15. 4 
6.80X10"2 0. 104 15. 4 
0. 101 0. 212 12, 
0. 101 0. 211 13. 8 
0. 145 0. 405 13. 8 
0. 198 0. 720 14. 1 
0. 309 1. 67 14. 1 
0. 390 2. 63 14. 2 
0. 451 3. 45 14. 2 
0. 520 4. 49 14. 3 
0. 590 5.68 14. 4 
0. 687 7. 50 14. 4 
0. 790 9. 73 14. 4 
0. 598 5. 75 14.3 . 
0. 412 2. 92 14. 3 
0. 296 1. 53 14. 3 
0. 205 0. 764 14. 4 
0. 140 0. 382 14. 4 
9. 76x10-2 0.194 14. 4 
7. 01x10-2 0. 108 13. 2 
4. 60x10-2 5.11x10-2 12. 9 



3. 

APPENDIX II T A B L E 8 (cont 'd. ) 

P e r m e a b i l i t y T e s t No. 1 on B M 3 - 2 3/ 4" Blue Metal 

P o r o s i t y (a) by draining voids 42. 6 pc. (b) by weighing solids 45. 5 pc 

Inner Flow Only Total Flow 

Velocity(V) Hydraulic Temp. Velocity(V) Hydraulic Temp. 
ft/ s e c . Gradient(S) f t/ sec . Gradient(S) 

- 2 - 2 
2. 72x10 2. 19x10 ^ 12. 8 
1 . 3 8 x 1 0 " ^ 7. 46x10"^ 12. 7 
8. 26x10-2 ' 3. 53x10-2 12. 7 
4. 15x10"^ 1. 39X10"2 

A 
12. 7 

1. 91x10"^ 5. 25x10"^ 12. 7 
7. 4 x 1 0 " ^ 1. 3 x 1 0 - 4 10. 2 
6. 4x10" „ 2. 0x10"^ 10. 3 
2. 70x10" 9. 2X10"3 10. 5 
4. 10x10 '^ 1 . 5 x 1 6 " 10. 5 
2. 17x10" 6 . 7 x 1 0 " 10. 4 



A P P E N D I X II 
4. 

T A B L E 9 
P e r m e a b i l i t y T e s t No. 2 on: M123 M a r b l e M i x t u r e 
P o r o s i t y (a) by d r a i n i n g voids 35. 8 pc. (b) by weighing so l i d s 37. 9 pc . 

I n n e r F low Only T o t a l F low 
Veloci ty(V) H y d r a u l i c T e m p . Veloci ty(V) H y d r a u l i c T e m p . f t / s e c . Grad i en t ! S) f t / s e c . Gradient(S) o c . 

1. 25 11. 2 12. 7 
1. 24 11. 2 12. 7 
1. 05 8. 27 12. 7 
0. 888 6. 14 12. 7 
0. 698 3. 89 12. 8 
0. 526 2. .30 12. 8 

1. 21 10. 2 12. 9 
0. 942 6. 30 12. 9 
0. 772 4. 29 12. 9 
0. 420 1. 33 12. 9 

o A 0. 272 ' 0. 591 12. 9 
1 . 8 3 x 1 0 o 3 . 3 x 1 0 " 12. 0 1 .81x10-2 3. 3x10"^ 12. 1 
4. 25x10"'^ 9 x 1 0 - ^ - 11. 9 3. 77x10-2 9 x 1 0 - 4 - 11. 9 
6. 00x10"-^ 1 . 3 x 1 0 - 2 11. 9 5. 52x10 - 2 1 . 3 x 1 0 " 11. 9 
7 . 8 7 x 1 0 ^ 3 1 . 8 x 1 0 - 2 12. 1 7. 62x10-2 1. 8x10-2 12. 1 
9 . 7 7 x 1 0 ' ^ 2. 1x10-2 12. 0 8. 94X10"-2 2. 1x10-2 12. 0 
1. 21x10" 3. 0x10 -2 11. 5 1 .17x10^2 3. 0x10 - 2 11. 5 
1. 57x10-2 4. 7x10-2 11 .6 1. 51x10-^2 4. 7x10^^ 11. 6 
1. 7 2x10-2 5. 0x10 -2 11. 7 1. 64x10-2 5. 0x10"^ 11. 7 
2. 27x10-2 8. 1x10-2 12. 2 2. 22x10^^2 8. 1x10-2 12. 7 
3. 41x10-2 1 .6 2x10-2 13. 1 3. 41x10-2 1. 6 2x10-2 13. 8 
5. 15X10'"2 3. 27x10-2 14. 7 5. 18x10-2 3. 27x10^2 14. 7 
7. 78X10"2 6. 81x10-2 14. 4 7 . 9 3 x 1 0 " ^ 6 . 8 1 x 1 0 - 2 13. 9 
O. 117 0. 142 13. 2 0. 119 0. 142 13. 1 
0. 180 0. 305 - 12. 9 0. 184 ' 0. 305 12. 8 
1. 52x10"^ 2. 3x10^'^ 13. 7 9 . 6 x 1 0 " ^ 2. 3 x 1 0 - 4 13. 8 
9. 22x10^4 2. 6 x 1 0 - ^ 13. 7 7. 09x10-^ 1 . 3 x 1 0 - 4 13. 7 
1 . 6 7 x 1 0 " ^ 3 . 6 x 1 0 " ^ 13. 8 1. 62x10-2 3. 6 x 1 0 - 4 13. 8 



APPENDIX II 

5. 

TABLE 10 

Permeability Test No. 4 on G1 Nepean River Sand. 
Porosity (a) by draining voids 27. 2 pc. (b) by weighing solids 38. 7 pc 

Inner Flow Only Total Flow 

Velocity (V) Hydraulic Temp. Velocity (V) Hydraulic Temp. 
ft/ sec . Gradient(S) ft / sec. Gradient(S) 

3.25x10"^ 7. 75 11. 0 n 
3. 47x10'^ 8. 06 11. 0 3.45x10"^ 8. 01 11. 0 
2. 66x10'^ 6. 15 10. 9 2. 69x10"^ 

1.89X10-2 
6. 15 10. 8 

1. 88X10°2 4. 24 10. 8 
2. 69x10"^ 
1.89X10-2 4.26 10. 7 

1, 50x10"-^ 3. 13 10. 7 1.40x10-2 3. 13 10. 7 
9.52x10"^ 
5.35x10"^ 

1. 96 10. 7 8.76x10"^ 1. 96 10. 7 9.52x10"^ 
5.35x10"^ 1.12 10. 6 4. 97x10"^ 1.12 10.6 
3.13x10-3 0. 659 10. 5 2. 91x10'"^ 0. 659 10. 5 
4. 40x10^2 11. 02 9. 3 4. 29x10^2 11. 02 9. 0 
1.80x10-3 0. 400 8. 9 1. 63x10'"^ 0. 401 8. 9 
8. 74x10"-^ 0. 198 8. 9 7.99x10^^ A 0. 198 8. 9 
4. 67x10-4 0.103 - 9. 0 4. 27x10-^^ 0. 103 9. 0 
2. 44x10-4 5. 48x10'^ 

1.9 2x10^^ 
1.15x10^^ 

9. 1 2. 29x10-4 5. 48x10- 2 
2. 09x10-2 

9. 1 
9.39x10"^ 

5. 48x10'^ 
1.9 2x10^^ 
1.15x10^^ 

9. 3 8. 51x10"-^ 
5. 45x10"^ 

5. 48x10- 2 
2. 09x10-2 9. 3 

5. 92x10"^ 

5. 48x10'^ 
1.9 2x10^^ 
1.15x10^^ 11. 4 

8. 51x10"-^ 
5. 45x10"^ 1. 27X10"2 13. 5 

5. 83x10-| 1. 27x10'^ 11. 2 — 

4. 08x10" 8, 42x10"^ 11. 2 3. 60xl0 ' '| 
1.83x10~ 
1. 29x10'^ 

8. 42x10"^^ 11. 2 
1. 88x10""^ 0. 387 ' 11. 2 

3. 60xl0 ' '| 
1.83x10~ 
1. 29x10'^ 

0. 387 " 11. 2 
1. 76x10"^ 2. 6X10"3 11. 2 

3. 60xl0 ' '| 
1.83x10~ 
1. 29x10'^ 3. 0x10"^ 11. 2 

3. 28x10"^ 6.6X10" 11. 2 2. 66x10 6. 4x10"^ 11. 3 
4. 52xia"^ 11.28 - 11. 1 4. 50x10'^ 

2. 39xl0~® 
11.28 ' 11. 1 

2. 1x10-^ 6. 5x10" 11. 3 
4. 50x10'^ 
2. 39xl0~® 6. 5x10"^ 11. 3 

9.45x10" 2. 8x10" 
-

11. 3 8. 65x10" 2. 8x10" 



A P P E N D I X II 

6 . 

T A B L E 11 

Permeability Test No. 5 on G3 3 / 8 " River Gravel. 

Porosity (a) by draining voids 36. 9 pc. (b) by weighing solids 39. 2 pc 

Inner Flow Only Total Flow 

Velocity(V) Hydraulic Temp . Velocity! V) Hydraulic Temp . 
ft/sec. Gradient(S) ft/ sec. Gradient(S) 

0. 201 9. 30 11. 1 
0. 203 9. 40 11. 1 0. 220 9. 41 11. 1 
0 . 1 4 2 5. 13 11. 0 0 .155 ~ 

9. 6x10"^ 

5. 10 11. 0 
8. 66x10"^^ 2. 19 11. 0 

0 .155 ~ 

9. 6x10"^ 2. 19 10. 9 
6. 02x10-2 1. 17 10. 9 6 . 6 5x10 " ^ 1. 18 10. 9 
4. 04x10''2 0. 604 10. 9 4. 50x10-2 0. 615 10. 9 
2. 7 4x10" 0. 3 28 10. 9 3 . 04 X 10 "2 0. 3 28 10. 9 
2. 03x10"^ 0. 211 10. 9 2. 28x10-2 

1. 46x10~2^ 

0. 212 10. 9 
1. 31x10-^ 0 . I l l - 10. 8 

2. 28x10-2 

1. 46x10~2^ 0 .111 10. 9 
7. 42x10" 5. 26x10" q 10. 9 8.701x10"*^ 5. 26x10" 10. 5 

1. 74x10 "^ 1. 0x10"^ 10. 5 2.09x10-4 1. 0x10-3 10. 5 

2. 74x10"-^^ 

3 .41x10-^ 
A 

1. 6x10-^ 10. 5 4. 15x10 = 4 1 .6x10^3 

1 .8x10 " 

10. 5 2. 74x10"-^^ 

3 .41x10-^ 
A 

1. 8x10"^ 

3. 9x10 ' ^ 

10. 3 4. 40x10"-

1.6x10^3 

1 .8x10 " 10. 3 

6 . 9 5 x 1 0 " ^ 

1. 8x10"^ 

3. 9x10 ' ^ 10. 3 9.55x10-4 3. 9x10 " ! 

4. 9x10" 

10. 3 
8. 5 2x10"^^ 4. 9x10"^ 10. 5 1. 13x10 '^ 

3. 9x10 " ! 

4. 9x10" 10. 5 

1. 74x10"^ 1 . 05x10 " 

1 . 9 5x10 " ^ 

3. 26x10" 

10. 4 2. 56x10"^ 1. 05x10^2 10. 4 

3. 26x10"^ 

5. 00x10"^ 

1 . 05x10 " 

1 . 9 5x10 " ^ 

3. 26x10" 

10. 4 

10. 5 

4. 43x10^^ 

7. 04x10-2 

0. 277 

1 .95x10^2 

3. 26X10"2 

12. 62 

10. 5 

10. 5 

12. 3 



APPENDIX II 
7. 

TABLE 12 
P e r m e a b i l i t y T e s t No. 6 on G2-1/ 4" R i v e r Grave l . 
P o r o s i t y (a) by d ra in ing voids 3 7 . 1 pc. (b) by weighing so l ids 41. 8 pc, 

I nne r Flow Only To t a l Flow 
\^elocity(V) Hydrau l i c Temp. Veloci ty! V) Hydrau l ic T e m p . 
f t / s e c . Gradient(S) ^C. f t / s e c . Gradient(S) o c . 

0. 175 10. 45 11. 1 0. 181 10. 46 11. 1 
0. 141 7. 37 11. 0 0. 146 7. 63 11. 0 
0. 113 5. 31 11. 0 0. 119 5. 38 11. 0 
6 . 8 8 x 1 0 - 2 2. 55 11. 0 7. 25x10^-2 2. 55 11. 0 
5 . 0 7 x 1 0 - 2 1. 68 10. 9 5 . 3 8 x 1 0 - 2 1. 68 10. 9 
3 . 5 3 x 1 0 - 2 1. 03 10. 9 3 . 7 5 x 1 0 - 2 1. 04 10. 9 
2. 09x10-2 0. 532 10. 9 2. 23x10-2 0. 535 10. 9 
1 .22x10^2 0. 283 10. 9 1. 32x10-2 0. 285 10. 9 
9. 29x10-^ 0. 208 - 10. 9 1 . 0 0 x 1 0 - 2 0. 208 - 10. 9 
4. 22x10-3 9. 01xl0r2 10. 9 4. 58x10-3 9. 0 2 x 1 0 ^ 10. 9 
2. 28x10-3 4. 81x10- 2 10. 9 2. 50x10-3 4. 8 2x10-2 10. 9 
1 . 3 5 x 1 0 - 3 2. 89x10-2 10. 9 1. 47x10-3 

7. 93x10"4 
3. 82x10 - 4 

2. 89x10- 2 10. 9 
7 . 4 4 x 1 0 " ^ 1. 54x10-2 10. 9 

1. 47x10-3 
7. 93x10"4 
3. 82x10 - 4 

1. 5 4 x l ü " ^ 10. 9 
3 . 4 4 x 1 0 - ^ 7 . 7 x 1 0 - 3 10. 9 

1. 47x10-3 
7. 93x10"4 
3. 82x10 - 4 7 . 5 x 1 0 - 3 

2. 6x10-3 
10. 9 

1. 30x10^"^ 2 .8x10-3 10. 9 1. 39x10-4 
7 . 5 x 1 0 - 3 
2. 6x10-3 10. 9 

8. 23x10-6 1. 6x10^4 10. 9 6. 7x10-^ 1 . 6 x 1 0 - 4 10. 9 
2. 29x10-^ 6 . 6 x 1 0 - 4 10. 9 3. 29x10"^ 6 . 6 x 1 0 " ^ 10. 9 
5 .60x10"^ 1. 3x10-3 10. 9 5 .64x10-^ 

0. 203 
1 .3x10-^ 

12 .72 
10. 9 
10. 5 



APPENDIX II. TABLE 13. 

Permeability Test No. 8 on: BM 1 3/ 16" Blue Metal 
Porosity (a) by draining voids 45. 9 pc. (b) by weighing solids 47. 7 pc 

Inner Flow Only Total Flow 

Velocity (V) Hydraulic Temp, -Velocity (V) Hydraulic Temp. 
ft / sec. Gradient(S) ft / sec. Gradient(S) 

0. 3 29 11. 7 11. 3 0. 350 11. 7 11. 3 
0. 26 4 8. 04 11. 2 0. 278 8. 04 11. 2 
0. 181 3. 98 11. 1 0. 189 3..99 11. 1 
0. 124 2. 06 11. 1 0. 129 2. 06 ri . 1 
8. 54x10-2 1. 10 11. 1 8. 94x10"^ 1. 10 11. 1 
5. 50x10-2 0. 537 11. 0 5. 78x10-2 0. 538 11. 0 
3. 54x10-2 0. 273 11. 0 3. 76x10-2 0. 275 11. 0 
1. 41x10-2 7. 53xl0r2 11. 0 1. 52x10-2 7.53x10-2 11, , 0 
8. 08x10-3 3. 80x10-2 11. 0 8. 76x10-3 3. 81x10-2 11, , 0 
5. 60x10-3 2. 50x10-2 11. 0 6. 07x10-3 2. 50x10-2 11, , 0 
3. 09x10-3 1. 31x10-2 11. 0 3. 36x10-3 1. 31x10-2 11, , 0 
1. 54x10-3 6. 45x10-3 10. 9 1. 73x10-3 6.55x10-3 10.. 9 
5. 92x10"^ 

92x10"^ 
3. 03x10-3 10. 9 7. 3 2x10-^ 3.03x10-3 10, , 9 

1. 
92x10"^ 
92x10"^ 1. 3x10-3 

[10"^' 
10. 9 2. 51x10"^ 7. 4x10-4 10. 9 

9. 1x10-6 85 
3x10-3 

[10"^' 9. 7 9. 9x10-6 8. 10-5- 9, , 7 
5. 2x10-5 4. 1x10"^ 9. 7 4. 7x10-5 

38x10-^ 
3. 3x10-4 

A 
9, . 7 

9. 4x10-5 7. 4x10-^ 9. 9 1. 
7x10-5 
38x10-^ 7. 4x10^^ 9, . 9 

2. 25x10"^ 1. 4x10-^ 9. 7 2. 44x10"^ 1. 4x10-3 9 . 7 



A P P E N D I X II. T A B L E 14 
P e r m e a b i l i t y T e s t No. 9 on B M 2 , 3 / 8 " Blue Me ta l . 
P o r o s i t y (a) by d r a i n i n g voids 41. 6 pc . (b) by we igh ing s o l i d s 45. 8 pc . 

I n n e r F low Only T o t a l F l o w 
V e l o c i t y (V) 
f t / s e c . 

H y d r a u l i c 
Grad ien t (S) 

T e m p . 
^C. 

Ve loc i ty ! V) 
f t / s e c . 

H y d r a u l i c 
Grad ien t (S) 

T e m p . 
" c 

0. 463 12. 42 11. 6 0. 500 12. 35 11. 3 
0. 386 9 . 3 7 10. 9 0. 433 9. 28 11. 1 
0. 294 5. 89 10. 5 0. 331 5. 88 10. 5 
0. 242 4. 10 10. 6 0. 269 4. 10 10. 6 
0. 165 2. 04 10. 6 0. 185 2. 04 10. 5 
0. 114 1. 06 10. 6 0. 128 1. 06 10. 5 
7. 69x10"^ 0. 541 10. 5 8 . 6 7 x 1 0 " ^ 0. 542 10. 5 
5. 05x10"^ 0. 268 10. 5 5. 69x10""^ 0. 268 10. 5 
3. 3 8 x 1 0 - 2 0. 140 o 10. 5 3 . 8 0 x 1 0 " ^ 0. 140 10. 5 
2. 1 1 x 1 0 - ; 7. 08x10" 2 10. 5 2. 42x10"^ 7 . 1 4 x 1 0 - 2 10. 5 
1. 3. 47x10" 2 o 10. 4 1. 46x10"^ 3 . 4 7 x 1 0 " 2 10. 4 
7.' 71x10^^ 1 . 7 8 x 1 0 " ¿t o 10. 4 8. 82x10"^ 1 . 7 8 x 1 0 " 2 

r j 10. 4 
3. 66x10"^ 7 . 7 9 x 1 0 " 3 

Q 10. 4 4. 27x10-^ 7 . 7 9 x 1 0 " 3 o 10. 4 
1. 20x10-^ 2. 54x10" O 10. 4 1 .39x10"^ 2 . 5 4 x 1 0 " 6 10. 4 
3. 3 8 x 1 0 " ^ 1 . 1 5 x 1 0 - 3 10. 3 5. 24x10-4 1 . 1 5 x 1 0 - 3 10. 3 
1. 1 2 x 1 0 - ^ 3. 28x10" 4 10. 3 9. 48x10"^ 3 . 2 8 x 1 0 " 4 

A 10. 3 
2. 28x10"^ 6 . 5 6 x 1 0 " 4 10. 3 3. 58x10-4 6 . 5 6 x 1 0 " 4 10. 3 
3. 0 4 x 1 0 - 4 6 . 5 6 x 1 0 " 4 10. 3 3. 93x10" 6 . 5 6 x 1 0 " 4 

Q 10. 3 
2. 31x10"^ 4. 84x10" 3 10. 3 2. 71x10"'^ 4. 84x10" O o 10. 3 

: 2. 36x10-^ 4 . 8 4 x 1 0 - 3 10. 3 2. 69x10-^ 4. 8 4 x 1 0 ' 3 10. 3 



A P P E N D I X II. 
10. 

T A B L E 15 
P e r m e a b i l i t y T e s t No. 10 on G6 3" R i v e r G r a v e l 
P o r o s i t y (a) by d r a i n i n g voids 37. 3 pc. (b) by weigh ing s o l i d s 36. 9 pc. 

I n n e r F low Only T o t a l F low 
Veloci ty(V) H y d r a u l i c T e m p . Veloc i ty ! V) H y d r a u l i c T e m p . 

^C. f t / s e c . Grad ien t (S) "C f t / s e c . Grad ien t (S) 
T e m p . 

^C. 
1. 02 5. 04 11. 5 
0. 415 0. 9,33 11. 7 0. 435 

1. 08 
0 . 9 3 3 
5. 10 

11 .6 
11. 2 

0. 294 0. 483 11. 1 0. 318 0. 485 11. 1 
0. 835 3. 47 10. 9 0. 885 3. 47 11. 0 
0. 602 1. 70 10. 9 0. 620 1. 70 10. 9 
0. 217 0. 273 10. 9 0. 233 0. 275 10. 9 
D. 150 0. 135 10. 9 0. 160 0. 135 10. 9 
0. 104 2 6. 80x10"2 

3 . 3 8 x 1 0 " ^ 
10. 9 0. 112 2 6 .81X10"2 10. 8 

7. 08x10" 2 6. 80x10"2 
3 . 3 8 x 1 0 " ^ 10. 8 7 . 6 3 x 1 0 " 2 3 . 3 9 x 1 0 " ^ 10. 8 

1. 44x10- 2 2. 1x10-3 11. 0 1 . 5 1 x 1 0 " 2 2. I x l 0 " 3 11. 1 
8. 23x10- 3 9x10-4 11. 4 8. 72x10" 3 9X10"4 11. 4 
4. 66x10" 2 1. 55x10r2 12. 0 4. 91x10" 2 1 .56X10"2 12. 6 
3. 27x10" 2 8 . 0 x l 0 " 3 13. 0 3 . 3 7 x 1 0 " 2 8. 0x10-3 13. 4 
1 . 9 5 x 1 0 " 2 3. 2x10"^ 13. 4 2. 09x10" 2 

3 
3 

3. 2x10-'^ 13. 4 
1 . 5 4 x 1 0 " 3 2x10"^ 13. 3 1 .58x10" 

2 
3 
3 2x10-5 13. 3 

9. 46x10" 3 9X10"4 13. 3 9. 46x10" 

2 
3 
3 9X10"4 13. 3 



11. 
TABLE 16 APPENDIX II. 

Permeabil ity Test No. 11 on B:M5. 3" Blue Metal. 

Poros i ty (a) by draining voids 46. 3 pc. (b) by weighing solids 48. 3 pc 

Inner Flow Only Total Flow 

Velocity(V) Hydraulic Temp. Velocity! V) Hydraulic Temp. 
^C. ft/ sec . Gradient(S) ^C. ft / sec . Gradient(S) 

Temp. 
^C. 

0. 870 9. 18 10. 7 1. 01 9. 38 10. 9 
0. 636 4. 85 10. 7 0. 723 4. 85 10. 7 
0. 460 2. 6 2 10. 5 0. 530 2. 64 10. 6 
0. 364 1 . 7 2 9. 8 0. 419 1. 73 10. 2 
0. 279 0. 999 10. 5 0.319 1. 00 10. 5 
0. 196 0. 505 10. 6 0. 223 0. 505 10. 6 
0. 125 . 0. 213 4 

1. 7x10 
10. 7 0 .144 0. 211 10. 7 

1. 85x10"^ 
. 0. 213 4 

1. 7x10 10. 8 1. 68x10""^ 1 .7x10-^ 10. 8 
1. 27x10-2 3. 3x10"^ 10. 8 1. 44x10-2 3 .3x10-2 10. 8 
6. 67x10"^ 1. 0x10"^ 10. 9 7. 30x10-2 1.0x10-2 10. 9 
5. 34x10"^ 
8.67x10"^ 

8x10"^ 10. 9 6.17x10-2 8x10-4 10. 9 5. 34x10"^ 
8.67x10"^ 0.105 11. 9 9. 93x10"' ' o 0. 106 12. 0 
5. 90x10"^ 
3. 94x10-2 

0.511 2 
2. 41x10" 

. 12. 4 
12. 8 

6.73x10"^ 
4. 52x10" 

0.512 
2. 4x10" 

12. 6 
12. 9 

2 . 8 9 x 1 0 - 2 1. 36x10" 12. 8 3.29X10"2 1.35x10"^ 
7. 0x10-2 

12. 9 
2. 01x10-^ 6 .8x10-^ 12. 8 1 2.32x10"^ 

1.35x10"^ 
7. 0x10-2 12. 7 



12-

a p p e n d i x II. TABLE 17. 
P e r m e a b i l i t y T e s t No. 12 on G5 R i v e r Grave l . 
P o r o s i t y (a) by d ra in ing voids 34. 9 pc. (b) by weighing so l ids 37. 2 pc. 

Inne r Flow Only To ta l Flow 
Velocity(V) Hydraul ic T e m p Velocity(V) Hydraul ic T e m p 
f t / s ec . Gradient(S) f t / s ec . Gradient(S) 

0. 796 9. 05 11. 0 0. 833 9. 06 11. 0 
0. 394 2. 43 11. 0 0. 413 2. 43 11. 0 
0. 616 5. 57 11. 0 0. 648 5. 51 11. 0 
0. 272 1. 20 11. 0 0. 288 1. 21 11. 0 
0. 190 0. 612 11. 0 0. 199 0. 612 11. 0 
0. 135 0 .321 11. 0 
9. 00x10""^ 0. 154 11. 0 
5. 90x10-2 7 . 1 7 x 1 0 - 2 10. 9 
3. 79x10-2 3. 33x10-2 10. 9 3 . 9 8 x 1 0 - 2 3. 31x10-"^ 10. 9 
2. 59X10-2 1. 74x10-2 10. 9 2. 71x10-2 1 .72x10 -2 10. 9 
1. 45x10^2 6 . 6 x 1 0 - ^ 10. 9 1. 49x10-2 6. 6x10-3 10. 9 
9. 15x10"'^ 3. 12x10-3 10. 9 9. 55x10-3 3. 12x10-3 10. 9 
6. 12x10-^ 1. 64x10"^ 11. 0 6. 42x10-3 1. 64x10-'^ 11. 0 
3. 30x10"^ 6. 5x10-^ 11. 0 3. 29x10-3 6 . 5 x 1 0 - 4 11. 0 
1. 45x10"'^ 2. 5x10"^ 11. 0 1. 51x10-^ 2. 5x10-4 11. 0 



A P P E N D I X II. 
13. 

T A B L E 18. 
P e r m e a b i l i t y T e s t No. 13 on G4 3 / 4" R i v e r G r a v e l . 
P o r o s i t y (a) by d r a i n i n g vo ids 33. 9 pc. (b) by weigh ing s o l i d s 36. 7 pc . 

I n n e r F low Only T o t a l F low 
V e l o c i t y (V) H y d r a u l i c T e m p . Veloc i ty ! V) hyd rau l i c T e m p . 
f t / s e c . Grad ien t (S) f t / s e c . Gradient (S) 

0. 619 9. 87 11. 3 0. 667 9. 90 11. 4 
0. 540 7. 45 10. 8 0. 565 7. 43 10. 8 
0. 362 3. 75 10. 9 0. 386 3. 75 10. 9 
0. 257 1. 94 10. 9 0. 273 1. 92 10. 9 
0. 178 0. 995 11. 0 0. 190 1. 00 11. 0 
0. 124 0. 523 11. 0 0 . 1 3 3 0. 519 11. 0 
8 . 1 3 x 1 0 - 2 0. 246 11. 1 8 . 7 3 x 1 0 - 2 0. 244 11. 2 
5. 72x10"^ 0 . 1 3 2 11. 2 
3. 68x10"^ 6. 34x10" 11. 2 3 .99X10"2 6 . 3 3 x 1 0 - 2 11. 2 
2. 33X10 '2 3 . 0 3 x 1 0 - 2 11. 2 n 9 
1 . 3 6 x 1 0 " ^ 1 .30X10"2 11. 3 1. 47x10"^ 1. 30x10""^ 11. 3 
8. 38x10"^^ 6 .3X10"3 11. 3 9 . 1 1 x 1 0 - ^ 6 . 3 x 1 0 - ^ 11. 3 
5. 3 6 x 1 0 ' ^ 3 . 3 x 1 0 " 11. 3 5 . 6 8 x 1 0 ' ^ 3. 3x10""^ 11. 3 
3. 07x10"^ 1. 64x10"^ 11. 3 3 .31x10"^ 1. 64x10"^ 11. 3 
1 .65x10" ; ; 7 x 1 0 - 4 - 11. 4 1 .60x10" 7x10-4 11. 4 
4. 54x10" 3 . 5 x 1 0 " ^ 11. 4 6. 2x10""^ 3. 5x10"^ 11. 4 



14. 

APPENDIX II. TABLE 19 

Permeability Test No. 14 on BM4 1^" Blue Metal 
Porosity (a) by draining voids 41. 8 pc. (b) by weighing solids 43. 8 pc. 

Inner Flow Only Total Flow 

Velocity(V) ^Hydraulic Temp. 
" c . 

Velocity! V) Hydraulic Temp. 
ft/ sec. Gradient(S) 

Temp. 
" c . ft / sec. Gradient(S) 

0. 880 8. 66 11. 2 0. 955 8. 51 11. 3 
0. 747 6. 25 11. 2 0. 813 6. 21 11. 2 
0. 538 3. 19 11. 2 
0. 385 1. 85 10. 9 0. 420 1. 85 10. 9 
0. 277 0. 965 11. 0 0. 267 0. 916 11. 0 
0. 197 0.512 11. 0 0. 213 0. 505 11. 0 
0.136 0. 255 11. 0 
9.37x10" 0. 127 11. 1 0. 103 0. 127 11. 1 
6.48x10-2 6.55x10-2 11. 2 

4. 91x10-2 4. 45x10-2 3. 32x10-2 11. 2 4. 91x10-2 3. 35x10-"^ 11. 3 
3. 02x10-2 1.70x10-2 Q 10. 3 
2. 03x10-2 8. 7xl0-"^ 11. 3 

1.47x10-2 
q 

1. 34x10-2 4. 1x10-2 11.3 1.47x10-2 4. 1x10"^ 11. 3 
8. 85x10-2 
6. 06x10"^ 

2. 1x10 11. 3 8. 85x10-2 
6. 06x10"^ 1. 2x10-2 11. 4 o q 
4. 89x10"^ 1.0x10-2 11. 4 5. 30x10"^ 1. 0x10"^ 11. 4 
1. 75x10-2 1.6x10"^ 11. 4 



15 . 

APPENDIX 11. T A B L E 20. 

P e r m e a b i l i t y T e s t No. 15 on B M 3 - 1 . 3/ 4" Blue Metal. 

P o r o s i t y (a) by draining voids 39. 5 pc. (b) by weighing solids 42. 8 pc 

Inner Flow Only Total Flow 

Velocity(V) Hydraulic Temp. Velocity(V) Hydraulic Temp 
ft/ sec . Gradient(S) 

Temp. 
ft/ sec . Gradient(S) 

Temp 

0. 659 9. 55 11 .6 0. 738 9. 55 11 .6 
0. 482 5. 15 11. 7 0. 533 5. 13 11. 7 
0. 352 2.B7 11. 8 
0. 247 1. 51 11. 9' 0. 273 1. 52 
0. 173 0 . 7 8 2 12. 0 
0 . 1 1 9 0. 394 12. 1 0 . 1 3 3 0. 394 1 2 . 1 
8. 27x10"^ 0. 206 11. 8 9. 37x10""^ 0. 208 11. 9 
5. 47x10"^ 9 . 9 5 x 1 0 " ^ 12. 0 
3. 66x10"^ 5. 02x10"^ 12. 0 Q 9 

2. 42x10" 2 2. 56x10-2 11. 9 2. 74x10""^ 
o 

2. 5 6 x 1 0 ' ^ 11. 8 
1 . 3 5 x 1 0 " ^ 5.(1x10-^ 10. 6 1. 45x10"'^ 

1. 40x10"2 
5x10"^ . 10. 6 

1. 24x10"^ 9 . 8 x l 0 " 10. 7 
1. 45x10"'^ 
1. 40x10"2 9. 8x10"^ 10. 7 

9. 62x10"^ 6 . 6 x 1 0 " ^ 10. 8 1. 11x10"^ 6 . 6 x l 0 ; ^ 10. 8 
6. 38x10"^ 3 . 7 x 1 0 " ^ 10. 8 7. 35x10"^ 3. 7x10-"'^ 10. 8 
3. 59x10"^ 1 . 6 x 1 0 " ^ 10. 9 
2 . 8 6 x 1 0 - ^ 
1. 74x10"^ 

1. 2x10""^ 10. 9 2 . 8 6 x 1 0 - ^ 
1. 74x10"^ 1. e i x i o ' " ^ 11. 0 



APPENDIX II. 
16. 

TABLE 21 

Permeability Test No. 16 on Ml 16 mm. Dia. Marbles. 
Porosity (a) by draining voids 36. 9 pc. (b) by weighing solids 36. 9 pc. 

Inner Flow Only Total Flow 

Velocity(V) Hydraulic Temp. Velocity(V) Hydraulic Temp. 
^C ft/ sec. Gradient(S) "C ft/ sec. Gradient! S) 

Temp. 
^C 

0. 89 7. 84 11. 5 0. 95 7. 90 11. 6 
0. 781 5. 96 11. 6 0. 812 5. 92 11.6 
0. 617 4. 04 12. 0 0. 676 4. 06 12. 0 
0. 399 1. 86 12. 0 0. 414 1. 86 12. 0 
0. 288 1. 01 12. 1 
0. 202 0. 5 26 12. 1 0, 214 0. 5 21 12. 1 
0. 137 0. 259 12. 2 
9. 23x10"^ 0. 127 12. 2 o C\ 

6. 34x10-2 6. 65x10-2 
5x10"^ 

12. 3 6. 87x10" ¿ 
A 

6. 85x10""^ 12. 3 
6.71x10-^ 2. 

65x10-2 
5x10"^ 11. 3 9, ,05x10" ^ 2. 5x10-4 

A 
11. 3 

1. 20x10"^ 3. 3x10-4 11. 3 1, .45x10- 3 3. 3x10-^ 11. 3 
2. 25x10"^ 6. 6x10-4 11. 3 2, ,48x10- 3 6. 

36x10-^ 
11. 3 

4. 64x10"^ 1. 36x10-^ 11. 4 5, ,12x10- 3 1. 36x10-^ 11. 4 
7. 98x10-^ 2. 82x10"^ 11. 3 8, ,73x10" 3 2. 82x10-^ A 11. 3 
1. 34x10"^ 5. 82x10"^ 11. 4 1, .48x10- 2 5. 82x10--^ 11. 4 
2. 17x10"^ 1. 18x10-2 11. 2 o 
3.33x10"^ 2. 32x10"^ 11. 0 3 .58x10- 2 2. 32x10"^ 11. 0 
5. 22x10-2 
7.77x10"^ 

4. 91x10-2 11. 3 5. 22x10-2 
7.77x10"^ 9. 7 8 x 1 0 - 2 11. 3 
0. 119 0. 203 12. 0 



APPENDIX II. 
17. 

TABLE 22 

Permeabil ity Test No. 17 on: M2 25 mm miarbles 

Porosi ty (a) by draining voids 38. 0 pc. (b) by weighing solids 36, 9 pc 

Inner Flow Only Total Flow 

Velocity(V) 1 Hydraulic Temp. Velocity(V) Hydraulic Temp. ft / sec . Gradient(S) Temp. ft / sec . Gradient(S) Temp. 

1.59x10"^ 7x10"^ 
11. 9 

- 4 
7. 73x10 2. 3x10"^ 11. 9 

1.59x10"^ 7x10"^ 12, 0 1. 05x10" 7x10-^ 
1 .6x10"^ 

A 

12. 0 
2. 06x10"^ 1.6x10"^ 12. 1 1. 73x10-3 

7x10-^ 
1 .6x10"^ 

A 
12. 1 

4. 00x10"^ 4. 1x10-^ 12. 1 3. 94x10-3 4. 1x10"^ 12. 1 
5. 33x10-^ 7 .4x10-4 12. 0 5. 99x10-3 7. 4x10-4 12. 0 
8. 1x10-^ 1. 4x10"^ 12. 2 9. 17x10-3 1. 4x10-"^ 

2. 5x10-3 
12. 2 

1. 24x10-2 2. 5x10"^ 12. 5 1. 40x10-2 
1. 4x10-"^ 
2. 5x10-3 12. 5 

1. 42x10-2 3.36x10"^ 12. 3 
2. 17x10-2 6 .5x10-^ 12. 2 A 

3. 36X10"2 1.33x10-2 12. 1 3.86x10"^ 1.33x10"^ 12. 0 
5. 04X10"2 2. 66X10"2 12. 3 Q Q 

7. 58X10"2 5. 45x10-2 12. 6 8. 72x10'^ 5. 45x10-"^ 12. 7 
0. 118 0. 120 12. 4 0. 135 0. 120 11. 9 
0. 180 0, 254 11. 5 
0. 257 0. 500 11. 2 0. 298 0. 507 11. 1 
0. 381 1. 03 11. 1 0. 633 2. 04 11. 0 
0. 567 2. 04 11. 0 
0. 808 4. 15 11. 0 
1. 06 6. 93 11. 0 1. 19 7. 02 11. 0 



APPENDIX II. 
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TABLE 23. 

Permeability Test No. 18 on G7 6" River Gravel. 
Porosity (a) by draining voids 40. 4 pc. (b) by weighing solids 40. 6 pc. 

Inner Flow Only Total Flow 

Velocity(V) Hydraulic Temp. Velocity(V) Hydraulic Temp. 
ft/ sec. Gradient(S) o c . ft/ sec. Gradient(S) ^C. 

1.98x10"^ 1x10"^ 12. 0 1. 74x10-2 1x10-^ 12. 0 
6.51x10-^ IxlO""^ 12. 0 6. 39x10-2 1x10-^ 12. 0 
1.35x10-2 4. 4x10"^ 12. 0 1. 46x10-2 4. 4x10-4 12. 0 
3. 12x10-2 2. 05x10"^ 11. 9 3. 35x10-2 2. 05X10'2 11. 8 
2. 39x10-2 1. 25x10-2 11. 8 2. 56x10-2 1. 25x10-2 11. 8 
4. 91x10-2 4. 42x10-2 11. 7 o 
7.02x10-2 9. 07x10-2 11. 6 7.77x10-2 9. 07x10-*^ 11. 5 
0. I l l 2. 12x10""^ 11. 2 
0. 164 4. 46x10-2 11. 2 0. 183 4. 46x10-^^ 11. 2 
0. 241 9. 26x10-2 11. 3 
0. 400 0. 246 11. 3 
0. 325 0. 164 11. 3 0. 357 0. 164 11. 3 
1. 34 2. 52 13. 5 1. 45 2. 44 11. 4 
1. 22 2. 01 13. 4 
0. 902 1. 03 13. 4 
0.596 0. 490 13. 4 0. 652 0. 493 13. 5 

0. 930 1. 01 13. 5 
1.32 2. 01 13. 5 

0. 827 0. 974 13. 4 A 

1.01x10-2 2. 7x10"^ 11. 7 1. 12x10-2 2. 7x10-^ 11. 7 
1.99x10-2 9.1x10-^ 11. 5 



APPENDIX II. 

19. 

TABLE 24 

Permeability Test No. 19 on Ml 16 mm. Dia. Marbles 
Porosity (a) by draining voids 41. 3 pc. (b) by weighing solids 41. 5 pc. 

Inner Flow Only Total Flow 

Velocity(V) 
f t / s e c . 

Hydraulic 
Gradient(S) 

Temp. Velocity(V) 
f t / sec . 

Hydraulic 
Gradient(S) 

Temp. 

0. 406 
0. 272 
0.190 
1. 15x10"^ 
6. 16x10"^ 
1. 41x10- 2 
2. 54x10"^ 
0. 105 
7. 25x10-2 
4. 38x10-2 
2. 38x10"^ 
5. 5x10"^ 

1. 06 
0. 499 
0. 260 
1.8x10"^ 
1.02x10" 
3.1x10-^ 
7.9x10" 
9. 46x10-2 
4. 87x10-2 
2. 0 5 x 1 0 - 2 
3. 3x ia -^ 
6.6x10"^ 

14. 6 
14. 5 
14. 5 
14 
12 
12 
12 
15 
15. 1 
15. 2 
15. 5 
15. 5 

0. 433 
0. 290 
0. 204 
1.38x10'^ 
6.71x10-2 
1. 4 7 X 1 0 ' 2 

1. 06 
0. 499 
0. 260 
1. 8 X 1 0 
1. 02x10-2 
3. 1x10-3 

, -4 

0. 112 

4. 6 2x10 
2. 05x10 
4. 89x10 

9. 46x10 - 2 

- 2 
-3 
-3 

2. 0 5 X 1 0 ' 2 
3 . 3 x 1 0 - 4 
6. 6x10-"^ 

14. 6 
14. 5 
14. 4 
14 
12 
12 

15 

15. 3 
15. 5 
15. 5 
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TABLE 25 

Permeability Test No. 20 on Ml l6 mm Dia. Marbles 
Porosity (a) by draining voids 37. 8 pc. (b) by weighing solids 37. 2 pc 

Inner Flow Only i iTotal Flow 

Velocity(V) 
ft/ sec. 

Hydraulic 
Gradienti S) 

Temp. Velocity(V) 
ft/ sec. 

Hydraulic 
Gradient(S) 

Temp. 
^C. 

0. 412 
0. 265 
0.174 
9. 05x10"^ 
2. 52x10'^ 
6.55x10" 

1.62 
0. 7 26 
0. 337 
0.104 
1. 1 6 X 1 0 " 3 
1.53x10" 

15. 0 
15. 3 
15. 3 
15. 2 
15. 2 
15. 3 

0. 424 

0. 184 

6.65X10"^ 

1. 62 

0. 337 

1. 53x10"^ 

15. 0 

15. 3 

15. 3 
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TABLE 26 

Permeabil i ty Test No. 21 on BM3-1 3/ 4" Blue Metal ( loosely packed) 

Poros i ty (a) by draining voids 48. 5 pc. (b) by weighing solids 51. 5 pc. 

Inner Flow Only , Total Flow 

Velocity(V) Hydraulic Temp. Velocity(V) Hydraulic Temp. 
f t / sec . Gradient(S) OC ft / sec . Gradient(S) 

0. 389 1. 39 15. 8 0. 420 1. 39 15. 8 
0. 233 0. 511 15. 6 0. 250 0. 511 15. 7 
0. 389 1. 40 15. 7 0. 423 1. 40 15. 7 
0. 231 0. 513 15. 7 0. 250 0. 513 15. 7 
0. 159 0. 259 15. 6 
0.109 0. 130 - 15. 6 0. 119 0. 130 15. 5 
7. 12x10-2 6. 0xl0--2 15. 5 
2. 30X10"2 8. 6x10-2 15. 5 o 

5. 19x10-2 3.5x10-2 15. 6 5. 67x10-"^ 3. 5x10"^ 15. 6 
3.77x10-2 2. 0x10-2 15. 7 Q A 

2. 13x10"^ 3. 3x10-4 15. 7 2. 35x10--^ 2. 5x10-^ 15. 7 
2. 96x10-^ 4. 9x10-4 15. 7 A 

5. 09x10-2 9. 8x10=^4 15. 7 5. 8x10-2 9. 8x10-^ 15. 7 
5. 22x10-2 9. 8x10-4 15.8 

9. 26x10-2 
-

8. 60x10-2 2. 05x10-2 15. 9 9. 26x10-2 1. 97x10-2 15. 9 
1. 59x10-2 5.0x10-2 15. 9 
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TABLE 27 

Permeabi l i ty Test No. 22 on M3 29 mm. Dia. Marbles. 

Poros i ty (a) by draining voids 38. 0 pc. (b) by weighing solids 38. 5 pc 

Inner Flow Only Total Flow 

Velocity! V) 
ft / sec . 

Hydraulic 
Gradient(S) 

Temp. 
^C. 

Velocity(V) 
ft / sec . 

Hydraulic 
Gradient(S) 

Temp. 

1. 11 
0. 821 
0. 688 

0. 391 
0. 256 
0. 174 
1.59x10"^ 

-3 3. 91x10 
6. 07x10 
1. 08x10 
2. 25x10 
1. 49x10 

- 2 

- 2 

- 2 

- 2 3.82x10 
5.97x10"^ 
8 .55x10"^ 
0. 125 
0. 181 
0. 259 
0. 388 
8 .65x10-2 
0. 145 

- 4 
- 4 
- 4 

-3 

5. 86 
3. 25 
2. 28 

0. 824 
0. 369 
0. 182 
2. 5x10 
3. 3x10 
7. 4x10 
1. 64x10 
5. 4x10'^ 
2. 8x10"^ 
1. 19x10-2 
2. 59x10-2 
4. 90x10 
9.89x10 
0. 196 
0. 383 
0. 822 
5. 08x10 
0. 130 

- 2 
- 2 

- 2 

16. 0 
15. 4 
17. 0 

16. 8 
16. 8 
-16. 7 
17. 3 
17. 3 
17. 3 
17. 3 
17. 2 
17. 2 
17. 4 
17. 4 
17. 0 
17. 0 
17. 0 
17. 0 
17. 0 
17. 2 
17. 0 

1. 19 
0. 69 

0. 168 
1.55x10-3 
4. 04x10-^ 
6.81x10-3 

9.40x10 - 2 

5. 61 
1. 88 

0. 181 
2. 5x10 
3. 3x10 
7. 4x10 

- 4 
- 4 
- 4 

4. 90x10 - 2 

17. 0 
17. 0 

16. 2 
17. 3 
17. 3 
17. 3 

17. 0 
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APPENDIX III. 
Method of Adjustment of Fall Velocities 

for Specific Gravity Differences • 

Consider two particles 1 and 2 of the same size and shape, but 

different specif ic gravities SG. and SG falling through the same fluid -L ¿1 

at terminal velocities Vf. and Vf . 
^ 2 

For particle 1, Volume x (SGj - 1. 00) x y ^ = Cj^^AjpVf^ . 

2 
For particle 2, Volume x (SGg - 1- 00) xY^ = CQ A^f^V^ 

2 2 

where = specific weight of water 

A = particle cross-sect ional area normal to the fall. 

Provided the terminal velocities are such that the drag coefficients, 

and fall on the flat part of the Cj^ - IR curve and provided the 

specif ic gravity difference SG^ - SGg is not great enough to cause the 

terminal velocities and corresponding Reynolds numbers to differ 

greatly, Cj^ ^ ^D 
1 2 

V ^ 

SG2 - 1 0 0 

The effect on Reynolds number of the variation of temperature over 

the range of the experiments is negligible. 

If the specific gravities caused the Reynolds numbers to differ by a 

factor of 2, the coefficients of drag for spherical particles would differ 
2 5 by 5 pc. for Reynolds numbers between 5 x 10 and 2 x 10 . This would 



2. 

result in an error of 2i pc. in the value of the adjusted fall velocity. 

For non-spherical particles the error would be less because of the 

flatter drag coefficient graphs. 

Trial and error calculations show that for spherical particles and 

specific gravities between 2. 9 and 2. 6 this accuracy is met if the fall 

velocities are adjusted to a common S. G. value of 2. 65 (that of quartz) 

and Reynolds numbers corresponding to fall velocities are not less than 
2 

10 . A check of the fall velocities and diameters listed in Table 2 

shows that these requirements are met except for - 1 /4 " river gravel. 




