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•GRANULOMETRY is the science of the physical properties of assemblies or systems 
composed of grain-like particles, such as sand, gravel, crushed rock, bird shot, seeds, 
and others. It embraces the study and measuring of the size, shape and surface fea
tures of individual particles as well as the influence of these properties and the grada
tion of the particles on the packing characteristics, mechanical resistance properties 
and permeability of multi-particle systems. Whereas granulometry is concerned 
mainly with these materials, many of its laws are of a geometric nature and are 
equally true for particles of atomic size and that of large boulders. This permits the 
utilization, for sand and gravel systems, of knowledge that was originally obtained on 
assemblies of atoms or molecules and vice versa. 

Systems falling in the realm of granulomefry are important elements of many high
way drainage structures. In this role, their permeability or capacity to conduct water 
is of primary concern. It is equally important that this capacity be maintained. There
fore, the mechanical resistance properties of the system and of its particulate com
ponents must be that, under the static and dynamic service loads and the existing en
vironmental conditions, the system will be able to function satisfactorily for the life
time of the structure it is supposed to serve. -Sources of partial or complete failure 
may be: 

1. Shear failure or densification of the system without breakage or wear of the com
ponent particles, i.e., without change in granulometric composition. 

2. Breakage and attrition of component particles with resulting change in granulom
etry and decrease in pore volume with concomitant increase in amount of internal 
surface per unit volume. 

3. The infiltration .of soil fines which have the same effect as described for the fines 
produced by breakage and· attrition. 

The s econd source may be eliminated by specifying adequate levels of strength and 
abrasion resistance of the aggregate determined by suitable test methods. The third 
source may be eliminated or minimized by the use of properly designed filter struc
tures (9 ). The remaining problem is how to optimize shear resistance and permeability. 
The knowledge required to do this has been available for some time, but because it has been 
developed in different branches of engineering and material science, we tend to keep it 
in different compartments of our brain. It is the purpose of this paper to bring the 
pertinent facts and concepts together in a simple presentation. 

FLOW OF WATER IN A GRANULAR SYSTEM 

In drainage systems, our primary concern is the rate of flow of water. This rate is 
determined by the hydraulic gradient, by such system factors as total porosity and sizes 
and shapes of the pores or voids, and by the extent to which the pore or void channels 
are filled with water. Whatever the exact nature of the flow, the rules for optimization 
of the system are the same. This will be shown for the two extreme cases of Darcy 
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type or laminar flow in saturated sand or gravel beds, and of open-channel type flow 
that may occur at partial filling of :i ccrnr~P. hrok':'!! storre type 0f bed. 

A system showing Darcy type of flow, characterized by the equation 

dQ/dt == Aki 

where 
dQ/ dt == volume rate of flow per unit time, 

k == transmission coefficient, 
i == hydraulic gradient, and 

A == cross section, 

(1) 

may be replaced by a system composed of m parallel capillaries of radius r per unit 
cross section. Then we obtain according to the Hagen-Poisseuille equation 

Am r 4 rr dQ/dt == 
8 77 

where 77 is the viscosity of the water. 

(2) 

This means that the transmission constant k in the Darcy equation should correspond 
to the expression m r 4 rr/8 77, or if we introduce a correction factor C to take care of the 
different geometry of the pores in the particulate system, we can write 

k == C m r
4 

rr 
8 77 

Since r 2
7T is the cross section of one capillary, m r 2

7T is a two-dimensional expression 
of the porosity n of the capillary system and we obtain 

(3) 

For a particular temperature, the viscosity 77 ls a constant and we can include it in a 
new constant C' == C/2 77. We further consider r 2/4 as a reduction of (r211/27t)2

, i.e., as 
the square of the ratio of capillary cross section over wetted perimeter. Multiplica
tion of both the numerator and denominator of this ratio with a unit length and with the 
number of capillaries m per unit volume yields the ratio of porosity n over internal 
surface s per unit volume of the system. Hence, 

k == c' n (n/s)2 (4) 

Accordingly, the transmission coefficient or permeability of such a system is 
directly proportional to the third power of the porosity and inversely to the second 
power of solid surface per unit volume of the system. The surface per unit volume 
of solid is for spherical particles 3/r and for cubes 6/d where r and d are the sphere 
radius and the edge length of the cube respectively. Whether or not the previously 
derived equations hold rigorously, the unquestionable consequences for optimization 
of permeability are that: (a) the porosity of the system should be as large as possible, 
and (b) the size of the pores and hence of component particles should be as large as 
possible. We must check, of course, the compatibility of these conclusions with the 
required mechanical strength properties of the system. 

With respect to the open-channel type of flow in a partially filled system of coarse 
rock fragments, we come to the same conclusion regarding flow optimization by in
specting the Chezy formulas: 

v == c v'Rs 
Q == AV 

(5a) 

(5b) 
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Q=AcVRS (5c) 

where 
Q = discharge in cu ft/sec, 
A = cross-sectional area of flow in sq ft, 
c = a roughness coefficient, . 
R = mean hydraulic radius in ft = area of section/wetted perimeter, and 
S = slope or grade in ft per ft. 

Checking the Laminar Flow Eq. 4 

A good chance for checking Eq. 4 was offered by a fine set of data on grain-size 
composition, capillary rise and experimentally determined coefficients of permeability 
of nine granular materials published in 1959 (12). The measured capillary rise values 
permitted calculation of the ratio 2 rrr/r 2rr or Sln from the formula 

where 

h = 2 rrr cos a T/r2rr g y 

h = height of capillary rise, 
r = radius of capillary, 
y = density of water, 
g acceleration of gravity, 
T surface tension of the liquid, and 

(6) 

cos a cosine of the angle of wetting between liquid and solid surface which for 
soil-water systems approaches unity. 

The surface-area data were calculated from the given average grain sizes and the 
porosity data from the n/ s and s data. The experimentally determined data and those 
derived therefrom by calculation are given in Table 1. Columns (f) and (g) permit 
comparison of the actual and the calculated permeability data. Despite the rather 
circuitous manner in which the calculations had to be made, the agreement is very 
close. 

TABLE 1 

INTERRELATIONSHIPS BETWEEN GRAIN SIZE, CAPILLARY RISE, INTERNAL SURFACE, 
POROSITY, AND HYDRAULIC PERMEABILITY OF GRANULAR SOIL SYSTEMS' 

(f) (g) 

(a) (c) (d) 
(e) 

Coefficient of Hydraulic 

Grain Sizes (b) Surface Permeablllty k 

Saturated Surface per cm• Porosity (lo-• cm/sec) 
per cm• Calculated Passing Retained Avg. Capillary 

Solid Pore Vol. 
From Calculated Sieve Sieve Diameter Rise (cm) (cm") From Cap. (c) and (d) From Data No. No. (cm) Rise Data Experimental 

in Columns 
(d) and (e) 

10 20 0.118 6.4 51 85.4 37.5 50 23 
20 30 0.069 9.4 81 125 39.3 23 13 
30 40 0.049 13.2 122 176 41.0 13 6.6 
40 60 0. 031 20,0 194 267 41.0 6.7 2. 7 
60 80 0.021 29.8 290 397 42.3 5. 7 1.3 
80 100 0.016 35.6 370 475 43.8 2. 7 0.7 

100 140 0.012 47.0 488 628 43.8 1.6 0.55 
140 200 0.0087 67.0 690 894 43.5 0. 7 0,27 
200 270 0.0062 90. 5 970 1210 44.4 0.3 0. 15 

1Experimental data for grain size, capi I lary rise and permeabi lily from Ref. (~. 
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PACKING CHARACTERISTICS AND BEARING CAPACITY OF 
NON-COHESIVE GRANULAR SYSTEMS 

Tfie bearing capacity of such systems may be defined as their ability to resist single 
and repeated loadings without rupture or excessive deformation, including volume 
change by internal readjustment or consolidation. All failure in loading involves the 
shear resistance either directly or indirectly. For cohesionless systems, this shear 
resistance is due to the internal friction and its magnitude can be expressed in ac
cordance with Coulomb by: 

(7) 

where 
T = shear stress, 

an = the normal stress on the shear plane, and 
tan cp = the coefficient of internal friction. 

For our purpose, the problem of mechanical s tability is to iind the relationship between 
tan cp and various chru.•acteristics of the particles composing the system and of the sys
tem itself. Among the more important parameters are : size, shape, surface rough
ness, specific gravity, and size distribution of the granular components, and the packing 
characteristics and void ratios of the systems. Their influence shall be discussed on 
the basis of accumulated practical experience and data from dependable laboratory ex
perimentation, supplemented whenever indicated by theoretical considerations. 

Critical evaluation of a large number of test data has shown that tan cp for most 
natural sands can be expressed by: 

c tancp = -
e-b 

where C is a constant which depends on interparticle friction and gradation, e is the 
void ratio, and b i.s another constant of the nature of a minimum void ratio. Both C 
and b· are also pressure dependent at least in the case of laboratory tests where the 
sample size imposes certain limitations. This equation shows that tan cp increases 
with decreasing void ratios if the other parameters are kept constant (~, !!_, 10). 

Influence of Particle Size 

(8) 

If the other parameters are kept constant, the size of the component particles does 
not affect tan cp. Contrary data in the literature originate from the fact that with change 
in size of test material, even of glass ballotini, there is usually a change in surface 
characteristics-roughness, thickness and character of adsorbed surface films, etc.; 
in natural gravels and sands there is also usually a change in shape of the particles 
with change in size. Even with apparently perfectly spherical glass ballotini of the 
same chemical composition, the smaller sized particles cannot be packed in laboratory 
tests to the same density as the larger sized particles. Hence, there is often a packing 
effect that is falsely interpreted as a size effect (~, .'.!_). 

Influence of Specific Gravity 

Marked differences in specific gravity of particles usually correspond to marked 
differences in chemical compos ition and surface properties of particles which again 
affect the void ratios that can be obtained by maximum and minimum packing effort. 
This is illustrated by the following data (~): 

Material Sp. Gr. e (loose) e (compacted) Ae 

Lead shot 11.91 0.68 0.59 0.09 
Sulfur shot 2.024 0. 77 0.60 0.17 
Dune sand 2.681 0. 70 0.60 0. 10 
Theoretical 0.91 (cubic) 0.35 (rhombih. ) 0.56 

packing 
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Accoi·dingly, an increase in specific gravity tends to narrow the practically obtainable 
range in void ratios. However, there is no intrinsic effect of specifc gravity on tan cp 
for otherwise equal particle and system conditions. 

Influence of Particle Shape and Surface Roughness 

There exist a number of different methods of measuring and expressing particle 
shape. If one actually determines by macro- or microscopic methods the length, width 
and thickness of particles, the best way of presentation is to give the closest geometric 
shape together with the ratios of the respective parameters. One may also use the 
volumetric coefficient (vc), which is the ratio of the actual volume of a particle to that 
of a sphere in which it can just be enclosed. For general engineering purposes, these 
methods are tootime-consuming, and one arrives at practical shape or roundness 
facts from the porosity or void ratios obtained on granular materials placed in a con
tainer by one or another standardized method that results in reproducible, relatively 
loose packings or high void ratios. The greater the deviation from sphericity, the 
larger is the porosity obtained in such loose packing. 

It can be reasoned that granular systems, composed of particles of the same size 
range and mineral matter but varying in shape, when densified by the same moderate 
standardized method are in comparable states as far as shear strength is concerned; 
and it can be concluded that the greater the porosity thus determined the larger is the 
constant C in Eq. 8. In other words, the tan cp for a certain material and void ratio 
increases with increasing deviation of the component particles from spherical shape. 
This can be true, even for the same mineral material, only if the deviation from spher
ical shape is relatively small as in the case of cubes (vc = 0.37) and angular stones 
(vc = 0 22), but cer tainly not for plate and needle shapes that may in random orientation 
for m a ver y open framework similar to a house of cards. Therefore, to conclude from 
t he high porosity of a crushed mica s ample [determined by Graton and Fraser (3) as 
93. 53 p ercent in the loose and 86. 62 per cent in a compacted s tate J to a high internal 
friction would be a mistake no engineer should make. Incidentally, such cardhouse and 
related structures formed by particles of extreme shape are very sensitive to shock, 
vibrations and similar dynamic loadings, and are likely to densify to relatively small 
porosities if subjected to their action. As an extreme example of the porosities that 
can be reached by platelike materials, we may take that of a Na-bentonite sample for 
which Hogentogler (6) reported a shrinkage limit of 6 percent. Taking the specific 
gravity of water as rand that of the bentonite as 2. 5, we obtain a porosity of 13 percent 
and a void ratio of 0.15. The more extreme the shape of the particles, the greater is 
the danger of stress concentration and development of bending stresses. Therefore, in 
practice such shapes can be admitted even to a limited degree only for minerals of very 

TABLE 2 

CHARACTERISTICS OF STONE SAND SAMPLES MILLED TO 
THREE DIFFERENT SHAPES 

Parent Rock: Limestone of Bulk Dry Spe cific Gravity 2.71 
Size Fraction: Sieve No. 16 - No. 3 0 

Sample Designation 
Characteristic 

Rounded Ground 

Percent passing sieve No. 16 99.3 99.2 
No. 30 4. 0 2. 5 

Percent voids NCSA method 47.3 50.9 
Void ratio e 0.9 1.03 

tan cp at these void ratios 0.82 0.84 
e (crit) from shear tests 0.93 1. 0 

Screening 

98. 7 
2.5 

52.3 
1. 1 

0.86 
1. 06 

Note: The samples, compositional data ond voids values were supplied by J.E. Gray, Engineer
ing Director of the National Crushed Stone Association. The shear tests were performed by Jean 
Dutertre, with the machine described by Herbst and Winterkorn (l, 5). The NCSA method is 
described by Gray ond Bell ~). - -
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high strength, toughness and abrasion resistance. The effect of surface roughness 
parallels that of particle shape. The important practical problem is: to what extent 
wilnr-favofiilire· rougfiness Be maintained"under- serviceconaiffonsY --·-~ - -

The effect of shape on the angle of friction of granular assemblies is shown in Fig
ure 1, which presents plots of tan rp vs void ratios of three limestone sands derived 
from the same rock but milled to different shapes. The designations and properties 
of these samples are given in Table 2. The data in Table 2 and Figure 1 show the 
following: 

1. Deviation from spherical particle shape increases the tan ((J of samples of the 
same mineral material and the same size fraction if densified to the same void ratio, 
and also increases the critical void ratios; 

2. The void ratios obtained from the three samples by means of the NCSA densifica
tion method correspond quite closely with their respective critical void ratios obtained 
from the shear tests; and 

3. At the void ratios obtained by the NCSA method, the samples are at comparable 
states of frictional resistance and hence of workability which is its inverse. 

Systems Composed of Particles of Different Sizes 

Systems of 2, 3 and more components of different sizes up to so-called continuous 
gradation, as employed in concrete technology and soil stabilization, have been investi
gated theoretically and experimentally by many workers in many different countries. 
The purpose of most of this work was to find combinations that would give the lowest 
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percentages of voids with a given moderate densification procedure as in rodding sand 
and coarse aggregate mixtures. For all such binary, ternary, and multicomponent 
systems, combinations have been found that with the particular densification method 
employed give minimum percentages of voids; i.e., the greater the difference bet\veen 
the maximum and minimum size of the particulate components, the lower the minimum. 
But as long as the system was of non-cohesive granular character, i.e., the smallest 
size component not so minute or of such water affinity that capillary condensation and 
development of cohesion could occur, the angle of friction of the mixtures and hence 
the shear resistance and its inverse, the workability, were found to be essentially the 
same (5, 11). The obvious lesson for granular drainage structures is the use of single
sized coarse aggregate of maximum feasible dimensions. Of course, they will have to 
be protected externally by suitable filter layers. 

CONCLUSION 

Evaluation of available practical and theoretical information on the permeability and 
strength properties of granular systems makes it clear that these properties can be 
optimized by using the largest feasible aggregate of single size or very narrow size 
range. The aggregate should be of sufficient sfrength, toughness, abrasion resistance 
and dw·ability to retain its integrity under service conditions, and its packing should 
be such that no further densification will occur. 
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