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SIMPLIFIED SOIL -TESTS FOR SUBGRADES AND THEIR 
PHYSICAL SIGNIFICANCE 

Reported by DR. CHARLES TERZAGHI, Massachusetts Institute of Technology, Research Consultant to the Bureau of Public Roads 

of subgrade investigation consists in finding 
methods for identifying soils encountered in a 

certain locality with other soils obtained from other 
sections of the country. Suppose an experimental road 
has been built and a careful investigation has been made 
of how the road surface behaved under varying condi- 
tions of temperature and traffic. All these results 
are practically worthless unless we are in a position to 
determine where else in the country identical subgrade 
conditions exist. 

The problem of identifying for engineering purposes 
the materials of which the soils consist is practically 
solved, inasmuch as we have already an experimental 
method which furnishes: all the data required. These 
data concern the compressibility, the swelling, the 
permeability and the compressive strength of the 
material. ‘They are in every respect comparable to the 
data used in structural engineering for expressing the 
properties of construction materials, and there is no 
doubt about their physical meaning. The method has 
recently been developed by the writer, and a set of 
equipment required for making the tests is being in- 
stalled at the experimental station of the Bureau of 
Public Roads at Arlington, Va. 

However, since the identification tests last one week 
for every set of six samples, it is desirable to develop 
methods for rapid preliminary classification of soils with 
a view of selecting merely some typical representatives 
for the more elaborate physical test. 
Among the many tests which have been proposed 

for the preliminary classification of soils, the method 
devised by Atterberg seems to be by far the most 
promising one for the following reasons: 

(a) The tests can be made within a short time, with 
simple equipment. 

(6) They furnish three independent coefficients, viz, 
the liquid limit, the plastic limit, and the shrinkage limit. 

However, before we can discuss the relative im- 
portance of these tests and the part they are called to 
play among the methods for soil identification we 
must find out what these tests mean and what are the 
factors which determine their results. 

The fundamental principle of Atterberg’s method is 
very simple and very logical. Suppose we mix a soil 
with a considerable quantity of water, thus transform- 
ing it into what is called the liquid state. In this 
state the soil is even apt to flow out like a thick juice 
whenever it has an opportunity to do so. However, 
if the water is allowed to evaporate, the consistency of 
the soil becomes stiffer. It first passes into a state 
in which it does not flow any more. However, by 
taking a piece of the soil and working it with the hand, 
we can readily mold it. We say the soil has become 
plastic. Further evaporation causes the soil to lose 
this property and to break whenever we try to mold it. 

Its state has become semisolid. Finally, its color 
changes from dark to light and it becomes very hard. 
(Solid state). Experience shows that the water 
content at which a soil passes from one of these states 
into the next one is very different according to the 

12624—26}——1 

(e)° OF the outstanding and fundamental problems nature of the soil Hence it was plain common sense 
which suggested the working out of certain (although 
more or less arbitrary) standard tests for tracing the 
limit between the different states and for characterizing 
fe by the water contents which correspond to the 
imits. 
The most important disadvantage of Atterberg’s, as 

of all the other “simplified” soil tests, as moisture 
equivalent, etc., is that their physical meaning is very 
complex, to such an extent that it can not possibly be 
expressed in terms of space, mass and time. 

The complexity of the physical character of the tests 
makes it very difficult, if not impossible, to exclude from 
them certain arbitrary elements depending on the judg- 
ment of the observer. In addition to this, the relation 
which exists between the results of such tests and the 
mechanical properties of the soil (bearing capacity, 
pressure-moisture relations, permeability) is necessarily 
somewhat obscure and can not possibly be revealed 
except by experience. For these, and merely for these 
reasons, the preliminary investigations must inevitably 
be combined with a more elaborate physical one, 
whose outcome furnishes figures with a simple, well- 
defined meaning comparable to the data used in struc- 
tural engineering. 

THE PHYSICAL MEANING OF THE SIMPLIFIED TESTS 

The purpose of this paper is to explain the physical 
meaning of the most important simplified soil tests and 
to evaluate both their possibilities and limitations. 

The liquid limit.—It has been pointed out by Atter- 
berg that the lower liquid limit is a rather arbitrary 
one, because there seems to be no definite reason why 
the test should be made precisely as Atterberg sug- 
gested. However, during the last several years expe- 
rience has shown that the water content which corre- 
sponds to Atterberg’s lower liquid limit has a singular 
significance. Suppose a clay or mud deposit has been 
formed by sedimentation in a pool or inalake. At the 
beginning the deposit is liquid. However, as time 
passes the water content of the deposit gradually de- 
creases and finally becomes constant. For this final 
state it has been found that the water content of the 
top layer of the deposit is approximately equal to the 
liquid limit. 

Physically, the lower liquid limit merely means the 
water content at which the soil grains still have a cer- 
tain degree of liberty to readjust themselves under the 
influence of slight vibrations without changing partners 
freely. For equal materials the lower limit increases 
with decreasing grain size (decreasing ‘‘specific grain 
number’). At equal grain size the lower liquid limit 
is the higher the more scale-like particles the soil 
contains. Hence, the value of the lower liquid limit 
may indicate different properties according to the char- 
acter of the soil, and nothing can be told about its 
Se unless one knows the other data of the 
soil. 

The plastic limit—The plastic limit represents the 
lowest water content at which the soil can still be 
worked into threads with a diameter of one-eighth 

153 



154 PUBLIC ROADS Vol. 7, No, 8 

of an inch without breaking into pieces. The differ- 
ence between the lower liquid and the plastic limit has 
been called by Atterberg the plasticity index. The 
greater the plasticity index the more plastic the material 
should be. 

On hearing these statements one can not avoid a 
question as to what they mean. There can not be any 
doubt about the significance of the term “plasticity.” 
As used in Atterberg’s definitions, it merely means the 
capacity of the soil to undergo certain important 
changes in shape (changes involving a complete rear- 
rangement of the particles) without a noticeable 
change in volume. Thus, in contrast to the clays, 
the sands are not plastic, because every appreciable 
change in shape of a mass of sand is associated with a 
very considerable increase in the volume of the sand. 

Hence the controversial part of the statement does 
not concern the plasticity in itself, but the degree of 
plasticity. The striking difference between the atti- 
tude assumed by different investigators toward Atter- 
berg’s plasticity index is essentially due to two facts: 

(a) Failure to define clearly the meaning of “‘degree 
of plasticity,” an 

(b) The hopeless attempt to correlate with each other 
the plasticity ot different substances. 

The term ‘‘degree of plasticity’? has as much or as 
little meaning as has the term ‘“‘degree of fluidity” of 
liquids. The degree of fluidity can be viewed from 
two different angles, according to whether one considers 
the limits of the range within which the substance is 
liquid (freezing point and boiling point) or considering 
the viscosity of the liquid within the range of fluidity 
(viscosity plotted against temperature). In a perfectly 
analogous way we can either consider the range of 
moisture within which a soil is plastic (Atterberg’s 
method, upper and lower limit of plastic state) or we 
can consider the stiffness of the plastic material (ulti- 
mate compressive strength plotted against moisture 
content). Hence, if the problem is considered in such 
a way, there is no doubt left as to what the terms 
“plasticity”? and “degree of plasticity’? mean. The 
causes of plasticity do not even appear in these equations. 

The attempt to correlate with each other the plastic- 
ity of different substances is, by necessity, hopeless 
because the plasticity of different substances may be 
due to essentially different physical causes. Thus the 
plasticity of metals is due to the formation of sliding 
planes across the crystalline grains; that of wax is 
due to the amorphous structure of the substance; of 
clays, to the presence of scalelike particles; and of fresh 
mortars, to some other still unknown causes. For this 
very reason the study of the plasticity of different 
materials requires different experimental methods. 
Thus, while Atterberg’s method seems to be most 
satisfactory for soils, it fails, for instance, applied to the 
plasticity of mortars. 

PHYSICAL SIGNIFICANCE OF THE PLASTIC LIMIT 

According to what has preceded, the lower plastic 
limit represents the water content at which a soil 
ceases to be plastic, the term “‘plastic’’ meaning merely 
the capacity of the soil to be rolled out into threads with 
a certain standard diameter. However, experience has 
shown that the lower plastic limit has, for clay soils, a 
still deeper physical significance. 

According to the writer’s observations, the coefficient 
of permeability of a homogeneous clay soil decreases 
rapidly with decreasing water content, until, at the 
plastic limit, it becomes practically equal to zero 

regardless of the value of the plastic limit. Further- 
more, the speed at which the water evaporates from the 
surface of a clay sample is about 4 per cent greater 
than the speed with which it evaporates from a free 
water surface, provided the moisture content is higher 
than the plastic limit. At the plastic limit the “‘relative 
speed of evaporation” starts to decrease and, for still 
lower moisture contents, this speed rapidly decreases 
with decreasing moisture content. From these and 
other facts it has been concluded that, for moisture 
contents equal to or smaller than the plastic limit, the 
physical properties of the water are no longer identical 
with those of free or of ordinary water. 
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Plasticity index (plastic and friable soils).—According 
to Atterberg the plasticity index is equal to the differ- 
ence between the liquid and the plastic limit. The 
greater the plasticity index the greater is the quantity 
of sand with which the soil can be mixed without losing 
the property of being plastic. For this and for other 
reasons, Atterberg considered the value of the plasticity 
index as a standard for the degree of plasticity of the 
soil. According to the value of this index, he dis- 
tinguished between— 

Friable soils (plasticity index less than 1). 
Feebly plastic soils (Index 1 to 7). 
Medium plastic soils (Index 7 to 15). 
Highly plastic soils (Index greater than 15). 

There is no question about the validity of this classi- 
fication, provided one accepts the definitions of plastic- 
ity set forth in the preceding paragraph. Due to 
complexity of the factors on which the phenomenon 
of plasticity depends, a classification based on the degree 
plasticity is certainly not fit for permanent purposes. 
However, in connection with a preliminary survey of 
the properties of a group of soils, it is fully satisfactory. 

RELATION BETWEEN Een tthe ee AND CRITICAL BEARING 

Suppose we have a layer of clay, laterally confined, 
with a moisture content equal to the liquid limit and 
we put that layer under pressure so that the water 
squeezed out by the pressure can readily drain away. 
With increasing pressure the moisture content de- 
creases. At a pressure of.about 2 to 8 atmospheres 
(according to the character of the soil) the moisture 
content passes the plastic limit and the clay becomes 
semisolid. If at a certain pressure we interrupt the 
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test, remove the pressure rapidly, at the same time 
preventing the clay from becoming resaturated, we 
obtain a clay-water mixture with a certain cube 
strength and a certain bearing capacity, both depending 
on the intensity of the pressure at which the test was 
stopped and on the character of the soil. 

The relations which exist between pressure, water 
content, and cube strength are already so well known 
that we can theoretically compute what the outcome 
of such tests would be. Thus we may ask the following 
question: Suppose we reduce the water content of a 
soil from an initial value wy) to a moisture content, w, 
less than wp. Then we cut out of the soil a cylindrical 
body with a diameter of 1 inch and a height of 1 inch, 
and load it with a load of 12 pounds. What is the 
compression of this cylinder in thousandths of an inch? 
And what relation exists between this compression 
and the moisture content, w? 

Let g= 12 pounds, the load acting on the cylinder, 
w= the water content (in cubic centimeters 

per cubic, centimeter of solid material), 
s= the compression of the cylinder, in inches 

per inch, 
e= the base of the natural logarithms, and 

a,c and »o= constants of the soil. 

Based on the soil equations previously published by 
the writer,! we obtain for the compression s the formula 

3 chee 
Figure 1 shows the relation which exists, according 

to this formula, between w’, the moisture content in 
per cent of the dry weight of the sample, and s for a fat, 
yellow pottery clay, with a liquid limit of 58.0, a plastic 
limit of 24.2 and ashrinkage limitof14.0. Tosubstitute 
w’ in the formula instead of w it is necessary to make 

4 s=0.029 
pay 

use of the relation wl =", in which n is the specific 

gravity of the material. For low moisture contents the 
compression of the cube is very small. However, for 
moisture contents above the plastic limit the compres- 
sion rapidly increases with the moisture content. The 
sharp break in the curve corresponds approximately to 
the plastic limit. Sincé the bearing capacity of plastic 
soils is simply proportional to their cube strength, we 

1 Terzaghi, Erdbaumechanik, 1925. 

would obtain for the relation between the moisture 
content and the penetration of a cylindrical bearing 
block a similar set of curves. The reason why the sharp 
break in the curve approximately coincides with the 
plastic limit is merely that, for most of the plastic soils, 
the pressure-moisture content curve rapidly flattens out 
at moisture contents below the plastic limit. It is what 
we may call a purely mechanical coincidence, without 
any deeper physical significance, but it seems to hold 
fairly universally. 

Mr. B. H. Levenson, of the Bureau of Public Roads, 
has realized the same fact by pure experience. He 
calls the moisture content, which corresponds to the 
sharp bend in the curve, the ‘critical bearing point,” 
because for moisture contents above that point the 
compressions produced by concentrated loads rapidly 
increase with increasing moisture content. As a 
result of his tests, he has found that the ‘critical 
bearing point’? approximately coincides with the 
plastic limit for all the soils he has tested. 

In addition to this, Mr. Levenson has brought out 
another interesting point. The formula (1) and 
Figure’ 1 refer to a clay which does not contain any 
appreciable quantity of air; 1. e., whose interstices are 
completely filled with water. In contrast to this, Mr. 
Levenson experimented with clays which consisted 
of a mixture of clay, water, and air. Such clays can 
be considered as accumulations of moist grains which 
slide on each other, wherever they touch, while for 
the most part the voids between the grains are filled 
with air. It is obvious that the bearing capacity of 
such materials depends largely on the manner in 
which the samples have been prepared. Neverthe- 
less, for such samples, too, the critical bearing point 
is found to coincide more or less with the plastic limit. 

Mr. Levenson prepared his specimen in the follow- 
ing way: For compression tests with unconfined soil 
cylinders (a) he dried 100 grams of soil, powdered the 
sample, and passed it through a 2-millimeter sieve. 
The fraction which passed the sieve was mixed with 
the moisture he wanted to add; the mixture of water 
and clay was left over night in the humidifier, and the 
specimen was moulded the following morning under a 
pressure of 70 pounds per square inch, acting during a 
period of two minutes. The specimen had a height 
of 1 inch and a cross-section area of 1 square inch. 
During the compression tests the top surface of the 
specimen was éGovered with an aluminum bearing 
block with a diameter of 1% inches and a thickness 
of one-eighth inch. 

UNCONFINED TESTS 

SOIL NO. 16!1 SOIL NO. 1612 SOIL NO. 1613 

30 

PLASTIC LIMIT = LIQUID LIMIT = 20.9 

LOAD 5.6 LBS. 

LOAD 12.0 LBS. 

PER CENT OF MOISTURE 

8 

i 

PLASTIC LIMIT = 21.8 (LIQUID LIMIT =31 

LOAD 5.6 LBS. 

LOAD 12.0 LBS. 

LOAD 5.6 LBS 

LOAD 12.0 LBS 

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 

DEFORMATION — THOUSANDTHS OF AN INCH 
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The tests with plastic soils confined within a rigid 
ring (b) required about 300 grams of dried soil. Com- 
pacting of the sample was accomplished by a pressure 
of 25.1 pounds per square inch (1.76 kg. per sq. cm.), 
acting during a period of three minutes. The ring 
had a diameter of 214 inches and a height of 1 inch, 
The test was performed by placing on top of the speci- 
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men a circular bearing block covering an area of 1 
square inch and applying the load on top of this block. 

The pressure used for preparing the plastic soils 
for the confined tests (6) is somewhat smaller than the 
pressure required for reducing the water content of an 
immersed specimen to the plastic limit. Hence for 
moisture contents above the plastic limit, the process 
furnished homogeneous samples, practically identical 
with those referred to in Figure 1. On the other 
hand, for moisture contents below the plastic limit 
the experimenter obtained what we may call a con- 
glomerate’ of wet grains, which can not be compared 
with those whose properties are described by Figure 1. 

Some of the results obtained by Mr. Levenson are 
represented in Figure 2. For this figure the ordinates 
represent the moisture (in per cent of the weight of the 
dry material) with which the samples have been pre- 
pared (unconfined samples, method a). The abscissae 
give the compression of the soil cylinders under the 
influence of a load of 5.6 and 12.0 pounds per square 
inch, respectively, in thousandths of an inch. The 
upper parts of the curves run almost horizontally, as 
do the upper parts of the theoretical curves in Figure 1. 
The steep branches of the curves rise under a very much 
smaller angle than those in Figure 1, due to the granular 
structure of the soil. In spite of that the sharp break 
peas bearing point) coincides closely with the plastic 
imit. 
For very plastic soils of the type to which Figure 1 

refers the critical bearing point seems to be somewhat 
above the plastic limit. For medium and for feebly 
plastic soils the critical bearing point is equal to or 
somewhat lower than the plastic limit (fig. 3). For 
friable soils the plastic and the liquid limit are identical, 

and their critical bearing point is approximately equal 
to 75 per cent of the water content which corresponds 
to the lower liquid limit. (See fig. 4.) Hence, if 
passing from the very plastic down to the very friable 
soils, the critical bearing point gradually shifts from 
the plastic range into the semisolid range. 

Figure 5 illustrates the effect of a sand admixture 
on the bearing properties of a plastic soil. Figure 5a 
corresponds to a plastic soil, Figure 5b represents the 
same soil mixed with 50 per cent of sand (pure quartz 
sand, passing the 100-mesh screen), and Figure 5c 
corresponds to the soil mixed with 90 per cent of sand. 
Since an admixture of sand invariably lowers the plastic 
limit, the critical bearing point also goes down with 
increasing sand content. 

THE SHRINKAGE LIMIT 

If the water content of a soil decreases on account of 
evaporation to values below the lower plastic limit, the 
soil is said to pass from the plastic into the semisolid 
state. During this process the decrease in volume of 
the soil is precisely equal to the value of the water lost 
by evaporation. However, as soon as the moisture 
content reaches a certain minimum limiting value the 
volume of the sample ceases to diminish, while the 
weight of the sample still continues to decrease. We 
say that the sample has passed from the semisolid into 
the solid state. The limit between the two states is 
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marked by a change of the color of the sample from 
dark to light. The moisture content which corresponds 
to the point of transition between the two states was 
called by Atterberg the “shrinkage limit.” 

The mechanics of the process of shrinkage has been 
explained by the writer in his theory of the capillary 
pressure * in the following way: 

Figure 6A shows a cross section through a small lump 
of soil whose moisture content is greater than the 
shrinkage limit. The voids are completely filled with 
water. The free surface of the water is located within 

? Terzaghi, Erdbaumechanik, 1925, 
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UNCONFINED TESTS 
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Fic. 5.—Retation or MorsturE ConTENT AND DEFORMATION OF A Sort TESTED AT ARLINGTON, SHOWING THE EFFECT OF 
ADMIXTURES OF SAND ON THE BEARING PROPERTIES OF THE SOIL 

the surface of the sample and the surface tension exerts 
on the outer surface of the sample a uniformly dis- 
tributed pressure, in every respect comparable to an 
external pressure acting like a hydrostatic pressure at 
every point perpendicular to the outer surface of the 
sample. This surface tension, which causes the soil to 
shrink, is the same force which drives the water up in 
a capillary tube and which prevents the water from 
flowing back through such a tube, provided the length 
of the tube is smaller than the height of capillary rise. 
No air can get from outside into such a tube and, for 
the same reason, no air can get into the clay as long as 
the pressure exerted by the surface tension is smaller 
than the pressure required to still further compress the 
clay. ; 

At the lower liquid limit the pressure exerted by the 
surface tension of the water or by the ‘‘capillary pres- 
sure,” as it should be called, is practically equal to 
zero. At the lower plastic limit it amounts already to 
several atmospheres and, while the sample passes 
through the semisolid state, the capillary pressure 
becomes still higher. Finally, however, there comes a 
point where the force required to produce a volume 
change equal to the volume of the evaporating water 
becomes greater than the maximum value the capillary 
pressure can possibly assume. Hence, if still more 
water evaporates, the surface of the capillary water 
withdraws into the interior of the soil. Air enters the 
voids and, as a consequence, the color of the soil 
changes from dark to light. The water content at 
which this change occurs is the ‘shrinkage limit.” 
The shrinkage limit obviously depends on two factors: 
The compressibility of the soil and the maximum value 
of the capillary pressure. 

Due to the simple geometrical relation which exists 
between the volume change and the water content, the 
shrinkage limit S can easily be computed from the fol- 
lowing data: Volume, V, of the sample at water con- 
tent, w, the volume, Vo, of the dry sample (identical 
with the volume of the soil at the shrinkage limit) and 

B 
VOIDS GOMPLETELY FILLED VOIDS FILLED WITH WATER 

WITH WATER AND AIR 

Fic. 6.—Cross Sections oF A Lump oF Soin, (A) WHEN THE 
MoisturE ExcreDs THE SHRINKAGE LIMIT, AND (B) WHEN 
tHe Moisture Content Is Less THAN THE SHRINKAGE LIMIT 

the weight, W, of the dry sample. At water contents 
above the shrinkage limit no air gets into the sample. 
Hence the difference, w—S, between the original water 
content, w, and the shrinkage limit, S, is obviously 
equal to the volume change, V—Vo, divided by the dry 
weight, W, or 

V—Vo_ ae S 

and therefore 

S=w- Cars 
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SHRINKAGE Limit Is INDICATED BY THE INTERSECTION OF THE EXTENDED PORTION OF THE STRAIGHT PART OF THE CURVE 
WITH THE VERTICAL AXIs 

If this equation be plotted as a diagram, one obtains 
for the relation between volume change and moisture 
content a straight line. The ordinate of the point of 
intersection between this line and the vertical axis is 
equal to the shrinkage limit (fig. 7). In practice, how- 
ever, the semisolid state passes not suddenly but grad- 
ually into the solid state for the following reason: As 
soon as the surface of the water withdraws from the 
outer surface of the soil into the interior (fig. 6B), the 
surface tension acts no longer like an external pressure, 
because the capillary water forms now innumerable 
droplets scattered throughout the interior of the soils, 
separated from each other by small air bubbles. The 
surface tension is confined to the vicinity of the points 
of contact between the individual grains, and its effect 
essentially consists in slightly rearranging the individual 
particles by pulling them still closer together. The 
additional compression produced by this process is 
very small. Nevertheless, it shows up quite clearly 
on every moisture content—volume change diagram. 
(See fig. 7.) 

RELATIONS BETWEEN THE LIMITS OF CONSISTENCY 

From the preceding discussion of Atterberg’s limits 
it became evident that each one of the limits depends 
on different factors cooperating in a different way in 
producing the consistency to which the limits refer. 
Thus the lower liquid limit essentially depends on the 
number of grains per unit of volume and, to a smaller 
extent, on the shape of the particles. On the other 
hand, the plastic limit and the index of plasticity largely 
depend on the shape of the grains while the number of 

grains (specific grain number) seems to play a less 
important part. The shrinkage limit varies with 
both factors and, in addition, to a large extent with the 
uniformity of the soil. Hence it is obvious that both 
the values of the limits and the relation between the 
different limits are apt to vary with the soil (fig. 8). 
In general, for friable soils, the shrinkage limit may be 
anywhere between the lower liquid limit and 50 per 
cent of its value. For plastic soils the shrinkage limit 
ranges between a water content of 10 and 20 per cent 
(in exceptional cases more), and no definite relation 
exists between the plastic and the shrinkage limit. 

If a plastic soil is mixed with sand, both the lower 
liquid and the lower plastic limit decrease with in- 
creasing sand content. At the same time the difference 
between the two limits (Atterberg’s plasticity index) 
decreases and, at a certain percentage, p, of sand, the 
plasticity index becomes equal to zero. According to 
Atterberg, p should be the higher, the greater the 
plasticity index. 

THE MEANING OF THE MOISTURE EQUIVALENT 

The limits of consistency described in the preceding 
paragraphs have always the same physical significance 
regardless of the fineness of the soil. In contrast to 
this an analysis of the moisture equivalent test has 
shown that the meaning of this test essentially depends 
on the effective size of the soil grains. 

This analysis was based on the known relation which 
exists between the centrifugal force, the effective size 
of the voids, and the maximum value of the surface 
tension. It led to the following conclusions: 
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TURE EQUIVALENT OF SOILS FROM CALIFORNIA 

(a) If plastic soils (ordinary clay soils) are submitted 
to the moisture equivalent test, the voids of the soil 
remain completely filled with water. The centrifugal 
force combined with the surface tension of the water 
exerts on the sample a force whose intensity depends 
on the speed of rotation, on the thickness of the layer 
of soil, and, for very plastic soils, on the duration of 
the test. The greater the speed of rotation the thicker 
the layer, and (for very plastic soils) the greater the 
duration of the test the smaller is the moisture equiv- 
alent. If performed under the standard condition 
described in Pusttc Roaps, April, 1925,? the moisture 
equivalent represents the water content which cor- 
responds to an external pressure of approximately 2 
kilograms per square centimeter, acting for a period 
of one hour. Since the pressure required for reducing 

3 Procedure for Testing Subgrade Soils, by J. R. Boyd, Pusiic Roaps, vol. 6, No. 
2, April, 1925. 
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Motrs- 

the water content of a clay down to the lower plastic 
limit amounts to 2.5 kilograms per square centimeter 
or more, the moisture equivalent for plastic soils 
should always be somewhat higher than the lower 
plastic limit. Figures 9 to 12, inclusive, show the 
limits and the moisture equivalent for a great number 
of soils tested in the experimental station of the Bureau 
of Public Roads at Arlington. For all the plastic 
soils (i. e., for all those soils whose lower liquid limit 
is appreciably higher than the lower plastic limit 
represented on the diagrams) the moisture equivalent 
is located between the two limits. 

Hence from the results of our analysis it became 
evident that, for plastic soils, the moisture equivalent 
has nothing whatsoever to do with the drainage 
properties of the soil. It merely tells about the 
compression produced by a certain pressure. 
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(b) If friable soils with fairly large voids are sub- 
mitted to the moisture equivalent test, the centrif- 
ugal force acting on the capillary water overcomes 
the surface tension. Part of the capillary water is 
ejected from the voids; air invades the interior of the 
sample and the capillary water is split up into a great 
number of small droplets, adhering to the points of 
contact between the individual grains. As a conse- 
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quence, the pressure acting on the sample during the 
test has no more a definite value. The pressure 
depends on the ultimate water content which, in turn, 
depends on the number of points of contact per unit 
of volume. The greater this number the greater the 
moisture equivalent. Hence in this case, the moisture 
equivalent becomes an index of the draining properties 
of the soil. Since not all of the voids are filled with 
water, the moisture equivalent should, for friable soils, 
be lower than the lower liquid limit. This statement, 
too, is confirmed by the data represented by Figures 
9 to 12, inclusive. 

(c) For soils intermediate between plastic and friable 
pou te moisture equivalent has no definite meaning 
at all. 

FIELD MOISTURE EQUIVALENT TEST ERRONEOUSLY NAMED 

In connection with the earlier attempts to investi- 
gate the properties of subgrades, A. C. Rose, of the 
Bureau of Public Roads, developed a field test which 
was believed to furnish the moisture equivalent without 
using the centrifuge. He described his test as follows:* 
“The test is made by taking a 500-gram sample of 
air-dried soil, breaking up the lumps, placing the 
sample in a bowl, adding water slowly from a burette, 
mixing the water and soil until it reaches the consist- 
ency of putty and may be compacted with a spoon 
or spatula without any free water remaining on the 
surface. Water is then allowed to drop upon the 
smoothed surface as long as it is abosrbed. Before 
the moisture equivalent percentage is reached, the 

4 Practical Tests for Subgrade Soils, by A. C. Rose, Pustic Roaps, August, 1924. 
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sample will absorb water readily, but when the critical 
value is passed, the surface will retain a wet, shining 
appearance. ”’ 
From the mere description of the test one learns 

that the result has physically nothing in common with 
the result of the standard moisture equivalent test. 
For plastic soils the moisture equivalent represents 
the moisture which corresponds to a pressure of approxi- 
mately 2 kilograms per square centimeter, provided 
the initial moisture content of the sample was consider- 
ably greater. In contrast to this, Mr. Rose’s field- 
moisture determination represents the water content 
which corresponds to a pressure of zero, provided 
the initial water content of the sample was consider- 
ably lower. 

In order to realize the physical meaning of the ~ 
field-moisture test, one has to remember the fact that 
under normal conditions the capillary water contained 
in the voids of a plastic soil with a plastic consistency 
is in a state of tension. Evaporation of capillary water 
increases the tension, while the moistening of the 
sample causes the tension to drop. (See the paragraph 
on the shrinkage limit.) Tension in the capillary water 
means a negative hydrostatic pressure. On _ the 
surface of the sample, the hydrostatic pressure is 
equal to zero. Hence, if one places a drop of water 
on the surface of a piece of soil whose capillary water 
is in a state of tension, the water flows at once toward 
the zone of negative pressure, and one says the water 
‘“‘has been absorbed”’. However, by steadily increasing 
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the moisture content one steadily decreases the tension 
in the capillary water until finally a point is reached 
where this tension becomes equal to zero. This 
point obviously represents Mr. Rose’s field moisture, 
because the criterion of the test consists in the sample 
losing its property of absorbing additional moisture. 

Figure 15 shows the relation between pressure and 
voids ratio for a feebly plastic Pennsylvania soil. 
The initial water content of the sample was equal to 
the lower liquid limit. By gradually raising the 
pressure from zero to 3 kilograms per square centimeter 
(AC), the voids ratio dropped from 0.837 to 0.595. 
By reducing the pressure again from 8 kilograms per 
square centimeter to zero, the voids ratio increased 
again from 0.595 to 0.625 (rebound curve CD). 
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In the diagram, the section, AB, of the upper curve 
represents the changes the sample would have under- 
gone during a moisture equivalent test (raising the 
pressure from zero to 2 kilograms per square centi- 
meter), and the ordinate of the point, B, represents 
the moisture equivalent in terms of voids ratio. In 
contrast to this, the field-moisture test is represented, 
not by a part of the upper but of the lower curve 
CD, and the ordinate of the point D represents the 
field moisture. In this particular case the ‘‘field- 
moisture’’ test would have furnished practically the 
same result as the moisture equivalent test (0.625 
against 0.622 in terms of voids ratio). Nevertheless, 
the close agreement between the values would have 
been no less a mere mechanical coincidence than is the 
coincidence between the plastic limit and the critical 
bearing point. 

Thus the “field-moisture’” determination merely 
indicates the maximum amount of moisture a soil 
is apt to absorb when its moisture content is increased 
from a lower value by gradually adding moisture. 
The objectionable feature of the test consists in the 
fact that the “‘field moisture” obviously depends on 
the initial water content. Thus, if the test is started 
at the point B, of the diagram, Figure 15, instead of 
at point C, the sample would have passed through the 
process BD!, and the result of the test would have 
been a voids ratio of 0.661 instead of 0.625. For this 
reason one can hardly expect consistent results in case 
the tests are made by two independent observers. 

According to Mr. Rose, the soils of the Pacific North- 
west were found to represent good, mediocre, or poor 
subgrades, according to whether their “field moisture 
equivalent”? was smaller than 20, from 20 to 30, or 
greater than 30 per cent. Moisture contents of 20 and 
30 per cent, respectively, correspond to the volumes of 
voids of 35 and 44 per cent, respectively. Considering 
this fact and the physical meaning of the field moisture 
test, Mr. Rose’s statement has the following signifi- 
cance: A subgrade is good or mediocre according to 
whether a thorough soaking after a period of dryness 
does not increase its volume of voids beyond 35 or 44 
per cent, respectively. This experience is closely re- 
lated to the fact that the same sand may have a very 
great bearing capacity or almost none according to 
whether its volume of voids is equal to 42 or 48 per 
cent® (more or less, depending upon the nature of the 
sand). This, in turn, is connected with the fact that 
the volume of voids in an accumulation of equal spheres 
ranges between the extreme limits, 25.8 per cent and 
47.6 per cent. The greater the volume of voids, the 
smaller the resistance of the spheres against mutual dis- 
placement, and beyond a value of 47.6 per cent the 
accumulation is unstable, which means that its bearing 
capacity drops to a very small value. 

The ‘ultimate swell,’ represented by Mr. Rose’s field 
moisture, is among the data furnished by the standard 
swelling test which has recently been incorporated in 
the investigation program of the Bureau of Public 
Roads. Figure 15 represents the results of such a test. 
Since both the initial state of the sample and the pres- 
sure corresponding to the point, C, are standardized, 
the personal element is excluded and the ‘ultimate 
swell”? thus obtained represents a physical fact with 
known meaning. It will be among the problems of the 
proposed field survey to determine whether the ultimate 
swell is the only factor which governs the behavior of 

* Terzaghi, Erdbaumechanik, 1925. 

12624—26¢ —2 

the subgrade or whether there are other additional 
factors entering into the relation between subgrade and 
road surface. For the time being it would be prema- 
ture to express any opinion concerning the possible out- 
come of this investigation. However, Mr. Rose’s ob- 
servations represent a very valuable group of facts to 
start with. 

THE DYE ADSORPTION TEST 

The results of all those tests which have been de- 
scribed in the preceding paragraphs essentially depend 
on the mechanical properties of the soil; i. e., on the 
size and shape of the grains and on the uniformity of 
the mixture. In contrast to this, the result of the dye 
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adsorption test seems to depend essentially on the 
chemical nature of the soil particles and on their elec- 
trolyte content. As a consequence, there seems to be 
no definite relationship between the limits and the dye 
adsorption number, except for the fact that the soils 
with high liquid limits have higher dye adsorption 
numbers than soils with a low liquid limit. To illus- 
trate this statement, Figure 13 may serve. In this 
figure, the erratic character of the dye adsorption num- 
ber is quite conspicuous, soils with similar limits having 
widely different dye adsorption numbers. Hence it is 
obvious that the dye adsorption number expresses 
among others a factor independent of those which de- 
termine the limits. This, in itself, is a very valuable 
property of the dye adsorption test. However, before 
we are able to make any statement concerning the value 
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of the dye adsorption test, we must know whether the 
factor expressed by the dye adsorption number has an 
appreciable effect on the mechanical properties of the 
soil. This question can not possibly be decided except 
by a systematic physical investigation of soils with simi- 
lar limits, but with widely different dye adsorption 
numbers. 

INTERPRETATION OF TEST RESULTS 

If dealing with the interpretation of test results 
obtained in the laboratory, we must first of all consider 
two important facts. The first one consists in the soil 
tests being confined to that fraction of the soil which 
passes a certain standard mesh screen (width of 
opening 0.5 mm.). Hence a correction must be made 
for the influence of the coarser constituents on the 
properties of the soil. For the time being, no reliable 
basis for making such a correction exists and systematic 
investigations will be required for establishing such a 
basis. 

The second fact consists in the structure of the 
undisturbed soil being different from the structure of 
the soil subjected to the tests in the laboratory. It is 
conceivable that the same soil may exhibit somewhat 
different properties according to whether the structure 
of the top layer has developed under the influence of a 
very cold or a very warm, a humid or an arid climate. 
It is one of the problems of the field survey to investi- 
gate the importance of these influences. 

These two facts impose upon the interpretation of 
the test results obtained in the laboratory certain 
unavoidable limitations. The man working in the 
laboratory can not possibly do more than furnish the 
data required for identifying the raw materials of 
which the subgrades consist. Hence all his efforts 
ought to be governed by this and merely by this one 
intention. 

Since the sole function of the subgrade consists in 
supporting the road surface, we are merely interested in 
its mechanical properties; that means in its compressive 
strength, its elastic properties (swelling), its per- 
meability and in the influence of the moisture content 
on its resistance. The physical meaning of these 
properties is as well defined as is the meaning of the 
data used in structural engineering. 

In contrast to this, the simplified soil tests have 
apparently no bearing on the strength of the materials 
except for the fact that the plastic limit approximately 
coincides with the “critical bearing point.’ Hence 
we are entitled to ask wherein their value resides. 
The answer to this question can easily be deduced from 
the preceding analysis of the meaning of the simplified 
soil tests. According to this analysis, the result of 
the simplified soil tests depends precisely on the same 
physical factors which determine the resistance and 
the permeability of the soils (shape of particles, effec- 
tive size, uniformity) only in a far more complex 
manner. Thus for instance a high lower liquid limit 
associated with a low shrinkage limit may mean either 
an excessively fine-grained soil with a low swelling 
capacity or a more coarse-grained soil with a very 
marked swelling capacity. According to whether 
these two limits have the first or the second meaning, 
the plastic limit would be higher or lower. In spite 
of these complications, we are safe in making the 
following statement: If several soils with similar 
geological origin have fairly identical limits, their 
physical properties too will be fairly identical and it 
will be sufficient to investigate a single one of them 

more thoroughly. Hence the limits represent an excel- 
lent means for preliminary soil classification. 

If we get the mere description of the appearance of a 
soil, we know about that soil practically nothing, and 
an identification is simply impossible. If we know the 
three limits of the soil, we are already in a position to 
compare this soil with others and can at least anticipate 
what its properties may be. If we know in addition 
the results of physical tests performed on another soil 
with fairly identical limits, we can say the soil is 
known. 

REGIONAL SOIL DIAGRAMS FACILITATE CLASSIFICATION 

The tabulated results of the determination of the 
limits for a group of soils consist of a confusingly great 
number of apparently incoherent figures, and it is very 
difficult to perceive the relationship which exists 
between the soils represented in the table. In order 
to facilitate this work, and to visualize the characteristic 
features of the soils, it is proposed to represent the 
results of the investigation in a graphical form. For 
this purpose it is advisable, first of all, to arrange the 
soils according to the value of the lower liquid limit, 
because this limit is by far the most variable one, 
ranging anywhere between 15 and more than 100 
per cent. 

The graphical representation is performed in the fol- 
lowing manner: The individual soils are represented by 
horizontal lines, one quarter of an inch apart. On 
every line the limits of the soil are plotted to a scale of 
1 inch equal to 10 per cent moisture content. Then 
all the points representing the same limit are connected 
with each other by continuous curves. Since the soils 
have previously been arranged according to the value > 
of their lower liquid limit, the lower liquid limit curve 
slopes in one direction only, while the others have a 
more or less sinusoidal shape. The result of this opera- 
tion will be called the regional soil diagram, represent- 
ing the variation of the limits of soils coming from a 
definite region. 
By tracing curves parallel to the lower liquid limit 

curve at horizontal distances representing 7, 15, 22 per 
cent, etc., from this curve, one divides the space between 
the liquid limit and the plastic limit curve into sections 
of uniform width. Since the total distance between 
the liquid and the plastic limit represents the plasticity 
index, the subdivision of this distance by parallel 
curves facilitates the evaluation of the degree of plas- 
ticity (according to Atterberg’s definition) of the soils. 

Figures 8 to 12 inclusive and Figure 14 represent the 
regional soil diagrams for soils from Cuba, California, 
Towa, South Dakota, Texas, and Pennsylvania inves- 
tigated in the laboratory of the Bureau of Public 
Roads at Arlington. By merely glancing at these 
diagrams one sees at once the difference which exists 
between the soils coming from the different regions. 
For the time being, we do not precisely know wherein 
the significance of the limits—for instance, the signifi- 
cance of a low plastic and a high liquid limit—resides, 
but the mere fact that there is a great difference between 
the average limits of the soils coming from different 
sections of the country plainly shows that there must 
also be a very considerable difference between their 
physical characteristics. The knowledge of the sig- 
nificance of the limits will automatically come as soon 
as a sufficient number of samples has been submitted 
to the standard physical tests. 

(Continued on p. 170) 
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DIRECT PRODUCTION COSTS OF BROKEN STONE 
By DR. GEORGE E. LADD, Economic Geologist, Bureau of Public Roads 

HERE are no available sources of information as 
a to the direct costs of producing broken stone 

which are satisfactory for comparative purposes 
by quarry operators. Something can be found in cost 
data manuals on certain operations but the material 
is scattered and unsatisfactory because the conditions 
under which the operations were conducted are usually 
not stated. 
Some time ago the Bureau of Public Roads under- 

took a study of quarries and broken stone production, 
especially direct costs and conditions governing them. 
It was decided not to enter the field of overhead costs 
which vary largely at different quarries and in different 
localities, and the following items also were omitted 
from the study: Capital investment, interest, royalties, 
general repairs, insurance, depreciation, depletion, 
opening of quarry face, general supervision, accounts, 
sales, and delivery. This reduced the investigation to 
a study of the direct production costs which included 
only such supervision as that employed directly in 
quarry or plant. 

Different types of quarries, pit and open-face, high 
and low-face, and large and small plants operating in 
various kinds of rock were selected for study and all 
conditions were noted that might affect costs. As it 
was desired to make the results of practical value at 
any time, quarry methods of operation, wage rates, 
costs of materials and labor hours, as well as dollar 
costs per unit were recorded. Since the results are 
given not only in terms of dollars but also in terms of 
labor hours and materials they should be of permanent 
value to quarry operators and all others engaged in 
rock excavation. 

METHOD OF STUDY 

The operation of producing broken stone was divided 
into 10 natural units as follows: Stripping, drilling face, 
drilling bowlders, blasting face, blasting bowlders, 
sledging and steel balling, pumping, loading and haul- 
ing waste; loading and delivery to crusher; and crush- 
ing, screening, etc. 

The data were acquired by daily visits to selected 
quarries for a period usually of eight weeks. Pay rolls 
and books, where kept, were consulted and all results 
were checked by personal observation. Methods of 
operation were studied and the rock being quarried 
was sampled for laboratory test to determine its nature. 
A complete report on these studies, giving a descrip- 

tion of each of the 23 quarries studied with data col- 
lected at each and comparisons of operations at the 
various quarries, is to be published but it is considered 
worth while to present at this time some of the com- 
parisons and conclusions. The various items will be 
discussed in the order listed above. In studying the 
data presented in the different tables it may be desir- 
able to know the scale of operation of the different 
quarries which are referred to by key numbers, and 
this information is given in Table 7. 

DISCUSSION OF OPERATING COSTS 

Stripping. —Stripping was conducted at 14 of the 23 
quarries. At the others there was either no stripping 

or so little that it was shot down with the face and 
eliminated in the screening operation. At the 14 quar- 
ries where stripping was done the cost varied from 
$0.0022 to $0.0873 per ton of broken stone. With one 
exception all stripping was removed by hand labor and 
dump carts. 

Drilling face.—Table 1 summarizes the data on face 
It should be noted that low cost per foot of drilling. 

Fig. 1.—Tue Upper Picture ILLUSTRATES THE ADVANTAGE 
or A Levee (Trap) THat Buasts INTO RELATIVELY 
SmatL Bow.pEers, WHILE THE LowrER ONE SHOWS A 
Granite Lepage THat Breaks Into Larce BOWLDERS. 
SuspsEQqUENT BowLpER Breakina Cost 1% CrEnts aT 
THE First QUARRY AND 12 CENTS AT THE SECOND 

drilling does not necessarily mean low cost of drilling 
face per ton of broken stone on account of wide differ- 
ences in the spacing and depth of holes, and the com- 
bination of snake holing with vertical holes. 

The average rate of drilling per hour was 2.4 feet for 
tripod drills and 1.46 feet for well drills. Comparison 
of rates of drilling with the laboratory results of the 
wear test indicates a relation between them which 
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TaBLE 1.—Drilling face data! 

Direct ey 
Quar- | | deilling Cost feet on 
rd Kind of rock | Kind of drill face per | PU} drilled 5 sera) Factors affecting results 
No. | tonof | ginea| Hour | ,{oot_ | 

| broken | CMe our | drilled | 
stone Pee 

drill 

18.) Diabase (trap). sees eee ae Tripodsesss $0. 0247 | $0.80 1.81 | 69.09 | High face, numerous joint planes, tripods, snake holes, electricity, air. 
S\eDolomite::= See ee eae Well Sie . 0250 . 68 1.29 | 27.24 | High face, well drills, deep holes, far apart, electric power. 

eA 7eloDiabase (Wap) sos nee tee GoLeereal . 0264 2. 06 -65 | 53.47 | High face, well drills, hard rock, deep holes, far apart, steam power. 
21 bimestone sass eee ae Seater dozsseoes . 0273 . 53 3.10 | 19.23 | Medium high face, well drills, soft rock, holes far apart, electric power. 
20 | Dolomitic limestone_-__--_-.-.-|_---- doses t2 - 0308 . 74 2.48 | 24.53 | High face, well drills, soft rock, holes far apart, gasolene power. 

Jal SLiCeouUs COlOmitecs: 222 ==) oeeee doz . 0375 . 94 -80 |} 25.15 Do. 
72 We MT arbDlel pee oo ee eee eee fe Lripodsaes-s . 0470 - 40 (3) 8.51 | High face, tripods, soft rock, snake holes, electric power, air. 
19), Diabase. (trap) 222s oe ae tess doles . 0487 1. 57 1.61 | 32.25 | High face, tripods, hard rock, snake holes, electric power, air. 
98" Slates osse eae eee bs WiellGas. se . 0596 1. 43 -91 | 24.09 High face, well drills, hard rock, snake holes, steam power. 
3 Granite. <2 222 223 22 eee oe eUOnsceeas . 0819 1. 83 1.68 | 18.70 | High face, well drills and tripods, hard rock, oil and electricity. 

107 Diorite (rap) oe see Tipe and . 1167 - 76 1. 20 6.48 | High face, well drills and tripod (mostly), hard rock, electricity, air. 
well. 

12 | Altered rhyolite (trap) .--...--| Tripod-_----.- ARVs} . 69 2. 34 5.19 | Low face, benches, medium hard rock, hole spacing close, electricity, air. 
15 | Trachytic rhyolite (trap) _---_- (eee doa . 1835 . 42 4.13 2.31 | Low face, benches, tripod, medium hard rock, hole spacing close, steam. 

6:| ‘Conglomerate so--2 eee eee eRe dose. | - 1845 ~ 45 4. 39 2.45 | Low face, benches, tripod, medium hard rock, hole spacing close, electricity, air. 
pe eet Oe eee ea ee (to Bees . 2382 - 95 2. 54 4.00 | Low face, benches, tripod, medium hard rock, hole spacing close, steam. 

14 Granite 2 Seon eee eee nee dosa- = | . 2384 . 87 2. 05 3.68 | Low face, benches, tripod, very hard rock, hole spacing close, electricity, air. 
5 | Rhyolite conglomerate_-___..__|_---- does . 2509 - 64 3. 73 2.53 | Low face, benches, medium hard rock, hole spacing close, steam. 

dip isl eG (een es Oe ee See aecice dona . 2667 . 62 2.49 2. 33 Do. 
4 Granite 2222 eet eee fae = do == . 2685 1. 57 1. 96 5. 82 | Low face, benches, tripod, hard rock, hole spacing close, steam. 
97) Diorite (trap) 2 Bee Eee Goss . 2692 . 54 3. 05 2.36 | Low face, benches, tripod, very hard rock, hole spacing close, steam. 

13°) Andesite (trap) -222-22 nese soo do2=== | - 4060 1.35 1. 53 3.32 | Low face, benches, tripods, very hard rock, some snake holes, spacing close, 
: steam and electricity. 

TOW RiVolite:(trap ee esas sees Oe a | - 4358 2.18 -81 4.99 oy face, one tripods, very hard rock, spacing close, steam and electricity, 
steam and air 

2. Granite 22. 25 eee ae eee lone dozz----- - 4482 - 60 2. 88 1.34 Lay face, benches, tripods, very hard rock, spacing very close, steam and elec: 
| | ricity, air. 

1 See Table 3 for spacing of holes. 

should be useful in estimating on rock drilling. Table 2 
gives data on the rate of drilling and the percentage of 
wear of the rock for the different kinds of drills. 

TaBLE 2.—Relation between average feet drilled per hour by different 
types of drills and percentage of wear of rock as determined by 
laboratory test 

Tripod drills (vertical | Tripod drills (snake | . holes) holes) | Well drills 

+3 : . 

Aver- Aver- . Aver- : 

louarry) 28° | Bet quarry] #2 | Eo Juamry| s82 | Eee 
| No | drilled | of No. | drilled | _ of Ne. drilled | of 
pers per | wear ‘ | per | wear 3 per | wear 

hour hour | hour 

| 6 4.39 5.0 19 1. 68 3.0 20 2. 48 6.2 
| 15 4.13 Sia 17 1.34 2.7 21 3. 10 5.4 

9 3.05 2.9 18 1.81 2.0 8 1. 29 3a 
2 2. 88 257 2 Se eee Saleen one 17 . 65 ay f 

| CE dpe wy el hee in a) emeet CTC RNS Pe a! 7 80 a a2-6 
16 1.:53 oA 1 NP emt ol fee nay ea a ee Ee a ey es a Pe Ae 

| 

At the time the studies were made little or no use was 
made of hammer drills in face work, although they were 
used in plugging bowlders. New types of hammer 
drills are now on the market and are widely used for 
bench work. They require only one man for opera- 
tion and drill at a much faster rate than tripod drills. 
They are most successful when operated by air. 

Blasting face.—Detailed data on blasting operations 
are shown in Table 3 in which the quarries are arranged 
in the order of the cost of blasting the face per ton. 
The highest costs were in connection with bench work 
in hard rock with few joints or with high faces in much 
jointed rock where snake holes were used. Some high 
costs resulted from wide spacing of vertical well-drill 
holes in high faces. Low costs would be expected in 
the large quarries but occasionally a small quarry is 
found in the low-cost group and a large quarry in the 
high-cost group. 

The kind of rock, differences in joints (see Fig. 1), 
hole spacing and height of face were important factors 

* Snake holing with tripods also at this quarry cost $1.06 per foot, and averaged 1.34 feet per hour per drill. 3 Undetermined. 

EE ee = — a 

Fic. 2.-Breakina Bowupers WITH A sey Baia 
Sea 

affecting costs, but poor blasting often resulted in the 
need of further blasting for the removal of spurs and 
toes. Much blasting in small quarries was found to 
be haphazard or experimental. 

Analysis showed that the tonnage brought down per 
pound of dynamite is but slightly related to number 
and spacing of drill holes. In this respect there is a 
great difference between the operations of large and 
small producers. In the item of tonnage brought 
down per foot drilled, which is of much greater impor- 
tance, the results were much more satisfactory in the 
quarries classified as large and very large from the 
production standpoint than in those classed as medium, 
small, and very small. There were conspicious 
exceptions to this, however. 

It is concluded that there is a decided advantage in 
using deep, well-drill holes, widely spaced or, if the face 
is high and much jointed, snake holes should be used. 
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[ TABLE 3.—Blasting face data, and direct costs arranged in order, from lowest to highest 

Direct 
cost of Rock 

Quar- pasting down | Rock 
nay oe ue Spacing of holes Height of face blasted head i Kind of rock and conditions 

00 
_ No | broken of dy- | drilled 

stone namite 

Tons Tons 
' Home so, 227 el ongke holes! 28 feet in.= /-. 8=22-5 S-2e 2222-5 150 feetAce ae tae ooo se se 12.9 | 69.09 | Diabase, hard, very greatly jointed. 

‘ 20 O42 1015 feetanart,.20 feet. back is... +5222 222-225 2ce 42. TeoUs 25. Sacvonane ese 4.9 | 24.53 | Limestone, moderately jointed 
Ps 8 . 0425 | 12 feet apart, 20 to 25 feet back_....-.-.-..--------- 60 to 90 feet __.-.---2.. 5.8 | 27.24 | Hard dolomite, strata slightly jointed, high face. 
,. i 4 9H : ~~ neat SP et Bose seat tee ee pee 18 to 20 feet_-| 10.5 4.00 | Rhyolite breccia, well jointed. 

‘ nake holes (lag te eae Se ee ee ee ae | a 6.6 | 32.25 | Diabase, hard, highly joi i 
17| .0441 | 24 to 30 feet apart, 30 to 35 feet back 20 to 30 feet. _---.-_-_- 6.7 | 153.47 | Diabase, Han meni 
21 - 0527 | 12 to 15 feet apart, 20 feet back_-_--.-.-------------- le20 toshitoot mente wee men 3.9 | 19.23 | Limestone, moderately jointed. 
4 . 0560 | 5 to 7 feet apart, 6 to 8 feet back_______.-._______-. Benches, 14 to 18 feet_- 8.1 5.82 | Granite moderately jointed. 

; 12 20574 |°3 to 4 feet apart, 18 feet back._-1--.._-.-....--.-..- | Benches, 20 feet -____-- 8.0 | 5.19 | Metamorphosed rhyolite, hard, many joints. 
ll ROOD: WA feet apart, 8 fect. backs 2 L224 20-2. sak Benches, 14 feet __----_- 9.7 2.33 | Hard conglomerate, well jointed. 

, 5 - 0609 | 5 to 6 feet apart, 15 feet back......_-_-___-.______--- Benches, 10 to 18 feet__ Wao 2.53 | Hard conglomerate, many joints. 
$ % . 0616 | 12 feet apart, 20 to 25 feet back.---_-..----.-------- 70 to 90 feet ___-.---_-- 3.9 | 25.15 | Hard dolomitic limestone, well jointed. 
= 6 - 0619 | 5 to 6 feet apart, 15 feet back_._-.....-------------- ING,COS feet Steen aseee ee 6.2 2.45 | Hard conglomerate, numerous joint planes. 
= 16 S06308i74 feet apart; 6ito.8 feet backe.<2--_ 22.205. --. 8. | Benches, 15 feet _-.___- 5.4 4.99 | Altered rhyolite, greatly jointed. 
= 1 - 0690 | 5 feet apart, 6 to 8 feet back__.._......-.-.-.--.---- Benches, 20 feet ----_-- 7.0 | 3.68 | Hard granite and porphry, few joint planes. 

3 . 0794 | 10 feet apart, 20 feet back__-.-__.-_-.-.------------ 60 feet sae ns one 5.5 | 18.70 | Granite, moderately jointed. 
= Heat opal mS aye see Lee eee eee Seen ae ies S ae feebose aso: a | 8.51 jive hard, fairly jointed. 

| : eet apar eet ‘back Sa 2ss2- 25S C0leisee see teres ese 3 2.31 | Trachytic rhyolite, numerous incipient joints. 
$ 9 . 0913 | 5 feet apart, Sifeetback-=2es-2- Benches, 20 feet -----_- 5.5 2.36 | Hard and tough diorite, tight Ander joes 
€ 23 . 0913 | 24 feet apart, 20 feet back TOMCOL2 aeces aa sen eee 2.2 | 24.09 | Slate, very greatly jointed. 
bs 13 . 0968 | 3 to 4 feet apart, 18 feet back_...._----_------------ Benches, 18 to 20 feet_- 4.1 3.32 | Altered andesite, hard, joints few and tight. 
é 2 . 1016 | 3 to 5 feet apart, 2 to 10 feet back__._--------------- Benches, 20 feet ------- 3.4 1.34 | Hard granite, and porphry, few joint planes. 
2 10 SSO POLO teevanart, sleet Dacke = 1-5 -.ceqs-ce=--een--|anc oe dO eeeee- 2 ee - 3.0) 6.48 | Diorite, hard and tough, relatively few joints. 

F 1 Includes well-drill holes and snake holes. 
y 

TaBLE 4.—Showing bowlder-breaking methods and costs per ton of broken stone produced 

. Direct 
hm cost of 
A! blast- Direct | 4 ver. 
= Direct | ing | Direct | Direct | cost of oe 
-Z Quar- cost of | bowl- | cost of cost of | break- daily 
= ry +s F : drill- | ders steel | sledg- ing sete 
; key Initial crusher size Methods of breaking ing il balling| ing bowl DiGg Remarks 

No. bowl- | cap- | bowl- | bowl- | ders, all ion 
= ders ping, | ders ders | meth- fn tots 
- Speke ods 

‘ oc 
z holing 

: ieheNo.o £YLAboLyc..--.--= Block holing and sledging_|$0. 0714 |$0. 0827 | None. |$0.3727 |$0. 5268 172 | Granite, many bowlders, few fracture planes. 
F 2| Two No. 5 gyratory in- |.---- Oe nee ae .1204 | .0892 | None. | .3149 | .4745 260 | Same quarry as key No. 1, following year, fewer bowlders 
i dependent units. : : due to change of method of blasting. 
; 3 | Jaw opening, 10 by 20 | Steel balling and sledging_| None. | None. |$0.0513 | .0691 | .1204 176 | Well managed, 
* inches, 
a Aelia doses ocae. Sete: Mostly steel balling and | .0330 | .0037 | .0687 | .1874 | . 2428 125 | Same quarry as key No.3, following year. Owner-man- 
4 sledging. ager sick, wages higher, labor much less efficient. 
of 5 | Two oe crushers, 10 by |----- Ca Vs et ee ee .0010 | .0003 | .2394 | .2506 | .4913 73 | Very poor management and supervision. 

20 inches. 
CANON Oe YralOr yer --2-eaa|eeo—— OM ene ners nen e === =als 0008 10002 OL75a | lol sey. L697 292 | Same as key No. 5, following year, good supervision. 
7 | Five No. 6 and one No. Sees oe i capping; | .0099 | .0770 | None. | None. | .0869 | 1,454 car ee ecale Boake steam shovel to handle rock, large 

> 4 gyratories. some block holing. initial crushers. 
; 8 Five No. 6 gyratories_..| Block holing and mud | .0245 .1272 | None. | None. | .1517 770 Do. 
P capping. 
; 9 | Jaw opening, 36 by 42 | All block holing----.------ .0514 | .0184 | None. | None. | .0698 234 | Rock broke well on blasting face, fewer bowlders, large 

Noes Block hol d sled 0430 1|N 1627 | .2318| 532 Bowide ae ee pariat ted f 10 | No. 8 gyratory---------- ock holing and sledging_| . . 026 one. | . 4 5 owlders very toug ut labor wasted in operation o 
sledging. 

: 11 | Jaw opening, 10 by 20 | Steel balling, block holing | .0216 | .0035 | .1392| .2427| .4070 66 pnemictaney pene Diceonss cost of steel balling and sledging 
inches, much too high. 

12 | No. 6 gyratory---------- Steel balling and sledging_| None. | .0009 | .0487 . 0939 | .1435 214 | Bowlders very tough. : : 
13 | Jaw opening, 16% by 29 | Block holing and sledging-| .0284 | .0201 | None. | .0847 | .1328 170 peurcorie incipient fractures in bowlders, hence sledging 

inches. cost low. 
14 | Jaw opening, 14 by 21 | Mostly steel balling and | .0196  .0024/ .0945 | .1804 | .2969 82 | Inefficiency, costs of steel balling and sledging too high. 

inches. soca tT some block 
oling. 

| AWiye) eee (0 Ks ee ee Slodginf=2-.---232=--2---- None. | None. | None. | .2501 | .2501 86 oe ee pecaen She crating?) he every 
. q arge bowlders broken by sledging, and cost of that item 

high. 
. 16 | Jaw poerae: 36 by 18 | Sledging and steel balling-| None. | None. | .0073 | .2063 | .2136 180 | Small bowlders hard to break, hence sledging cost high. 

inches. 
17 | Jaw evening, 48 by 72 | A little mud capping-_----- None. | .0097 | None. | None. | .0097 | 1,820 Eetee eae Eee ee crusher, steam shovel for 

inches. oading, hence low costs. 
18 | No. 7% gyratory-------- Very little bowlder break- | .0047 | .0113 | None. | .0006/ .0166 264 | Rock broke well on blasting, relatively few bowlders, rela- 

ing; mud capping. . “ ay Pe es: large initial crusher, steam shovel for loading. 
19 | Jaw opening, 48 by 59 |----- £5 Ve Sale es A ee teg 8 . 0029 | .0108 one. one.| . 0. 

inches. 
2 20 | Jaw opening, 48 by 60 | A little mud capping and | .0084 | .0273 | None. | None. | .0357 | 1,977 | Conditions similar to those at key No. 17, see above. 

inches. block holing. 
21 | Nos. 10, 9, and 8 gyra- |----- (Oe ee sere none .0093 | .0171 | None. | None. | .0264 | 1,772 Do. 

tories. 
22,| No, 6 gyratory-_---.-=- Block holing and mud/| .0565 | .1140 | None.| .1351 | . 3056 176 | Too many bowlders, due to blasting method. 

capping. ~ : 
23 | No. 74% gyratory-_------- INoneiAke eles oe S25 None. | None. | None. | None. | None. 94 eget oa planes, rock finely broken on blasting, hence no 

owlders. 

-.- 
, 
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TaBLE 5.—Loading and delivery data 

| | y 
Quar- | Average | Cost of Tons | Loading, Cost of Cost per 

r \daily pro-| | loaded | common ; day, horse, 
ue Type of quarry duction | ee per labor labor, rate Method of loading ree cart, and 
No. intons | P@é'°0 “hour | per hour driver 

| | 

1alfOpen fates see eee ee 172 | $0. 1866 | 2.5 $0245) |) By hand into bigh-sided tramcars posses sae eee ae ae ee ee ee ree $0::086242: Se eee 
Pyles doen ee a ee | 260 . 2056 2.5 ed ee Os eee Se De SC Oe i a ae ER ee ae 31 7581| oe eee 
Sree 0A Sas 176 « 1235 | 4.6 .50 | By hand into low-scale boxes resting on ground ---_---------------------- | £1283: |= 
a ae 6 C0 ee ee Ve 125 . 0797 6.0 ARV Poe COs Soe NS LN ee Ce ee ea ie en ae eee OAT” | ern oe es 
fa EASES ages £22 ee 73 | - 2010 | 2. 67 SOOnoyeband into high damp Cartsea-e-.s-seteree es eee a ee eee eee . 2071 $5. 50 
es Sut ele ee eet ee 292 | . 1284 14.0 .50 | By hand into low-scale boxes resting on ground_-__-_____-_-_------------- 2 07402 Sea 

7 | Open face and pit_____-- 1, 454 . 1041 3.4 2.30 | By steam shovel mostly, part by contract, hand labor___----------------- O50 ee ee 
8° Open face--<2s=-.-.~<==6 770 . 1667 3.2 2,30 | By hand into tramcars, by conttact; hand laborlecess==2 asses === ae 3 0667)-c 22 ee 
OU (6 Las as oe 234 | 1409 6 Jee eet 209: Steam. shovel:to:tramcar=. s-oces 5. oe ee ee ee 30328 Jikan eee 

1K 0) bee (6 Koyo eee ce Sp ee 532 70076A (too eee .44 | Steam shovel and hand labor into low tramears-------------------------- 3 03825) 22ees eee 
119)" Pitest.ce ce eee eee 66 . 2443 2. 27 . 50 Mostly by hand into high dump cartse.- ses. see eee eee ae . 1251 3 4.50 
12%) Open {aCe Aseeae= oe ese ee 214 . 1521 3.05 ee a eee GO: 2 ee Se ee ee Be Ee ee ee . 1186 5. 50 
Bi Eee do2S eee 170 ! . 2202 2. 29 Abi Gees (Koper 5 See a as eRe eee ea aoe ee see. |S le ee i . 1301 5. 00 
je ae dot Ss Se 82 . 2040 2.7 ie eee 0s ee Nk OO ats EG ere ee . 1445 5.26 
NG ee 0 ee eee 86 . 3280 1.4 ADE Soom Gos ee eee Ee eS ee ee | . 1784 5. 40 
16 ePitss cee See 180 . 1788 42.9 .50 | By hand into low-scale boxes resting on ground_-_-___--------------------- | 61450" |\o2ee eee 
U7] MO DON ACC Jane sae eee 1, 820 jO0SD Meas sane »40-| Steam shovel’. ce 6 se28 522 32e 2 2 ee eee i 06649522 ee ee 
OS yee (6 eee Sete ee oe 264 = O902)leaessee == 3pAdh ease GOl 2 ees oS re ei es ek een tee eee 0229 Nee Sees 
19 o\eeeee d622e eee 600 ROZ20e eee cree ee $40.1: Electric shovel 232 2a5 ses A Ces a Se ee ee 0876s |2 ee eee 
TNE al Ba | ee ee ee Se ee 1, 977 0462 Nese ee ees 50: | “Steam shovel’c2 code 2s. see ee ee os 8 eae ee eee ee 0838 |2sae eee 
SO penifaces2- a eceaea = 1, 772 A0b3Ss|\Seeese= == BOO! ino OO she wae en aS ee ee ee ee O627A IF See 
29" Plb= ite aaa te een 176 . 1294 3.5 2750) By band into tramcars, byconttact .Nand 14 DOnesss sss sss sna e ne ee eee ra WSS me pgen p t 
93 | “Opentacdwe---esaaee = 94 . 1900 | 3.2 2°60 By hand into dump carts; conbrachiabore sean ose ae es aera nee - 0695 5 2.00 

} 

1 Rate of tons per hour would have been still higher if more of the material loaded had not been unnecessarily handled twice. 
2 Calculated from contract basis. 
3 One driver for two 1-horse carts. 
4 Men lost time waiting for delivery to crusher. 
5 Cost of care and feed only; no driver employed. 

Quar- Power 

‘ y Method of delivery Average eee ion haul and Remarks 
ey 

No. Kind Cost Unit 

1 | Cars pushed and switched | 400 feet down grade for car | Coal___.-.------ $10.00 | Ton__--- Complicated method of delivery. 
by men, then hoisted up pusher. Incline by 
incline, hoist engine. ‘ 

2 | Two independent units to |____- C6 fs ee Me BREAD a a Bas |e osseaee sees LONER ee Ose Capacity of plant doubled by adding separate and independent unit, 
two _ crushers. Cars 
pushed and switched by 
men, then hoisted up in- 

track. 
9 | Cable pull by hoisting en- | 300 feet up gentle grade___| Coal 

gine, automatic dump. 

production actually increased only 50 per cent. Method of de- 
livery complicated. 

cline. 
3 | Derrick swing to pier; | 375 feet down grade_---_---|_---- 6 (are eae 10):00x/ 22. do meen Loading and delivery methods excellent. 

thence by car pusher | | 
down grade to crusher. 

AN Eee dole 2 See ee eee dol acne eo ee teee eee! dots 8. 00nla=a-dO=ees Do. 
5 | 1-horse dump carts....---- 450 feet upgrade___---_._-- Men and orsess| ses ee | eee These methods always expensive. 
6 | By derrick direct to crusher-| 150 feet_._...-.......------ Coalass see 9. 50 se Done. - Excellent system, cost would have been much lower but for un- 

| necessary rehandling much of material during loading. 
7 | Steam locomotive mostly, | 800 feet, about level, small |_____ (6 (oe ae om Se io 00S Sar dosaess Typical of large-scale operations, these costs somewhat raised be- 

part by mule to incline, per cent up incline. cause of taking part of stone from a pit. 
then steam hoist. | 

8 | Men and mules on tram | 500 feet level_.....-------- Men and horses2|5- sessse|-e= see eee Typical of large operations. 

Peep bag Ne Bape 10.00 | Ton_._.-| One of the most efficient delivery systems, large, low tramcars, gentle 
upgrade, steam shovel expense too high, gravity return. 

10 ; Horses and men----------- 350 feet down grade__.----)----- C0.se2e2 2 ee 9500 ead Oones= Good methods, well managed. 
11 anos Age carts, also | 300 feet steep upgrade_--_--|___-- dots ae TO}00R eee dOzeaes Methods expensive, typical of most small-scale plants. 

errick hoist. 
12 | 1-horse dump carts_...-.--- 200 feet upgrade.._....---- IMemand horsesajse sees aaa aaa Do. 
1 [Pee doe 400 feet upgrade_._.-_.----|--_-_ do 2 Ae Le Oe ao are Do. 
Aa eas dO tee ee 225 feet upgrade__---=---2<|-__-_ COS Set ee ee eee Do. 
iy ee dose ee 150 feet slight upgrade --_-.-|_..-- Cock? sews |2 6 Nemes eee Methods expensive, typical of most small-scale7plants, men wasted 

time excessively. 
16 | By derrick and overhead | 500 feet up__--..--.-------- Coal =a LOsSaieonearae Costs could have been lower but for troubles with overhead cable 

cable system. system. 
17 | Steam locomotives_--.------ 3,000 feet down grade_--_--|_.--- doettrsnse= 5. 54 |_..do____. Typical of large-scale operations. 
18 | Car pusher, gravity.--.---- | 200 feet down grade--.--__-|_--_- does = as One. Osean Power loading, gravity delivery, short distance and good manage- 

’ ment led to lower costs. 

19 | Gasoline locomotive -.----- 300 feet down grade.-_---- Veer ee ‘O17 eon rs \rypieal of large-scale operations. 
20 | Steam locomotive to pit | 2,000 feet crusher in pit, | Coal__-_-.-.---- TOO Me Loss oem Do. 

| crusher, thence by hoist. then conveyor to main | 
plant. 

21 | Steam locomotive-_-.----_--- 2,300:feot levell-2.22--222- 2 eka -* (6 (0 oath a LOXG5 3 == donee 
22 | First by horse to foot ofin- | 250 feet up by hoist engine.| Electricity 

cline, second by electric 
hoist to crusher. 

23 | First, by 1-horse carts to | 125 feet level, then hoist | Coal 
incline; second, by steam engine to crusher in top | 
hoist to crusher. of plant. 

Do. 
Par 0.17 | Kwh._..| Complicated method of delivery due to pit-type quarry. 

mht S28 7.00 | Ton___-.| Loading done by contract Jabor at relatively higher price. Excep- 
tional low cost for horses kept delivery costs low. Haulin quarry 

| 125 feet, thence by bucket hoist 42 feet. 

The 10 quarries with the lowest combined cost of drilling 
and blasting face used one of these two methods. 
Cost of the two items is not necessarily affected by pro- 
duction volume as the quarries ranking highest and 
lowest in this cost had about the same output. 

STEEL BALLING THE MOST SATISFACTORY METHOD OF BOWLDER 
BREAKING 

Bowlder breaking—So many factors enter into 
bowlder-breaking costs that generalizations are difficult 

to make and the conditions at each quarry, as given in 
Table 4, must speak for themselves. The factors 
affecting the cost are efficiency of management, size of 
crusher opening, method of loading, drill-hole spacing 
and blasting, and the character of the rock itself. 
Illustrating the wide range in conditions it will be noted 
that at quarry No. 23 there was no bowlder breaking, 
while at No. 1 the cost amounted to more than 52 
cents per ton of broken stone produced. 
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While it is difficult to give general conclusions, the 
studies do indicate that the breaking of bowlders by 
the steel-ball method can be used in many quarries to 
advantage. With this method (see fig. 2) one or more 
derricks operated by three-way hoisting engines are 
placed at a convenient distance from the face and by 
means of a chain and cable bowlders too large for 
sledging are dragged from the face and arranged 
beneath the derrick. The derrick is used to lift a 
steel ball weighing about 2 tons to a height of from 
40 to 70 feet and drop it on the bowlder. 

Great variation was observed in the success of this 
operation, but where skillfully directed, it was con- 
sidered very successful. Comparing the cost of 
bowlder breaking at two small-scale quarries, where 
steel-balling was not used, with three as nearly similar 

Fig. 3.—Sitepeine Is a Large Irem or Expense at Most 
SMALL QUARRIES WHERE Rock Is Repucep By Hanp LazBor 
FOR SMALL INITIAL CRUSHER 

quarries as it was possible to find where steel-balling 
as best practiced was used, it was found for the former 
that the cost of breaking bowlders per ton of broken 
stone averaged 26 cents while at the latter it averaged 
14 cents. 

At medium and small-scale quarries the derricks 
used for steel-balling may also be used for transporting 
stone to the crusher and thus lower the cost of this 
item. If the distance is small, low scale boxes may be 
loaded and swung directly to the crusher, while if it is 
ereat they may be used for dumping into tram cars. 
Pumping and disposal of waste—These operations 

were so unusual that they did not enter materially 
into the production cost with one exception. In the 
pit-type quarries open seams permitted the escape of 
water except at one quarry where pumping cost 
$0.0256 per ton of broken stone. At only two quarries 
was it necessary to remove waste from the quarry 
floor. At one of these the cost was a fraction of a 
cent per ton of broken stone while at the other it 
amounted to 12 cents. At the latter quarry stripping 
often slid to the quarry floor and clay seams occurred 
between the beds of marble. 

DUMP CART DELIVERY EXPENSIVE 

Loading and deliwery—tLoading and delivery have 
been considered together because a loading method 
must take into consideration the method of delivery. 

Fig. 4—Tue Urrrer Picture SHows aN EXPENSIVE DELIy- 
ERY Metuop, Wuicu Cost 12144 Crnts Per Ton. THE 
MippLE PictuRE SHows A CoMBINATION Merruop, Horsks 
Drawine 2144-Ton Cars To THE INCLINE AND THENCE BY 
Steam Horst. THe Borrom Picture SHows AN ECONOMICAL 
Metuop, Coasting Cars Down INCLINE AT A Cost oF 334 
CENTS PER TON 

Methods of delivery varied widely (see fig. 4) as would 
be expected in a series of plants selected because of 
varying conditions. Among the simplest methods were 
direct swing and hoist derricks, one-horse dump carts, 
tram cars pushed or coasted down grade to the crusher, 
direct cable haul to the crusher, and gasoline and steam 
locomotives. Numerous combinations of methods 
were found, most of which resulted from the problems 
of pit-type quarries. Table 5 shows the methods and 
costs of these operations at the various quarries. 

In the item of loading it appears that many quarries 
could effect a considerable saving by a change in 
methods. It was found that a low receptacle could be 
loaded about twice as fast as a high one. (See fig. 5.) 
Five quarries using high dump carts loaded at a rate 
of 2.6 tons per hour per man, two using high tram cars 
loaded at a rate of 2.5 tons per hour, while two using 
low scale boxes loaded at a rate of 5 tons per hour. 
Assuming the same wage rate at all of the quarries the 
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respective costs per ton were 21 cents, 20 cents, and 
10 cents. Loading at five quarries using power shovels 
averaged 6 cents per ton, the range being from 4 to 9 
cents. 

Loading by contract labor was done at four quarries 
and was much more efficient than day labor. The con- 
tract labor averaged 3.3 tons per hour while the average 
for eight quarries using day labor was 2.6 tons per hour. 
In both groups the material was loaded into high tram 
cars and dump carts. 

There was found to be a wide range in the cost of 
delivery, which demonstrates that some of the. quarries 

5.—HEIGHT oF Cart or Car Is aN ImporTANT Factor 
IN LOADING IN THE QUARRY SHOWN IN THE Upper PICTURE. 
Loapina Was AT A Rate or 2.4 Tons Per Hour, WHILE 
IN THE MrippieEe Picturre THE Rate Was 6 Tons PER Hour. 
THE Borrom Picture SHows LARGE-ScALE STEAM-SHOVEL 
LOADING 

Fig. 

were using poor methods, although some of the high 
rates could be attributed to adverse conditions. 

The lowest cost of delivery, $0.0229 per ton, resulted 
from coasting tramcars of 6-ton capacity an average 
distance of 200 feet down a gentle grade and returning 
the cars to the face by two men. The second lowest 
cost of $0.0328 per ton was incurred at a quarry where 
tramcars of 6-ton capacity were hauled to the crusher 
by a hoisting engine operating a cable a distance of 300 
feet up a gentle orade which permitted a gravity return. 
Dumping was automatic. The third lowest cost 
resulted from gasoline-locomotive delivery of tramcars 
of 2-ton capacity a distance of 300 feet down a gentle 
grade. The average cost of delivery at six quarries 

by one-horse dump carts an average distance of 262 
feet and in general slightly up grade was $0.1506, or 
about five times the average for the three quarries men- 
tioned. 

The average cost of delivery by steam locomotives 
over distances ranging from 2,300 to 3,000 feet was 
$0.0645 per ton. At pit-type quarries ‘where steam 
locomotive hauls of 800 to 2,000 feet were combined 
with incline hoists the average cost per ton was $0.0672. 

The use of the derricks used in steel balling for lifting 
and swinging scale boxes loaded with stone to the 
crusher platform has already been mentioned. At the 
quarry where this arrangement was used it resulted in 
a cost of $0.074 per ton and the cost of loading into the 
low scale boxes was also low. Figure 6 shows different 
methods of dumping at the crusher. 

Crushing and screening.—Data.on the cost of crush- 
ing and screening is presented in Table 6. Of the two 
quarries showing lowest costs, quarry No. 6 had an 
average daily production of only 292 tons of conglom- 
erate rock which was easy to break, and quarry No. 
21, 1,772 tons of limestone. Both used electric power. 
At quarry No. 6 a No. 6 gyratory crusher was used 
and very little crusher feeding was necessary. 

TasLe 6.—Crushing and screening data, and direct costs arranged 
in order, from lowest to highest 

Power elements Average 

Quar-| Cost per | == Se ee = ag ee le 
ry ton of | se i 
key | broken atons 
No. stone Kind Cost per unit | during 

| period 

6 | $0. 0493 S002 Gap Orn Kew Ll eee ae | 292 
21 . 0630 $0:018-per_ Kkwhi ee 22st ee ees 1, 772 
19 . 0724 SOLOLA per cw hae a eters | 600 
18 . 0764 $0,030 per kw hles. eee ei 264 
16 - 0816 2610.76 persone scene ee ewe ey 180 
10 . 0823 S002 7iper ke whee oene sae eee | 532 
17 - 0827 $0.015 Der, Kwa Sees oss = sees | 1, 820 
7 . 0836 gee pér. kwh. s.2 eae 1, 454 

[$10.75 Der: tOn Sees 2 xe eee \ 
2 : oe $0:027: perk wiht so = sae ees 260 

15 0904 | $0:030 per kwihsit se: 2 .o eee | 86 
20 . 1013 $7.50 per ton__-- 1,977 
13 . 1060 $0.027 per kwh_- | 170 
8 . 1069 | $0.009 per kwh 2 Sm .2. 4 See 770 

12 . 1103 $0,027 Der.kw Diese cee ee ee 214 
4 . 1170 $0,027 per Kwhie acs ==- eee | 125 

22 . 1215 $0\017 per KwhGes ss. tee eee 176 
3 - 1271 $0102 perk wis! scee ee ae pee 176 

14 - 1408 $0.027, per: kwhi | 82 
11 . 1487 S0;027; per K-wiess ee ee | 66 
23 . 1569 $¢ per: tOn 22-0 eee ee eee 94 
9 1737 | $10;D6r toms: see ae Sees | 234 
1 2052 $10:per. ton. - 2 eee ees ee | 172 
5 - 3423 SIU75 per tons ee eee | 73 

| 

Two of the quarries listed were under the same 
management and crushing the same kind of rock with 
modern plants. At one of these quarries steam was 
used for power, at the other electricity. Crushing with 
steam power cost $0.1013 per ton while crushing with 
electric power cost only $0.0630 per ton. This differ- 
ence in cost is believed to be largely the difference in 
cost of power. 

GENERAL CONCLUSIONS 

Table 7 shows the total direct cost per ton for each 
of the quarries with information as to the kind and size 
of quarry. Comparisons of all the quarries as to cost 
of the various operations show that none of them main- 
tained a uniform high position on all items. There is 
a general tendency for a quarry to be among the highest 
group with regard to one operation and much lower 
down the scale with regard to the next. The total 
direct costs do in general vary inversely with produc- 
tion, but the difference would be less conspicuous if 

ow lente 
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these costs included rental, or interest and deprecia- 
tion on power equipment. It is believed that a rela- 
tively small-scale quarry can be operated with direct 
costs lower than the average, or even the best record 
of the large-scale quarries if good management is com- 
bined with a good layout, good equipment, electric 
power, and favorable conditions of face and rock. Re- 
sults at quarry No. 18 demonstrate this, as it had the 
lowest direct production cost of any of the 23 quarries 
and yet had an average daily production of but 264 
tons. 

TaBLeE 7.—Total direct production costs, kind of rock, magnitude 
of operation, and price of labor per hour 

aoe phe | : Magnitude Price of 
44 Hon cost Kind of rock of labor per 

No. | perton | operation hour 
| 

EE rol On| sGTalite-ccessese. eee oe eishsete ll Gg 2 estes ee Ber $0. 45 
2 2252001 joeo5c COM et cae Prk es Iviecdims = eae ee . 50 
3 Sirol ae oe . 50 
PESOS (sa OLoma er ee ee Se ee QO oe eee 50 
5 Very small. ______ . 50 
6 : Meditme=asrrss. 5 . 50 
7 3 Ble Very, lane ee see . 30 
8 3 | barges 25 eee . 30 
9 OSI AILOYeG: GiOlit@. = 208) san ee WMediumeese sess 39 

10 ~ CARRY ec Kaa os el Ses ae eee a ae LATees 22 ee ee . 44 
1 1. 2503 | rAlteredirhyolitere 2.2. eae Very: siiall ieee . 50 
AZ nal aN ets ae (EA Be eo Pay ae ere aa SOEMediOMmn soe aes . 44 
13 1, 1095 | Altered andesite.___._...._..------ joni |e eee eee 45 
14 150684.) Rhyolite breccia_= 22522 - = 26 ____ Very smalis-= ===. 50 
15 plete nrachyolorhyoltesse=-- us = eos! dos eee . 42 
1 ISA tered. PHY OuULte 1s. 2s. oes ee Vlediums— ees . 50 
17 Reo eb uAILELOG GIS DASO cane ae ee eee Very large______.-- . 40 
18 BZDSO ay WIA DASekoe. c= fee eee IETS Miodiuim= 5. 22-5 43 
19 P2JO2M A lLeredidia bases reas =e a eee IDeA ee . 40 
20 . 3471 | Dolomite limestone_..____________- Very large_________ . 50 
21 Ro LSO Me edMOSLONO come ns. ee ee eos Ay! 8 dora . 50 
22 ADOBE NIE 0) Ce 3 ee ae oe ee te ae Sia se eee 50 
23 . 6546 | Siliceousislates axe ese Very small______- 39 

At many plants, especially the smaller ones, only a 
crude system of bookkeeping:-is used. As a rule the 
distinction is not made between bookkeeping and cost 
keeping. If total costs are too high, the owner does 
not know where the trouble lies. Indeed, within a 
wide range of costs that lie inside the profit line, he 
is likely not to know whether any or all of his costs 
are too high or what methods, if any, should be changed, 
or whether a foreman or superintendent is getting the 
best possible results from labor. As this is true with 
direct costs so it is true with indirect costs, and a very 
common fault is to take little or no account of such 
important factors as depreciation and depletion. 

The writer studied costs at three quarries located in 
the suburbs of a large city which were owned and 
operated by a contractor doing a large business. Most 
of the broken stone produced at these quarries was used 
on his contract jobs. Such stone as was sold was sold 
by the yard and measured in the delivery trucks. All 
the rest of his product was sent by truck to centrally 
located scales for weighing. Incredible as it may 
seem no record was made as to which of the three 
quarries the stone came from and no individual records 
were kept of their output. The owner only knew the 
total production of the three quarries which were 
several miles apart and under separate managements. 
As a matter of fact one of them was very badly managed 
and direct costs were about as high as they could be made. 

With reference to face breaking, there is no question 
but that modern types of hammer drills should be 
used for bench work at least, and that in the long run 
the use of air instead of steam is economical in spite 
of the necessary investment in a compressor. Well 
drillng and wide spacing*of holes and%snake holing 
high faces!reduce very largely the total costs of face 
breaking, and the type of explosive used should be 

determined by both experiment and advice from 
manufacturers. 
Where the scale of operations is not too large the most 

satisfactory method of bowlder breaking is steel balling, 
although this might not be applicable to the breaking of 
bowlders in some of the tough diabases which are some- 
times quarried. This must be determined experimen- 
tally. Comparative results in these studies indicate 
that mud capping is the most expensive method. : 

bs 

Fie. 6.—Tue Top Picture SHows AN ARRANGEMENT FOR 
Automatic Dumpine oF 5-Ton Tram Cars, THE MIDDLE 
Picture SHows A Goop Hanp-Dump Tram Car, AND THE 
Lower Picture SHows Aa Cart DuMpPING ON CRUSHER 
PLATFORM, ReEaquiriInc ABouT Haur or Srone to Br 
Hanp Frp 

Loading by hand into high receptacles costs from 
two to three times as much as loading into low-scale 
boxes. Steam shovels may be economically operated 
in comparatively small quarries and a great deal of 
sledging expense saved if a reasonably large initial 
crusher is used. 

The horse-drawn dump cart is most expensive as to 
both loading and delivery. Delivery by derrick, 
directly, and by tramcars into which the contents of 
derrick-handled scale boxes are dumped, are relatively 
inexpensive, and the results as shown in costs of delivery 
at quarries Nos. 3, 4, and 6 do not do justice to the 
method, because in each case with insignificant ncrease 
of expense the number of tons delivered could have 
been more than doubled, while the results by the 
dump-cart method were for the maximum capacity of 
operations, and any increase in capacity called for a 
proportional increase in expense. 
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For distances up to 300 feet at least delivery is very 
economically accomplished, if grade permits it, by 
hand-pushed or horse-drawn tramcars of 2 to 4 tons 
capacity. Of all the methods of delivery studied the 
cheapest was the method using automatic dumping, 
6-ton tramcars (steam-shovel loaded) pulled up a 
gentle grade to the crusher by a drum hoist and returned 
to the quarry face by gravity. A few posts set in the 
quarry floor as cable guides made it possible to draw 
these tramcars around curves, and thus made all parts 
of the face available for this method without unneces- 
sary track complications or extra assistance other than 
such as could be given as needed by the quarry foreman. 
Power locomotives are of course necessary for long hauls 
and large operations, and simple arrangements cut 
down delivery expense. 

Crushers above quarry floors and complicated track 
and switch arrangements result in high cost of delivery 
to the crusher. Pit-type quarries, as would be ex- 
pected, have relatively high costs for delivery. 

The kind of power used has much to do with costs. 
The more extensively electricity is used the more 
economically are most of the operations conducted. 

At most small-scale quarries the initial crusher is 
too small. The saving through use of a small crusher 
is usually lost several times over by increased sledging 
costs. 

For large-scale operations plants are usually designed, 
methods adopted, and layouts planned by competent 
engineers. On the other hand, for small plants these 
features usually are the result of expediency, experi- 
ment, or guesswork. Sometimes they result from 
previous experiences, good or bad, where very different 
conditions prevailed. As a rule insufficient attention 
is paid to the relations between the cost of bowlder 
breaking and the methods of loading, drilling, blasting, 
and the size of initial crusher. The method of one 
operation is dependent for success upon that of another. 
In other words, operation methods are closely inter- 
dependent. 

Whenever possible 11 establishing a broken-stone 
plant the probable duration and both present and 
probable future magnitude of operations should be 
first determined. A large plant is, of course, not 
justified by small ledge holdings, and the relation be- 
tween these two must be recognized. Topography 
must be studied and, if possible, a site for the plant 
procured below the level selected for the quarry floor 
and as near the face as blasting operations will safely 
permit. The ledge itself should be studied with refer- 
ence to joint planes and seams, and the rock itself 
tested for percentage of wear. Conditions as to the 
former will indicate drill-hole spacing and blasting 
methods likely to be most satisfactory, and the latter 
will give information as to the probable cost of drilling. 

If these considerations, together with the foregoing 
notes on various operations, are kept in mind they 
should lead to production costs lower than those now 
incurred at very many existing plants. 

Finally it should be stated that no plant can afford 
to omit the keeping of costs on each unit of operation. 

(Continued from p. 162) 

PRELIMINARY AND FINAL SOIL CLASSIFICATION 

Suppose we get a shipment of soil samples from a 
certain section of the country and we face the problem 
of comparing the soils with those previously received 
from other districts. Since an exhaustive investiga- 

tion of every one of the samples would be financially 
forbidding, we have to start with a rapid survey of the 
material for the purpose of separating the soils into 
groups with fairly similar properties. This survey 
consists in determining for each soil the limits and in 
representing the limits in a regional soil diagram of 
the type of Figures 8 to 12 and Figure 14. The next 
step consists in classifying the soils according to their 
lower liquid limit. 

For material with a low liquid limit, a difference of 
5 per cent between the liquid limits has obviously more 
weight than the same difference for materials with a 
very high liquid limit. Hence the classification accord- 
ing to the liquid limit is made as follows: 

Liquid limit per cent 

(} ye ce. 2 etre 10 to 102 42=10 to 14.2 
aay Ser fo ca 10X2 4/2 to 10X%2=14.2 to 20.0. 

il ke Ro es 10X2 to 10X 2 3/2= 20.0 to 28.4. 
TT eS eo se 10X 2 3/2 to 10X 2 2?=28.4 to 40.0. 
Vicia eee 10X2? to 10X 2 5/2=40.0 to 56.8. 
NV eee Recor tee 10X2 5 to 10X2%=56.8 to 80.0. 

EV, Le oe, Ae ae 10X23 to 10X 2 7/2=80.0 to 113.6. 

If we have found, for instance, that a soil belongs in 
the class V, indicating a very high liquid limit, we know 
that the soil may either be excessively fine grained or 
else very rich in flexible, scale-like particles. The soil 
will be very different according to whether the first 
or the second assumption is correct. Hence, within 
each one of these groups distinction is made between 
soils with a low, medium or high plasticity index. The 
occurrence of a high liquid limit with a low plasticity 
index is very probably due to excessive fineness of the 
soil, while another soil with a high index is very prob- 
ably distinguished by an abundance of scale-like par- 
ticles which in turn seems to be associated with a very 
marked tendency to swell in contact with water. The 
shrinkage limit serves as an additional check on the 
degree of relationship between the members of each 
roup. 

. However, a final classification should not be based 
on data as vague as the conclusions we can draw from 
the limits. Hence, in order to establish a permanent 
foundation for soil classification, we have to go one 
step further and investigate what the moduli of com- 
pression, of expansion, and the coefficients of permea- 
bility of the members of the different groups are. 
Since these moduli depend on precisely the same fac- 
tors as the limits, there must be a numerical relation- 
ship between them and the ‘knowledge of this rela- 
tionship will ultimately bring the interpretation of the 
limits to a certain state of perfection. However, the 
classification’ itself will have to be based on the numeri- 
cal values of the three characteristic constants, viz, the 
modulus of compression, the modulus of expansion, 
and the coefficient of permeability at a standard pres- 
sure, because these are the only numerical values which 
have a direct bearing on the mechanical properties of 
the subgrade, including its resistance. 
Any well organized soils laboratory will ultimately 

arrive at empirical rules for translating the results of 
its own limit determinations into physical terms. But, 
on the other hand, it is very doubtful whether the 
same rules will ever apply to limits determined by 
different laboratories. In spite of carefully standard- 
ized instructions, a certain personal element inevitably 
adheres to every limit determination and, for this 
reason, the necessity for checking the limits against 
the results of well defined physical tests will always 
exist. 
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CONCRETE COMPARED WITH TIMBER FOR HIGHWAY 
BRIDGE FLOORS 

Reported by O. L. GROVER, Bridge Engineer, Bureau of Public Roads 

large item in the annual expense of bridge main- 
tenance; and aside from its expense, which 

is heavy, wooden flooring is noisy and causes excessive 
vibration of the structure and objectionable jolting 
of traffic when improperly laid or in a worn condition. 
While treated timber is expected to resist decay for 
about 25 years, unprotected flooring has a service life 
of from 3 to 6 years only, depending on the amount and 
character of traffic; and on bridges which carry a 
large volume of traffic or heavy units, such a floor wears 
out so fast that maintenance is difficult and the traffic 
is more or less unsatisfactorily served at all times in 
spite of heavy outlays for repairs. 

Figures obtained by averaging the cost of main- 
taining unprotected timber floors on several steel bridges 
over a number of years show what the cost of upkeep 
may amount to on bridges carrying main-route traffic. 
In the District of Columbia for a 30-year period prior 
to 1926 the average cost for repair and renewal was 
about 314 cents per square foot per annum, or about 
70 cents per lineal foot for a 20-foot roadway, while 
for a 10-year period prior to 1926 the average was higher 
chiefly because of changes in the amount and char- 
acter of traffic. In general it may be said that the 
experience of the past 10 years indicates a cost of about 

iba RENEWAL of plank floors on bridges is a 

6 cents per square foot per annum, or $1.20 per lineal: 
foot for maintaining a 20-foot floor on bridges carrying 
present traffic on through highways near cities. 

Such costs are excessive. In the effort to reduce 
them and improve the service of the unprotected floor, 
where the strength of the bridge has been adequate 
to carry the added dead load, bituminous surfacing 
has been tried as one method. Another which has 
met with some favor is the addition of steel-plate 
traffic treads; a third is the addition of a longitudinal 
or diagonal layer of timber as a wearing surface; and 
the use of planed flooring instead of rough plank has 
also been given a reasonable trial. The object of the 
latter method is to reduce wear by building a smooth 
floor, and this is accomplished by the uniform thickness 
of the planed flooring. The beneficial effect of this 
method, however, is gradually lost by reason of the 
wear and replacement of occasional pieces with new 
pieces, the depth of which naturally varies considerably 
from that of the adjacent flooring. 

For a 20-foot roadway the average unit prices of 
these are approximately as follows: 

Bituminous surfacing 2 inches thick, per lineal foot___---- $5. 55 
Four lines of steel tread, 24 inches wide by #5 inch thick, 

aeons PYRG aay ae = Sela a a Eig ats ed OR Re a 
Four lines of steel tread, 24 inches wide by 7 inch thick, 

EOI BOR eh OOl Stereos ae ete oo SL 

It thus appears that the 2-inch bituminous surfacing 
costs $3.41 less per lineal foot than the 5/16-inch treads 
and 5 cents less than the 3/16-inch treads. But these 
comparisons are naturally affected by the relative 
prices of steel and bituminous materials, and since the 
former vary from about 7 to 11 cents a pound and the 
latter from approximately $1.75 to $3.50 a square 
yard the relative cost of the two methods may vary 
considerably from the above averages which are based 

on steel at 8 cents and bituminous surfacing at $2.25 
a square yard. Whichever, under the particular 
conditions obtaining, may be the cheaper, it is prob- 
able that the reduction in the cost of maintaining the 
floor will be more than sufficient to pay for the cover- 
ing. But the resulting construction is still open to 
some of the same objections which pertain to unpro- 
tected plank floors, and some of these are serious. 

With these objections in mind Dr. J. A. L. Waddell 
declared in 1919: ‘‘Wooden floors on highway bridges 
are now obsolete,’ adding that “no modern bridge 
engineer should be guilty of designing or building any 
more of them.’”’ He gave as his reasons for these very 
positive statements the following three reasons: 

“First. The ordinary plank floor supported on 
wooden joists is not strong enough to carry with 
safety the heavy, concentrated live loads produced by 
rapidly moving auto trucks. 

“Second. The danger from fire is so great that it does 
not pay to submit the entire construction to the chance 
of destruction by the burning of the timber in the deck, 

Virw SHOWS THE SPAN OVER 
Rartrosap TrRAcK INCASED IN CONCRETE 
ON CONCRETE PEDESTALS. 

“Third. The upkeep of a wooden floor is far higher 
than that of a paved floor on a concrete base; and the 
difference in the future will steadily increase, because 
the cost of timber will rise with its augmenting 
scarcity.” 

COSTS OF CONCRETE AND TIMBER FLOORS COMPARED 

General adoption of the concrete floor, for which 
Doctor Waddell so emphatically declared seven years 
ago, has been retarded to a certain extent by the un- 
satisfactory experience with the older type, used 
extensively in and near cities, consisting.of a concrete 
bed for block or bituminous surfacing carried by steel 
buckle plates. This was the type used before the 
adoption of reinforced concrete slabs, and it has proved 
to be expensive both to construct and to maintain. 
The defects usually noted are broken buckle plates, 
especially where the buckle is turned up, broken and 
loose concrete, and frequent expensive repairs result- 
ing from the breaking up of the pavement and holes in 
the floor. 

171 



172 PUBLIC ee Vol. 7, No. 8 

The reinforced slab design is not open to these 
objections; and in common with the older type it 
possesses the very desirable quality of rigidity which 
inspires the confidence of those who ride over it. To 
the engineer it also suggests the idea of heavier weight, 
and the first thought is likely to be that extra steel 
will be required to carry it, so much, perhaps, that the 
cost of the bridge with concrete floor may exceed the 
cost of a timber-floored structure. So far as the trusses 
and floor beams are concerned this assumption is 
correct, but on account of the possibility of using 
deeper i beams for stringers and a wider spacing the 
saving in stringer weight may be nearly enough to 
compensate for the increased weight of trusses and 
beams. 

To show the effect of using a concrete instead of a 
wooden floor upon the cost of actual structures of 
various types a number of cases are cited below in 
which comparative estimates or alternate bids on the 
two types of construction are available. 

Case 1.—The structure shown in Figure 1 consists 
of a steel viaduct on concrete pedestals and open 
abutment bents with riprapped embankment around 
the ends of the fills. It crosses a railroad track and a 
creek about 70 feet wide. The entire structure is 
379 feet in length, with span lengths as follows: 

Feet 

Tdeck triiss : abe es ee ee eee 65 
2 deck I-beam ‘spans, each:40 feetos es ae. ee eee 80 
% deck l=peamrspanss eachi32 Lee teense een eee ee 160 
2 deck [-beamspans, each 3 leetoaa. == ee eee soe eee 74 

The roadway width is 20 feet. 
For this structure alternate designs were made, one 

with a concrete, the other with a timber floor, both to 
carry a concentrated live load of two 15-ton trucks 
with 67 per cent of their weight on the rear axle, plus 
an allowance of 30 per cent for impact. 

While the preliminary estimates indicated that the 
cost of the structure would probably be increased 214 
per cent by the concrete floor, the contract was let at 
no increase. One of the 40-foot I-beam spans over 
the railroad track, as constructed, has its beams 
encased in concrete. This was not provided for in 
the alternate timber-floor scheme. The estimate of 
the cost of the concrete-floored structure complete, 
based on bid prices and including 10 per cent for 
incidentals, is $44,000. 

Case 2—Another bridge, now under construction, 
crosses a river the bed of which is erodible to a con- 
siderable depth. It is designed to carry two 15-ton 
trucks with 67 per cent of their weight on the rear 
axle, plus an allowance of 30 per cent for impact. 

Alternate designs for concrete and timber-floored 
structures were made for two arrangements of spans 
including varying span lengths. For one arrange- 
ment the estimate of the cost of the concrete-floored 
structure was about 2 per cent higher than that for 
the wooden-floored design; for the other arrangement 
the concrete floor caused an increase of about 4 per 
cent in cost. 

The first arrangement with concrete floor and a 
roadway width of 18 feet is now under construction. 
It consists of three steel spans between piers 130, 
190, and 320 feet apart, and eight timber trestle spans, 
each 19 feet in length, making a total length of 792 
feet. The contract price for this structure, exclusive 
of approaches, is $180,000. 

COST INCREASED ONLY 2 PER CENT BY CHANGE FROM WOOD 
TO CONCRETE 

Case 3—In another case which recently came to 
the writer’s attention a design was made for two spans 
with an 18-foot roadway, one 180 and the other 200 
feet in length, with a concrete floor, after preliminary 
designs had been made for the same spans with a 
timber floor. 

In each case the design was made for a concentrated 
live load of two 15-ton trucks with 80 per cent of their 
weight on the rear axle, plus an allowance of 30 per 
cent of the live load stress for impact. 

For the entire structure the estimates showed a 
margin in favor of the wooden-floored design amount- 
ing to $617, the cost with concrete floor being $33,425. 
For the two spans the difference was thus shown to be 
about $1.63 per foot or less than 2 per cent of the total 
cost of the wooden-floored structure. For the 180- 
foot span the difference was $1.58 per foot; for the 
200-foot span about $1.67 per foot. The comparative 
estimates for the two designs of each span were as 
follows: 

Comparative estimates of cost of the 180-foot span 

1. WITH CONCRETE FLOOR AND A DEAD-LOAD ALLOWANCE OF 25 
POUNDS PER SQUARE FOOT FOR SURFACING 

Unit 
Item Quantity price Total 

Concrete. se eee | 88 cubic yards..._.___- $22. 00 $1, 936. 00 
Structuralisieel se oe eee eee 214, 000 pounds________ . 06 12, 840. 00 
Reinforcing steelss2s = s- eee es 12,500; pounds =eoanee= 055 | 687. 50 

Total 233.6 Se ee ee ee ee | eee 18, 463. 50 

2. WITH CREOSOTED TIMBER FLOOR AND A DEAD-LOAD ALLOW- 
ANCE OF 25 POUNDS PER SQUARE FOOT FOR SURFACING 

$0. 06 Structaral stedlosta eee 210, 000 pounds________ | $12, 600. 09 
Creosoted tim bers2= 2. eee 25, 800 feet b. m_.__-_-_ . 10 2, 580. 00 

POCA a osarcts es Ee ee et eS | i 15, 180. 00 

Comparative estimates of cost of the 200-foot span 

1. WITH CONCRETE FLOOR AND A DEAD-LOAD ALLOWANCE OF 25 
POUNDS PER SQUARE FOOT FOR SURFACING 

Unit 
Item Quantity price Total 

Concrete a. Bae es ee es eee oe 98.0 cubic yards_-______ $22. 00 $2, 156. 00 
ptructural' steel Sass cesses aes eee 250,500 pounds--_--___- 06 a6 15, 030. 00 

055 775. 50 

17, 961. 50 

2. WITH CREOSOTED TIMBER FLOOR AND A DEAD-LOAD ALLOW- 
ANCE OF 25 POUNDS PER SQUARE FOOT FOR SURFACING 

Structuralistee,eees = oes meee oes 246, 300 pounds_______- | $0. 06 $14, 778, 00 
Creosoteditim bers ee ee ee 28, 500 feet b. m_-__.__ | .10 2, 850. 00 

17, 628. 00 

Case 4.—A bridge which is about one year old 
includes three 100-foot spans with a roadway of 18 feet. 
It has a creosoted timber floor with four steel-plate 
traffic treads 24 inches wide by 3/16 inch thick. The 
actual cost of this structure at the prices bid for the 
several items was $8,362.49 for each 100-foot span as 
shown in the tabulation below. 

Recently a bridge of the same dimensions, but with a 
concrete instead of a timber floor, was designed for con- 
struction on a forest road. In each case the design 
was made for a concentrated live load of two 15-ton 
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trucks with 80 per cent of their weight on the rear axle, 
plus an allowance of 30 per cent for impact. Using 
the price bid for structural steel in the older bridge and 
reasonable prices for concrete and reinforcing steel it 
is estimated that the forest road bridge with concrete 
floor can be built at a price of $7,906.01 for each 100- 
foot span as shown in detail below. 

Comparison of these designs and the estimates below 
indicates that it probably would have been possible 
to substitute for the older design with wooden floor 
economically designed steel spans with concrete floor 
at a cost materially less than the price paid for the 
actual timber-floored structure with steel traffic treads. 

The actual cost of the wooden-floored bridge per 
100-foot span and the estimated cost of the equivalent 
structure with concrete floor are as follows: 

1. ACTUAL COST OF 100-FOOT SPAN WITH 18-FOOT TIMBER FLOO 
AND 4 STEEL-PLATE TRAFFIC TREADS 

Unit 
Item Quantity price Total 

Berepebural steel. Wee c Se cS.2 S: 96,700 pounds________- | $0.0687 | $6, 643. 29 
eroosoted timber. 222 ee 10,400 feet b, m________ . 098 1, 019. 20 
PErAiniG treads 52258 eee ek 7,000 pounds. -_--_-__-- ret O 700. 00 

pie ene Gets Ae Were es ke | 8 960,48 

2. ESTIMATED COST OF See One WITH 18-FOOT CONCRETE 

paclural Stoel ea seen ese | 92,300) pounds_ =. ==. - | $0. 0687 $6, 341. 01 
folniorcine steel =e. se a es Pe 16,800 ponds... ees ee 0. 340. 00 
OEE a eae | #9 eubie yards. | 25,00 | — 1,225.00 

BITUMINOUS SURFACED CONCRETE COSTS LESS THAN WOOD WITH 
HEAVY TRAFFIC TREADS 

Case 5—Two designs were recently prepared for the 
same span and roadway, 135 feet and 20 feet respec- 
tively. Each provided for a concentrated live road of 

. 
: 

| 
| 
- . 5 A 
¢ two 15-ton trucks with 80 per cent of their weight on the 
} rear axle, plus an allowance of 30 per cent for impact. . 
: One was made for a concrete floor, the other for a 
: creosoted timber floor, each to carry 2 inches of bitu- 

minous surfacing. 
As shown by the following estimates of the cost of 

the two designs the one with a concrete floor may be 
/ expected to cost $165 more than the wooden-floor 
: ‘ 

Comparative estimates of cost of the two designs 

1. WITH CONCRETE FLOOR AND 2INCH BITUMINOUS SURFACE 

; Item Quantity ee Total 

Suruevtiralistecl = see esas 148,600 pounds__--_-_---- $0.069 | $10, 253. 40 
Reinforcing steeles-- 23 spo2 39 oc 4 as 9,300 pounds. _-_------ 05 511. 50 

: COncretessoese ese Geta ee 72 cubic yards_.------- 25. 00 1, 800. 00 
j Bituminous surface-_.-.-----.-------- 292 square yards------ 2. 50 730. 00 

ANGE he Oe op ee SE OT el aa a oe 13, 294. 90 

i 

| 2. WITH CREOSOTED TIMBER FLOOR AND 2INCH BITUMINOUS 
, SURFACE 

Structural steel.........------------ 153,500 pounds. __..-- $0.069 | $10, 591. 50 
Creosoted ‘timber. 2252225. 2355 ee 16,440 feet B. M_------ aula | 1, 808. 40 
Bituminous surface ----.-.---------- 292 square yards-__-_--- 2.50 | 730. 00 

. ae 

IO ee ee le a ee Rd (cra | 13, 129. 90 
Ee ee ‘en 

design, which is $1.22 per lineal foot and only about 
1144 per cent above the cost of the wooden-floored 
structure. 

With four lines of steel-plate traffic treads, weighing 
9,400 pounds, estimated at the low cost of 8 cents a 
pound the cost of this structure would be $13,151.90, or 
only $143 less than the structure with a concrete floor 
and bituminous surfacing. This estimate is based on 
the use of 24-inch by 3/16-inch treads which is the usual 
practice, although it is doubtful if plates so thin will 
give good service for a long time, especially if the cor- 
ners of the plates are not bolted down with through 
bolts. If 35-inch plates are assumed, the estimated 
cost becomes $13,609.50, which is $314.60 higher than 
the cost of the bridge with concrete floor and bituminous 
surfacing, a difference of more than 2 per cent of the 
total cost in favor of the concrete-floored structure. 
Without the bituminous surfacing the concrete-floored 
design would cost only $12,564.90 and would then have 
a favorable margin of $587 compared with the design 
with timber floor and thin traffic treads, a difference 
amounting to more than 4 per cent of the total cost. 

OTHER ADVANTAGES OF CONCRETE 

It would seem that the above comparisons fully 
support the declaration by Doctor Waddell in favor of 
concrete floors from the standpoint of economy. From 
other points of view it would also seem that there might 
be added to the three reasons he enumerates, as the 
basis for his preference, several others, as follows: 

1. That a well-shaped and watertight concrete floor 
so formed as to conduct the surface water to outlets 
away from the steel work gives better protection from 
the corrosive effects of weather and dirt to the steel 
under it. « 

2. That it is maintained with less labor and that its 
upkeep, therefore, causes less interference with traffic. 

3. That the first cost of a concrete-floored bridge 
designed to carry heavy truck loads is generally but 
little more than a timber-floored design for the same 
live load. Even where prices are unfavorable to 
concrete the cost may only slightly exceed that of a 
timber-floored design. 

4. A concrete floor increases the rigidity of the spans 
and in this respect acts as an aid to the bracing. 

C. S. JARVIS IS AWARDED MEDAL FOR PAPER 
ON FLOOD FLOW 

C. 8. Jarvis, associate highway engineer of the 
Bureau of Public Roads, has been awarded the 

~ J. James R. Croes medal for his paper ‘ Flood-Flow 
Characteristics’’ by the American Society of Civil 
Engineers. This medal is considered as next to the 
highest honor of this character conferred by the 
society and is awarded for a paper which is judged 
worthy of special commendation for its merit as a 
contribution to engineering science. 

Mr. Jarvis has for several years made a special study 
of flood flow in streams in addition to his regular 
highway engineering duties. His object has been to 
arrive at some method whereby the maximum flood 
flow of a stream can be determined with a fair degree 
of accuracy from such information as can be collected 
in the course of a survey for a bridge or river control 
work. 



THE STRENGTH OF MORTAR AND CONCRETE AS 
INFLUENCED BY THE GRADING OF THE SAND 

By T. C. POWERS, Chemist, Department of Materials, Oregon State Highway Commission 

N AN article under the above title appearing in the 
July number of Pusiic Roaps the following four 
conclusions are reached: 

“1. That there is an ideal grading of sands which will 
produce maximum strength in concrete. 

“2. That the ideal grading 
curve assumes an arched form 
showing a predominance of 
the material retained upon 
the coarser sieves. 
“3. That for a given mix, 

there is a practical limit to 
the quantity of material pass- 
ing each size sieve, where a 
given strength of concrete 
Is required. 

“4, That an exceptionally 
high tensile strength of sand 
in 1: 38 mortar is not neces- 
sarily associated with a high 
compression strength of the 
same material when mixed 
with the average coarse agere- 
gate in concrete; hence the 
tensile strength is not a proper gauge of the quality of 
a sand for concrete.” 

It was found that for a 1: 2:4 mix the grading 
giving maximum strength of concrete in compression 
was not the same as the grading giving maximum 
strength in tension in a 1: 3 mortar, and from this fact 
the conclusion is quite naturally drawn fhat tensile 
strength is not a proper gauge of the quality of a sand. 
However, to the writer, the most important thing 
illustrated by this investigation is the absurdity of 
proportioning concrete by an arbitrary mix whenever 
a given strength is sought. To show this the writer 
wishes to offer another interpretation of the sand 
analysis chart published with the article. 

Let us consider first the middle (‘‘ideal’’) curve. 
While the article does not so state, it is assumed that, 
since the object was to investigate sand, the coarse 
aggregate was the same or very similar in all tests.’ 
Let us assume, then, that the coarse aggregate has a 
fineness modulus of 7.5 and a maximum size of 2 
inches. (At least 15 per cent retained on the 11%-inch 
sieve.) rom the curve, the ideal sand shows a fineness 
modulus of about 3.30. Then in a 1:2:4 mix the 
combined ageregate would have a fineness modulus of 
6.16, which is about the maximum permissible fineness 
modulus for the above proportion of cement.2? To 
increase the fineness modulus beyond this value would 
result in an aggregate too coarse for the amount of 
cement used, and a decrease in strength would result. 
Furthermore, to decrease the fineness modulus would 
cause an increase in mixing water for a given consistency 
with a corresponding decrease in strength. 

With this in mind let us examine the top curve of 
the chart, which is reproduced herewith as Figure 1. 
The fineness modulus is about 4.00; just about the 
maximum permissible value for a 1:3 mix with an 

1 This assumption is not correct. The coarse aggregate was not the same in all 
tests. Mr. Rose’s study was based upon the results of laboratory tests by the State 
of Colorado, andit is known that the coarse aggregates represented were not uniform. 

2See Bul. No. 1, Structural Materials Research Laboratory, Lewis Institute, 
Chicago, Ill. 
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In this article the author discusses the 

paper published under the same title in the 
July issue of PUBLIC ROADS from the 
point of view of the fineness modulus 

theory and offers an interpretation of the 
data presented in the original article which 
he believes to be more in accord with the 
fundamentals of concrete designing. 

He then presents, as a sequel to thé | 
original paper and his discussion, a state- 
ment of his belief as to what is really 
wrong with the 1: 3 mortar test. 

ageregate graded from zero to four. But,in a 1: 2:4 
mix this sand combined with the same coarse aggregate 
as before would result in a fineness modulus of 6.40 for 
the combined aggregate. This is too coarse for the 
amount of cement used and the strength of the concrete 

islower. To equal the strength 
of the concrete developed by 
the ‘ideal’? curve the mix 
would have to be made about 
one part cement to four parts 
combined aggregate. 

The fineness modulus of the 
bottom curve is about 2.80. 
This, combined with the coarse 
ageregate in a 1:2:4 mix 
would give the combined 
aggregate fineness modulus of 
5.92, which would require more 
mixing water than the 6.16 
of the middle curve. A lower 
strength is the result. 
From the foregoing it should 

be clear that there is no signifi- 
cance in the fact that the tensile 

strength of the 1:3 mortar did not reach a maximum as 
the coarseness of the sand increased, while the compres- 
sive strength of the 1:2:4 concrete did. The reason is 

PER CENT PASSING THE SEVERAL SIEVES 

TYLER SYSTEM OF SIEVES 

THE CURVES SHOW THE RELATION BETWEEN 

STRENGTH AND GRADING OF 200 SAMPLES 

OF COLORADO SANDS‘AND GRAVELS TESTED 

IN TENSION AND COMPRESSION IN 1:3 MORTAR 

AND 1:2:4 CONCRETE. 

T= TENSILE STRENGTH OF THE SAND,IN PER 

CENT, COMPARED WITH STANDARD OTTOWA SAND. 

C= COMPRESSION STRENGTH IN POUNDS OF 

THE COMBINED SAND AND GRAVEL INA 1:2:4 

MIX OF CONCRETE. 

SIZE OF SIEVE 

Fig. 1.—Sanp ANAtysis CHART 

that the sand did not become too coarse for the 1:3 
mortar, but the combined aggregate did become too 
coarse fora 1:2:4 mix. See Figures 2 and 3. 

ANOTHER VIEW OF WHAT THE GRAPH SHOWS 

It seems, therefore, that the conclusion that “. . . 
tensile strength is not a proper gauge of the quality of 
a sand for concrete” is not justified by the data pre- 
sented. If the finer or coarser sand were properly 
combined, the same strength as the “ideal’’ could be 
obtained without increasing the cement, all other 
factors such as structure and cleanliness being equal. 
Let us illustrate by again taking the top and bottom 
curves for consideration. 
By changing the mix to 1:2.4:3.6, using the sand ~ 

represented by the top curve, the combined aggregate 

err Ss ee Se eS ee ee, 

se. ee 

ote ee i ee 

— 

a a ee a ee 
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would have a fineness modulus of 6.16, the same as 
the modulus obtained by using the ‘‘ideal’”’ sand. All 
else being equal, the strength would be the same as 
the ideal of the chart. 
By changing the mix to 1:8.8:4.2, using the sand 

represented by the bottom curve, the combined aggre- 
gate would have a fineness modulus of 6.16 and again, 
all else being equal, the strength would be the same 
as the “‘ideal.”’ It is to be noted that in neither case 
was the proportion of cement increased. 

It is quite true that for a 1:2:4 mix, with a given 
coarse ageregate, a given strength can result from the 
use of but one and only one grading (fineness modulus) 
of sand, but it would be only by the remotest chance, 
if ever, that the sand would happen to be the one show- 
ing the maximum tensile (or compressive) strength 
in a 1:3 mortar. 
From this viewpoint the conclusion as to what the 

graph shows would have to be revised somewhat as 
follows: 

1. That there is no ideal grading of sands which 
produces maximum strength in concrete, generally 
speaking, for, with each variation in coarse aggregate, 
there should be a corresponding change in the fine 
aggregate, either in its grading (fineness modulus) or 
in the proportion used. 

_ 2. That an exceptionally high tensile strength due to 
grading only will give the maximum strength only 
when properly combined with a given coarse aggregate. 
When used in an arbitrary mix it is just as apt to lower 
the strength as to raise it. 

It is easily seen that to get a certain strength from a 
given coarse aggregate using an arbitrary mix one’s 
choice of fine aggregate is extremely limited. One 

FINENESS MODULUS OF SAND 

3.65 3.74 4.0 

COMPRESSIVE STRENGTH- POUNDS PER SQUARE INCH 

FOR 12:4 MIX WITH 2-INCH AGGREGATE MAXIMUM PERMISSIBLE FINENESS MODULUS 

$9 60 6.1 6.2 6.3 

FINENESS MODULUS OF MIXED AGGREGATE 

Fig. 2.—Revation BrtwrEEN CoMPRESSIVE STRENGTH OF 
CoNCRETE AND THE FINENESS MopvuLI oF THE SANDS ReEp- 
RESENTED BY THE CuRVES OF FiaurE 1, AND THE CoRRE- 
SPONDING FinENEss Moputit or THE MiIxEep AGGREGATE 
Ustna Coarse AGGREGATE WiTH A FINENESS Mopvu.Lus oF 
7.5 AND A Maximum Sizk or 2 INCHES 

must either find exactly the right sand or miss the 
strength desired. How much more sensible and eco- 
nomical it is to design a mix out of the materials 
available, using the minimum amount of cement with 
the maximum value of fineness modulus for the con- 
ditions at hand. Instead of being confined to a single 
grading for a given strength, the variety of usable 
gradings is very large. The proportion between the 

fine and coarse aggregates should depend entirely 
upon the nature (grading) of the aggregates and the 
grading of the combined aggregate desired. 

WHAT IS REALLY WRONG WITH THE 1:3 MORTAR TEST 

The following argument is based largely upon data 
contained in Bulletin No. 1 of the Structural Materials 
Research Laboratory, Lewis Institute; and a bulletin 
covering nearly the same things issued by the Portland 
Cement Association. We believe that the water- 
cement ratio is the fundamental fact underlying all 
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scientific methods of designing concrete mixes, and 
that the water-cement ratio is a function of the fine- 
ness modulus of the aggregate. However, if this 
theory were only partially correct there would still be 
considerable weight to the following consideration. 

Fine aggregate, or sand, is defined as that material 
passing the 4-mesh sieve. Our present specifications 
state that a 1:3 mortar made from a given sand shall 
develop at least 100 per cent of the strength of an 
identical mortar made with standard Ottawa sand. 
In other words, an aggregate having the maximum 
size of 4 must develop as much strength as Ottawa 
sand having a fineness modulus of about 2.95 and 
Maximum size of 14. (See Bulletin No. 1 referred to 
above for a definition of maximum size of aggregate.) 

The object of the 1:3 mortar test is to detect struc- 
tural unsoundness. Occasionally it is said that it deter- 
mines the suitability of the grading also, but, as will 
be shown later, a sand suitably graded for one arbi- 
trary mix may be wholly unsuited for some other mix; 
and, when using the sand in a scientifically designed 
mix, a sand that will not pass in the 1:3 mortar test 
may be very well used if combined in the correct 
proportion—if structurally the sand is sound enough. 

Let us see whether with our present method of testing 
we are able to detect structural unsoundness, or even 
to determine the suitability of a sand. Examination 
of hundreds of reports of sand tests shows that the 
average sand graded from zero to four must have a fine- 
ness modulus of about 3 as a minimum in order to devel- 
op as much strength as standard mortar. There are 
finer sands than this that will pass the test, but, as a 
rule, these sands do not fall into the class of zero-to-four 
grading. A sand having the same maximum size as 
Ottawa (14) and having a fineness modulus of 2.5 
should, if structurally as sound as Ottawa excel the 



176 

standard strength. This is due to the fact that 2.5 
is the maximum permissible fineness modulus for a 
zero-to-fourteen aggregate and a 1:3 mix. Ottawa 
sand has a fineness modulus of about 2.95 and is there- 
fore too coarse to develop its maximum strength. 
The sand with the 2.5 fineness modulus and maximum 
size of 14 would therefore excel it. (See table of 
maximum permissible values of fineness modulus in 
Bulletin No. 1.) However, the average sand graded 
from zero to four must have a fineness modulus of 
about 3 as a minimum in order to pass the test. A 
modulus smaller than this will raise the water-cement 
ratio to a point which will disqualify nearly all sands. 

It is a significant fact that with a 1:3 mix and an 
aggregate graded from zero to four the maximum 
permissible value of fineness modulus is 3.90. This 
means that sands may range in grading from 3 to 
3.90 without chance of failure due to grading. It is, 
of course, obvious that any sand with a modulus 
between 3 and 38.90 which fails to pass the test is 
structurally unsound. But what of the sand coarser 
than 3 that passes, and the sand finer than 3 that fails? 
An example or two will help to answer this. 

Suppose that we have a sand with a fineness modulus 
of 3.60, graded from zero to four, which passes the 
test at 120 per cent. Is the sand structurally sound? 
We have always assumed that it is because it has 
developed more than standard strength, but how do 
we know what it would have done had the fineness 
modulus been reduced to 3? In other words, the 
grading of this sand permitted a lowering of the water- 
cement ratio enough, perhaps, to more than account 
for the 20 per cent over the standard strength. Sup- 
pose, for the sake of argument, that this sand were 
actually unsound, but that due to the lowered water- 
cement ratio it was able to pass the test. This is not 
at all improbable because the difference in the amount 
of water required for a fineness modulus of 3 and 
one of 3.60 is considerable. We now, having accepted 
the sand for use, combine it with a coarse aggregate 
in such proportions as to produce a certain fineness 
modulus in the combined aggregate (Abram’s method), 
or we combine it according to some arbitrary mix. 
Let us consider the first alternative. 

EXAMPLES SHOW DEFECTS OF MORTAR TEST 

By Abram’s method the sand is combined entirely 
on a basis of grading (fineness modulus), taking into 
consideration the fineness modulus of the fine aggre- 
gate, of the coarse aggregate, and of the combined 
aggregate to be produced. The aggregates are assumed 
to be sound structurally. Now that the combination 
is made we are no longer dealing with a sand graded 
from zero to four and having a fineness modulus of 
3.60, but with an aggregate which has, say, a fineness 
modulus of 5.8 and a maximum size of 1%. The 
sand is now an integral part of the combined aggregate 
and has lost the advantage in grading that it had in 
the 1:3 mortar test. An inferior concrete is the 
result because the sand was unsound. 
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If we adopt the second alternative, and mix the 
sand in combination with a coarse aggregate according 
to some arbitrary mix such as 1:2:4 it is possible that 
not only will the actual unsoundness of the sand lower 
the strength, but also that the very grading that caused 
the sand to pass the test may be a disadvantage in the 
arbitrary mix. An example will make this clear. 
Given: 

Coarse aggregate— 
Hinenessimoduliss = ae eae eee ee iao0 
Mig xi muri 6176 eaeee ee 1% 

Fine aggregate— 
Rinenessnmod ulus ae ee eee 3. 60 
IME prebaahebenigil Asn, © 38 hoe Bk ee 4 

Mix So PESOS OS See Sarr ee ee ee 24 

The above materials combined in a 1:2:4 mix 
produce a combined aggregate having a fineness 
modulus of 6.12. Now, the maximum permissible 
value of fineness modulus for this mix and maximum 
size is about 5.8. The above mix is therefore too 
coarse to produce maximum strength. The aggregate 
is undersanded. ‘There should be either more of this 
sand added (change the mix to 1:2.6:3.4) or else the 
same proportion of a finer sand should be used. If 
the modulus of the sand were 2.4 instead of 3.6 the 
fineness modulus of 5.8 would be produced without 
changing the mix. All of this is based on the fact 
that maximum strength for a given mix is produced 
when the aggregate has the maximum permissible 
fineness modulus for that mix. If the value is lowered 
the water-cement ratio is raised; if the value is raised 
without increasing the maximum size of the aggregate 
there is not enough cement to fill the voids. 

In the preceding paragraph we found that a sand: 
having a fineness modulus of 2.4 would have produced 
a maximum strength with that mix and that coarse 
aggregate. Suppose that a sand graded from zero to 
four and having a fineness modulus of 2.4 were sub- 
mitted for test. Let this be a clean, sound, sand. 
Experience has shown that in all probability this 
sand would fail in the standard test because of its 
fineness and consequent raising of the water-cement 
ratio. The sand would be rejected and in so doing 
we would be rejecting the only sand that could be 
combined with the coarse aggregate postulated above 
to produce the maximum strength for a 1:2:4 mix. 
This is an important consideration in view of the prey- 
alence of arbitrary mixes. Furthermore, in rejecting 
this sand, we would be discarding material that might 
very well be used with any coarse aggregate in a 
properly designed mixed. 

The fallacy in trying to determine the suitability of 
a sand by the present method is apparent. We have 
seen how an unsound sand could be accepted for use, 
and how a sound, useful, sand could be rejected. The 
gradings suitable in the test might be wholly unsuitable 
for the concrete, and vice versa. Surely there is a 
crying need for a test for sand in which the quality of 
the sand is the only variable, and by which the degree 
of soundness can be measured. 

O 
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No. 60M. Federal Legislation Providing for Federal Aid in 
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