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HE Engineering Experiment Station was established by
action of the Board of Trustees December 8, 1903. It is

the purpose of the Station to carry on investigations

along various lines of engineering and to study problems
of importance to professional engineers and to the manu-

facturing, railway, mining, constructional, and industrial interests

of the state.

The control of the Engineering Experiment Stationis vested

in the heads of the several departments of the College of En-

gineering. These constitute the Station Staff, and with the Di-

rector, determine the character of the investigations to be under-

taken. The work is carried on under the supervision of the Staff;

sometimes by a research fellow as graduate work, sometimes by
a member of the instructional force of the College of Engineer-

ing, but more frequently by an investigator belonging to the.

Station corps.

The results of these investigations are published in the

form of bulletins, which will record mostly the experiments of the

Station's own staff of investigators. There will also be issued

from time to time in the form of circulars, compilations giving
the results of the experiments of engineers, industrial works,
technical institutions, and governmental testing departments.

The volume and number at the top of the title page of the

cover are merely arbitrary numbers and refer to the general publi-

cations of the University of Illinois; above the title is given the

number of the Engineering Experiment Station bulletin or circular.

which should be used in referring to these publications.

For copies of bulletins, circulars or other information,

address the Engineering Experiment Station, Urbana, Illinois.
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INTRODUCTION

Crushed stone has become an important material of construc-

tion in modern engineering work. The chief causes for this are

the great increase in the use of plain and reinforced concrete,
and the increased activity in macadam road construction. The
advances made in these lines have been so rapid that crushed

stone has suddenly changed from a minor material to one of first

importance in modern engineering construction. This has been

done in such a short time that the present knowledge of the prop-
erties of crushed stone is entirely inadequate; and the determin-

ation of its weight, voids, and settlement, and the variations of

these have never been attempted on any adequate scale, so far

as the writer has been able to ascertain. Before commencing this

article a diligent search was made of engineering literature for

information upon this subject. No definite information was found

concerning the weight of a cubic yard of stone of different sizes

(except one item as noted in Appendix I) or the amount of settle-

ment in transit. The only other reference on the subject was the

request of a correspondent in one of the leading engineering

journals for information regarding the weight of crushed stone.

In answer a wide range of limits was given with the explanation
that as no definite values were known, the general practice was to

assume some value within these limits.

169957
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The need for reliable data on these subjects is very apparent
to the engineer who makes designs and estimates. Accustomed
to use all other materials, both of engineering and everyday life,

and to deal with standard units of weights and measures, he finds

here that there are no standards at all. For instance, practically
all of the quarries sell stone by the yard, but the so-called yard
in one place is not always the same as the yard at some other

place. In most cases a certain weight is taken as a yard; but
these weights are generally arbitrary amounts that are supposed
to approximate the true value, and they differ for different locali-

ties and for the different kinds and sizes of stone. Consequently,
the number of yards and therefore the cost of the stone for the

same piece of work would differ according to the location of the

stone supply. Furthermore, this ambiguity may cause difficulties

to arise between the producer, the carrier, and the consumer.
The producer measures the volume loose in the car after it is

loaded from the crusher. The railway then weighs the cars and

computes the number of cubic yards by assuming the weight of a

yard. The consumer receives the invoice from the producer, and
the freight bill from the railway, and tries to check them, but

generally finds they do not agree. So it is evident that this lack

of standards entails possibilities of constant controversy between
the shipper, the railroad, and the consumer.

Again, it is well known that the volume of crushed stone

shrinks in transit; and to make accurate estimates the engineer
should know the probable amount of this shrinkage. If a cer-

tain number of yards of tamped or consolidated stone are required
for a pier or for a certain length of macadam road, it is neces-

sary to know how many yards to order at the quarry so as to

have the required amount in the structure. As done at present,
the engineer to be on the safe side usually orders considerably
more than he thinks is enough, and even then he sometimes finds

he has not made allowance enough.
In order to establish a definite standard for the different sizes

and varieties of crushed stone, tests should be made until suffi-

cient data have been accumulated to determine a definite value for

the weight of a cubic yard of crushed stone under various condi-

tions, or to establish a coefficient by which either the weight of a
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cubic foot or a cubic yard of the solid stone, or its specific grav-

ity, can be multiplied to give the weight per cubic yard of crushed
stone. It is obvious that to make the results of the greatest
value will require a very large number of observations under
a variety of conditions. It is the purpose of this article to give
the results of a few tests along these lines.

Of the data hereinafter referred to, the observations on Ches-

ter stone and part of those on Joliet stone were made by Mr. Albert

J. Schafmayer, a senior student in Civil Engineering, during the

summer of 1906, while employed by the Illinois Highway Com-
mission in connection with constructional work. A brief sum-

mary of Mr. Shafmayer's results was published in the report
of A. N. Johnson, State Highway Engineer, in the first annual

report of the Illinois Highway Commission. The observations on
Kankakee stone and part of those on Joliet stone were made
by Mr. Benjamin L. Bowling, an employee of the Engineering
Experiment Station, during the fall of 1907. None of the inves-

tigations could have been made except for the generous cooper-
ation of the officials of the State Penitentiaries at Chester and

Joliet, and of the McLaughlin-Mateer Company of Kankakee.
Some observations were taken at Chicago and at Gary, Illinois,

but unavoidable conditions at these plants prevented a completion
of the work, and the results obtained are too incomplete to be of

any considerable value, and hence are not further referred to.

THE STONE

The observations referred to in this article relate wholly to

limestone, although in the appendix some data are given con-

cerning trap. The limestones experimented with were those quar-
ried at Chester, Joliet, and Kankakee.

The Chester stone is a rather coarsely granulated gray lime-

stone of the lower carboniferous group, and is quarried in the

grounds of the State Penitentiary at Chester, on the Mississippi

River, about half way between St. Louis and Cairo.

The Joliet stone is a compact, fine-grained magnesian lime-

stone of the Niagara series, and is quarried in the grounds of the

State Penitentiary at Joliet, about 40 miles southwest of Chicago.
The output of the crusher consists of 28 per cent 3-in. stone, 53

per cent 2-in., and 17 per cent Hn.
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The Kankakee stone is a coarse-grained argillaceous lime-

stone of the Niagara group, and is quarried at Kankakee, on the

Kankakee River, about 55 miles south of Chicago.

DIVISIONS OF THE SUBJECT

The subject will be considered under the following heads:

I. Specific gravity; II. Absorptive power; III. Percentage of voids;

IV. Settlement in transit; V. Weight per cubic yard; VI. Coefficients

for determining the weight of crushed stone.

I. SPECIFIC GRAVITY

A knowledge of the specific gravity of a stone is useful in

determining the per cent of voids in broken stone; and the easi-

est way to determine the weight of a cubic unit of solid stone is

to find its specific gravity.

Wa
Specific gravity ~-

Wa _ Ww
in which Wa is the weight of a fragment weighed in air, Ww the

weight of the same fragment suspended in water. If the

stone is porous to any considerable extent, the weight
in water should be determined so quickly that the absorption dur-

ing the weighing will be inappreciable.

Samples of stone were collected from the various parts of the

Joliet, the Kankakee, and the Chester quarries which were being
worked to produce the broken stone considered in the later parts

of this paper. The values of the specific gravity are given in

Table 1.

II. ABSORPTIVE POWER

A knowledge of the amount of water absorbed by a stone is

useful in determining the voids by the method of pouring
in water, and is also useful in correcting the weight of wet stone.

The absorption was determined by thoroughly drying a speci-

men, weighing it, immersing it in water for 96 hours, drying
with blotting paper, and weighing. The results are given in

Table 2.

III. PERCENTAGE OF VOIDS

The per cent of voids in broken stone of different sizes has an

important bearing upon the amount of cement and sand required
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TABLE 1

SPECIFIC GRAVITY OF LIMESTONE

Ref.
No.
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in making concrete; and the per cent of voids in connection with

the weight of a unit of solid stone is useful in determining the

weight of a unit of volume of broken stone.

The percentage of voids may be determined in either of two

ways: (1) by pouring in water; and (2) by computation from the

specific gravity and the weight of a volume of broken stone.

1. By Pouring in Water. Determine the weight of water a

given vessel will contain, then fill the vessel with broken stone,

and determine the weight of water that can be poured into the

TABLE 2

ABSORPTIVE POWER OF LIMESTONE

Ref.
No.
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interstices of the broken stone. The ratio of the first amount of

water to the second is the proportion of voids.

In this method three sources of error require consideration,

(a). In pouring in the water, part of the contained air is not driv-

en out; and therefore the resulting per cent of voids is too small.

The error from this source may be reduced, if not entirely elimi-

nated, by pouring the stone into the water; but this procedure
introduces a new error, since the stone will not pack to the same

degree as in the ordinary method of filling a vessel or bin with

broken stone, and hence the result of pouring the stone into the

water will also give too large a per cent of voids. (&). If the

stone absorbs water during the test the apparent percent of voids

will be too great, (c). If the vessel has a wide mouth, as almost

necessarily it should have, there will be a likelihood of considerable

error in telling when the vessel is exactly full of stone and also

of water. The resulting error may make the per cent of voids

either too large or too small.

2. By Computation. Determine the weight of a known vol-

ume of broken stone. Compute the weight of an equal volume
of the solid stone by multiplying the known volume by the

weight of an equal volume of water and by the specific gravity of

the stone. The difference between the weight of the volume of

solid stone and that of the broken stone is the weight of stone

equal to the volume of the voids. The ratio of this weight to the

weight of the given volume of broken stone is the proportion of

voids.

This method is subject to the error of determining when the

vessel is exactly full of stone. In practice it is more complicated
than the preceding method, but it is more exact.

Table 3 gives the per cent of voids for three sizes of Chester

limestone determined by the two methods referred to above, by
two independent observers for different methods of filling the ves-

sels with broken stone; and Tables 4 and 5 the same for Joliet and

Kankakee limestone, respectively. In each case the results are

corrected for the absorption of the stone. Precautions were tak-

en also to eliminate absorption by the walls of the vessel used.

The distance of drop employed in filling the vessel corresponded
to that employed at the time in loading cars of broken stone.
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TABLE 3

PERCENTAGE OF VOIDS OF CHESTER LIMESTONE

I
H
O
6
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TABLE 4

PERCENTAGE OF VOIDS OF JOLTET LIMESTONE

1

H
O

I
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TABLE 5

PERCENTAGE OF VOIDS OF KANKAKEE STONE

0>

H
M
o

*
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TABLE 5 (Continued)

11

I
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number to justify an attempt to deduce a statement of the relation

of the height of fall to the density of the mass.

A comparison of the results in the last two columns of Table
3 shows that for screenings the method by pouring in water gives
a considerably smaller per cent of voids than by computation,
while for the 2-in. (2-in. to f-in.) and the 3-in. (3-in. to 2-in.)

sizes there is practically no difference by the two methods. Sub-

stantially the same conclusions may be drawn from Tables 4 and 5.

Summary of Voids: A summary of the results in Tables 3,

4 and 5 is given in Table 6.

TABLE 6

SUMMARY OF PER CENT OF VOIDS
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in the distance hauled. This was done by stopping the

team and taking a measurement each successive 100 feet until

the settlement for that distance was too small to measure. The
measurements in all cases were taken by using two straight

edges, one placed across the top of the box and the other resting
on the top of the stone. Then as both straight edges were of the

same width, each measurement was taken from the top of the

upper one to the top of the lower one. Measurements were taken

near each side and on the center line, near the front, middle, and
back of the load, making a total of nine measurements for each

load.

The data for Chester limestone are given in Table 7. The
results vary surprisingly, for example, compare tests No. 2 and

3, or 7 and 8, or 13 and 14. The haul was over about equal distances

on macadam, cinders, and earth. The results were obtained

within a day or two of each other, and it does not seem possible

that the smoothness of the roads could have changed materially

in the meantime. An attempt was made to drive equally care-

fully every time. About the only safe conclusions that can be

drawn from these data are: (l) about half of the settlement oc-

curs in the first 100 feet; and (2) the settlement at half a mile is

practically the same as that at a mile.

TABLE 7

EFFECT OF DISTANCE HAULED UPON SETTLEMENT IN WAGON
Experiments on Chester Limestone by Mr. Schafmayer

Test
No.*
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The per cent of settlement of stone from three different lo-

calities for a haul of practically one mile is given in Table 8; but

the variation for any one size under identically the same condi-

tions (for example, compare the first three lines of the table) is so

great as not to warrant any attempt to draw conclusions. It was
not possible to secure more accurate data except by an expendi-
ture of time and money much greater than the value of the infor-

mation seemed to justify.

{Settlement in Cars: The shortage of cars at the time

these experiments were made and the desire of the shipper
and also of the railway to hurry shipments forward

seriously interfered with the scope and value of these

TABLE 8

SETTLEMENT OF CRUSHED STONE IN TRANSIT IN WAGONS

ll
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TABLE 8 (Continued)

15

it
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TABLE 9

SETTLEMENT OF CRUSHED STONE IN TRANSIT
IN KAILWAY CARS

CC O
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TABLE 9 (Continued)

17

6
5
4-3
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hence more accurate observations could not be made as to the

effect of switching upon the settlement. The distance from
Joliet to McLean is 105 miles, and apparently a further haul of

44 miles to Springfield did not materially increase the settlement.

The great variations in results obtained under seemingly like

conditions make it unwise to attempt to draw any conclusions.

Apparently more tests must be made before any reliable conclu-

sion can be stated concerning the total amount of the settlement

or the law of its variation.

The depth of load in Table 9 is the mean of nine separate

measurements, and was computed to the nearest hundredth of a

foot although it is recorded only to the nearest tenth. The more
accurate values were employed in computing the per cent of settle-

ment. However, to eliminate any possibility of error in the arith-

metical work, the per cent of settlement was computed to a great-
er number of places than is justified by the data. A similar state-

ment applies to several of the tables in the subsequent parts of this

paper.

Summary of Data on Settlement: A summary of the data in

Tables 8 and 9 is given in Table 10.

TABLE 10

SUMMARY OF DATA ON SETTLEMENT

Ref.
No.
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V. WEIGHT PER CUBIC YARD OF CRUSHED LIMESTONE

Broken stone is usually sold by weight even though the unit

is nominally the cubic yard, since it is the custom to determine

the number of cubic yards in a shipment by weighing the ship-

ment and dividing the total weight by the supposed weight of a

cubic yard. It does not appear that any adequate observations

have been made to determine the weight of a unit of volume of

the different sizes and kinds of crushed stone.

Tests to determine the weight of a unit of volume of crushed

limestone were made on stone from Joliet, Kankakee, and Chester,
both in wagons and in cars, at the same time the record was taken

of the settlement, as previously described.

Before beginning to load a car, measurements were taken

from a straight edge laid on top of the car body to the floor of

the car. These measurements were taken on each side of the car

and at the center transversely, and at each end and the middle

longitudinally. The stone was loaded into the cars by means of

a chute in the bottom of the bin. After the car was loaded the

upper surface was leveled off, and the depth of the stone below

the top of the car body was determined by measuring down from

a straight edge across the top of the car to a similar straight

edge lying on the crushed stone. Prom the above measurement
the volume of the stone was computed.

The cars were then switched to the scale track where they
were weighed by a representative of the National Weighing Asso-

ciation, each weight being verified by either Mr. Schafmayer or

Mr. Bowling. Prom these data the weight per cubic yard of the

loose stone was computed. Measurements similar to those made
at the crusher were taken when the car reached its destination;

and the weights per unit of volume of the stone when compacted
were computed as before.

The data and results of the observations on Joliet, Chester,

and Kankakee stone are given in Tables 11, 12 and 13 respectively.

For car loads, the "original weight" is after the car was
switched about a mile, and the "final weight" is after being

shipped 75 miles (a greater distance makes practically no differ-

ence); and for wagon loads the weights are at the loading bin and

after being hauled a half mile or more.
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TABLE 11

WEIGHT PER CUBIC YARD OF JOLIET LIMESTONE

4-3
GO&
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TABLE 11 (Continued)

WEIGHT PER CUBIC YARD OF JOLIET LIMESTONE

21

-J-3

02 O

H*
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TABLE 12

WEIGHT PER CUBIC YARD OF CHESTER LIMESTONE

u
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termined when the car was wet; while in the observations under

consideration the cars were dry. (3). In weighing a string of

cars, either empty or loaded, there is some error due to the action

of the coupler.

Table 11 shows that the weight per cubic yard of screenings
is more than that of coarser stone, but also shows that 3-in. stone

weighs more per cubic yard than 2-in. Similar results obtained

for wagon loads, and also for Chester and Kankakee stone, both

for car loads and for wagon loads see Tables 12 and 13.

TABLE 13

WEIGHT PER CUBIC YARD OF KANKAKEE LIMESTONE

6
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TABLE 14

SUMMARY OF WEIGHTS OF CRUSHED LIMESTONE

Results in Pounds per Cubic Yard
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To determine the relation between the actual weight of

crushed stone and the weight found as above, accurate measure-

ments of ten cars being loaded at Chester were made by Mr.

Schafmayer to ascertain if the high weights per cubic yard ob-

tained by the railroad were due to overloading. The results of

these tests are shown in Table 15. In every case the actual con-

tents of the car are greater than the number of yards in the bill.

The average excess is 1.71 yards for an average nominal load of

26 yards, an average excess of 6.6 per cent. This gives an appar-
ent average weight of 2558 pounds for a yard actually weighing

only 2400 pounds. It can be readily seen that under such con-

ditions, it is not surprising that railway officials have an exag-

gerated idea as to the weight of a cubic yard of crushed stone.

TABLE 15

EXCESS OF ACTUAL LOADING IN CARS. OVER BILLING
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TABLE 16

COEFFICIENTS BY WHICH TO DETERMINE THE WEIGHT IN POUNDS
PER CUBIC YARD OF CRUSHED LIMESTONE

Kind
of

Stone
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means are stated in Table 16 in such a manner as to show the

average result *for each size.

Disregarding whether the stone is measured in a car or a

wagon, and also disregarding whether it is measured at the crush-

er or at its destination, the following summary of Table 16 is ob-

tained.
MEAN COEFFICIENT BY WHICH TO MULTIPLY

nip o^ THE WEIGHT OF A CUBIC FOOT OF SOLID
LIMESTONE TO OBTAIN THE WEIGHT OF A
CUBIC YARD OF THE CRUSHED STONE

i-in. screening's 15.5

2 in. to i inch 14.6

3 in. to 2 inch.. 15.2

Average 15.1

Notice that the coefficient is largest for the finest stone, and

smallest for the intermediate size. The same is true for trap

(see Table 17) even though the sizes slightly differ. This seems
to prove that the weight of screenings is greater than that of

coarser stone, while the weight of the intermediate size is less

than that of either extreme size.
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APPENDIX I

WEIGHT OF VOIDS OF CRUSHED TRAP

A careful search has been made of engineering literature, and
below is the only definite information discovered.

In the Journal of the Association of Engineering Societies,

Volume 11 (1892), page 424, W. E. McClintock, at present Chair-

man of the Massachusetts Highway Commission, gives an account

of six experiments made by him to determine the weight of a unit

of volume of crushed trap. In the first experiment he weighed
the contents of a bin holding 29i cubic yards,* and found the

weight of stone that had passed a i-inch screen to be 2605 pounds
per cubic yard, and in another test under the same conditions,

to be 2690 pounds; and when the broken stone was wet the weight
was 2480 pounds per cubic yard. In another experiment he

weighed the stone in a bin holding 89.8 cubic yards, and found

the weight of stone that had passed a 1^-inch screen and had
been caught on a i-inch screen to be 2423 pounds per cubic yard.
In a third experiment he weighed the stone in a bin containing
89.7 cubic yards, and found the weight of the stone that had

passed a 3-inch screen and had been caught on a It-inch screen to

be 2522 pounds per cubic yard. He also measured six cars and

weighed the contents, and found the weight of the last mentioned

size to be 2531 pounds per cubic yard. The following statement

shows the relative proportions of the several sizes of crushed

trap.

SIZE OF STONE PER CENT

i-inch screenings 13.24

H inch to i-inch , 23.89

3 inch to 1| inch 62.87

Total output of crusher 100.00

Prom the weight per cubic foot of solid stone given by Mr.

McClintock and the above weights of the broken stone, the per
cent of voids was computed. A summary of Mr. McClintock's

experiments is given in Table 17, and the coefficients for trap

are given in Table 18.

*Mr. McClintock privately informed the writer that the average drop of the stone into

the bins was about 8 feet.
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TABLE 17

WEIGHT AND VOIDS OF CRUSHED TRAP

29

Kef.
No.
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geons, Chicago). (Pour years' course).

COLLEGE OF DENTISTRY (Chicago). (Three years' course).
SCHOOLS GRADUATE SCHOOL, MUSIC (Voice, Piano,

Violin), LIBRARY SC!ENCE,PHARMACY,(Chicago).
EDUCATION, RAILWAY ENGINEERING AND
ADMINISTRATION.

A Summer School with a session of nine weeks is open each
summer.

A Military Regiment is organized at the University for in-
struction in Military Science. Closely connected with the
work of the University are students' organizations for
educational and social purposes. (Glee and Mandolin
Clubs; Literary, Scientific, and Technical Societies and
Clubs, Young Men's and Young Women's Christian As-
sociations).

United States Experiment Station, State Laboratory of Nat-
ural History, Biological Experiment Station on Illinois

JRiver, State Water Survey, .State Geological Survey.

Engineering Experiment Station. A department organized
to investigate problems of importance to the engineering
and manufacturing interests of the State.

The Library contains 95,000 volumes, and 17,000 pam-
phlets.

The University offers 526 Free Scholarships.
For catalogs and information address

W. L. PILLSBURY, Registrar.

Urbana, Illinois.
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