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MIX DESIGN FOR ICHANICALLY 

COMPACTED CONCRETE PIPE 

INTRODUCTION 

This study is the initial part of a program spon- 

sored by the Oregon Concrete Pipe Association under the 

auspices of the Oregon State College Engineering Experi- 

ment Station. 

The thesis presents several theories of aggregate 

compaction systems with special emphasis on the adapta- 

bility. of the theories to the fabrication of mechanically 

compacted concrete pipe. 

The experimental work presented is intended to fill 

one of the many gaps of previous research and literature. 

It is well to mention that throughout thIs thesis the 

use of a gap graded aggregate gradation is advocated, 

and for this reason this thesis is largely a theoretical 

verification of the work developed by Gleoson (10). 

The recommended mix for thin cylindrical pipe shells 

is based on the infonnation and concepts developed by 

orevious research as well as on experimental work done 

on four types of aggregate In this project. 
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Since the recommendations of this thesis are largely 

theoretical in nature, final verification of the proposed 

mix designs must be made by actual practice. 
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SECTION A 

THEORY OF PACKING OF U1TIFORM SIZE PARTICLES 

A-1 DESIGNPTION OF SYSTEM: No theoretical informa- 

tion is available regarding packing arrangements of 

uniform size particles of angular shape, and this section 

is concerned primarily with a study of packing of uniform 

size particles of spherical shape. 

Graton and Fraser (11, pp. 792-8l) have made the 

most complete analysis of the problem, having classed the 

packing of uriform size spheres into six general types: 

Case 1 - Cubic 

Case 2 - Square layer brthorhombic 

Case 3 - Square layer rhombohedral 

Case L - Simple rhombic layer orthorhombic 

Cas 5 - Tetragonal spheroidal 

Case 6 - Simple rhombic layer rhombohedral 

A-2 GEOITRY OF SYSTEMS: The SiX packing systeis 

are formed by two main types of particle layers, cquare 

and simple rhombic, at various orientations and spacings. 

The idea of a unit cell Is ed in developing infom.ation 

for each of the s.x systems, and a unit cell is defined 

as "a polyhedral bounded by planes so psa3d through the 

cantors of adjacent spheres that the resulting cell meets 
the requirement of being tho smallest possible sample 



completely describing the manner of packing and void 

distribution". 

Plan and elevation views, layer spacing, layer 

orientation, size of unit cell and void percentages are 

given on pages - 10 for each of the six arrangements. 

It is important to note in connection with the six 

arrangements that, neglecting adjacent lateral support, 

only Cases 3 and ô are completely stable, i.e. mdlvi- 

dual spheres are supported at three points. Cases 1 and 

are very unstable, the individual spheres being held 

in place by lateral support only; il' the lateral support 

is removed, Cases 1 and L. may change to Cases 2 and 

respectively if interference is present, or they may 

change directly to Cases 3 and 6 respectively when no 

interference to particle movement is present. 

In cases where a compaction system is restricted 

within a container, the container walls play a very im- 

portant part in determining the type of packing formed. 

Referring to sketches of the six arrangements, it can be 

seen that a container with side walls and bottom at 90° 

aids the formation of Cases 1, 2, Lj or . Also the extent 

or length of the container bottom is an important factor 

in determining the type of packing formed; for the forma- 

tion of Cases 1, 2, t or in a container with side walls 

and bottom at 900, the distance between opposite walls 

must be some integer value of the diameter of the spheres. 
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It is conceivable that in a container regardless of 

shape, dimensions, or spherical partical size, hap- 

hazard packing, i.e. packing following none of the six 

regular cases, can be easily formed, and due to possible 

locking or keying of particles no amount of nonual jar- 

ring or agitation can cause a change from haphazard to 

regular packing. 

A-3 VOID SPACE DIMENSIONS: In a system of uniformi 

spheres it is important to know the void dimensions, 

for if a smaller size component of uniform size spheres 

is added to original component, the diameter of the 

spheres of the small component must be equal to the 

minimum dimension of the voids of the large component; 

that is, for a two component bed of minimum voids, the 

small component must fill as large a part of the large 

component void spaces as possible. 

Wax models were made of the void spaces of the six 

packing arrangements of uniform size spheres, and the 

minimum dimension of each of the six void spaces was 

measured. The minimum void dimensions in terms of sphere 

diameter for the six arrangements are as follows: 

Case i - Cubic I 1D! 

Case 2 - Square layer orthorhombic O,33d 

Case 3 - Square layer rhombohedral O.27d 

Case )4 - Simple rhombic layer orthorhombic O.33d 
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Case - Tetragonal spheroIdal O.25d 

Case 6 - simple rhombic layer rhombohedral O.27d 

The anit cells of Cases 3 and 6 contain two major void 

pockets of equal dimer4ions, and the dimensions given 

refer to either void pocket. All other packing arrange- 

ments aro considered to have only one major void pocket. 

Photographs of each of the six packing rrangonients 

of uniform size spheres and their associated wax model 

void spaces are shown on pages 13 - 18. The orientation 

of each packing arrangement and its related voId is 

approximately the 833ve on each page. 

IRRETJtAi-SHAPED PARTICLES: Exact theories re 

garding systens of uniform size spheres, cubes, cylinders, 

or other exact geometrical shapes can be developed, but 

the problem is vastly complicated when dealing with the 

theoretical analysis of uniform sIze irregular-shaped 

particics. on the basis of experimental work, general 

rrlatIonships between packing systems of spherIcal and 

irregular-shaped particles have been developed. It is 

true that tighter compaction systems are obtaIned with 

particles approaching spherical shape than with rough 

angular particles. 

This has been shown in the work of Fumas (8, pp. 

18, Si4). A shape factor, F, was established for several 

ores, crushed rock, roll scale, and spheres; F was defined 
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Case i - Cubic - Particle Arrangement 

Case i - Void Space 
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Ca8e 2 - Square Layer Orthorhombic 

Parti ele Arrangement 

Case 2 - Void Space 



Case 3 - Square Layer Rhombohedral 

Particle Arrangement 

Case 3 - Void Space 
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Case ). - Simple Rhombic Layer Orthorhombic 

Particle Arrangement 

Case Lt. - Void Space 
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Case - Tetragonal Spheroidal 

Particle Arrangement 

Case - Void Space 



Case 6 - Simple Rhombic Layer Rhombohedral 

Particle Arrangement 

Case 6 - Void Space 

'C- 

ii; 
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as a ratio of the average square mesh screen size of a 

particle to the equivalent spherical diameter. (The 

equivalent spherical diameter is equal to the diameter 

of a sphere with the same volume as the irregular-shaped 

particle.) The experimental results of the investigation 

by Fumas are given in Figure 1. Generally, it can be 

seen that when dealing with angular particles with fairly 

rough surfaces, as t;he shape of the particle becomes long 

and thin, the shape factor, F, decreases, and the void 

percentage in a single component compaction system in- 

creases. Fumas also states that the shape factor for 

certain materials may be greater than unity--materials 

falling in this category are egg-shaped, ellipsoids, or 

flat spherolds. Fumas recorrmiends that in cases where 

the shape factor is greater than unity, the reciprocal 

value should be used, since perfect symmetry of particle 

shape is designated by unity. 

Packing systems of the same arrangement and of uni- 

form size spheres exhibit the same void percentage re- 

gardless of the size spheres selected. However, with 

angular aggregate this is not true. Tests were performed 

by Chang and Fan () of crushed limestone graded accord- 

ing to screen sizes 3/Lt", 3/8", No. L, No. 8, No. 16, 

No. 30, No. O, and No. 100. Each size of crushed lime- 

stone was placed in a glass container in the same fashion, 
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and the apparent density was computed in all cases. The 

apparent density varied widely, the highest and lowest 

relative values being l.L13 for No. 16 and 1.20 for No. 

100; relative apparent density for the largest size, 

3/Lt", was 1.33. Chang and Fan explain the results by 

stating that the large voids of the large particles and 

the numerous small voids of the fine particles give a 

low apparent density, while the medium size particles 

give the greatest compactness. 
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mTThT i: 

SYSTEMS OF MI) PARTICLES 

B-1 CONTINUOUS AND GAP GRADING: The consideration 

of compaction systems of mixed particles resolves itself 

into two main classifications according to the number and 

size ratio of components forming the system. The contin- 

uous graded compaction systems contain some amount of 

each size component from fine to coarse, while gap graded 

compaction systems omit most or all of one or more of the 

size components. 

Continuous grading of the aggregate is generally 

considered to give better results than gap grading for 

applications of aggregate to concrete of a plastic mix. 

Numerous "ideal" or maximum density grading curves for 

continuous mixes have been proposed by Fuller and Thomp- 

son (7), Walsh (16), and A.S.T.M. (1). However, in con- 

crete products, and mechanically tarnped concrete pipe in 

particular, gap graded aggregate have proven to be very 

effective in producing a product consistent with speci- 

fications regarding compressive strength, absorption, and 

wall percolation (10). 

Several features of gap graded aggregate systems 

have been established that are both theoretical ai-id 

practical in nature. It is believed that gap grading 

reduces the void percentage in a compaction system by 
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eliminating the wedging or elbowing action of intermed- 

iate size components (1, p. 98). The workability and 

uniformity of plastic concrete have been !iproved by gap 

grading of aggregate and a resulting reduction in size 

separation or raveling (3, p. 330) (12, p. 1191). 

Little work has been done on gap graded compaction 

systems, but for the most part the theoretical compaction 

ssterns of Fumas (8, pp. 76-79) (9), and Weymouth (17) 

emphasize the value of gap gradIng. The experimental 

work of Gleeson (lo) is particularly good evIdence of 

the satisfactory application of gap grading to aggregate 

for mechanically tamped concrete pipe. 

B-2 THEORETICAL COMPACTION SYSTEMS: The extension 

of the information for packing systems of uniform size 

particles to systems of mixed particles has been done 

niathematically by Fumas (8, pp. 80-81) (9) for systems 

of two, three, and four components. 

The voids of a compaction system of uniform size 

spheres may be reduced by adding a secord component of 

smaller size spheres - the small spheres nest in the voids 

between large spheres. Both the size and the number of 

small spheres added are important factors in the re3ulting 

void percentage of the mixed packing system, and a defi- 

nito proportion by volume must exist between large and 

small components if maximum densIty is to be present In 



the mixed system. Fumas (8, pp. 80-81) derived specifIc 

volume (apparent volume per unit weight) relationships for 

binary mixtures of maximum density, and in this work it 

is considered that the small component acts as though 

infinItely small, and up to a limit called the satura- 

tion percentage, the addition of small partIcles does 

not increase the volume of the bed of large partIcles. 

Consider a bed of large particles containing a 

certain void fraction V1. If snail particles are added 

they will not increase the volume of the bed, but they 

will fill ir. V1. Howevor, the small particles also con- 

tain a void fraction V2, and at the point where V1 is 

entirely filled, for a bed of unit volume: 

W2 = V1(1-72)s2 . . . . . . . . . (1) 

where W2 weight of small component 

V1 : fractional voids of large component 

V2 fractional voids of small component 

true specific gravity of small compon- 

ont 

also: W1 (l-V1)S1 . . . . . . . . . s (2) 

where W1 = weight of large component 

true specific gravity of large 

compon sn t 

Therefore, the per cent composition by weight or absolute 

volume at which the large particles are saturated with the 
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small particles becomes: 

Saturation % (l-V1)S1 (3) 
SjCl-V1)+ V1(l-v2)s2 

if 

Saturation = l-V1 

l-v1-s- v1(i-v2) 

if V2:V1 

Saturation % = S1 

Si Vis2 

if V2:V1 

and S2=31 

Saturation % = i -, V,V1, and V are equal. 
2 

This saturation percentage of a large component by 

a smaller component gives the theoretical maximum density 

of a binary system; this relationship holds true to a 

maximum ratio of small to large diameter of 0.2. Above 

this value, the nall particles do not act as though in- 

finitely small, but cause wedge action arid increased void 

percentage. Fumas Ui) gives no information as to the 

extent of wedging action if the ratio of 0.2 of small to 

large component diameter is exceeded, nor does ho indicate 

specifically how oversaturation affects the void space in 

a binary system. 
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Fumas (9) extended the two component theory to 

compaction systems of a maximum of four components having 

both equal and varying initial voids and specific gravi- 

ties. As in the binary compaction system, it is assumed 

that each component has the same initial void fraction, 

the same specific gravity, and acts as though infinitely 

small. The following derivations are taken directly 

from Fumas (9): 

Z, the proportion by absolute volume or weight of 

the large size in a two component bed of maximum density 

is given by: 

Z = i ............ . (14) 

i -4- V 

where Z volume of large size material per 

unit volume of solid material 

V = fractional voids in a bed of sized 

ma terial 

Equation (14) applies only where the particles have the 

saine shape, same specific gravity, and each component has 

the same initial voids. 

Suppose a third component of size d3 is introduced 

in the bed, the d3 size being infinitely small. In such 

an arrangement the absolute volume of each size will de- 

crease, the volume of d1 being Z and d2 being l-Z; the 

ratio between the d2 and d1 components in regard to ab- 

solute volume is l-Z. This ratio is the same for each 
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component, because the same ratio of voids is left within 

each component as it is added to the bed. The series 

formed by the absolute volumes of components is a geo- 

metric progression, and the sum of the progression is 

the total absolute volume of solids of all components. 

d1 d2 d3 d 

Total absolute volume Z+ l-Z + (l-Z)(l-Z) (l-Z)2(i-4... 
-z-- -z- -z- 

since Z i 
TV 

then V l-Z 

and this is the ratio between terms, and the equation may 

be written: 

Total absolute volume i - V + Vai- V3 .... . . (S) 
i+V 

The number of terms in the numerator equals the number of 

component sizes, and each term represents the absolute 

volume of each size component. Further, if all the com- 

ponents have the same density, the absolute volume of all 

the particles of the largest size will be i , of the 

2 
second size V , of the third size V , etc. as seen by TV 
equation (5). Equation (5) applies to a theoretical case 

where each particle acts as if infinitely small; however, 

it has been proven that for two component systems the 

equation is valid where the size ratio of small to large 



component is as much as 0.2. 

The relationship between layered and uniformly 

mixed systems of component sizes is developed by Fumas 

(9) as follows: A bed made up of several component sizes, 

each size being in a separate layer, has the following 

volume: 

Volume 

Ga 

where GT true specific gravity of particles 

in the bed 

Ga apparent specific gravity of parti- 

cles in the bed 

sumriation of actual volumes of all 

particles, or summation of equation 

(5) for as many sizes as are found 

in the bed 

Suppose the bed is mixed and the various size particles 

distribute themselves uniformly through the bed. Ideally, 

the volume of the bed will be only that occupied by the 

largest size cnponent. 

G 
Volume - T 

a 

where Z i as previously defined 
Iv 



The decrease in volume after mixing is 

Volume GT 
decrease 

a 

But this is the ideal case; actually the decrease is less 

than this. 

Actual volume GT 

decrease - y-(s-z) 
a 

where y is a factor ranging from 1.0 to 0. If the parti- 

cles of the second component are infinitely small, y is 

1.0; if they are the same size as the first component, y 

is 0. 

The total volume of the mixed system is: 

Volume s-y(s_z) 
a a 

G 
-[s__z] 

The weight of the entire mass of material is: 

W GTS 

The density of the system is: 

Density Weight/Volume 

- GTS 

f, 

Li 

= a ....... (6) 

s 
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Imagine a system of broken solids with the ratio of 

large to small size limited. The question of size compo- 

sition is to find the number of sizes between the smallest 

and largest to give maximum density; as the number of 

sizes is increased, S increases, but the value of y de- 

creases,, and the problem is one of proper balance between 

y and S, for the term y(S-Z)/S of equation (ô) is the de- 

termining factor; this term must he a maximum for the 

density of the mixed system to be a maximum. 

The expression y(S-Z)/S will be differentiated with 

respect to n and set equal to zero, n is a new variable 
being the number of sIzes added to the original size; 
n+l is the total number of eomponent sizes in a system. 

dry(s-Z)'1 yas-z'j 
L S - : 

dn dn +IsJd' 

performing the differentiation and setting the derivative 
equal to zero, 

Z dS:-dy. ........... (7) 
3(3-Z) 

In order to solve for the composition of maximum density, 
S and y must be known. S is equal to the geometric pro- 

gression of equation () whose sum is: 

S - A(l_Rm) 
1 -R 

where R = ratio between successive terms 

A first term 
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m = the number of terms 

S = _______ (8) 
i-v2 

Also, the derivative of equation (8) is 

dS V3-1n V 
. (9) 

- i - V2 
. . . . . s 

The evaluation of y follows: 

y is an exDerimental factor which can vary from 

zero to one. Let K be the ratio between diameters of 

the smallest and largest particles. 

Kd 
n+l 

. . . . . . . . . (lo) 

For maximum packing, the ratio of diameters between con- 

secutive sizes must be constant; there are n size inter- 

vals and n+l components of size. Therefore, 

d2d3 d 
n+l = ç- cÍ 

K is defined by equation (10), and Kh/fl becomes the ratio 

of diameters between adjacent sizes. 

From experimental data (8, pp. 7)4-76) for two component 

systems, the relation between total volume decreases on 

mixing the two components; the exnerimental size factor is: 

y l.O_2.ó2Kl/l.62K2/n (11) 



32 

The relationship of equation (11) is independent of void 

percentages--differentiating: 

dv 262K1/nlfl K -32LK2/nlfl K (12) 
n2 

Substituting the values of equations (Li), (8), (9), (11), 

and (12) in (7) and simplifying: 

11nV(l_Vli = (2 62 32K2/n)1n K . .(13) 
(l_V1l)(1_Vfl) (1.O_2.62Kml.62K21)n2 

where n - one less than the total number of 

size ciponents in a bed. 

K - ratio of diameters of smallest to 
largest size. 

V = fraobion of voids in bed of sized 

material. 

Fumas solved equation (13) by trial and error, and 

the results are shown in Figure 2. This figure gives in- 

formation for V, K, and n for mixes of theoretically 

maximum density. 

The mathematical treatment thus far described has 

shown a theoretical method of finding the number of corn- 

ponents and size ratio between small and large components 

consistent with minimum voids in a mixed bed. To find the 

actual voids for compositions of maximum density, it is 

necessary to use equation (6) and the true bed density 
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as shown below. 

fled density Weight 
Volume 

Ga 
. (6) 

I-yCS-Z)/ 

where 
y = 1 0-2 62K1/fl+ l.62K21'n (n) 

Z: 1 
(1-i-) ... 

s : 11.V4.V2+ ....... . . 
. () 

therefore 

% bed voids : True density-Bed density x 100 
True density 

Fumas plotted curves consistent with the relation- 

ship given for values of initial component voids, V, of 

30%, 140%, 0%, and 60%; typical are Figures 3 and 14 for 

V of 30% and O%. 

Wejmouth (17) developed the theory of particle 

interference in concrete aggregates, and a method of 

design applicable to gap as well as continuous graded 

particles has evolved from his theory. 

Briefly, the theory states that wedging or elbowing 

takes place in concrete aggregate vthen any one size group 

(particles between two adjacent sieves) exists in such 

quantity that the clear distance between particles of 

that size group is insufficIent to allow free passage of 

the partIcles of the next smaller size group. For dry 
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concrete mixes, Weymouth recommends that the spacing of 

coarse aggregates be equal to the average diameter of the 

small aggregate plus twice the thicmess of the adhering 

cement film. The recommended constant for the cement 

film is 0.051 mm or a total clear distance increase of 

0.102 mm. 

One of the aims in the design of a concrete gap 

graded aggregate is to use large size aggregate in an 

amount to give as dense a mix as possible consistent 

with the required workability, but according to the 

theory of particle Interference, if too great an amount 

of the large component is used, particle interference, 

non-uniform void pockets, arid size segregation will occur. 

The theoretical problem is to determine the limiting 

amount of coarse aggregate. It is first necessary to 

develop an expression for the average clear distance be- 

tween particles of any size group, and the method as pre- 

sented by Weymouth (17) is developed. here, 

It is assumed that the void percentages in compaction 

systems of uniform size particles in similar particle 

arrangements depend on the shape but not on the size of 

the particles. If a container of unit volume is filled 

with particles of approximately the same size and having 

a mean diameter, d1, the average center to center distance 

of the particles is also d1, since the particles are in 

contact as in Figure 5(a). 
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N particles will be required to fill the container 

after compaction, and the solId volume of the particles 

will be the product of N and the volume of an average 

particle. The ratio of solid volume per unit bulk volume, 

q, will be 

q Ngd 

where g proportionality factor between the 

diameter and volume of a particle 

(/6 for spheres) 

Figure 5(b) represents the particles enlarged symmet- 

rically, so that the corresponding particles have the same 

shape but a greater average diameter, d. A smaller 

number of particles, N', will be required to fill the 
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unit container, but the void percentage and the pro- 

portionality factor, g, wIll be unchanged, and q also 

has the value 

q N'gd3. . . . . . . . . . . (1)4) 

If the enlarged portions of the particles are removed, 

but the particle positions are not changed, the clear 

distance, t, between particles becomes 

t dd1 . . (ls) 

The ratio of solid volume as compared to space available 

to the group, q', will be 

q' N'gd . . . s . s . . . . (16) 

and dividing equation (1)4) by equation (16) gives 

q/q' N'gd3/N'gd 

(4/d1)3 

or = (q/q' 
)l/3 

then di-di : (q/q' )l/31 

and by equation (1g) 

t 

or t [(q/q' 
)1/3_lJ 

d1 s s . s . (17) 

Equation (17) Is the equation for computing the average 

clear distance between adjacent partIcles of the same 
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size in terms of particle size and degree of concen- 

tration relative to that in dry rodded condition. 

The ratio of solid volume per unit bulk volume of 

a particle componsnt, q, is determIned from weight and 

specific gravity values; the particle size, d1, Is the 

average of the two sieve sizes between which the group 

lies. The relative density, q', is found by considering 

that each size group is distributed throughout that por- 

tion of the volumo not occupied by larger particles, i.e., 
q' is equal to the absolute volume of the size group 

divided by the space available to it. The use of the 

particle interference method of design of an imaginary 

gap graded dry concrete mix is shown in Section B-L. 

EXPEHI/TAL VIFICATION OF THEORETICAL COM-. 

PACTION SYSTEMS: Fumas (8, pp. 7L.-76) experimentally 
deternined voids in binary systems of broken partIcles, 
each system composed of components having the same inItial 
voids and the same true specific gravity. A range of large 
component saturation percentages by weights was obtaIned 
by varyIng the size ratio of small to large particles. 
Curves were plotted for bInary systeris of particles of 

various size ratios, when the voids of single components 

were 5O, and 60%; Figure 6 is typical. 'Thioretioal 
determinations of the saturation percentages as computed 

by the methods of Fumas (9) agree rather closely with the 
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experimental results: 

Initial Voids of 
a Single Component 

60% 

Table 1. 
Experimental 
Saturation % 
(Large Component 
% by Weight) 

- 70% 
- 67% 
- 62% 

L.2 

Theoretical 
Saturation % 
(Large Component 
% by Weight) 

71. % 
66.7% 
62. % 

The theoretical work of Fumas (9) in regard to corn- 

paction systems of two or more component3 has received 

experimental verification from the research by Glesson 

(lo) in regard to aggregate grading for small concrete 

pipe (under 18" diameter) manufactured by mechanical 

compaction. Figures 3 and 14 taken from Fumas (9) show 

that for compaction systems with a ratio of the diameters 

of smallest to largest particle size equal to or greater 

than 0.01, two component compaction systems have the 

greatest density. 

Gleeson's work includes experiments with binary 

compaction systems usIng 3/)4"-l/2" and l/2'-3/8" graded 

aggregate as the large component, and combining with each 

of the large components varying percentages of six smaller 

components. Tabulated values of the experImental results 

as taken from Gleeson's work follow in Table 2. 



Table 2. 
Aggregate 
by Weight 
for Minimum % Voids for 

Aggregate Compaction Specific % Voids of Compaction 
Sizes System Voids Gravity Compononts System 

i (3/L."-l/2" 7O 2.7 37.6 37 (1/2"3/8" 3O 2.% 37.1% 

2 (3/"-1/2" So% 2.7 37.6% 32% (3/8'-L" 50% 2.6L 36.S% 

3(?/)41t_1/2n "8" 70% 2.f7 37.6% 29% 30% 2.6L. 38.3% 

L1 
(3/L"-1/2" 70% 2.7 37.6% 28% (8"-14" 30% 2.6 
(3/Lt."-1/2" 

0(lLl..t_28tt 
70% 2.7 37.6% 25% 30% 2.5L Lj2.8% 

o 
(3/L"-1/2 70% 

30% 
2.57 
2.56 

37.6% 
L2.3% 23% 

(3/L1'-1/2" 65% 2.57 37.6% 22% 
35% 2.70 

Ç3/8"_L" 8.(vt3t? 70% 
30% 

2.6L 
2.6L. 

36.5% 
38.3% 35% 

(3/8"-L." 70% 2.6L 36.5% 
32% 30% 2.56 L2.3% 

(n "-28" 
70% 
30% 

2.61j. 
2.5L. 

36.5% 
L2.8% 28% 

(3/8"-L1)' 70% 
30% 

2.6L4. 
2.56 

36.5% 
L2.3% 25% 

(3/8"-L" 70% 2.6L1. 36.5% 
25% 30% 2.70 14.5.0% 



The various component and compaction systems were 

rodded into a container of known weight and volume, and 

knowing the aggregate net weight and the weighted specific 

gravities, the void percentages were computed. 

A check of the experimental results of the compac- 

tion systems of maximum density with mathematical re- 

lationships derived by Fumas (8, pp. 80-81) follows: 

Total weight = W1+ (l-W1) 
of C.A.+F.A. 

for Mix 7 

V1 = 37.6 

= 2.7 

= 2.70 

w1 : 
(l-v1)s1 

(l-V1)S1i- V1(l-v1)s2 

0.709 

Total weight = 0.709 + (l-0.709) 
of C.A.+ F.A. 

Proportions 
by weight of = 70.9%+29.l% 
F.A.+ C.A. 

for ìiiix 12 

V1 36.5% 

S1 2.6L1. 

V2 )45.O% 



= 2.70 

W1 0.725 

Proportions : 72.5,+ 27.S% 
by weight of 
F.A. + C.A. 

The eerimenta1 values for maximum densit,r Mixes 7 

and 12 check very well with the theoretical values of 

Fumas. Further correlation may be seen from the fact 

that as the separation of experimental sizes increases, 

the compaction system voids decrease; Figures 3 and L. 

also emphasize that the void percentage of a compaction 

bed decreases as the ratio of small to large size aggre- 

gate decreases. 

APPLICATION OF THEORETICAL DEVE1DPrVrTT TO GAP 

GRADED SYSTEMS: The use of the particle interference 

concept as developed by Weymouth (17) for the design of 

a gap graded non-plastic concrete mix is presented below. 

The following symbols apply: 

t minimum clear dIstance between coarse 

aggregate 

C twice the thickness of the aggregate 

cement paste coating 

q' absolute volume of the coarse aggre- 

gate/space available to coarse 

aggregate 
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q : solid volume/bulk volume for the 

coarse aggregate 

= fine aggregate diameter 

coarse aggregate diameter 

Assume the materials to be used are coarse aggregate 

falling between Tyler square mesh sieve sizes No. t1. and 

No. 8 and fine aggregate falling between No. 28 and No. L8 

Tyler sieves. Further assume the value of q to be 0.60, 

and the valuo of C to be O.0O". 

The required clear distance, t, between particloc ei' 

coarse aggregate must be equal to the diameter of the 

small aggregate pluc twice the thicirness of the cement 

paste coating: 

t = d+ C 

and from equation (17) 

t d1 [(q/q' 
l/3i1 (17) ) . . . s 

or d2+ C : d, [íqfql )l/3111 

t 
(CL/ci' ) 

1/3k 

i al 

and d2 0.O17t" 

i 0.139" 

therefore 

0.l2 

1+ i.12S = (q/q' )i/3 



l.12) : (/çt 

q 

(. 1- i.l25) 

and q = 0.60 

therefore 

C o.00)4" 
'a1 0.13 

0.0288 

q' = 0.60 

(0.0288-t- i.12) 

q' 0.387 

qt 
coarse apgreato 

Absoluto volume : 0.390 
coarso aggregate 

Apparent volume 
coarse aggregate 

unit space ava11atLe 
to coarse aggregate 

Absolute volume 

q 

0.390 
0.ó0 

0.65 

Apparent volume for the coarse aggregato of 0.6S is the 

maximuxr proportion of coarse aggrogate for which no par- 

tide interference with the fine aggregate wIll result. 

Obviously the mix desii given is only approximate and in 

some error since only two component sises were assumed to 

be present. 1-Towever, the theory of particle Interference 
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should be valuable in checking interference character- 

istics of mixes designed by other mathematical or 

experimental methods. 



SECTION C 

BOTJNDARY EFFECTS IN COMPACTION SYSTEMS 

C-1 BRIDGE ACTION: The study and review of the 

corpaction systems presented In the previous sections 

of this paper are concerned with systems possessing 

infinite spread or extent and having no limits imposed 

by container or boundary walls. 

The effects of the boundary surface on compaction 

systems are referred to in literature In only a general 

way, and the theoretical and experimental studies that 

have been performed present widely varying results. 

Obviously, boundary effects are very important in 

any consideration of mechanIcally tamped concrete pipe, 

for the wall section is very thin and the ratio of sur- 

face area to enclosed volume is high. A container of 

thin section may cause the enclosed aggregate to wedge 

or span the sectional distance between walls resulting 

in the formation of a void under the wedged particle; 

this is termed bridge action. Bridge action may also 

occur within a compaction system itself when one particle 

is wedged between two other partIcles. The following 

quotation from Graton and Fraser (11, pp. 8L.2-8L3) des- 

cribes bridge action withIn a compaction system. 

"It is important to note that haphazard packing 

once established in the middle of a container cannot 



easily change into regular packing by jarring. Once the 

spheres settle, they become 'locked' r tkeyedt like 

stones in an arch, by the very presence of neighbors, 

which are al3o keyed in place. Openings more than large 

enough in every direction to accommodate a sphere may, 

by the chance manner of sphere accumulation, be left 

unfilled and are protected indefinitely by the arch1ngt 

of the surrounding spheres. Only by temporary rearrange- 

ment which lifts many of the spheres a considerable part 

of their radius may the arching difficulty be overcome. 

And even when such rearrangement has been done, systematic 

packing will not have been achieved unless the container 

has identically the same shape, and a very special exact 

relation to the size, of the unit cell of the kind of 

systematic packing involved." 

It would seem that the best way of preventing bridge 

action of this type in compaction systems of uniform size 

spheres is to choose a size relationship between the con- 

tainer sectional distance and the particle diameter that 

encourages the formation of a regular rather than a hap- 

hazard pattern of packing. 

The spherical arrangements on pages 1 - Lj. illus- 

trate the effect of bridging across the sectional distance 

of a container enclosing uniform spherical packIng. 

Various sectional distance-particle diameter ratios, D/d, 

are shown for two general series of packings that can 
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conceivably develop In an annular type of container with 

a small sectional distance and straight parallel sides. 

The ratio of sectional distance to particle diameter is 

the controlling factor and for the values of D/d between 

2 and 1, the void percentage is higher than at the Integer 

values. The exceptions are orthorhombic arrangement with 

D/d of 1.87 and the rhombohedral arrangement with D/d of 

1.82. 

It would be very difficult to duplicate the ortho- 

rhombic or rhombohedral packings, and a slight variation 

in the ratio of sectional distance to particle diameter 

required for these two arrangements would result in 

bridging simIlar to that shown on page 2. The packing 

arrangements with D/d of 1.0 are not of practical value 

for tuo fabrication of concrete pipe, since any small 

variation In the aggregate size could cause serious lodg- 

ing of the aggregate In the annular space between the core 

and jacket. From the theoretical Illustrations given, it 

appears that the ratio of sectional distance to particle 

diameter must be 2 or greater. 

C-2 SuRFACE AREA-VOLUME RElATIONSHIP AND WALL EFFECT: 

The surface area volume relationship as the name implies 

is the ratio between the surface area of a container and 

the volume of the material within the container. This 

relationship is of little consequence in a mass concrete 



structure such as a dam, but it becomes of prime im- 

portance for a product such as concrete pipe where the 

surface area-volume ratio is very high. 

Directly related to surface area-volume is the in- 

creased void percentage of a compaction system in the 

section adjacent to a container wall. The increased 

voidage is a result of the interstices of particles 

against the container wall not being filled with adjacent 

particles. The void increase as a result of introducing 

a wall in a compaction system of uniform size spheres has 

been shown by Graton and Fraser (II, pp. 8Lj-8)46) for the 

tightest cases of packing, square layer and simple rhombic 

layer rhombohedral, and their development is extended to 

include all six cases of packing arrangements of uniform 

size spheres. 

Lnagine a compaction system (square layer rhornbo- 

hedral shown in Figure 7)bounded by one wall. The section 

between planee cd and ef contains a normal percentage of 

voids for packing not affected by a container wall, while 

the section adjacent to the wall between planes ab and 

cd has an increased void percentage due to the wall. 

e 

FIGURE 7 

d 



The difforence in voId percentage for sections cd-ef 

and ab-cd is indicative of the wall offect, and this in- 

formation is tabulated for six types of packIng arrange- 

ments as follows 

Table 3. 
Theoretical Void Increase Due to Wall Effect 

for Systems of UnIform Size Spheres 

Type of 
packing Voids between Voids between Void increase 
kpp. 3-11) Planes ab & cd Planes cd & ef between ab &. cd 

Oase i )4.7.ó2 Lj7.6% 0% 
Case 2 L7.6 39.S% 8.1% 
Case L7.o% 2,.9S% 21.ÓS% 
Oase 39,5% 39,5% 
Case 5 39,5% 30.19% 9.31% 
Case 6 39.5% 25.95% 13.55% 

The tabulated values above emphasize that most compaction 

arrangements have the interstices between spheres par- 

tially fIlled by adjacent spheres, and when a wall is 

introduced the interstices remain empty thus causing a 

void percentage increase. 

Experimental work (2, pp. 1062-1063) (8, pp. 35-)43) 

(:i4, p. 33) in regard to wall effect has been conducted 

for various types of single component compaction systems 

in cylIndrical containers--the ratIo of particle diametor 

to container diameter at which the wall effect noticeably 

affects the compaction system void percentage has been 

alleged to vary from 5 as determined by Morconi (114, p. 33) 

to 20 as found by Rose (15, p. 39). 
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Anderegg (2, pp. 1062-1063) indicated that as the ratio 

of surface area/volume becomes large it is necessary to 

apply a boundary correction to the design of mortar mixes, 

so that all voids, including those adjacent to the con- 

tainer wall, will be f1led by cement paste. 

In the design of a mix for mechanically compacted 

concrete pipe, it is evident that for maximum density, 

the amount of fine component must be Increased as the 

ratio of surface area/volume increases. In terms of 

compaction system fineness modulus and the concrete pipe 

diameter, it may be stated that as the pipe diameter de- 

creases, the ratio of surface area/volume increases, and 

the fineness modulus must be increased to retain a maxi- 

mum density compaction system (10, pp. 17-18). 
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SECTION D 

SIJRFACE AREA RETATIOSHIPS 

This section pertains to the particles of a com- 

paction itself, and the surface area is not related to 

the boundary walls of the compaction system as in 

Section C. As before, for preliminary development, the 

particles are considered to be of a round or spherical 

shape, and the surface area relationships derived from 

the spherical shapes are modified by an experimental 

factor to describe the surface area relationships of a 

compaction system of angular particles. 

D-1 COiPACTION SYSTEMS OF UNIFORM SIZE ROU1D AND 

ANGULAR PARTICLES: The mathematical development of 

Carman (Lt, pp. 15:2-15:5:) provides a means for the deter- 

mination of the surface area per unit volume of a com- 

paction system of uniform size spheres. The ratio of 

surface area to volume of an individual sphere is given 

by, 

Surface area :Trd2ATh3 
1folunie 

6/d 

where d : spherical diametor 

The spherical or solid volume in a compaction system of 

unit volume is 

Sphorlcal volume l-V 



where V fractional voids per unit volume 

therefore the ratio of surface area to volume for a corn- 

paction system of unit volume becomes, 

Surface area 6(l-V)/d 
Volume 

In dealing with beds of non-spherical particles, an 

experimental factor,#, must be used. 

Surface area 
Vo lume 

The factor depends on the particle shape, is equal to 

i for a sphere, and is equal to less than i for other 

shapes. Values of have been calctìlated by several 

workers by use of a laboratory-gas procedure, and the 

results as taken from Carmari (, p. 15) are tabulated 

below. 

Table 
i-i-. 

Values of Shape Factor Determined by 
- Laboratory-Gas Method 

Material Nature of grain Ø Workers 

Average for 
various types 
of sand O.7 Fancher & Lewis 

Flint sand Jagged 0.65 Fancher & Lewis 
Ottawa sand Nearly spherical O.9S Fancher & LewIs 
Wilcox sand Jagged 0.60 Chalmers,Rawlins, 

& Tolaferro 
Sand Not known O.9 Muskat & Botset 
Sand Angular 0.70- Green & Ampit 

O. 75 
Sand Rounded 0.83 Donat 
Flint sand Jagged 0.67 Donat 
Flint sand Jagged flakes O.)43 Donat 
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The relationship of surface area per unit weight has 

been developed by Marwick (13), and several conclusions 

regarding the effect of aggregate shape on surface area 

are also presented. The relatIonship between surface 

area and weight for both spheres and cubes is given by, 

Surface area - 6/ed . . . . . . . . . . . . (18) 
'cTnit weight 

where d diameter of sphere or side of cube 

in cm. 

density of spheres or cubes 

Equation (18) does not take into account the shape of a 

particle, and it is necessary to introduce a surface 

factor referred to in Marwick's work asc. The ratio 

of surface area per unit weight for irregular-shaped 

objects becomes, 

$urface area 6Od . . . . . . . . . . . (19) 
UnIt weight 

where d : mean sieve size in cm. or inches 

density 01' particles In grams per 

cm3. or lbs ./ft3. 

Ö: surface factor 

Then,,and d are expressed in metric system units, the 

ratio of surface area to unit weight is called SpecIfic 

Surface, square cm. per gram. 

Marwick classed and defined irregular particles 

according to three dimensions defined as follows: a 
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rectangular solid which encloses a partIcle has three 

dimensions; the length is the maximum dimension, the 

thickness is the minimum dimension, and the breadth is 

equal to the mean sieve size of the particle. Considering 

a material of a given sieve size, the surface factor de- 

pends only on the length and thickness of each particle. 

Marwick proved that both the weight and surface area of 

a particle vary almost directly with its length, and 

It appears that 0' depends almost entirely on particle 

thickness. 

Marwick determined how varied with thickness in 
the following manner: 1" to 3/1" basalt aggregate 

classified according to five thicknesses (twenty samples 

for each thickness) were wrapped with 1 lb. sheet lead 

(0.017" thickness), and the lead required to wrap the 

stones was weighed, and having determined the weight of 

lead shot per unit area, the area of each sample of 

aggregate was found. The results of this investigation 
are given in Figure 8. 

Marwick arbitrarily classified an aggregate as 

"flaky" if the ratio of h/d was less than 0.6. By the 

lead sheet method, surface area per unit weight deter- 

minations were made for five classes of thicknesses of 

aggregate (results plotted in Figure 8) and two of the 

classes were "flaky" while three were other than flaky. 

The author recalculated surface area per unit weIght 
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values for the five classes of aggregate using the 

approximate surface factor values ofO 1.70 for f]aky 

aggregate and 7 1.28 for other than flaky material. 

The approximate values agreed with the exact values 

within 2% in all cases. This led Marwick to the con- 

clusion that although the surface area of aggregate 

varies with the size and shape, the surface area per 

unit weight of a sample of aggregate of crushed stone 

is essentially defined by the grading of the material 

and varies only slightly with the shape. 

Edwards (6, pp. 239-2L1J4) determined the average 

surface area per unit volume for uniform size compaction 

systems of sand and gravel; these determinations were 

made by assuming sand and screened gravel to be spheri- 

cal and the crushed rock to be made up of two-thirds 

parallelopipeds and one-third spherical shapes. 

The surface area of the sand was found by Edwards 

as follows: Samples of natural sand were sieved and 

divided into eight classes according to sieve size. For 

each type of sand, the average number of particles per 

grani was determined by actual count. The types of sand, 

sieve sizes used, and the number of particles counted per 

gram are given in Table . 



Table 5. 
Number of Sand Particles per Gram for Various Sands 

Size of sieve, passed and retained on 
Name of Sand P14-R8 P8-Rio Pl0-R20 P20-R30 P30-R140 P140-R50 P5O-R80 P80-RiOO 

ttMaple" 114.75 56.28 140.356 1729 5686 16891 145086 72511 
Vaughan, Ont. 

"Pleasant Lake" 12.60 58.80 140.200 1673 5020 12183 39876 98996 
Otisfield, Me. 

"Cataract" 10.93 56.17 366.70 1)431 14303 15010 39510 102116 
Caledon, Ont. 

"Erín" 13.25 149.80 270.12 114)49 14)439 17999 3145)42 125630 
Erin, Ont. 

"Ontario Lake" 17.16 57.28 21)4.00 1)409 1458)4 17675 140)422 96)412 
Toronto, Ont. 

"Standard Ottawa" ------ - - - 1323 - - - - - - - - - - - 

Ottawa, Ill. 

Average 13.714 55.78 331.28 1502 14806 15991 140057 99133 

Assumed test i)4 55 350 1500 14800 16000 140000 99000 
average 



Knowing the specific gravity (2.689 in all cases), 

the number of particles per gram, and appropriate con- 

version units, the average volume per particle in cubic 

inches was calculated for each of the eight sizes. From 

this information and assuming the sand as spherical, the 

surface area in square inches per particle and per gram 

was calculated; the results are shown in tabulated form 

in Table 6. 

The methods described for fInding the surface area 

of sands was used in determination of the surface area 

of crushed rock. However, the crushed rock was assumed 

to be made up of two-thirds parallelopipeds and one-third 

spherical shapes. This assumption was made to approxi- 

mate the long, angular, rough shapes found in broken rock. 

All screened gravel was assumed to be spherical. The in- 

formation of volume and surface area for broken stone and 

screened gravel is given tri Table 7 and Table 8. 

D-2 COMPACTION SYSTEMS OF MIXED SPHERES: Carman 

p. l6) developed a mathematical expression for the 

surface area per unit volume of a compaction system of 

a compaction system of mixed spheres, 

s ó(l_v)(ul) 

ai 
where u1 fractional weight of particles of size 

d1, considering all particles to have 

the same specific gravity. 



Table 6. 
Volume and Surface Area for Various Sands 

Sieve passed and 
retained on 

No. particles 
per grani 

Ave. vol. per 
particle, 
cubic Inch 

Ave. dia. per 
particle, 

inch 

Surface area 
per particle 
square inh 

Surface 
area per 
gram, sq.in. 

PLj-R8 J)4 0.00166 o.lL69 0.0678 o.9L192 
P8-RiO O.00OL226 O.O93lO8 0,0272335 l.L.97B 
Pl0-R20 350 o.000o665 O.o5O253L 0.0079338 2.7778 
P20-R30 1500 

L800 
O.0000l5L9 0.030928 0.0030055 )4.5083 

P3O-RL0 O.0OOOOL8L2 0.0209893 O.00138L1.l 6.6L37 
P140-R50 16000 0.000001)452 0.01)40818 0.0006201 9.9216 
P50-R8o )40000 o.0000005ai5 0.0103568 0.000336913 13.)4765 
P8o-Rloo 99000 0.00000023)48 0.00765,38 0.000188325 18.óLj.)42 
Standard Ottawa 1323 0.00001757 0.03225)45 0.00326638 )4.32)4l 

-4 



Volume and 
Table 7. 

Surface Area for Broken Stone 

Sieve passed 
and No. particles Ave. vol. per Surface area por Surface area per 

retained on per 100 lb. particle,cu. in. particle, sq. in. 100 lb., sq. ft. 

P2-Rl-i/2 670 i.53 8.70147 14o.5 
Pl 1/2-Rl 1680 0.636 14.9261 f7.L7 
Pi-R 3/14 5680 0.1811 2.1139 

1.19143 
83.38 
123.58 P 3/14-R 1/2 14900 0.0692 

p 1/2-R i/14 143820 0.0236 0.5339 162.147 

Table 8. 
Volume and Surface Area for Screened Gravel 

Sieve passed 
and No. particles Ave. vol. per Surface area per Surface area per 

retained on per 100 lb. particle, cu. in. particle, sq. in. 100 lb., sq. ft. 

P2-lU 1/2 1430 2.14289 8.7383 26.09 
Pl 1/2-Hl 1090 0.9509 14.67614 35.39 
P1-F. 3/14 3830 0.26914 2.0330 514.00 
P 3/14-R 1/2 10030 0.1020 1.0557 73.514 
P 1/2-R i/14 37330 0.0276 0.L425 1114.71 
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This expression mey be extended to include surface area 

per unit volume of a compaction system of mixed particles 

of irregular shape, if the size components all have the 

same general shape, same specific gravity, and same 

initial void percentage. 

S 6(l-V)(u1/d1) 

where shape factor as previously defined. 
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SECTION E 

EXPERIMENTAL WORK ON CYLINDRICAL SHELL CONTAINERS 

E-1 PURPOSES OF EXPERIMENTAL WORK: The purposes of 

the cylindrical shell-aggregate experiments were: 

1. To determine the critical value of sectional 

distance/nominal aggregate diameter. The 

critical value is that value at which the 

container surface area has little affect on 

the aggregate compaction system voids. 

2. To determine the effect of particle shape on 

aggregate compaction system voids. 

3. To check the influence of the diameter of the 

cylindrical shell container on aggregate corn- 

paction system voids. 

Li.. To recommend, as a result of the above men- 

tioned purposes, the optimum size of large 

aggregate for use in mechanically compacted 

concrete pipe in terms of sectional distance/ 

nominal aggregate diameter. 

PROPERTIES OF CYLINDRICAL SHELL CONTAINERS: As 

has been shown in Section C, very little information is 

available in literature regarding the effect of container 

walls on a compaction system, but it IS indicated that the 

void ratio of a compaction system is greatly ±nfluenced by 

such container characteristics as sectional distance and 
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surface area. 

The cylindrical shell container such as that found 

in mechanically compacted concrete pipe is a very special 

type of container with a small sectional distance and a 

high ratio of surface area to enclosed volume. A single 

size compaction system within a cylindrical shell is sub- 

jected to a large void increase due to wall effect and 

bridging between adjacent particles and container walls. 

It is impossible to predict with accuracy by theo- 

retical means the void percentage which a compaction 

system of a particular material within a cylindrical 

shell container will have, and for this reason it was 

necessary to devise an experimental method for finding 

the void percentages of various types of compaction system 

materials within cylindrical shell containers. 

E-3 COMPACTION SYSTEM M&TERIALS AND TEST ÌvaTHODS: 

The compaction system materials chosen represented a 

variation in shape from nearly spherical to angular and 

flaky. The four types of aggregato were graded between 

Tyler square mesh sieves of 0.371" and O.26.3' openings-- 

the average nominal square mesh screen size was 0.317", 

and this value was used as the nominal particle diameter 

throughout the series of tests. 



Type i Aggregate 
River run gravel from Willamette River 

Type 2 Aggregate 
Mixture of crushed river run and river run 
gravel from Oregon State Highway aggregate 

stockpile, Wren, Oregon 



Type 3 Aggregate 
Crushed river run gravel from Willamette 

River 

Type 14. Aggregate 
Crushed rock manufactured at Detroit Dam, 

73 
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The four types of agp:regate chosen for the tests 

follow: 

Type i - River run gravel from Willamette River. 

Type 2 - Mixture of crushed river run and river run 

gravel from Oregon State Highway aggregate 

stockoile, Wren, Oregon. 

Type 3 - Crushed river run gravel from Willamette 

River. 

Type L - Crushed rock manufactured at Detroit Dam, 

Oregon. 

The pertinent physical properties of the four types 

of aggregate were found to be: 

Table 9. 
i3ulk specific Particle count Percentage of 

Type gravity voids (A.S.T.M. 
of (A.S.T.M. (grams per C 30-37) 

aggregate C 128-L1..2) SOO particles) Loose Jigged 

i 2,t.9 Ló3 39.6 3)4.. 

2 2.2 Ll7 39. 
2.i 370 ).8.2 

L. 2.2 320 )49.O Li.8 

The particle count is a good indication of the shape 

of the agpregate, i.e., an aggregate particle approaching 

a spherical shape has greater weight than a flat or flaky 

aggregate particle, when both aggregates have the same 

nominal particle diameter. 

The cylindrical shell containers used were combina- 

tions of aluminum pipes (4.", 
5!t and 8" inside diameters) 
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Cylindrical Shell Container Apparatus 
Wood cylinder; 8", 6", and ti." inside diameter 

aluminum pipe 

Cylindrical Shell Container Apparatus Assembled 



placed concentrically around solid wood cylinders of 

various diameters. The container height in all cases 

was , 

Each of the four types of graded aggregate was 

placed in the annular 

and wood cylinder by 

A.S.T.T. C 29-L1..2) and 

C 29-L2), and the two 

for loose and compact 

Having found the 

,z1 

space between the aluminum pipe 

two methods--shovelling procedure 

jigging procedure (A.S.T.i. 

placing methods gave information 

aggregate packing. 

gross weight of the container and 

aggregate, and knowing the container weight, bulk specific 

gravity of the aggregate, nominal particle diameter, and 

container dimensions, it was possible to compute the aggre- 

gate net weight, percentage voids, container surface area, 

sectional distance, and volume. The aggregate net weight 

in each case was reproducible within 1%. 

The resulting values were plotted in Figures 9, 10, 

and 11 as ratios of sectional distance/nominal particle 
diameter vs. percentage of voids. The lower abscissa in 

each figure denotes the corresponding values of container 

surface area/container volume--the end areas of the con- 

tainer were not included in the computation of the surface 

areas. 

ANALYSIS 0F RESULTS: An analysis of Figures 9, 

10, and 11 shows the following to be true: 
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1. A defInite break in all curves of sectional 

dIstance/nominal aggregate diameter vs. per- 

centage of voids occurs at a value of sectional 

distance/nominal aggregate diameter of 3.00. 

Any value less than 3.00 results in a sharp 

increase in compaction system voids. 

2. All curves show a definIte separation between 

Type i aggregate (nearly spherical in shape) 

and Types 2, 3, and )4 (angular and flaky). 

Type 1 aggregate produces a smaller percentage 

of voids (approximately 7% less) than Types 

2, 3, and t aggregate regardless of the ratio 

of sectional distance/nominal aggregate diameter, 

type of packing (loose or compact), or cylin- 

drical shell container diameter. 

3. No significant change of compaction system void 

percentage is caused by a variation of cylin- 

drical shell container diameter from )4tt to 

to 81T 

)4. The largest size of coarse aggregate for use In 

mechanically compacted concrete pIpe should have 

a nominal aggregate diameter no greater than 1/3 

the thickness of the pipe wall; the use of coarse 

aggregate larger than 1/3 results in a greatly 

incroased percentage of voids. 
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SECTION F 

TYPICAL MIX DESIGNS FOR !CHANICALLY 
COJ'.PACT CONCRETE PIPE 

r.:! GENERAL PROCEDURE: The theoretical information 

of Sectton B, and the experimental results discussed in 

Section E form the basis of a recomi-nended mix design for 

mechanically compacted concrete pipe. The mlx of a 

mechanically compacted concrete pipe is consIdered in 

this recommendation to consist of three components of 

particles--coarse aggregate, fine aggregate, and cornent. 

The coarse and fine aggregates are each graded between 

adjacent jler sieves resulting in a defInite gap graded 

compaction system. 

Presented below is a typical design for a 6" inside 

diameter pipe using as coarse aggregate river run gravel. 

Following this detaIled design, recommended designs for 

6", 10", and l" inside diameter pipes are tabulated 

using both river run gravel and crushed rock as coarse 

aggregate. The general procedure is the same In all 

designs consisting of six steps. 

Step 1. Selection of the nominal aggregate diameter of 

the coarse aggregate from the experimental re- 

sults of Section E. 

Step 2. Selection of the nominal aggregate diameter of 

the fine aggregate from the theoretical coì- 

cepts of Fumas (9, pp. lO5-lO6)--f or maxImum 



density of compaction systems, the nominal 

particle diameter size distribution must be 

symme tri cal. 

Step 3. Determination of the relative amounts of coarse 

aggregate and fine aggregate. 

(a) On the basis of the two component maximum 

density compaction systems of Fumas 

(9, pp. lO2-lO53). 

(b) On thc basis of the particle interference 

theory of Weymouth (17). 

(e) Compromise between (a) and (b). 

Step i.. Estimation of the surrace area of the coarse 

and f Ine aggregate following the methods of 

Marwick (13) presented in Section D. 

Step . Estimation of the amount of cement paste re- 

quired to coat the surface area of the fino 

and coarse aggregate as estimated in Step L1. 

Step 6. Final mix recommendation on the basis of 

apparent volumes of coarse aggregate, fine 

aggregate, and cement paste. No reconmienda- 

tions are given of the relative amounts of 

water and cement comprIsing the cement paste--. 

this is considered to be another project pre- 

sented rather thoroughly in the work of 

Gleeson (10, pp. 9-15). 
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F-2 IIX DESIGN WITH WILIAPTTE RIVER RUN GRAVEL AS 

COARSE AGGREGATE AND BEACH SAND AS FINE AGGREGATE: The 

following assumptions are made: 

1. Mlx design is for a 6" inside diameter pipe with a 

/8" wall thickness. 

2. Bulk specific gravity of coarse aggregate 2.L9 

3. Bulk specific gravity of fine aggregate 2,5L 

Ii.. Percentage voids of fine aggregate 

loose packing. 

;. Surface area factor for coarse aggregato : 1.28 

6. Surface area factor for fine aggregate : 1.28 

Step 1. Selection of the nominal aggregate diameter of 

the coarse aggregate. 

Symbols for Step i are as follows: 

: nominal aggregate diameter of 

the coarse aggregate 

D : thickness of the pipe wall or 

the sectional distance 

vi = porcentae of voids of the 

coarse aggregate as found from 

the compact packing values of 

Figures 9, 10, or 11 

As recommended in Section E, d1 must be not 

greater than 1/3D, i.e., D/41 must be 3.00 or 

greater. 



d1 1/3D 

(1/3)(5/8") 

0.208" 

This value of d1 falls between 3 and L1 mesh 

Tyler sieves, and using coarse aggregate of 

this graduation 

Average d1 = O.263"t o.i8" 

: 0.22)4" 

The actual ratio of Did1, Îf the nominal coarse 

aggregate diameter is 0.22)4" becomes 

Actual D/d1 0.62" 
0.22)4" 

: 2.79 

This value i less than 3.00, and a. coarse 

aggregate graded between 3 and )4 mesh 'ryler 

sieves is not satisfactory. The use of a 

coarse aggregato falling between )4 and 6 mesh 

Tyler sieves results in 

Actual d1 : 0.185"+ 0.131' 

= 
0.l8,t2 

and Actual D/d, 0.62 3.9 
0.15ö 

Thic is greater than 3.00 and coarse aggregate 

graded in this manner is satisfactory. 

Referring to either Figures 9, 10, or 11, the 

percentage of voids for compact packing of the 



coarse aggregate becomes approximately 

V1 : 3% 

Step 2. Selection of the nominal aggregate diameter of 

the fine aggregate. 

Symbols for Step 2 are as follows: 

d1 = nominal aggregate diameter of 

the coarse aggregate 

d2 nominal aggregate diameter of 

the fine aggregate 

d3 = nominal particle diameter of 

the cement 

As stated by Fumas (9, pp. iOS-lO56), for 

maximum density compaction systems of three 

components, there must be a symmetrical size 

dis tribution. 

d2 

Having determined the value of d1 from Step i 

and assuming d3 at 0.001" (9, pp. iO6), 

d2 = io.i58)(o.00i) 

= 0.0126" 

This value of d2 falls between Tyler No. 3 and 

No. L8 sieve sizes, and using fine aggregate of 

this graduation 

Actual d2 :(Q.0i6L."+ 0.0ll6")(l/2) 

:: 0.0114.0" 



L.'.] 

Step 3. Determination of the relative amounts of coarse 

and fine aggregate. 

(a) On the basis of the two component maxImum 

density compaction systems of Fumas 

(9, pp. 10S2-1053). 

Symbols of Step 3(a) are as follows: 

W1 weight of coarse aggregate 

W9 weIght of fine aggregate 

V1 void percentage of coarse aggre- 

gate as found from Figuros 10 

and 11. 

V2 : void percentage of fine aggre- 

gate (assumed at LO.2%) 

bulk specific gravity of coarse 

aggregate (assumed at 2.Lj9) 

= bulk specifIc gravity of fine 

aggregate (assumed at 2.5L) 

As shown in Section B, for minimum compaction 

system void percentage, as large an amount 

as possible of fine aggregate must be added 

to coarse aggregate so that the coarse aggre- 

gate voids will be as completely filled as 

possIble. The maximum amount of fine aggre- 

gate that may be added is expressed as a 

saturation percentage. 
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Saturation % = (i-V1)S1 . . (3) 
Cl-V1Ys1 V1(l-v2)S2 

(l-O.3)(2.L9) 
(l-o.3)(2.J19) + (O.35)(l-O.LiM 

(2. .Ll.) 

According to Fumas at a value by weight of 

coarse aggregate and 2L.8 fine aggre-. 

gate, the saturation percentage has been 

reached, and an increase In the amount of 

fine aggregate wUl result in wedging and 

a void percentage increasc3. 

(b) On the basIs of the particle interference 

theory öf Woyrnouth (17). 

Symbols for Step 3(b) are as follows: 

t minimum clear distance between 

coarse aggregate particles 

C : twice the thickness of the 

cenient paste coating of the 

aggregate particles 

q solid volumo/unt bulk volume 

or (1-voids) 

q' absolute volume of the coarse 

aggr3gate/space available to 

the coarse aggregate 

d2 : nominal aggregate diameter of 

the fine aggregate 



d1 = nominal aggregate diameter of 

the coarse aggregate 

Wemouth contends that too large an amount 

of coarse aggregate results in a clear dis- 

tance between particles of coarse aggregate 

insufficient to allow small aggregate par- 

ticles to be present. The problem is to 

determine the maxImum amount of coarse 

aggregate that may be present with no 

particle interference. 

In computing the clear distance, t, allow- 

ance must be made for the cement paste 

coating of particles; Weymouth assumes the 

thicbiess of this coating to be 0.002". 

Figure 12 shows the aggregate arrangement 

and the required clear distance, t. 

FIGURE 12 
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Lnlinimum t = d2-- C 

t d1 [(q' )1/3 ('7) 

or d2+ C = d1 (q/q' 
)1/3_ 

d2 C (q/qI)1/3_ 
. (20) 

and d2 
o.oll.Lo" 

0.l5 

0.0887 

Therefore equation (20) becomes 

(.-t- l.o887) 
= q1/q 

. (21) 

and q 1-voids 

= 1-0.35 

0.65 

and C 0.0014" 

0.158" 

= 0.0253 

Therefore from equation (21) 

q' 0.65 

(0.0253+ 1.0887) 

0.1473 

absolute volume of 
by definition q coarse aggregate 

space available to coarse 
aggregate (unit volume) 

Absolute volume of (0.1473)(unt volume) 
coarse aggregate 



Apparent volume of : absolute volume of 
coarse aggregate ccarso aggregate 

1-voids of coarse aggregate 

0.L.73 

1-0.3S 

: 0.730 

For absence of particle interference, a max- 

imum by apparent volume of 73 coarse 

aggregate and a minimum of' 2fl fine 

aggregate must be used. Changing from an 

apparent volume basis to a weight basis 

Weight of (apparent volume)(1-voids) 
coarse (bulk specific gravity) 
aggregate (unit weight of water) 

= (o.73)(1-0.3)(2.L9)(62.L) 

: 73.3 lb. 

Weight of : (0.27)(l-0.)402)(2.)(62.L) 
fine 
aggregate 

2.5 lb. 

The percentages by weight of coarse and fine 

aggregate are 

Percentage: 
of coc.rse 
aggregate 

Percentage: 
of fine 
aggregate 

: 

73.3 
73.i 4-25,5 

7L1..)4 

2S. 
73.:H- 25.5 
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According to Weymouth's theory, at a value 

by weight of 7L.L coarse aggregate and 

25.6% fine aggregate, the clear distance 

between coarse aggregate particles is equal 

to the nominal aggregate diameter of the 

fine aggregate plus twice the thickness of 

the cement paste film--a greater amount of 

coarse aggregate wIll result in wedging, 

particle interference, and increased void 

percentage in the mixed fine and coarse 

aggregate system. 

Cc) Compromise between Steps 3(a) and 3(b). 

The riethods of Fumas (9) and Weymouth (17) 

yield two distlnce values for the optimum 

amounts of coarse and. fine aggregate: 

Fumas 

Weymouth 

Weight percent- 
age of coarse 
aggregate 

75.2% 

711.L% 

Weight percent- 
age of fine 
aggregate 

2L..8% 

25.6% 

A compromise of the two recommendations is 

reasonable, and the optimum percentages by 

weight are assumed at 

Percentage 
of coarse 7I.8% 
aggregate 
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Percentage 
of fine 
aggregate 

Step . Estimation of the Surface Area of the Fine 

Aggregate arid Coarse Aggregate. 

Symbols for Step L are as follows: 

aggregate density in 

lbs./cubic ft. 

surface area correction factor 

(1.28 for river run gravel) 

(non-flaky) 

d = nominal diameter of fine or 

coarse aggregate 

In order to arrive at a basis for recommending 

the amount of cernent paste required, It is 

necessary to estimate the surface area of the 

fine aggregate and coarse aggregate, for the 

cement paste must coat all the aggregate 

particles. 

iiIarwick's method (13) of estimating the surface 

area of aggregate Is followed In the calculations 

below. It has been shown that for spherical par- 

ticles, the surface area per unit weight Is ex- 

pressed as follows: 

Surface area 6 . . . . . . . . . . (18) 
Unit weight 



o 
/ 

For irregular-shaped, non-flaky particles 

Surface area - a6 (19) UnitweigFit 

Assume the coarse aggregate plus fine aggregate 

weight at 100 lb. 

From Step 3. 

Coarse aggre- (7)4.8%)(loo) 
gate weight 

7)4.8 lb. 

Fine aggre- -(25.2)(1oo) 
gate weight - 

25.2 lb. 

The density of the coarse aggregate is 

(bulk gravity) 
(unit weight of water) 

(2.)49)(62.)4) 

= 155.5 lb./ft 

Similarly for the fïne aggregate 

(2.5)4)(62.)4) 

158.5 1b./ft 

The surface areas for the weights of coarse 

aggregate and fine aggregate indicated aro 

Surface area 
coarse (Q)(ó)(coarse aggregate weight) 
aggregate 

= (1.28)(6)(7)4.a) 

(155.5) O.158 
12 

281 ft 
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Similarly for the fine aggregate 

Surface area (l.28)(6)(25.2) 
fine aggregate (l53.5)O.OJJ4O 

12 

ioL5 ft? 

The total surface area of the fine aggregate 

and coarse aggregate is 

Total surface 281+ iOLiS 
area 

= 1326 ft 

Step 5. Estimation of the amount of cement paste re- 

quired to coat the surface area of the fine 

and coarse aggregate. 

It is considered that the cement pasto must 

cover the entire surface area of fine aggre- 

gate and coarse aggregate in a thickness of 

0.002". Having estimated the total surface 

area of the fine and coarse aggregate, it is 

possible to compute the cernent paste required 

to coat all the aggregate particles. 

Volume of (total surface area) 
cement paste (cement paste thickness) 

(1326) (0.002) 
12 

= 0.221 



Step 6. Final mix recommendations on the basis of 

apparent volumes of coarse aggregate, fine 

aggregate, and cement paste. 

In order to make mix recommendations on the 

basis of apparent volumes, it is necessary to 

change the coarse and fine aggregate weights 

found in Step L to an apparent volume basis. 

Apparent vol weight 
urne of coarse (1-voids)(bulk specific gravity) 
aggregate (unit weight water) 

= 714..8 

(l-0.35) (2.149) (62.14) 

= 0.7L2 ft? 

In the same manner 

Apparent vol-: 2.2 
urne of fIne (1-O.l.1.02)(2.514) (62.14.) 
aggrega te 

O.26 ft? 

The total apparent volume of coarse aggregato, 

fine aggregate, and cement paste is 

Total apparant: 0.7142t0.265+ 0.221 
volume 

1.228 ft? 

Knowing the total apparent volume and the 

apparent volumes of the three constituents it 

is possible to make recommendations for mix pro- 

portIons on an apparent volume basis. 



Coarse aggre- 
gate percentage 

Fine aggregate 
percentage 

Cement paste 
percentage 

O.7L2 x loo 6o.L/ 
l.22i 

O.26 
x loo = 21.6% 

l.22t3 

0.221 
ioo = 18.0% 

l.22d 

F-3 RECOM1VNDED MIX DESIGNS FOR VARIOUS PIPE SIZES 

AND AGGREGATE MATERIALS: The materIal thus presented in 

Section F-2 is a recommended procedure of mix design for 

6" inside diameter concrete pipe of /8" wall thickness 

using river run gravel as the coarse aggregate material. 

A similar procedure of desi was employed for 611, 

and 1" inside diameter mechanically compacted 

concrete pipe using both river run gravel and crushed 

rock as coarse aggregate--pertinent information and re- 

suits arc given in Tables lO, 11, and 12. 



Table 10. 
Mix Design for 6" Concrete Pipe, /3' Wall Thic1ess 

Aasuirid wt. coarco plus 
Coarse Fine fine age. at 100 1h. 

Fumas Weymouth Compromise Surface Surf a*e 
Coarse agg. agg. % by wt. by wt. % by wt. area area Total size 

a1<i/3D 
size 
d23 coarse & coarse & coarse & coarse fine surface 

fine agg. fine agg. fine agg. ag. agg. area 

River L & ô 35 & L.8 75.2% 7L.L1.% 7L,8 e-123 6l.28 
run mesh 

gravel d13.158 
moth 

d20.01" 
& 

2L1..8% 

& 
25.6% 

& 
25.2% 281 f t ioL5 f t 1326 f 

Crushed )4 & 6 35 & L8 68.6% 71.3 70.0% c170 °1.28 
rock nesh 

d10.l58" 
mesh 
d20.01!t' 

& 
31.L% 

& 
28.7% 

& 
30.0% 3J$ f t 1250 f t 1595 ft 

Appurent Apparent Volume % apparent % apparent % apparent 
Coarse volume volume cement Total volume volume volume 
agg. coarse fine pasts apparent coarse fine cernent 

mat'l. agg. ag. req'd_ volume agg. -__agg. paste 

River 
rin 0.7L2 ft.3 0.265 £t O.221ft 1.228 ft 6O. 21.6% 18.0% 

gravel 
Crushed 0.780 ft 0.316 £t 0.26óft 1.362 ft 57.3% 23.2% 19,5% 
rook 

Bulk specific gravity river run gravel 2.L.9 
Bulk specifIc gravity crushed rock 2.52 
Bulk specific gravity fine aggregate 2.514 



Table li. 
Mix Design for lo" Concrete Pfe, 7/8" Wall Thicimess 

Assumed wt, coarse plus 
Coarse Fine fine agg. at 100 lb. 

Fumas Wemiouth Compromise Surface Surface 
Coarse agg. 

size 
agg. 
size 

. 

by wt. % by wt. % by wt. area area Total 
a g. 

d1<l/3D 
coarse & coarse & coarse & 

fine 
coarse fine surface 

mat'l. 3 fine agg. fine agg. agg. agg. agg. area 

River 3 & )4 3 & L18 7,2% 79.6Y 77 l.28 Q-.l.28 run 
gravel 

mesh 
d1O.22L" 

mesh 

d2:O.03J4" 

& 
2)4.8% 

& 
20.)4% 

& 
22.6% 205 ft? 9)40 ft ii5)4 ft 

Crushed 3 & )4 35 & )48 68.6% 77.5% 73.1% 
rock mesh mesh & Ql.70 cYl.28 

L' 

d10.22L" d20.OlL." 31.)4% 22.5% 26.9% 255 ft 1120 ft 137 ft 

Apparent Apparent Volume % apparcìrt apparent % apparent 
Coarse volume volume cernent Total volume volume volume 
tg. coarse fine paste apparent coarse fine cernert 

mat'l. agg. agg. reqtd volume agg. age,. paste 
River 
run 0.768 ft 3.235 ft 0.193ft 1.199 ft 6)4.i 19.8 16.1% 

gravel 
Crushed 0.816 ft 0.28)4 rt? O.229ft 1.329 ft? 6i.L% 21.)4% 17.2% 
rock 

Balk specific gravity rtvor run gravel 2.)49 
Bulk specific gravity crushed rock 2,52 
Bulk specIfic gravity fine ggreate 2.514 



Table 12. 
Paix Design for l5tt Concrete Pipe, i 1/L.t' wii Thicimoss 

Asurned wt. coarse plus 
fine agg. at 100 lb. 

Coarse Fine Fumas Weymouth Compromise Surface Surface 
Coarse agg. a. 

9 b wt. % by wt. % by wt. area area Total 
agg. SiZe 

d1<l/3D d2a3 coarse & coarse & coarse & 
fine 

coarce fine surface 
matt 1. fine agg. fine agg. ag. agg. agg. area - 

River 0.371t?& 28 & 35 75.2% 8l.5) 78.)4% o-128 c7l,28 
run 

gravel 
3mesh 
d10.317" 

mesh 
d20.0198" 

& 
2L.8% 

& 
18.5% 

& 
21.6% 1147 ft 635 ft 782 f t 

Crushed 0.371"& 28 & 35 68.6% 79.5% 714.1% 6:1.70 cTl.28 
rock 3 mesh 

d10.3l7" 

mesh 

d2-0.0193" 

& & 
31.14% 20.5% 

& 
25.9% 183 ft 762 ft 9145 ft 

Apparent Apparent Volume apparent % apparent % apparent 
Coarse volume volume cement Total volume volume volume 
agg. coarse fine paste apparent coarse fine cement 

mat'l. agg. agg. req'd volume agg. agg. paste 

River 
run 0.775 ft 0.228 ft 0.13Ôft? 1.133 Lt? ó8.14% 20.1% 11.5% 

gravel 

crushed 0.828 rt? 0.273 rt? 0.158ft? 1.259 ft 65.7% 21.7% l2.6 
rock 

Bulk specific ¿ravity river run gravel - 2.149 
Bulk specific gravity crushed rock 2.52 'O 

Bulk specific gravity fine aggregate 2.514 
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APPENDIX 

Following is the supporting data for the experimental 

vork of Section E. 

The following values apply for all tests: 

i - Container height 6" 

2 - Aggregate graded between Tyler square mesh 

sieves of O.37l and 0.263" nominal openings. 



Cylindrical Shell Container - Outside Diameter 
Willaìnette River Run Gravel - Bulic specific gravity 2.L9 

Wood cyl. 
outside Sectional dist. Surface area Loose packing Cornoact packing 
diameter Agg. dia. Volume Net wts. Ave. % Voids Net ws. Ave. Voids 

3.37" 1.00 in./in. 6.35 in/in,3 g. ¿65g. L8.o 503 g. 
503 503g. L3.8 

2.73 2.00 3.15 900 
590 895 57 1305 

1000 1003 39.2 

2.10 3.00 2.10 1275 
1275 1275 142.8 

1t.2O ]j45 36.5 

i.L16 )4.00 1.58 1560 1697 
1695 1696 36.5 

0.80 5.05 1.25 17)45 
17)40 17)43 )4 1910 

1905 1908 35.5 

H o 



Cylindrical Shell Container - Outside Diametor 
Wren Crushed and River Run Gravel 

Bulk specific gravity = 2.52 

Wood cyl. 
outside SectIonal dist. Surface area Loose packing Compact packing 
dIameter Agß. dia. Volume Net wts. Ave. %oids Wet wts. Ave. % Voids 

3.37" 1.00 in./in. 6.35 i2/i3 )408 g. 
tO8g. 55.0 

)468 g. 
!63 ¿466g. ¿48.6 

2.73 2.00 3.15 
806 
803 805 51.6 

9L5 
9)5 9L5 L.3.2 

2.10 3.00 2.10 
iiLo 
flL7 11)44 93 1335 

1330 1333 ¿4o.8 

i.L6 ¿4.00 
1)4O9 
lLO2 ]J4o6 ¿479 

1595 
1590 1593 ¿4i.o 

0.80 5.05 1.25 i5óL 
160 1562 77 1790 

1780 1785 ¿40.3 

I-' 

o 



Cylindrical Shell Container - Outside Diameter 14" 
Willametto Crushed River Run Gravel 

Bulk specific gravity 2.51 
Wood cyl. 
outside Sectional dist. Surface area Loose packing Compact packing diameter Agg. dia. Volume Net vita. Ave. % Void Net wts. Ave. Void.s 

3.37" 1.00 in./in. 5.35 in/in? 
LO3 g. 
398 )401g. 55.5 

L58 g. 
)63 1461g. 18.8 

788 9140 
2.73 2.00 3.15 781 785 52.7 932 936 143.6 

2.10 3.00 2.10 
1120 
1127 1123 O.O 

1310 
1315 1313 141.6 

1.146 14.00 
1372 
1362 1367 149.2 

l73 
1565 1569 141.7 

0.80 5.05 1.25 
1527 
1519 1523 148.8 

1768 
1763 1766 140.7 

H o 
vi 



Cylindrical Shell Container - Outside Diameter 
Detroit Crushed Rock 

Bulk specific gravity 2.52 

Wood cyl. 
outside Sectional dist. Surface area Loose packing Compact packing 
diameter Avg. dia. Volume Net vrts. Ave. 9 Voids Net wts. Ave. Voids 

3.37" 1.00 in./in. 6.35 in/in 
383 g. 
383 383g. 57.8 L50g. 50.3 

2.73 2.00 3.15 
773 
773 773 35 920 

91D 915 ItS.o 

2.10 3.00 2.10 
1105 
1100 1103 51.1 

1290 
1290 1290 L2.8 

i.L6 L.00 1.58 
l354 

1361 L9.6 
1555 

1553 Li2.5 

0.80 5.05 1.25 
lL9L 
1L.87 

lL9l 50.1 
1733 
1723 1728 ).2.2 



Cylindrical Shell Container - Outside Diameter 6" 
Wlllamet.te River Run Gravel 
ilk specific gravity = 2.L1.9 -_________ 

Wood cyl. 
outside Sectional dis t. Surface area Loose packi Compact packing 
diameter Agg. dia. Volume Net wts. Ave. '' Voids Net wts. Ave. Vofds 

5.37" 1.00 in./in. 6.35 in/in? g. 
7L.5g. L16.o 

835 g. 
825 830g. 39.8 

740 

L.73 2.00 3.15 iL65 iL65 LL.2 
1615 1615 38.2 

tj.lO 3.00 2.10 2210 
2210 2210 14.0.3 

238L 
2380 2382 35.7 

3.37 L.i5 1.52 2835 
2825 2830 140.3 

3070 
3073 35.2 

2.73 5.16 1.22 3314-0 

3320 3330 39.2 36)40 
3620 3630 33.8 

H 
o 
-3 



Cylindrical Shell Container - Outside Diameter 6" 
Wren Crushed and iliver Run Gravel 

Bulk specIfic gravity 2.52 

Wood cyl. 
outside Sectional dist. Surface - area Loose packing Compact packin 
diameter Agg, dia0 Volume et s. Ave. Voids fo wts. Ave. voIds 

537?? 1.00 in./In. 6.35 in/in 
675 g. 
665 670g. 52.2 

750 g. 
7)5 7)48 )46.5 

)4.73 2.00 3.15 
1310 
1310 1310 5(3.5 

1)490 

1)490 1)490 )43.7 

L.io 3.00 2.10 1995 
1985 1990 !45.7 

2235 
2230 2233 )40.2 

3.37 )4.i5 1.52 
2565 
2585 2575 L1.6.2 

2890 
2885 2888 39.6 

2.73 5.16 1.22 
3015 
3000 3008 )45.6 

3)400 
3385 3393 38.7 



Cylindrical Shell Container - Outside Diameter 
Willainette Crushed River Run Gravel 

Bulk specific gravity 2.5]. 

Wood cyl. 
outzide Sectional dist. Surface area Loose nacking Compact packin 
die.metor Agg. dia. Volume Net wts. Ave. Voids Net wts. Ave. % voids 

1.00 in./in. 6.35 in/i 3 665 g. 
660g. 52.5 

750 g. 
750 750g. L1..6.O 

2.00 3.15 
1305 
1295 1300 50.8 

1)485 
1)480 1)483 )43.8 

)4.io 3.00 2.10 
l9O 
1940 19145 147.8 

2200 
2195 2198 141.2 

3.37 )4.i5 1.52 
25)40 
2530 2535 146.8 

28145 
28)40 28)43 )4O.14 

2.73 5.16 1.22 
295 
29L0 29)48 146.6 

33)45 
3325 3335 39.6 

I-J o 



Cylindrical Shell Container - Outside Diameter 6" 
DetroIt Crushed Rock 

u1k specific gravity 2.52 

Wood cyl. 
outside Sectional dist. Surface area Loose packing Conioact Dackin 
diameter Agg. dia. Volume Not wts. Ave. % Voids Net ws. Ao. oIds 

537!? 1.00 in./,in. 635 in2/1n3 65 g. 
6L5 650g. 53.5 

7L0 g. 
735 738g. L7.3 

2.00 3.15 
1275 
1270 1273 51.9 

]i65 
ilL5 L.6 

3.00 2.10 
1900 
1890 1895 L6.6 2150 

2lLO 21t5 Li.6 

337 14.15 1.52 
2L85 
2)475 2)480 148.0 

2770 
2765 2768 142.0 

2.73 5.16 1.22 
2860 
28)40 

2850 148.5 
3265 
32)45 

3255 141.2 

I-1 

F-1 o 



Cylindrical Shell Container - Outside Diameter 8" 
Wlllam3tte River Run Gravel 
Bulk specific grav±ty 2.)9 

Wood cyl. 
outside Sectional diste. Surface area Loose packing Compact pa'king 
diameter Agg. dia. Volume Net wts. Ave. % VoIds 1íetwts. Ave. > Voids 

7.37" 1.00 in./in. 6.35 n/in 960 g. 
952 956g. 148.6 

io146 g. 
1033 

6.73 2.00 3' 1983 
1973 

1978 145.0 
2170 
2151 

2161 140.0 

6.142 2.50 2.53 21460 
21460 

21460 LJ4.i 
2735 
2728 2732 37.9 

6.10 3.00 2.10 
3022 
3017 3020 14i.o 

3312 
3302 3307 36.0 

5.78 3.50 1.82 
31470 

3145.5 141.0 
3785 
3760 3783 35.14 

5.146 14.00 1.58 
3910 
3595 3903 140.6 

142140 

14230 
14235 35.6 

14.148 5.55 
5185 
5165 5175 38.8 

5500 
5520 314.7 

H 
H 



Cylindrical Shell Container - Outside Diameter 
Wren Crushed and River Run Gravel 

Bulk specific gravity = 2.2 
Wood cyl. 
outside SectIonal dist. Surface area Loose packing Compact packing 
diameter A. dia. Volume Net wts. Ave. Voids Net wts. Ave. % Voids 

7.37" 1.00 in./in. 6.3 in/in? 832 g. 
825 829g. 6.o 917 g. 

9).5 9)4.6g. L9.6 

6.73 2.00 3.l l72 
1760 l7Só 2.O 

2000 
1990 199S )-i-5.3 

6.Li2 2.50 2.53 
2200 
2188 2l9L O.6 

2lO 
29S 2O3 L3.8 

6.10 3.00 2.10 
2692 
2697 2695 )48.L. 

3035 
3027 3031 L2.0 

5.78 3.50 1.82 
3090 
3070 3080 )48.O 

347O 
3t6O 3L65 L,1.3 

L1..00 1.58 
3)4.75 
3)475 3)475 )4..7.9 

392 
39cD5 3915 4.2 

5.55 l.]J4 
)53O 
)4.52o )4525 14.7.2 

5005 
5flØ5 5005 14.1.6 

H H 



Cylindrical Shell Container - Outside Diameter 8" 
Willamette Crushed River Run Gravel 

Bulk specific gravity 2.S]. 

Wood cyl. 
outside Sectional dst. Surface area Loose packing Compact packing 
diameter Agg. dia. Volume Net wts. Ave. % Voids Net wts. Ave. '1 VoIds 

7.37" 1.00 in./in. 6.35 in/i 3 
802 g. 

n. 803 803g. 57'3 
923 g. 
915 919g. 51.0 

6.73 2.00 3.15 
1691 
1683 1687 53.7 

1955 
19)49 146.5 

6.142 2.50 2.53 
21)42 
2125 21314 51.7 

2LJ45 
2)40 2t1J3 14)4.8 

6.10 3.00 2.10 
2607 
2602 2606 149.9 

3012 
3007 3010 142.2 

5.78 3.50 1.82 
3030 
3000 3015 148.9 

3)4145 

3)430 
3)438 )4i.8 

5.146 14.00 1.58 
31420 
3)420 3)4 148.5 

38)45 
3830 3838 142.1 

14.148 5.55 i.]J4 
14515 

)45i5 14515 147.0 
14975 
149)40 14958 )4i.8 

I-J 

I-J 



Cylindrical Shell Container - Outside Diameter 8" 
Detroit Crushed Rock 

Bulk specific gravity 2.52 
Wood cyl. 
outside Sectional dist. Surface area Loose packing Compact packing diameter Agg. dia. Volun'ie 1'iet wts. Ave. % Voids Net wts. Ave. % Voids 

7.37" 1.00 in./in. 6.35 in?/in 797 g. 
796g. 57. 

920g. 
915 918 51.2 

.73 2.00 3.15 
1682 
1670 1676 514.0 

1922 
1920 1921 147.3 

6.14.2 2.50 2.53 
2100 
2088 209)4 52.9 

21430 
2)420 2)425 145.6 

6.10 3.00 2.10 2535 . 
2915 
2895 2905 1414.5 

5.78 3.50 1.82 2?51 50.2 
3390 
3370 3360 142.8 

3320 3760 
5.14.6 14.00 1.58 3300 3313 50.3 3760 3760 143.6 

14297 14890 
14.148 5.55 

14292 14295 50.0 
14870 14830 143.0 

H 
4:- 


