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PREFACE

This handbook has been prepared to make available in concise form the best of present day
knowledge concerning concrete and reinforced concrete and to present complete data and
details, as well a8 numerous tables and diagrams, for the design and construction of the principal
types of concrete structures. Although intended as a working manual for the engineer, the
first few sections of the book may be read with profit by any one engaged in concrete work.
In these sections an effort has been made to present the latest authoritative knowledge in
regard to the making and placing of concrete in such form that it may be applied in the field
to the betterment of construction.

In preparing this book the authors have been ably assisted by Mr. S. C. Hollister, Research
Engineer of the Corrugated Bar Company. Special credit is due Mr. Hollister for his applica-
tion of the slope-deflection method to the development of formulas for rigid frame structures;
for material relating to flexure of annular sections and to restraint of standpipe sides by con-
nection with the base, this material being published here through the courtesy of the Corrugated
Bar Company.

The authors also are greatly indebted to Messrs. Harvey Whipple, Adelbert P. Mills,
Walter S. Edge, A. G. Hillberg, and Leslie H. Allen for the important chapters which they have
prepared. These men are specialists; and their contributions will prove of great value to the
engineering profession. ’

The chapter on dams, written by Mr. A. G. Hillberg, has been made brief, but a sufficiently
extensive presentation is given to enable the reader to decide intelligently what type of dam
to adopt. It is desired to call attention to the paragraphs dealing with siphonic spillways
as there is practically no text-book information on that subject.

In writing this book the authors have drawn from the three volumes of Hool’s ‘ Reinforced
Concrete Construction’ only where the preparation of new material would have been sub-
stantial duplication.

The authors are under obligation to Messrs. Wm. J. Fuller and Frank C. Thiessen for many
helpful suggestions and for assistance in making calculations for some of the tables and diagrams.
Acknowledgments are also due to Mr. C. M. Chapman and others for suggestions and criticisms
of manuscript; and to a large number of engineers who have supplied data and details, and have
generously given their views in regard to both theory and practice.

The authors are indebted to Mr. Clifford E. Ives for his excellent work in preparing all
drawings made expressly for this handbook.

G. A. H.
April, 1918. N.C.J.
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CONCRETE ENGINEERS’
HANDBOOK

SECTION I

MATERIALS

CEMENT

1. Classification, Composition, and Uses of the Principal Cementing Materials.—Cement-
ing materials used in structural work may be divided into two main classes—non-hydraulic
and hydraulic. Non-hydraulic cements, as the name implies, will not set and harden under
water; while hydraulic cements will harden in either water or air. Following is a list of the
structural cements of commercial importance:

Gypsum plasters

Non-hydraulic { Common lime

Hydraulic lime
(Grappier cement, a by-product)
Puzzolan cement
Natural cement
Portland cement
(Adulterated or modified Portland cement)

Hydraulic

1a. Gypsum Plasters.—Gypsum plasters are made by partial or complete de-
hydration of relatively pure or impure natural gypsum. The setting of these plasters is a
recrystallization from a solution formed by admixture of the partially or totally dehydrated
material with water, reforming the original substance. [Pure gypsum is a hydrous crystalline
calcium sulphate (CaSO, + 2H,0); and in its raw uncalcined state is used as an adulterant
to retard the setting of Portland and natural cements. Plaster of Paris (CaSO« + }¢H:0)
is also used for the same purpose and is a refined plaster made from pure gypsum by
dehydration.] .

Gypsum plasters, of one variety or another, are used principally on interior walls and floors.
They are also used in the form of molded hollow blocks and tiles for fireproof interior partition
walls, and as one variety of ‘“stucco’ for the architectural adornment of buildings.

1. Common Lime.—Common lime is made by burning limestone (CaCO;)
at a temperature of about 900°C. until its carbon dioxide (CO,) is driven off as gas. The residue
is common lime (Ca0), known commercially as “quicklime.” On addition of water this
product slakes with evolution of heat and much increase of volume, forming a paste of lime
hydrate, or calcium hydroxide (Ca[OH]:) known as “lime putty” or, on dilution with water, as
“cream of lime.” ‘

Even in the purest limestone to be found in nature some impurities are present. Generally
a part of the lime (CaO) is found replaced by a certain percentage of magnesia (MgO), and clay

1
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is also present to some extent. [Clay is composed chiefly of silica (8i0,) and alumina (Al:Q;),
and usually contains some iron oxide (Fe;0;).] In the manufacture of quicklime, magnesia
acts in much the same manner and may be considered the equivalent of lime, which makes it
possible to use limestone which is high in magnesia. Quicklimes are divided into four main
types according to the relative content of calcium oxide (CaO) and magnesium oxide (MgO).
These are:

1. High-calcium; quicklime containing 90% or over of calcium oxide.

2. Calcium; quicklime containing not less than 85% and not more than 90% of calcium
oxide.

3. Magnesian; quicklime containing between 10 and 25% of magnesium oxide.

4. Dolomitic; quicklime containing over 25% of magnesium oxide.

Following is an average analysis of ten high-calcium quicklimes and two dolomitic quick-
limes:

i 8i0s AlsOs Fe:Os CaO ! MgO

‘ % % % i %
Hiigh-calcium..| 0.81 0.22 0.23 94.98 ! 1.39
Dolomitic... .. . 0.87 0.32 0.29 60.13 i 36.12

[Analysis also shows carbon dioxide (CO,) and water (H»O) to be present in small amounts.}

Practically all lime used in construction is made into mortar by adding sand to the paste
of lime hydrate, as sand is not only cheaper than lime but diminishes the great shrinkage which
accompanies the setting and hardening of lime putty. This hardening is due mainly to crys-
tallization, but in addition some of the water in the hydroxide is gradually replaced by carbon
dioxide from the atmosphere, causing a small part of the hydroxide to revert to the original cal-
cium carbonate (CaCQ,).

Although common lime is used chiefly in combination with sand as a mortar in laying
ordinary brick and stone masonry, it is also used extensively as an interior wall plaster and
for gaging hydraulic cement mortars, either to make them easier to work or to reduce their
permeability.

Hydrated lime is quicklime slaked at the place of manufacture. Its market form is that of
a dry powder, and as such it can be mixed with sand more easily than can lime paste made by-
slaking ordinary quicklime on the work.

1c. Hydraulic Lime.—Hydraulic lime is made by burning argillaceous or silicious
limestone at a temperature not less than 1000°C. When showered with water the product
slakes completely or partially without sensibly increasing in volume, and possesses hydraulic
properties due to the combination of calcium with silica contained in the limestone as an
impurity, forming calcium silicate. It is the universal practice to slake the lime at the place
of manufacture on account of the better results obtained.

Grappier cement is a by-product in the manufacture of hydraulic lime, produced by grind-
ing the lumps of underburned and overburned material which do not slake. As might be
inferred, grappier cement possesses properties similar to those of hydraulic lime.

Hydraulic lime is not manufactured in the United States on account of the abundance
of raw materials suitable for the manufacture of Portland cement, with which hydraulic lime
cannot compete as a structural material. A number of hydraulic limes and grappier cements
are marketed as ‘‘non-staining cements’’—that is, they do not stain masonry For this reason
a considerable amount of this cementing material is annually imported from Europe for purposes
of architectural decoration.

1d. Puzzolan or Slag Cement.—Puzzolan cement is made by incorporating
hydrated lime with a silicious material, such as granulated blast-furnace slag, of suitable fine-
ness and chemical composition. In Europe a natural puzzolanic material, such as volcanic ash.
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is used at some plants in place of the blast-furnace slag. Silica, when finely enough divided, is
soluble in water and chemically active. For this reason the materials are finely pulverized and
intimately mixed by grinding, but are not calcined, the formation of calcium silicate taking
place slowly and at ordinary temperatures.

Although this type of cement possesses hydraulic properties, it should not be confused with
slag Portland cement (sometimes called steel Portland cement) which is produced by calcining
finely divided slag and lime in a kiln and pulverizing the resulting clinker. Analysis of the small
number of puzzolan or slag cements manufactured in this country shows approximately the
following range in composition:

Sié)’ A 1103{’ +F1:810: CaO MgO

8 COs + HiO
% % % %

27.2 t031.0| 11.1t014.2 | 50.3 to 51.8 1.4t03.4 0.15t01.42 2.6t05.3

They are normally slower in setting than Portland cements and on this account are usually
treated with materials which will hasten the set—such as burned clay, high-alumina slags, caus-
tic soda, sodium chloride, or potash. Puzzolan cements made from slag may be distinguished -
by their light lilac color, absence of grit, and low specific gravity (2.60 to 2.85). They also are
high in sulphides, which render them liable to disintegration in air, nor are they suited for use in
sea water, where there is always an excess of sulphates.

Puzzolan cement is not as strong or reliable as either natural or Portland cement and should
be used only in unimportant structures or in unexposed work, such as foundations, where weight
and bulk are more important than strength.

1e. Natural Cement.—Natural cement, as its name implies, is made from rock as
it occurs in nature. This rock is an argillaceous (clayey) limestone, or other suitable natural
rock, and it is burned at a temperature of from 900° to 1300°C., the clinker being then finély
pulverized. The product does not slake, but possesses strong hydraulic properties, calcium
silicate being formed and acquiring strength and rigidity through crystallization.

Unfortunately, the composition and characteristics of natural cement are subject to consider-
able variation. This 18 to be expected, since the composition of the rock from which it is made
not only varies in different localities but is further subject to variation to some extent at least,
even in the same deposit. Portland cement, on the contrary, is an artificial mixture, subject
to control. This fact, together with its slow setting, is mainly responsible for the decrease in the
use of natural cement and the adoption of Portland cement in all important structures.

In spite of these disadvantages, however, it is a significant fact that natural cements do not
show disintegration with passage of time, while Portland cements frequently are most erratic
in behavior. On comparing analyses of typical natural and Portland cements, it is at once
noticed that natural cements have a higher percentage of silica, about the same percentage of
alumina and a lower percentage of lime than have Portland cements. Excess lime, so generally
prevalent in hydrated Portland cements, and not necessarily resultant on “free lime,” is fre-
quently the cause of much trouble. There 1s a distinct field of usefulness for natural cement
which is largely overlooked by engineers at the present time. In many cases, perplexing prob-
lems could be effectively solved by its employment.

The following summary shows the range in composition of an average analysis of six well-
known American natural cements:

8i0s A1:0s Fe:Os CaO MgO
% % % % %

22.3t029.0{ 5.2t08.8 | 1.4t03.2 (31.0t057.6/ 1.4t021.5
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[Analysis also shows varying small amounts of alkalies (K0 and NasO), anhydrous sulphuric
acid or sulphur trioxide (SO,), carbon dioxide (COs), and water (H.0). Magnesia (MgO) is
usually regarded as equivalent to lime in its action. The specific gravity of natural cements
range from 2.7 to 3.1, with an average of 2.85.]

Natural cement is adapted to many uses, but its relatively low strength and slow hardening
limit its field to structures where high stresses will not be imposed for several months after plac-
ing the concrete, as in large or massive structures where weight and mass are more essential than
early strength—that is, in such structures as dams, abutments, foundations, and many under-
ground structures. Mortar made with natural cement (either alone or mixed with lime mor-
tar) is excellent for laying ordinary brick and stone masonry.

1f. Portland Cement.—Portland cement is made by finely pulverizing the clinker
produced by burning a definite artificial mixture of silicious (containing silica), argillaceous
(containing alumina), and calcareous (containing lime) materials to a point somewhat beyond
where they begin to fuse or melt. The product is one that does not slake and possesses strong
hydraulic properties. The essential components of Portland cement—namely: silica, alumina,
and lime—are obtained from many different sources, but the proportions used of the raw mate-
rials are always such that the chemical composition of the different Portland cements is constant
within narrow limits. The percentages of the principal components range about as follows:

8i0s | AlLO, I Fe:0: l CaO l MgO
% % % % %
B
19to 25 | 5to 9 2to 4 60 to 64 1.0t02.5
1

[Small amounts of alkalies (K;O and Na;0) and sulphur trioxide (SO,) are also present. Mag-
nesia (MgO) is considered by some as an impurity, while other investigators claim it is equiva-
lent to lime (CaO) in its action. Alumina (Al;O;) and iron oxide (Fe;0;) do not act entirely
alike but are usually considered to have the same functions.] The specific gravity of Portland
cements range from 3.1 to 3.20, with an average of 3.15.

Portland cement is by far the most important cementing material used in modern engineer-
ing construction. It is adapted for use in concrete and mortar for all types of structures where
strength is of special importance, or in structures exposed to wear or to the elements. It
should invariably be employed in reinforced-concrete construction because of its high early
strength and generally uniform quality.

. A number of special cements employing Portland cement as a base are made by grinding in
adulterating materials after calcination. These adulterants include clay, slaked lime, sand,
slag, natural cement, limestones, and natural puzzolanic material or tufa. The action of these
materials is essentially to promote combination between lime from the cement and silica from
the adulterant, with formation of silicate of lime. In some cases these silicious adulterants
improve the quality of concrete made from such cements, but this result cannot be expected
from all forms of adulteration.

Sand and puzzolanic material have perhaps been used the most extensively and successfully
of any of the adulterants, producing products known as sand cement and tufa cement respectively.
These cements have been used principally on large work where freight rates are high and lung
wagon hauls combine to make the cost of undiluted Portland cement excessive. Cement
specifications in common use are of a character to exclude any grinding in of materials after
calcination, presumably on the ground that specifications permitting any adulteration would
be subject to abuse so that the results obtained would be uncertain.

2. Portland and Natural Cements Compared.—The distinguishing properties of natural and
Portland cements and the chief differences in manufacture may be summarized as follows:
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! Natural cement Portland cemeunt
Raw material.............. Natural rock Artificial mixture
Type of kilnused........... Mostly the vertical stationary, Slanting cylindrical revolving
type type
Calcination temperature.... .| Low, but variable Relatively high
Chemical composition. . ..... Variable, not under controll Controllable within narrow
limits
Color..............oooiut Yellow to brown Bluish or steel gray
Specific gravity............. 2.7t03.1 3.1t03.2 .
Rate of setting............. Relatively rapid Relatively slow
Strength................... Low, especially at early age| Relatively high
Degree of grinding.......... Usually rather coarse Relatively fine
Soundness................. Will not usually stand steam| Required to stand steam test
test

In structures where cither natural or Portland cement may be used, and where economy
is the governing consideration, the chuice of cement should be based on a comparison of the
costs per cubic yard of the required mortar or concrete mixtures. Decisions usually are
desired either between a 1:2 natural cement mortar and a 1:3 Portland cement mortar, or
between a 1:2:4 natural cement concrete and a 1:4:8 Portland cement concrete.

3. Constitution of Portland Cement.'—The latest optical and microscopical examinations
of Portland-cement clinker, and of all the substances which were formally considered as likely
to be formed in manufacture, show Portland cement to be made up largely of the three com-
pounds 3Ca0-Si0,, 2Ca0-8i0,, and 3Ca0-Al;0;. The tri-calcium silicate appears the best
cementing compound and it is probable that the higher its percentage, the better the cement.
The small amounts present of Fe 0, MgO, alkalies, etc. have but little effect on the three
major compounds but their presence aids materially in manufacture by promoting the combina-
tion of Ca0O with Al;O; and SiO,.

A perfectly burned cement clinker consists of about 369, of tri-calcium silicate, 3Ca0-SiO;;
33% of di-calcium silicate, 2Ca0-Si0:; 21% of tri-calcium aluminate, 3Ca0-Al;0,; and 109,
of minor constituents. The principal cementing compound, tri-calcium silicate, 3Ca0-8i0,,
is the last constituent to form completely in Portland-cement manufacture; and this compound
is formed by the combination of CaO with 2Ca0-Si0;. When cement clinker is not perfectly
burned there is evidently less 3Ca0-8i0, formed and more 2Ca0-SiO;. There is also a certain
percentage of free lime (CaQ) present, the amount depending upon the degree of burning.

4. Setting and Hardening of Portland Cement.?—The setting and hardening of Portland
cement is caused principally by hydration in the order named of the three major constituents—
3Ca0-Al;0,, 3Ca0-8i0;, and 2Ca0-8i0;. When water is added to Portland cement, these
constituents form first amorphous and later both crystalline and amorphous hydrated materials
which act much as does ordinary glue, except that since they are of mineral origin and largely
insoluble, hardening progresses even under water.

Of these hydration products, the compound tri-calcium alummate (3Ca0-Al,0;) when
mixed with water sets and hardens very quickly; tri-calcium silicate (3CaO-SiO,) sets and
hardens somewhat less rapidly; and di-calcium silicate (2Ca0-SiO,) reacts slowly. Hardening
occurs only after the lapse of a long period of time. The tnutial set of cement is due undoubtedly
to the hydration of 3Ca0-Al,0;; the early hardness and cohesive strength is due to this hydration

1 From paper before Am. Conc. Inst., Feb., 1916, by G. A. RANKIN, Geophysical Laboratory, Carnegie Inst.
of Wash.
? See KLEIN and PrivLips: Tech. Paper, 43, U. 8. Bureau of Standards.
Bates AND KLEIN: Tech. Paper, 78, U. 8. Bureau of Standards.
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and to that of the 3Ca0-8i0;; while the gradual increase in strength is due to the further hydra-
tion of these two compounds together with the hydration of the 2Ca0-8i0;.

The compound 3Ca0-8i0; appears to be the best cementing constituent of this group, as
it is the only one of the three which when mixed with water will set and harden within a reason-
able time to form a mass which is comparable in hardness and strength to Portland cement.
Although 3Ca0-Al;O, sets and hardens rapidly, it is rather soluble in water and is not particu-
larly durable or strong. The compound 2CaO-Si0;, however, requires too long a time to harden
to be in itself a valuable cementing material.

5. Manufacture of Portland Cement.

b6a. Raw Materials.—Silica, alumina, and lime—the essential components of
Portland cement—oceur as ingredients in a large number of natural materials of widely vary-
ing character. In none of these, however, do the three components occur in the exact pro-
portions required in Portland-cement manufacture so that an artificial mixture of several
materials has to be resorted to. The following combinations of raw materials are used in differ-
ent cement plants in this country:

. Cement rock and limestone.

. Marl and clay (or shale).

. Limestone and clay (or shale).

. Blast-furnace slag and.limestone,
. Chalk and clay.

Cement rock is an argillaceous limestone containing about 68 or 729, of lime carbonate,
18 to 27% of clayey matter, and not over 5% of magnesium carbonate. It is a dark slatey
limestone, rather soft in texture, and is almost ideal for cement making due to the fact that
it is easy to quarry and grind, and is usually so well balanced in composition that but a small
amount of comparatively pure limestone needs to be added. This rock is found in many parts
of the country but so far has been used in the manufacture of Portland cement only in the
Lehigh district of eastern Pennsylvania and western New Jersey, a district producing nearly
one-third the entire output of the United States.

Limestone suitable for cement manufacture is composed principally of calcium carbonate
together with more or less impurities. The following shows the approximate range of com-
position of such limestones:

O OO N e

CaCOs 8iOs Al;Os + Fe:Os MgCO:
% % % %

‘o

88.0t098.0 ‘ 0.3t08.0 0.2t02.1 0.2t04.2

Sulphur as 80, and various alkalies may also be present in small percentages.

Marl is almost pure calcium carbonate. It is a soft, wet earth found in the basins of dried-
up lakes and in swamp regions, deposited either by chemical agencies or through the phys-
ico-chemical agencies of certain forms of vegetable and animal life.

Clays and shales are of the same general composition, differing only in degree of solidifi-
cation. Clays result from the decay of shales, and like their parent rock, are composed chiefly of
silica (8i0:) and alumina (Al;O;), and usually iron oxide (Fe;O,). The proportion of silica in
clay suitable for cement manufacture should not be less than 55 to 65%; and the combined
amount of alumina and iron oxide should be between one-third and one-half the amount of
silica. A clay with these proportions of principal constituents is highly siliceous, producing
a cement clinker which is comparatively easy to grind. Clay containing a greater portion of
alumina produces a hard clinker and a quick-setting cement which is more severely attacked hy
sea water,

Blast-furnace slag is a compound formed from impurities in the iron ore and the limestone
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used as a flux in the blast furnace. Following is a typical analysis of slag used in the manu-
facture of cements:

8i0s ' ALO; + FesOs Ca0 MgO
% % % %
|
83.10 | 12.60 | 49.98 2.45

Slag, when allowed to cool quickly, becomes a hard glassy mass, very tough and durable. In
order to use slag economically in cement manufacture the molten slag is run into large cisterns,
and there converted into a granular substance by directing against it innumerable little streams
of air and water. This disintegrated slag has the appearance of coarse brown sugar; and in this
form it is used as a raw material for Portland cement.

Chalk is a soft earthy variety of calcium carbonate, formed from the remains of minute
organisms. It also sometimes contains small amounts of silica, alumina, and magnesia.
1ts use as a material for cement manufacture is limited.

5b. Proportioning the Raw Materials.—Two rules are in use for proportioning
the raw materials used in the manufacture of Portland cement. Newberry’s rule is as follows:

Max. lime = 2.8 (%Si0s) + 1.1 (%A1,0;)

Eckel's rule (called the ‘“‘cementation index’’), which s really a modification of the above rule,
takes the magnesia and iron oxide into account:
%Ca0 + 1.4 (9%,MgO)

1

A value of the cementation index below 1 means an excess of lime or magnesia in the cement
which will cause expansion, or unsoundness. In practice it is customary to reduce by about
109, the proportion of lime found by the above rule to avoid any chance of obtaining an unsound
cement. Although the above rules are not based on the most recent investigations of the
constitution of Portland cement there is no immediate prospect of any change being made in
practice in the methods of proportioning because the present rules are known by experience to
produce excellent results.

bc. Grinding and Mixing.—The admixture and grinding of the raw materials
before calcination is accomplished by either a wet or a dry process. In the wet process, prin-
cipally for plants using marl, the raw materials are ground and fed into rotary kilns in the
form of a slurry containing sufficient water to make it of a fluid consistency. In the dry process
raw materials are ground and mixed in the dry state. The larger portion of Portland cement
manufactured in the United States at the present time is made by plants using the dry process.

8d. Burning the Cement Mixture.—Rotary kilns are used in almost all American
Portland-cement plants. These kilns are slightly inclined to the horizontal and revolve at
about the rate of one revolution per minute. The ground raw materials are fed in at the upper
end and are carried forward and tumbled over and over by the slant and revolution of the kiln.
As the materials advance they are reduced by the hot gases from the burning fuel which is fed
in at the lower end. The clinkers formed vary in size from }{ in. up to about 1}4 in. in
diameter. It takes about an hour for a particle of raw material to traverse the entire dis-
tance from the feed to the outlet.

Be. Treatment of the Clinker.—After cement clinker is cooled it is crushed and
passed through preliminary grinding mills. Then gypsum is added and the clinker ground to
a fine powder. If the clinker was used without the addition of gypsum, it would take an
almost immediate set. Approximately 2 Ib. of gypsum (CaSQ,) (or plaster of Paris) is used to
every 100 1b. of clinker.
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6. Manufacture of Natural Cement.

6a. Raw Material.—The raw material used in the manufacture of natural cement
is a natural argillaceous limestone containing from 13 to 35% of clayey material. About 159,
of the clayey material is silica, the balance being alumina and iron oxide. The kind of limestone
generally used contains a considerable proportion of magnesium carbonate in place of calcium
carbonate. When the rock varies greatly in composition, materials from different strata are
mixed together to give as uniform a product as possible. The wide range allowed in the com-
position of natural cement, however, does not warrant great refinement in the analysis of the rock.

6b. Process of Manufacture.—Natural cement is usually manufactured in ver-
tical kilns lined with firebrick. These kilns are of the mixed-feed type, the rock (not crushed)
and fuel being charged in alternate layers. The temperature required in burning is considerably
below that required in Portland-cement manufacture because temperatures higher than 1300°C.
would fuse the material to a slag having no hydraulic properties. The temperature employed,
however, is sufficient to cause the formation of silica compounds with the lime and magnesia.
The clinker is taken out at the bottom of the kiln as it is burned, and then it is crushed and
ground. Grinding of the clinker is not usually carried as far as that of Portland although some
of the newer mills use grinding machinery similar to that in Portland-cement plants.

7. Testing of Cement.—For standard methods of cement testing, see Appendiz A.

Ta. Sampling.—Tests should be conducted only on representative samples.
For method of sampling, see Appendiz A, page 834.

7b. Uniformity in Cement Testing.—In order to obtain results in cement testing
which will be of the greatest value, definite and uniform methods should be used. Results
depend not only on the quality of the cement but also on the temperature and percentage of
water used in mixing, the method of mixing and molding test specimens, the temperature and
humidity of the air, the character of the sand used, and the type of apparatus employed.

Tc. The Personal Factor.—The personal factor has considerable effect on results
obtained in cement testing and, on this account, only experienced, well-qualified men should be
employed in making tests. Results by untrained or careless operators are really worse than
nothing and may be positively misleading. The comparative results, however, by any one
experienced observer are generally consistent and are of value. 1t is usually advisable to have
the testing done at some well-established and properly equipped cement-testing laboratory.

7d. Kinds of Tests.—The following cement tests made regularly are recom-
mended for construction work of importance and also in all cases where the cement to be used
does not work satisfactorily: .

Fineness.
Time of setting.
Tensile strength of standard mortar. (Compressive strength of standard mortar the
best criterion.)
Soundness.
On unimportant construction it is generally safe to use a well-known brand of Portland cement
without testing, or to make simply the test for soundness.

7e. Fineness.—Fine grinding has a great influence on the properties of cement.
It increases the ability of the cement to react readily with water and enables the cement
particles to coat the sand grains more thoroughly. In other words, the finer the cement, all
other conditions being the same, the stronger will be the mortar produced with a given sand.

The fineness of cement is measured by determining the percentage by weight which will
be retained on a standard 200-mesh sieve.! Standard specifications? require that the residue
shall not exceed 229,. Most mills are now equipped to grind cement to such a fineness that
even less than 109, is retained.

It has long been generally recognized that the coarser particles in cement are practically

1 For description of standard sieve, sce Appendir A, p. 836.
* For standard specifications, see Appendixr A, p. 833. -




Sec. 1-7f] MATERIALS 9

inert and that at least the earlier cementing value is due chiefly to the grains that will pass the
No. 200 sieve. Because of this fact the present standard method of testing for fineness is unsat-
isfactory, as no attempt is made therein to determine the further fineness of the greater and
more valuable part of the cement. To remedy this defect an air-analyzer® has recently been
perfected at the Bureau of Standards which makes it possible to further divide a cement which
passes a 200-mesh sieve into four definite sizes. This apparatus had been standardized and will
undoubtedly come into extensive use.

Increased fineness has the effect of making a cement quicker in setting and hardening,
the high-alumina cements being the most affected. Fine grinding also affords additional
opportunity for seasoning and thus indirectly improves the soundness of cement.

7f. Normal Consistency.—Tests for time of setting, strength, and soundness
are greatly influenced by the quantity of water used in mixing. In order to have all results
comparable with one another, a determination is made in each case of the quantity of water
necessary to be added to a given weight of cement to give a standard or normal consistency.

A simple method of finding normal consistency is to mix a quantity of cement paste and
make up from the paste a ball about 2 in. in diameter. The ball is then dropped upon the
testing table from a height of 2 ft. The paste is of normal consistency when the ball does not
crack and does not flatten more than one-half of its original diameter. The finer the cement,
the more water is required for normal consistency. For this test the room and the mixing
water should be kept at standard temperature.

Another method of finding normal consistency which is more commonly used and gives
more concordant results is by the use of the Vicat needle apparatus (see Fig. 2, Appendiz A,
page 837). The manner of making this test is explained in Appendiz A, page 838.

7g9. Time of Setting.—The time of setting of a cement may vary within wide
limits and is no certain criterion of quality, but it is important in that it indicates whether or
not the cement can be used advantageously in ordinary construction. A cement may set so
quickly that it is worthless for use as a building material (since handling cement after it com-
mences to set weakens it and causes it to disintegrate), or it may set so slowly that it will
greatly delay the progress of the work.

Age of cement has a great effect upon the setting time, and tests should preferably be made
after delivery of the cement on the work. Most cements absorb moisture from the air and lose
some of their hydraulic property on storage. It also occasionally happens that the gypsum
added in manufacture loses its effectiveness in a short time, and in consequence the cement
becomes quick setting. The cause of this loss of effectiveness of the gypsum is due usually to
the composition of the cement and may be remedied by increasing the lime content.

Aside from the consideration of age, the conditions which accelerate setting are: finely
ground and lightly burned material; dry atmosphere; small amount of water used in gaging;
and high temperature of both water and air. Since the time of set is influenced by so many
factors, tests should always be made with extreme care under standardized conditions.

There are two distinct stages in setting: (1) the initial set; and (2) the hard or final set.
The best cements should be slow in taking the initial set but after that should harden rapidly.
Portland cement should acquire the initial set in not less than 45 min. when the Vicat needle
is used (see Appendiz A, page 837), and hard set in not more than 10 hr.? The time of initial
set is controlled largely by the amount of sulphate (gypsum or plaster of Paris) which is added
in making the cement.

A cement has taken its initial set when it will not thoroughly reunite along the nurfaces of
a break. It has taken its final set when it begins to have appreciable strength and hardness.

There are two methods in common use for finding the time of setting. The method usually
preferred is by the use of the Vicat needle apparatus explained in Appendiz A, page 838. The

1 Copies of Tech. Paper 48, the publication upon this subject, may be obtained, free of charge, upon appli-
cation to the Bureau of Standards, Washington, D. C.

2 See standard specifications in Appendiz A, p. 833.
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other method is by the use of the standardized Gillmore needles described in Appendiz A,
page 841.

Th. Tensile Strength.—The testing of cement in tension is to obtain some meas-
ure of the strength of the material in actual construction. In other words, tests of tensile
strength are made primarily to determine whether the cement will be likely to have a continued
and uniform hardening in the work, and whether it will have such strength when placed in
mortar or concrete that it can be depended upon to withstand the strain placed upon it.

The small shapes made for testing are called briguettes (see details of standard test piece in
Appendiz A, page 842) and have a minimum cross-sectional area of 1 sq. in.—that is, at the
place where they will break when tested. Standard mortar used in testing is composed of 1
part cement to 3 parts of standard sand! from Ottawa, Ill.

It is customary to store the briquettes, immediately after making, in a damp atmosphere
for 24 hr. They are then immersed in water until they are tested. This is done to secure
uniformity of setting, and to prevent the drying out too quickly of the cement, thereby prevent-
ing shrinkage cracks which greatly reduce the strength.

Specifications for tensile strength of cement usually stipulate that the material must pass a
minimum strength requirement at 7 and 28 days. This is required in order to determine the
gain in strength between different dates of testing so that some idea may be obtained of the
ultimate strength which the cement will attain. A first-class cement, when tested, should
give the values for tensile strength stated in the standard specifications (see Appendiz A,
pago 833).

T:. Relation between Tensile and Compressive Strength.—Since cements are
rarely depended upon to withstand tensile stresses, the test for tensile strength has undoubtedly
become standard on account of the popular belief that there exists a more or less definite and
constant relation between the tensile and compressive strengths. It can be shown, however,
that the ratio of compressive to tensile strength of cement mixtures is by no means constant
at all ages and varies greatly with different cements and with different mixtures. Thus the
tensile strength cannot usually be regarded as any more than a very approximate indication
of the probable compressive strength of the same cement.

7j. Compressive Strength.—Compressive strength of cement mortar is undoubt-
edly a better criterion by which to judge the suitability of a cement for use in construction.
The American Society for Testing Materials has tentative specifications and methods of tests
for compressive strength of Portland-cement mortar? which, when adopted as standard by the
Society, will be inserted in and made a part of the American Specifications and Methods of
Tests for Portland Cement. A foreign standard specification is as follows:

‘‘Slowly setting Portland cement shall show a compressive strength of at least 120 kg. per
8q. em. (1710 1b. per sq. in.) when tested with 3 parts by weight of standard sand, after 7 days’
hardening, 1 day in moist air and 6 days under water; after further hardening of 21 days in the
air at room temperature (15° to 20°C.) the compressive strength shall be at least 250 kg. per
8q. cm. (3570 1b. per sq. in.). In cases of controversies, only the test after 28 days is decisive.

““Portland cement which is intended for use under water shall show a compressive strength
of at least 200 kg. per sq. cm. (2850 lb. per 8q. in.) after 28 days’ hardening, 1 day in moist air
and 27 days in water.”

Tk. Soundness.—A cement to be of value must be perfectly sound; that is,
it must remain constant in volume and not swell, disintegrate, or crumble. Excess of either
lime, magnesia, or sulphates may cause unsoundness. The usual method of testing is to form
a small pat of neat cement about 3 in. in diameter, 34 in. thick at the center, and tapering to a
thin edge. This pat should remain 24 hr. in moist air and 5 hr. in an atmosphere of steam at a
temperature between 98 and 100°C. upon & suitable support 1 in. above boiling water. To
pass the soundness test satisfactorily, the pat should remain firm and hard, and show no signs

1 See Appendiz A, p. 841.
2 8ee Proc. of the Bociety, vol. xvi (1916), part I (pp. 500-503).
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of cracking, distortion, checking or disintegration. The steam test is what is called an acceler-
ated test and is for the purpose of developing in a short time (6 hr.) those qualities which tend to
destroy the strength and durability of a cement.!

Tl. Specific Gravity.—A test for finding the specific gravity of Portland cement .
was originally considered to be of value in detecting adulteration and underburning, but is no
longer thought to be of much importance in view of the fact that other tests lead to more definite
conclusions. One trouble has been that specific gravity is not alone lowered by the above
causes. Seasoning of cither cement or cement clinker, for instance, although known to be
desirable and in some cases absolutely necessary, lowers the specific gravity materially. On the
other hand, many underburned cements show a specific gravity much higher than that set by
standard specifications. These considerations, together with the fact that the principal adul-
terants have a specific gravity very near that of Portland cement, make it difficult in the specific
gravity test to obtain results from which accurate conclusions can be drawn. The test in any
ease is without value unless every precaution is taken to have accurate results, as otherwise
only very large amounts of adulterated material could be discovered. When the specific
gravity of a cement falls below 3.10, standard specifications? allow a second test to be made
upon an ignited sample—the idea being that ignition will lower the specific gravity of adulter-
ated cement. This second test, however, is usually of little value as the ignition loss of most
adulterants is low and as the specific gravity of an ignited sample of cement is invariably higher
than that of the original sample.

Tm. Chemical Analysis.2—If the tests of a cement for time of setting, strength,
and soundness seem to indicate adulteration, resort may be had to chemical analysis. Such
analysis is not usually made in routine commercial testing. Chemical analysis not only serves
as a valuable means of detecting adulteration but shows the amounts of magnesia (MgO) and
sulphuric anhydride (SO,) contained in the cement. Specifications usually limit the amount of
MgO to about 5% and SO, to about 2% because of fear that more of these materials may make
the cement unsound. ,

8. Specifications for Cement.—Standard specifications are given in Appendiz A.

9. Containers for Cement.—Cement may be obtained in cloth or paper bags, in bulk, and
in barrels. .

Cloth bags are the containers most generally used since manufacturers will refund the
extra charge for the bags when returned in good condition. The consumer, however, must
prepay the freight when returning the empty bags to the mill. The cloth bag will stand trans-
portation, and its size and shape make it convenient to handle. If properly cared for, it may be
used over and over again. Paper bags are more delicate and have no return value. Wooden
barrels are advisable when the work is in a damp location, as in marine construction. Bulk
cement requires special preparations for handling and storage.

10. Storing of Cement.—Cement either in containers or in bulk should be stored within
a tight, weather-proof building, at least 8 in. away from the ground and an equal distance from
any wall, so that free circulation of air may be obtained. In case the floor of a storage building
is laid directly above the ground, it would be well to give the cement an additional 8-in. eleva-
tion by means of a false floor, so as to insure ventilation underneath. The cement should
further be stored in such a manner as-to permit easy access for proper inspection and identifi-
cation or removal of each shipment. When cement is not mill-tested, a proper period before
cement is needed should be allowed by the contractor for inspection and tests, this period being
determined by the provisions of the apecifications governing his contract.

Where cement in bags is stored in high piles for long periods, there is often a slight tendency
in the lower layers to harden, caused by the pressure above; this is known as warehouse set.

1 The Lackawanna Railroad Co. requires that Portland cement used in its structures shall remain sound after
being subjected to boiling under a 20-atmosphere pressure. This is called the A utoclave Test.

2 See Appendiz A, p. 833.

8 For method to be followed in making a chemical analysis, see Appendix A, p. 834.
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AT ANITS o0 WY, WAR Lt ¥axr ireeiy and ranies expansion after the mass has set. endan-
BTOE ta 0 o110 0 Wik it 1wd. During the time of seascnmg sarh free Eme i changed
firxt, v, 1 ydeats s6d ttan Us rarbomate of hme which does nt sweil on wetting. Usmally cement
1 aewawst 3t the 1.3 befome shipping, bnt. with the best mTlk. the stock house may ran so
vrw 1 pervAdn od ruah that a chanee will be taken on fresh material Well-seasoned cement,
trwrofime, may be lumpy, bt the lumps are easily broken up. H. bowever, the cement has
town oubsprted Uy exremsive dampnens, or has been wet, lumps will be formed which are hard
and diffwult to enph. A dutinetion shoald be made, so that the latter will not be used with-
st miftng sod rejertion of hardened portions.

12. Use of Bulk Cement.—Within the past few years considerable cement has been shipped
1 tmlk U extpett-product factories and to construction jobs adjacent to railroad tracks. Econ-
tany han, in thess instances, resulted from the saving in labor, and from the elimination of pack-
ngr limnen and expense, There seems to be no difficulty in shipping bulk cement in tight box ears.

18, Weight of Cement.—A barrel of Portland cement weighs 376 Ib., not including the
Imrred, and a bag of Portland cement weighs 94 Ib.; in other words there are 4 bags to a barrel.

A barrel o natural cement varies in weight according to the locality in which it is manu-
fntured. A barrel f Western cement usually weighs 265 Ib. and a barrel of Eastern cement
3001t A bag of natural cement is usually one-third of a barrel.

A barrel of puzzolan cement is usually assumed to contain 330 lb. net, and there are 4
hingn to the barrel,

A cement harrel weighs about 20 1b. on an average.

AGGREGATES

14, Definitions.—'‘ Aggregates’ is a general classifying term applied to those inert (i.e.,
chemienlly inactive) materials, both fine and coarse, which, when bound together by cement,
form the substance known as concrete. Fine aggregates are materials such as natural sand or
rock seroenings,  Coarse, or large aggregates, or ballast are materials such as natural gravel,
crushed rock, or by-product materials such as cinders or crushed blast-furnace slag.

16, General Requirements.——Aggregates, fine and coarse, compose approximately 90,
or more of tho substance of concrete. From this it follows that the properties of aggregates
must correspond and be at least equal to the properties desired in the concrete.

Tho usual service requirements are that aggregate shall be dense, hard, durable, structur-
nlly strong and, for aggregntes in concretes exposed to water action, insoluble. Further, since
conereto in formed by bonding of aggregates with cement, they must permit by their physical
charnctoristios (such as roughness) the adhesion of cement; and always all particles must be
clonn, so that a surface cont of one kind or another may not prevent physical contact with ce-
mont, or destroy its propoertios through chemical action.

16. Classification of Aggregates.—The usual classification of aggregates is into two divi-
sione, based upon size,

C'oarsc aggregatea are all particles of gravel, crushed stone, or other materials
nbove L in. dinmeter,

Fine aggregates are all particles below !4 in. in size. Particles of such size are
further divided by defining “*sand’’ as all mineral particles from 2 mm. (1 in.) to 0.5 mm. in
dinmetor; “ailt,” all particles from 0.5 mm. to 0.005 mm. in diameter; “clay,” all particles
having a dinmotor less than 0.006 mm.; and “loam” as a mixture of any of the above finer
variotion with organic matter-—i.e,, of vegetable or animal origin. It is particularly such organic
mntter rather than sise of particle which renders loam unfit for concrete work, as through some
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chemical action not yet fully understood, possibly through formation of an organic acid, it injures
or inhibits the proper action of cement.

17. Qualities of Fine Aggregates.—General.—When it is remembered that the finer natural
materials are derived from rocks by disintegration and by ‘‘weathering,” or breaking down
through frost action, water and wind erosion, or kindred agencies, the differences in quality
so often found in sand deposits, with possibly the presence of foreign materials, are not surprising.
Further, sands necessarily partake of the qualities of the rock from which they are derived.
Silicious quartz sands are best for concrete work, but crushed sands from any durable rock will
answer, if natural sand of proper quality cannot be obtained.

18. Qualities of Coarse Aggregates.—General.—For coarse aggregates, any crushed rock of
durable character, or any clean, hard, natural gravel not subject to ready disintegration may
properly be used. In general, the better the stone or gravel, the better the resulting concrete.
For this reason, granite, trap, or hard limestone are preferred for large aggregates, but any rock
will serve which is sound, which has adequate strength and does not contain objectionable
mineral inclusions liable to decompose, such as
iron pyrites, FeS,;, which may form sulphuric
acid by oxidation (see Fig. 1).

Since the properties of any concrete are so
closely related to the properties of its compo-
nents, it is essential to an understanding of the
value of any stone as an aggregate that something
be known of the origin, nature, and properties
of the varieties in common use.

19. Materials Suitable for Coarse Aggre-
gates.—Roughly, rocks suitable for use as aggre-
gate fall into three groups. These are: (1) Gran-
ite and other igneous rocks; (2) sandstones and
other sedimentary rocks; (3) limestones and re-
lated rocks. A fourth division comprises slates
and shales, but as these weather rapidly with for-
mation of clay, they are unsuited for use in con-

crete. F1a. 1.—Iron pyrites (FeS8s) in concrete aggregatce
The physical character of a rock depends ©xidising and destroying adjacent matrix. (Magni-

. R 9 fied 40 diams.)

upon two things—its mineral constituents and

its structure. If the mineral constituents are themselves durable, but massed together in a
manner structurally weak, rapid weathering, with formation of sand through liberation of
mineral grains, is to be expected. Such a rock would make a poor concrete. On the other
hand, a dense structure with like mineral constituents would make an excellent aggregate.
A dense structure and weak mineral constituents are sometimes associated, but Nature has
generally cared for such rocks by bringing about their decomposition, so that they exist only as
sand.

20. Igneous Rocks.—Igncous rock is a general term descriptive of all rocks formed from
molten matter which has consolidated cither into mineral, or glass, or both. Among such
rocks are granite and trap rock. Many classifications of a morc-or-less satisfactory nature
have been devised; but all sorts of gradations exist between the various types, rendering their
descriptive identification difficult.

20a. Granite.—Granite is well-known by its characteristic appearance (see
Fig. 2). In structure, it is a blend of quartz (crystallized silica dioxide), orthoclase, and mica,
though this latter may be replaced by hornblende. 1t is exceedingly dense, hard, and durable,
consisting entirely of minerals with no glass or unerystallized material between its constituent
grains.

Granites possess the strength and durability desirable in an aggregate, but they are of low
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toughness. In addition, if used in concretes exposed to more than ordinary heat, asin chimney s,
there is a decided tendency to disintegrate, due to unequal mineral grain expansions. Granites
are not often used as aggregate, their ornamental value precluding less profitable use.

20b. Trap Rock or Diabase.—Trap rock (Fig. 3) and fine-grained basic and vol-
canic rocks are generally hard, of high abrasive value adhering well to cement. These rocks

!

Surface appearance. Internal structure.
(Natural size.) (Magnified 60 diams.)
F1a. 2.—Granite.

have a closely interlaced mineral structure and generally good resistance to stress. Care should
be taken not to choose a trap rock having a considerable percentage of iron present in low oxide
form, as this may absorb oxygen, forming a higher oxide, with expansion and probably rupture.

In general, trap rock (and rock of similar character, in which class are included many of the
‘‘green-stones’’) makes a very excellent aggregate although in some respects its excellence

Surface ap, nce. ¢ Internal structure.
(Natural sise.) (Magnified 60 diams.)
F1a. 3.—Trap rock.

has been exaggerated. It has, however, a very high compressive strength and, as this quality
is very desirable in concrctes, its use has become widespread. It is not always procurable
without excessive cost but, where price is not prohibitive, its use is advantageous.

21, Sedimentary Rocks.—To the sedimentary series of rocks belong all those solidified
deposits which have accumulated at the bottom of bodies of water. Originally, these materials
were derived from the land surface and transported to the sea or lakes, either by mechanical
carriage, or by solution in water. Many of the minerals contained in sedimentary rocks were
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derived directly from the decay of igneous or volcanic rocks, although additional chemical
changes supplementing this more-or-less complete decomposition of the original minerals may
have resulted in the formation of new minerals found in the sedimentary series. With passage
of time and the action of various chemical and mechanical agencies, these sedimentary deposits
solidified into the stratified rocks of one kind or another found throughout the entire surface
of the earth.
21a. Sandstone.—One of the most important of the sedimentary rocks is sand-
stone (Fig. 4). In structure, it is natural concrete, composed of finely divided mineral parti-
cles, cemented together in more-or-less close relation by iron or alumina or by calcium com-
pounds. The character of any sandstone depends, therefore, on the mineral character of its
component grains; on the size and shape of these grains; on their arrangement within the rock;
and on the nature of the material cementing them together. '
Quartz particles form by far the greatest percentage and the most desirable constituent of
sandstone. Feldspar is also frequently present, and occasionally, hornblende, chlorite, garnet,
magnetite, and calcite. In the best sandstones, the grains are arranged uniformly through the

|

Surface ap{)emnce. Internal structure.
(Natural size.) (Magnified 60 diams.)

Fia. 4,—Sandstone.

L]

mass, although frequently coarser and finer particles are arranged in layers, giving a stratified
appearance to the stone.

So far as its use in concrete is concerned, the most important feature of a sandstone is the
nature of the cementing material combining its constituent grains. Argillaceous sandstones
in which the cementing material is lime (usually lime carbonate) may be crushed with compara-
tive ease, but they disintegrate rapidly on exposure to weathering agents, such as water or air.
Such stone may be readily identified by its effervescence when treated with a drop of hydro-
chloric acid. Sandstones cemented by ozide of iron are generally red in color, the shade being a
rough indication of the amount of iron present. Many of these sandstones disintegrate very
rapidly on exposure to the weather, forming the so-called ““rotten stones’’ so often found in
gravel.

Sandstones cemented solely by clay should never be used in concrete, as the simple pene-
tration of moisture is sufficient to disintegrate them, rendering them practically valueless as
aggregate. A good accelerated test is to boil 14-in. fragments of the stone in water. Rapid
disintegration indicates a weak stone, with a tendency to weather rapidly, and unsuited for use
as aggregate.

21b. Limestone.—Limestone is carbonate of lime deposited on the floors of
bodies of water and subsequently hardened into rock. This precipitation of lime may have
been effected from the water, or through the agency of animal or vegetable life. That is to say,
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some limestones are echemical precipitates, while others are formed from the shells and other
hard parts of animals, as well as from hardened tissues of certain plants. Such plant and animal
forms fossilized are often seen in limestone fragments (see Fig. 10, page 19).

Compact limestone (Fig. 5) varies in texture from coarse to exceedingly fine. (It is prac-
tically impossible to obtain a good photograph of the surface of limestone on account of its
dark color and uniform texture.) It is only occasionally pure carbonate of lime, usually contain-
ing greater or less percentages of magnesia. Either magnesian limestone, or pure calcic lime-
stone is very well suited for use as a concrete aggregate. Any considerable percentage of clay
in limestone, however, is very undesirable, as it softens the rock and renders it very liable to
disintegration. Limestone is found in many colors. White, gray, yellow, blue, and green are
those of most frequent occurrence.

In general, limestone makes a very good coarse aggregate for concrete. When crushed to
the finer sizes, it has a flaky fracture which renders it somewhat unsuitable for use as sand unless
it is rerolled. Natural limestone sands are of infrequent occurrence, as limestone is soluble

to as high a percentage as 90%, so that the usual
weathering processes result in solution, rather than
fragmentary disintegration.

22. Metamorphic Rocks.—Rocks of either igneous
or sedimentary origin have often been subjected to
such severe treatment in the long course of geologic
history, that their ordinary character is much altered.
Crushing of the earth’s crust, the weight of overlying
material, and contact with hot molten rock from the
interior are among the causes contributing to the
change. Such rocks are classed as ‘‘metamorphic.”

There are many metamorphic rocks, the whole
group constituting a very high percentage of the sur-
face of the earth’s crust. Some of them are of value
as aggregates in concrete; while others, notably the
slates and shales, have a weak stratified structure
and weather so rapidly that their value in concrete is
almost nothing.

The above classification gives a general indica-

F1a. 5.— Internal structure of limestone. tion of those rocks which when crushed are of value

(Magnified 20 diams. as concrete aggregates. The first caution to be ob-

served in selecting them is to be sure that they do not

contain objectionable impurities in their substance; and the second important caution is to be
sure they are clean.

23. Gravel.—Gravel of good quality (Fig. 6) makes excellent concrete (see T'ech. Paper 58,
Bureau of Standards, Washington, D. C.). Gravel is nothing more nor less than natural rock,
broken away from parent ledges and worn round by the rolling of streams. Its natural proper-
ties, therefore, are identical with the rock of which it once formed a part. Provided it has not
decayed through being in relatively small masses, the properties natural to this parent rock
are to be expected of a gravel. The surface of gravel is usually very rough; and from consider-
ations of character of surface presented for adhesion of cement, it should produce as good as, and
ceven better, concrete than crushed stone. Certainly, there is no reason against its use, provided
it is clean and of good mineral quality.

It is desired to emphasize in this connection that not the least important of all the qualities
of stone or gravel is its cleanness. The percentage of concretes in which cement and aggregates
have little or no adhesion due to a coating of dirt (a coating of ‘‘matter out-of-place’’) is sur-
prisingly large; and the careless acquiescence of engineers in the use of such materials is result-
ing in a general inferiority of concrete structures. ‘ Dirt’” in such cases may be visible (as
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when the coating is clay, or of tenacious dust due to crushing) or it may be quite invisible (such
as a coating of colloidal, transparent, organic matter) requiring chemical procedure for its
detection. A coating of any character is not to be disregarded, when first-quality concretes
are desired. At best it is a detriment and oftentimes proves a serious defect, greatly weakening
the concrete.

24. Blast-furnace Slag.—Slag from blast furnaces, crushed to proper size, has much to
recommend it for mass construction. Slag is a hard though very porous material, of high
compressive strength; and in certain localities is relatively
cheap as compared to stone of good qualities. Offering
a rough, pitted surface for the adhesion of cement, it
produces a very strong concrete, but care should be taken
that its sulphur content is low, else passage of time may
bring about disintegration of the concrete. Some stecl
companies exercise great care in the preparation of slag
for aggregate, weathering it in thin layers for 2 or 3 years
before marketing, but the advisability of its use in con-
cretes exposed to dampness and especially in thin sec-
tions is yet in controversy (see Proc. Am. Soc. Test
Mat., 1913).

26. Cinders.—Furnace cinders as an aggregate are
used only in inferior grades of mass concrete, or for
fireproofing. Cinders have low structural strength, high .
porosity, and oftentimes as an added objection, high sul- vaL‘l‘: ‘:',;fi‘;l;"_"d surface ‘z‘.}"‘”& of
phur content. In more than one instance, sulphuric acid 5 diams))
resulting from sulphur decomposition in cinder concrete
floors has eaten away conduits and piping, and has even attacked reinforcing and structural
steel. Cinder concrete is of value chiefly because of its cheapness and low specific gravity;
but discrimination is required in its use.

26. Materials Suitable for Fine Aggregates.—All fine aggregates are essentially rock
fragments, crushed to varying degrees of fineness, either by the natural processes of weathering,
disintegration, or glacial action, or by man with his machines. Sand deposits are masses of
weathered rock minerals, transported, collected, and
sorted by the age-long action of streams (see Fig. 7).

From the earliest ages the formation of sand,
silt, and clay has been going on through the break-
ing down of rocks. The changes involved in these
processes are part physical and part chemical. All
changes produced at or near the surface by atmos-
pheric agents, which result in more or less complete
disintegration and decomposition, are classed under
the general term of ‘“weathering.”” The action of
physical agents alone, which results in the rock break-
ing down into smaller particles without destroying
its identity, is termed ‘disintegration” (see Fig. 8).
Fia. 7.—Concretionary sandstone weatheriog (Op the other hand, the action of chemical agents de-

' stroys the identity of many of the minerals by the
formation of new compounds, and this latter process is known as ‘“decomposition.” Silt
and clay generally result from decomposition; and, as such chemical change has altered the
character of the material (usually to its detriment so far as concrete purposes are concerned),
that is one reason, but not the only reason, against permitting their presence in concrete sand.

Since coarse sands are of a size to retain and partake of the nature and properties of the
parent rock, the structure of at least larger particles should be identical with the structures of

1 From “Engineering Geology,” by Ries and Watson.

2
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such rocks; and their strength and fitness for use in concrete may be judged with more or less
accuracy from a consideration of the structure and strength of those rocks known to be suitable
for concrete work. There are few rocks which do not contain silica in greater or lesser
quantitics.

Because of its hardness and resistance to chemical agents, quarts or silica is, therefore, the
commonest mineral in sand.  Other minerals such as feldspar, mica, etc., though originally
present, because of their lewser resistance, have been more readily decomposed by the action
of the clements; and by reason of their complete disintegration with resultant fine state of sub-

division, have been removed by wind and water.  Quartz crys-
tals, therefore, remain as the most evident survivors of the
parent rock and their survival is evidence of their desirable
qualities for conerete.
26q. Special Characteristics of Sand.—A simple
and illustrative example of a rock from which quartz sand may
be derived is sandstone. This stone is built up almost wholly
of quartz grainy, cemented together by iron oxide, calcium car-
bonate, or clay, and on the nature of the cementing material
Fio. K Khalo dopoait Tying bee depends the strength and hardness of the stone. The struc-
:x;'::l!::’\'nln.l'. Tt '.'."."".}",'..‘.':"" ture of n hard sandstone is shown in Fig. 9. In this stone the
comenting material is iron oxide.

Under certmm conditions of use n frngment. of sandstone, such as would be represented by a
lurges maned grmin, might be unfit ae n materinl for conerete. Such a condition would be repre-
sentead by mubyecting coneteto containing such sand to extreme of heat, as in a fire. Under
ke conditionn it would be expeceted that a Inege frngment of the same stone would break up, or
“upindl," ot netandly found that kome sand grains repeat in miniature the behavior of the
Inrgeer piecen of mtone,  Buch ncondition of heat is, of course, unusual and extreme, and would
not prejudiee the wse of sich snnd for most purposes,

If the cementing mntorind of 1 rundstone sand grain be ealeium earbonate, it may be dis-

wolved by nuturnl water, winee such wnters contain an ap-
precuble pereentage of enrhon dioside, or earbonic-acid gas.
Buch n sund, therefore, would he unsuited for use in a water-
storuge reservoir, or in dreninnge tile, or in aqueducts of any
kind, or in other constructions which are designed to be im-
permenble to water, Fortunately, this ealeium-carbonate
cement i wand in enny of detection by adding o drop of
murintic neid nnd noting efferveseence, or the lack of it.

Clay cement in o sandstone is quite undesirable, It
iy frequently the enso that a sand thought to be quite per-
fect for uxe in conerete, by renson of its whiteness and good
grading in size, is in reality quite dangerous.  Clay is not a
strong cement, and a sand of which the particles are built
up with this cementing material is readily crushed. This Fra. 9.—Hard sandstone. Quarts
. . . . grains cemented by iron oxide. (Nat-
is especially true in concrete, for the cluy readily absorbs  yral size.)
water and becomes a soft paste, leaving the component
sand grains loose and without contact with the Portland cement save at the outer surface of the
outside particles. This, of course, weakens the concrete seriously if all the sand is of this same
general character.

Not all sands, however, are composed of mineral grains, as are those previously mentioned.
It is not infrequently the case that the rock from which they came has been formed by the
fossilizing, or partial fossilizing, of minute prehistoric shells. A section of limestone, built up
in this way, is shown in Fig. 10. Other rocks contain like fossil materials in combination with
quartz grains and cementing material, as in fossiliferous sandstone. In many sands derived
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from such rocks the structure of the shell is so perfectly preserved that the fossils retain
their hollow structure and, further, are easily decomposed by agents which either reach them
before their incorporation in the concrete, or afterward, by dissolving out the softer portions.
The use of such a sand, therefore, is not advisable in concrete which is intended to be impervious
to water, or to possess a high strength.

26b. Crushed Stone and Screenings.—Crushed stone screenings, when free
from clay, usually make excellent sand. These screenings ordinarily give a stronger mortar
than natural sand but are likely to contain an undue amount of dust, especially when obtained
from soft stone, and should be screened and washed to get rid of the finest particles before being
used in mortar or concrete.

Crushed limestone makes a concrete of excellent early strength, provided the crushings are
rerolled, as limestone breaks with a flat, scaly fracture, giving particles that are structurally
weak and that are very hard to compact in the manner necessary to
give an impervious concrete. For work exposed to water this
point is of great importance. Furthermore, if there is porosity in
such concretes, the high solubility of the limestone fragments in
water is a further disadvantage. In such cases, percolation pro-
ceeds at an increasing rate with passage of time, due to bodily
removal of the fine aggregate by solution, leaving a honeycomb
structure behind.

26c. Sea Sand.—Sea sand is usually well suited
for use as fine aggregate for concrete, so far as structure, mineral
composition, and cleanness are concerned. It is, however, usually
of such fineness that its use is inadvisable if undiluted by coarser T

. . . . . 1a. 10.—Fossil-bearing lime-
particles. Saline deposits on the grains, when derived from pure _ stone. (Magnified 20 diams.)
sea water, should not be of a nature detrimental to concrete. It
is unwise to take such sands close to tide limits, as the newecr sands close to water, teem
with minute organic life.

26d. Standard Sand.—The standard sand used in tests of mortars is a natural
sand obtained at Ottawa, Ill., passing a screen having 20 meshes and retained on a screen having
30 meshes per lin. in., prepared and furnished by the Ottawa Silica Co. at a cost of 2 cts. per
Ib., f.0.b. cars, Ottawa, Ill. The grains of this sand are rounded and readily compacted, the
percentage of voids being about 37%.

It is to be noted that standard sand gives about the lowest value attainable with sand in
combination with cement, because of its uniform size of grain. Yet the present acceptance
tests for a commercial sand provide only that it shall in like combination with a like cement,
attain not less than 75% of the strength of the lowest value obtainable. This standard is
decidedly low and permits the use of almost any sand, even one of poor quality.

27. Requirements of Fine Aggregate as to Shape and Size of Particles.—It is exceedingly
difficult in choosing a fine aggregate for concrete work to balance all considerations. Time is a
factor of utmost importance in all construction operations. Therefore, where delays would
be entailed by the selection of one sand, the qualities of which are superior to those of another
sand that is more readily obtained, it is more than probable that considerations of superior
quality will have little weight. It is unfortunately true that regardless of all that has become
known in regard to the importance of sands, their quality will be generally disregarded in favor
of cheapness or convenience until engineers and owners demand and insist upon concretes of
proper quality and refuse payment for those not comingup tostandard. When inferior materials
at a less price are as readily marketable when incorporated in concrete as first-grade materials,
the contractor, as vendor, is not to be censured if he realizes every opportunity afforded him
to realize the largest possible profit. The buyer and his agents receive only what they demand.

Usual specifications for concrete sands permit of little discrimination on the part of the
supervising engineer, however conscientious he may be. Provision that the sand shall be “clean,
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sharp and coarse’” means nothing, as no standards are defined as comparisons and the deter-
mination is left solely to the judgment of individuals oftentimes quite incompetent and unskilled.

Sharpness as a quality requirement for sand is archaic. It has little or no definite meaning;
and rarely are two individuals agreed as to how sharpness should be determined. To some it
defines the sound given off when sand is rubbed in the hand. To others, it is measured by abra-
sive quality, determined in the same way. To others, it indicates a certain angularity judged
solely by the eye. If it were but remembered that all natural sands are water-borne and water-
worn, with inevitable rounding of grains, the fallacy of ‘‘sharpness,’” whatever its interpretation,
as a standard of quality in natural sands, would be evident.

Cleannessin sands is most important, for reasons before given. Not all dirt coatings on sand
are detectable, short of laboratory procedures; and unfortunately, much sand is judged as to
cleanliness by rubbing in a hand that itself is usually none too clean, the fitness of the sand being
judged by the deposit it leaves behind. Judging a sand in this way without supplemental
tests betokens ignorance, or carelessness, or both. Cleanness is an imperative necessity, but
it should be judged by adequate tests, not by such haphazard methods as the foregoing.

Coarseness in sands, as opposed to excessive fineness, is a desirable quality, but coarsencss
alone, without finer materials and especially when judged without standards, is no criterion
of fitness for use in concrete. As before pointed out, coarse sands have less surface area than
have fine sands, requiring less cement and being more readily coated. Such a requirement,
if properly judged, is therefore advantageous. As an insurance against excessive clay or loam,
the requirement of coarseness may also be of benefit.

What really is needed is: (1) a general and thorough understanding by engineers and
contractors alike as to the fundamental relations existing between the various materials forming
concrete (see chapter on ‘‘Proportioning’’ in Sect. 2); (2) an appreciation of the importance
of sands in the production of good concrete; (3) their selection on a basis of quality; and (4) to
make the foregoing of value, a rigid insistence upon conformity to standard by tests of each
shipment made to the job with ruthless rejections of inferior materials. A single test on a
sample which may or may not be representative of the bulk of material is of no value whatever,
unless it is supplemented by comparative tests on the materials actually delivered.

28. The Selection of Sand.—The only logical procedure in the selection of a sand for con-
crete is:

1. Determine its granulometric analysis by screening.

2. Determine its cleanness by washing, or by chemical tests.

3. Determine its actual strength value in concrete by test.

4. Check all shipments for cleanness and uniformity of grading.

29. Requirements of Coarse Aggregate as to Shape and Size of Particles.—Since stone is
one of the strongest, if not the strongest constituent of concrete, the greater the percentage of
stone (i.e., the nearer concrete actually approaches natural stone in strength and density) the
stronger is the concrete. It follows, then, other things being equal, that the larger the stone,
the stronger will be the concrete, since each piece of stone has greater mass density than would
its components unless compacted and united by Nature’s unapproachable processes.

There are, however, certain limitations as to size of stone imposed by certain classes of work.
In reinforced work, the plastic concrete must fit itself closely around the reinforcing metal, so
that 1 to 134 in. is the greatest diameter of particle that experience demonstrates is advisable
to use.

Concrete of this character obviously requires more cement than would concrete using
larger stone, since the stone surface to be coated is greater. In mass work, on the other hand,
crushed stone of 214 to 3 in. diameter may be advantageously employed, with lcss cement.
For these reasons, if for no others, richer mixtures are specified in reinforced work and leaner
mixtures in mass work. It should be borne in mind, however, that size of stone is not alone the
determining factor in this regard, but that grading of stone and size and grading of sand is of
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even more importance as influencing the quantity of cement required, with a corresponding
effect on the quality of concrete.

Plums are large stone, 5 in. or more in least diameter, thrown into plastic mass concrete,
largely with the object of using them as cheap space-fillers. Their use is also to be commended
for the reasons before given, provided that the plums themselves are of the proper quality of
stone and that they are not of such size as to cut through the concrete section. A safe rule to
follow in the use of plums is that they shall be of a maximum size such that not less than 6
in. of concrete shall intervene between them and the forms at any point. In using very large
plums, this thickness of intervening concrete should be materially increased.

The shape of particle of large aggregates is of relatively little importance. Cleanliness,
grading, and character of rock have far greater influence on the concrete than has angularity or
roundness of particle.

80. Impurities in Aggregates.—In order that cement may adhere to sand grains and to
particles of coarse aggregate, each grain or particle must bear no coating such as would prevent
either proper chemical action between cement and water, or a proper bond between cement
and aggregates.

This requirement applies to both fine and coarse aggregates, but is of relatively more impor-
tance with respect to the former, as sand in its natural state and as used in ordinary concrete
construction is more likely to contain dirt in sufficient amount and of such kind to cause appreci-
able injury than is coarse aggregate. )

Clay and silt are impurities of most frequent occurrence in sand and gravel. These mate-
rials are the result of decomposition of natural rock of various kinds and it is almost inevitable
that they should be associated with sand.

Each of these impurities causes injury to mortar or concrete not only when it exists as a
coating on the.sand or gravel particles, but is equally undesirable when it occurs in such
amounts, or 8o unequally distributed, that its extremely fine grains ‘‘ball up’’ and stick together
when wetted, 8o as to remain in lumpsin the finished mortar or concrete. If, however, the par-
ticles of these impurities are distributed so that they do not bind together on the addition of
water; and if they are not contaminated by organic matter, experiments have shown that with
sand that is not too fine, no serious harm results in lean mortars and concretes from their pres-
ence to the extent of from 10 to 15%. In fact, either clay or silt are often found beneficial as
they increase the density by filling some of the voids, thus increasing the strength and water-
tightness besides making the mortar or concrete work smoothly. In rich mortars and con-
cretes the density and consequently the strength is lowered by even slight additions of clay or
silt as the cement furnishes all the fine material that is required.

A coating of organic matler on sand grains, such as loam, appears not only to prevent the
cement from adhering but also to affect it chemically. In some cases a quantity of organic
matter so small that it cannot be detected by the eye and is only slightly disclosed by chemical
tests has prevented the mortar or concrete from reaching any appreciable strength.! Tannic
acid, colloidal sewage, manure, sugar, tobacco juice are instances of organic contamination
destructive to concrete. .

Mica in sand or stone is objectionable because of its low mechanical strength and its lami-
nated scaly structure. Even a small amount of this impurity in sand may seriously reduce the
strength of a mortar or concrete. Mica is especially injurious in sands for concrete surface
work as the scaly flakes cause the surface to dust and peel.

Furthermore, it is to be noted that water does not wet the surface of mica. Necessarily,
this precludes attachment of cement, 8o that not only is the material weak of itself, but it lies
in the mass without attachment, inviting disintegration.

Mica schist is totally unfit for use as large aggregate, both because of the foregoing reasons
and also because of its rapid decomposition on exposure to air.

1 A new process for the detection of such coatings is being developed under the auspices of Committee C-9
of the A.8.T.M,, at Lewis Institute, Chicago, Ill. by Prof. Abrams and Dr. Harder. See footnote on p. 29.
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Mica above 1% in concrete sands is very objectionable.

Iron pyrites or fool's gold—a bright, yellow substance with metallic luster—is chemically
iron sulphide (Fe,8). This is a very common impurity in stone; and its undesirability lies in its
ready oxidation in the presence of water with formation of sulphuric acid (H:SO,), which latter
readily attacks the cement of concrete with disastrous consequences (see Fig. 1, page 13).

In large fragments of stone, as in coarse aggregate, the presence of a small amount of this
substance is not objectionable, but when fine aggregates are made from this same rock, the py-
rites previously isolated are exposed, with resultant increase in quantity and rate of oxidation
and with corresponding formation of acid.

Some sand deposits also contain unoxidized iron sulphide, though such deposits are an
exception.

Finely powdered dust present in crushed stone screenings causes approximately the same
effect upon the strength of mortar or concrete as does the presence of silt or clay in like quanti-
ties. It is essential for the best work that this dust be removed by screening and washing,
in the same manner that silt is removed from sand and gravel, though it may later be used
advantageously in known quantities by recombination.

81. Size and Gradation of Aggregate Particles.—The weakest and most changeable element
in any cement (plus water)-sand-stone combination is the cement matrix in which the aggre-
gates are embedded. The strongest and least changeable elements are the sand and stone.
It follows, therefore, that strong, enduring concrete should contain as large a percentage as
possible of aggregates consistent with proper embedment and cohesion, together with requisite
plasticity to permit ready placing in forms. This conclusion also is true from an economic
point of view, since sand and stone are much cheaper, bulk for bulk, than cement.

Further, tests of concrete show that, with the same percentage of cement to a unit volume
of concrete, that mixture which gives the smallest volume and has, therefore, the greatest den-
sity,! usually produces the strongest and most impermeable concrete. This rule, it should be
said, does not strictly apply to water-tightness, as permeability is influenced by size of voids
as well as density.

81a. Grading of Mixtures.—Other things being equal, the best aggregates, fine
and coarse, for use in concrete are those which are so graded in sizes of particles that the per-
centage of voids, or hollow spaces, in the resulting concrete is reduced to a minimum. The same
law applies also to mortar mixtures, so that if concrete is considered as a quantity of relatively
large stone set in a pudding, or bedding of mortar, the best sand as to size is one which, if mixed
with the given cement in the required proportions to standard consistency, will produce the
smallest volume of mortar; and the best concrete will be one in which the particles of stone are
8o graded as to permit in a given volume a maximum quantity of stone being bedded in such
a mortar.?

81b. Grading, Density, and Strength.—It has been found that the densest mix-
ture occurs with particles of graded sizes; and also that the least densily occurs when the grains
are all of the same size. Coarse sands, or fine sands alone are thus inferior to graded sands for
concrete, but of the two extremes the coarse sand is preferable because its particles are more
readily coated with cement particles. Further, a coarse sand has a less total grain surface in
a unit volume than a fine sand, even when the sands considered contain the same proportion
of solid matter and voids. Less total grain surface means less cement and less water required
to coat the grains. Furthermore, these interactions are cumulative, for the additional amount
of cement and water required in the case of fine sand reduces the density of the resulting mortar
and likewise its strength as well as increasing its cost.

81c. Money Value of Grading.—One reason is here evident, both from an
engineering as well as from a purely dollars-and-cents standpoint, that care and attention be

! The density of a mortar or concrete as here referred toia the ratio of the volume of the aolid particles to
the total volume.
1 For the use of 6 to 8-in. aggregate, see Eng. Rec., May 1, 1915.
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given to the grading of sands for concrete. If it were possible to compute the total saving in
the annual concrete production of the United States, both direct (by lessened quantity of cement
required) or indirect (by increased durability and usefulness and prevention of disintegration)
that would result from the use of proper sands, the amount would be almost beyond imagina-
tion. It is probable that from this neglect alone not less than 20% of the total annual expendi-
ture for concrete is unnecessary waste. It has been proven in England that on a strict 1:2:4
basis, using different aggregates, the cement required for a quantity of concrete varied from
100 to 130 bags—a difference of 309, in direct cement cost, without counting the variation in
quality of the several concretes, with like variation in their durability and value. At the pres-
ent time, a comfortable ignorance is general among engineers and contractors alike on these
important matters, but in the not distant future, an awakened intelligence on the part of all
will demand reform.

82. Mechanical Analysis of Aggregates.—The value of an aggregate, sand or stone, with
reference to its size may be determined by means of a sieve analysis. This analysis consists of
sifting the material as supplied through several different sieves, and then plotting upon a dia-
gram the percentage by weight which is passed (or retained) by each sieve—abscisse (hori-
zontal) representing size of grain and ordinates (vertical) representing percentage of any size
passing each sieve.! Such a sieve analysis may appear of little use as regards the making and
placing of 100,000 yd. of concrete, but experiment has developed definite laws establishing the
relation of percentages and sizes of particles to maximum density and strength of concrete so
that such a sieve analysis may be directly translated into terms of commercial and engineering
economy.

A typical analysis of three natural sands—a fine, a medium, and a coarse sand is given
in Fig. 11.* Uniform grading is indicated by an approach to a straight line and the variation
from the grading found to give best results in practice is observed without difficulty.

A mechanical or sieve analysis is also useful in studying the size of the particles of the coarse
aggregate.? Fig. 12 illustrates the analysis of a bank gravel and a crushed stone as it came from
the crusher, without screening.

The following mechanical test for sand has been used in the laboratory of the Board of
Water Supply of the City of New York:

Samples of the material proposed for use in mortar or concrete shall be prepared for testing by passing them
through a No. 4 sieve. Of the material passing this sieve not more than 95 % shall pass a No. 8 sieve, not more than
40 a No. 50 sieve, and not more than 15% a No. 100 sieve.

\ It is greatly to be regretted that there is no standard in the United States in matters of this kind. Such va-
riations make for confusion and waste. A proposed standard, which has much to recommend it, varies successive
screen openings by a constant ratio of /2. The following sizes of sieves are desirable for analysing sand, although
a very useful analysis may be made with fewer sizes:

Commercial No. 5 ! 8 10 16 20 30 40 60 100 200

Appronl:nnte sise of hole | 0.165 | 0.096 | 0.073 i0.042 0.034 | 0.020 | 0.015 | 0.009 | 0.0055 | 0.0026
in inches.

—

1 Sieves are given commercial numbers, which agree approximately with the number of meshes to the linear
inch. The actusl sise of hole, however, varies with the gage of wire used by different manufacturers and every
set of si hould be sep ly calibrated. The screen with }4-in. openings is generally used for separating out
large material from sand. The No. 4 sieve with four meshes per linear inch is practically its equivalent.

* A new portable instrument for making mechanical analysis of sands quickly in the field is now manufactured
by Koleach & Co., of New York (see Eng. Rec., June 26, 1915: also Fig. 2, Eect. 2, p. 60).

3 For coarse aggregate analysis, the following sizes of sheet brass sieves with round holes are desirsble; 3 in.,
233 in., 2in., 134 in., 134 in., 1 in., 3§ in., 34 in. and 34 in. As is also the case with s like analysis of sand, a
straight line on s mechanical-analysis diagram indicates a uniform grading.
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iR

Material in which the percentage passing any one sieve or two sievep ds the sy d per age may be
used, provided there is a different percentage passing the other sieves or sieve under the limiting percentage equal
to at least twice the excess.

The sieves for testing shall be defined as follows:

No. 8 mesh holes, 0.0955 in. wide, No. 23 wire.
No. 50 mesh holes, 0.110 in. wide, No. 35 wire.
No. 100 mesh holes, 0.0055 in. wide, No. 40 wire.

In the standard specifications for concrete pavement adopted by the American Concrete
Institute, the fine aggregate is required to pass, when dry, a screen having 14-in. epenings.
Not more than 209 is allowed to pass a sieve having 50 meshes per linear inch, and not more

g

* 8 3

Percentage passing seve

>

0O  unw O e
Diameter of Porticle i inches
F16. 11.—Typical mechanical analyses of fine, medium, and coarse sands.

than 6% is allowed to pass a sieve having 100 meshes per linear inch. The coarse aggregate
is specified as such as will pass a 1}4-in. round opening and will be retained on a screen having
)4-in. openings. 1t is also required that natural mixed aggregate shall not be used as it comes
from deposits, but shall be screened and used as specified.

The Joiat Committee recommends that not
more than 309 of sand by weight should pass a
sieve having 50 meshes per linear inch.

According to heretofore accepted theory, sand
for mortar or concrete should have its grains
uniformly graded. Recent tests,! however, by
Prof. McNeilly at Vanderbilt University seem to
indicate that there should be a jump in the grading
from the sieve No. 40 size particles to the sieve
No. 10 size particles. The following conclusions
6:m h‘;'wof P;'; cle };{ inches ' were derived from these tests:

Fra. 12.—Typical mechanical analyses of bank The best sising of grains in a commercially-sieved aggre-
gravel and crushed stone. gate is about as follows: 63 % to be caught between the No. 4
and No. 10 sieves; 47 % fines to be passed by the No. 40 sieve

(this includes the cement).

There is reason to believe that the coarse aggregate in concrete could be beneficially sised on a basis similar
to the above; that is to say, there should be a jump in size from coarse to quite fine instead of the usually accepted
graded material.

For the method of proportioning by mechanical analysis, as developed by Wm. B. Fuller
and by the U. 8. Bureau of Standards, see page 68.

1 See Eng. Rec., Nov. 27, 1915. (Conclusions derived from these tests have not as yet received general
acceptance.)
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83. Tests for Specific Gravity of Agpregates.—1he specific gravity of a substance is the
ratio of the weight of an abeoluately solid unit volume of the substance to the weight of & unit
volume of water. This ratio for aggregates may be determined as follows:

1. By pouring a given weight of mnd into 3 given volume of water and finding the incress
in volume of the liquid. (Enough material should be used to give suficient aceuraey.)

2. By suspending pieces of coarse aggregaie by a thread from chemical sesles and noting
weight in air and weight when hanging in water. (The difference in weight is the weight of
the water which the aggregate displaces )

Finding specific gravity of particles of sand and stone is preliminary to one method of
determining the percentage of voids. The specific gravity of ssnd is practically s constant,
with a value of 2.65. The specific gravity of gravel is also quite uniform, the sversge being
2.66. Average values for stone varies with the kind and the loeality, ranging from 2.4 (sand-
stone) to 2.9 (trap). Cinders have an average spectfic gravity of 1.5,

Before determining specific gravity, sand or fine stone should be dried in an oven at &
temperature as high as 212°F. until there is no further loes of weight. If the etone is of &
porous nature, it should be moistened sufficiently to fill its pores, and then the moisture on the
surface should be removed by means of blotting paper. Buch a procedure, of course, does not
determine absolute specific gravity but gives a result that should be used in determining the
percentage of voids for proportioning conerete mixtures.

34. Voids in Aggregates.

84a. Percentage of Voids.—The percentage of voids in dry sand ranges from
289, for 8 coarse, well-graded natural sand to 40 to 45% for & very uniform natural or screened
sand. The range for coarse aggregates is from 25 to 55%.

‘The percentage of voids in aggregates may be determined by two methods:

1. By determining the specific gravity of the solid particles and then weighing s given
volume of the aggregate and computing therefrom the percentage of voids. (Pores in porous
stone should be filled with water. BSee Art. 33.)

Let 8 = specific gravity, W = weight per cubic foot of the dry aggregate, and P = per-
centage of voids. Then, since water weighs 62.5 1b. per cu. ft.,

w
P =100 (l - —62.58)

2. By finding the amount of water required to fill the voids in a given volume of aggregate.

Let V = volume of water required to fill the voids and T = total volume, or given volume
of the aggregate. Then v
T

With sand or fine broken stone the percentage of voids by this method should be obtained
by dropping the aggregate into a vessel containing water. If K = volume displaced by the
aggregate and T = given volume of the aggregate, then

T-K
P =— 7 -
Pouring water into fine aggregate does not give reliable results because it is phygically impossible
to drive out all the air.

The percentage of voids is considerably affected by the degree of compactness of the
aggregate. Moderate shaking of coarse aggregate, for example, will reduce the volume of
voids by as much as 109%. Loose measurement is usually considered preferable for the coarse
aggregate since sand and cement separate the stones to a considerable extent in the concrete
as placed. Voids in sand are usually determined with reference to the dry material well shaken.

84b. General Laws.—1. A mass of spheres of any uniform size if carefully
piled in the most compact manner would have 26% voids. If the same mass of spheres were

P =
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poured into a receptacle and the spheres allowed to arrange themselves, it has been found by
experiment that 44% would be the smallest percentage of voids which could be obtained under
the best conditions.

2. A material having particles all of & uniform size and shape contains practically the same
percentage of voids as a material having particles of a corresponding similar shape but of a
different uniform size.

3. In any material the largest percentage of voids occurs with particles all of the same size
and the smallest percentage occurs with particles of such different sizes that the voids of each
size are filled with the largest particles which will enter them. Thus, an aggregate consisting
of a mixture of stones and sand has a less percentage of voids than sand alone.

4. Materials with round particles contain less voids than materials with angular particles
screened to the same size

. 84c. Effect of Moisture on Voids in Sand and Screenings.—The percentage
of voids in sand is greatly affected by moisture. The reason for this lies in the fact that when
water surrounds a particle of sand it occupies space and separates this particle from grains
adjacent to it. Since fine sand has a larger number of grains per unit volume, it is more
affected than is coarse sand. 1f either loose or tamped sand is mixed with a small percentage
of water and kept either loose or thoroughly tamped, it will be found to increase considerably
in volume and weigh less per cubic foot. A maximum volume will be obtained with the addition
of from 5 to 8%, of water by weight. Greater percentages will give a less increase of volume
until finally when the sand is thoroughly saturated it will have a volume slightly less than the
original. A sand that has, say, 35% voids, may contain from 27 to 44% of voids depending
upon the degree of compactness and the percentage of water. Natural sand as it ordinarily
comes from the bank contains from 2 to 4% of moisture by weight.

84d. Percentage of Voids Determined by Weight.—The specific gravity of
gravel particles and of sand grains is usually nearly constant, varying between 2.6 and 2.7.

PERCENTAGES OF VoIDS IN SAND AND GRAVEL CORRESPONDING TO DIFFERENT WEIGHTS
PER Cusic Foor

(Based on an Average Specific Gravity of 2.85)

Weight per cubic foot of sand or gravel
Percentages of | __
moisture by weight
75 | 80 | 85 I 90 | 95 100 105 110 115 , 120 l 125
0 54.7 | 51.7 |48.7 | 45.7 | 42.7 | 39.6 | 36.6 | 33.6 (30.6 [ 27.5 | 24.5
1 55.2 |52.2 (49.2 | 46.2 | 43.2 | 40.2 |37.3 [ 34.2 {31.2 (28.2125.3
2 55.6 | 52.7 [49.8 | 46.7 [43.8 | 40.8 ({37.9 (34.8 ({31.9/28.9 | 26.0
3 56.1 |53.1 [50.3 |47.3 |44.4 | 41.4 (38.5[35.5|32.6 .7126.7
4 58.5 53.6 |50.8 |47.8 145.0 {42.0 (38.1 /36.2 133.3|30.4|27.5
5 57.0 [54.1 |51.3 48.4(45.5|42.6|39.8136.934.0|31.2[28.3
6 1 57.5|54.6 | 51.8 |48.9 |46.0 |43.2 ,40.4 {37.5{34.7 |31.7 |29.0
7 57.9 | 55.1 (52.3 ([49.5 46.6 |43.8 /41.0 |38.2 |35.4(32.6 (29.8
8 58.3 | 55.5 152.8 |1 50.0 [47.2 | 44.5|41.6 | 38.9 |36.1|33.3 {30.6
9 £8.8 |56.0 |53.3 [ 50.6 47.8 (45.0 {42.3 | 39.5 {36.8 |34.0 |31.3
10 59.2 [ 566.5 5391511|{?.4 45.6 | 42.9 | 40.2 | 37.5 7132.1
|
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On account of this fact the percentage of voids in sand and gravel may be considered to vary
inversely as the weight per cubic foot of dry material. Knowing the weight per cubic foot and
assuming a specific gravity of 2.65, the percentage of voids in dry sand and gravel may be
readily found as explained under Method (1) in Art. 34a. The percentage of voids in moist
sand or gravel may be determined in the same manner as for the dry aggregate except that the
weight per cubic foot of the moist material should be considered as decreased by the weight of
moisture which the sand or gravel contains. The foregoing table gives percentages of
voids for sands and gravels of different weights per cubic foot and with different percentages
of moisture by weight. The table may be used for any aggregate with a specific gravity of
approximately 2.65.

86. Tests of Aggregates.'—Tests of an aggregate for use in mortar or concrete may be
divided into two general classes:

1. Tests to determine the general suitability of the aggregate.

2. Tests to determine those characteristics of the aggregate which have an influence on
its general suitability.

Tests of the first class comprise those for determining the quality of the mortar or concrete
that can be made from the given aggregate. These tests may be called Tests for Acceptance.
Tests of the second class include those which may be made to determine the cause of any
failure of an aggregate to pass the tests of the first class. These tests of the second class, which
may be called Tests for Quality, are useful not only to discover the cause of failure of an aggregate
to pass the tests for acceptance, but may be employed to determine the methods of improving
a given aggregate and of comparing different aggregates as to special characteristics.

No standards for acceptance tests of concrete aggregates have been established by the
American Society for Testing Materials, although the need of such standards is now fully
realized and will soon be satisfied. The most advanced practice in this direction is probably
that represented by the procedure of the Materials Testing Division of the New York Public
Service Commission whose methods have been given wide publicity. The standards quoted
in abridged form below are derived from this source (Eng. Rec., Jan. 8, 1916 and Eng. News,
Feh. 4, 1915).

Pine Aggregotes.—Complete tests of a fine aggregate comprise:

. Determination of % retained on No. 4 square-hole sieve.
Mechanical analysis of portion passing No. 4 square-hole sieve.
Determination of silt by washing on No. 100 sieve.

Determination of silt by decantation.

Compressive tests of 2-in. cubes.

Microscopical examination.

Weight per cubic foot.

Voids.

. Specific gravity.

10. Reaction to litmus.

11. Quantitative test for organic matter as indicated by loss on ignition.?
12. Density in mortar.

13. Determination of insoluble silica.

It is seldom necessary to make more than the first six of the above tests and frequently only one or two of them

PONSOR DN~

are necessary.
1. The entire sample is screened on a No. 4 square-hole sieve and the % retained is computed upon the basis of
the original weight of the le. No correction is made for moisture contained.

(A No. 4 sieve has clear openings of 0.20 in., while the }4-in. sieve recommended by the Joint Committee of
the National Engineering Societies has 0.25-in. clear openings made by drilling round holes in a plate. The differ-
ence in results obtained with the two sieves is negligible and either is satisfactory.)

1 See also the following articles on sand testing:

Crorp M. CaarmaN and NaTrAX C. Jornson: ** The Economic Side of Sand Testing,’” Eng. Rec., June 12, 19
and 26, 1915.

CroYp M. Crarmax: ** The Testing of Sand for Use in Conarete,’’ Eng. News, Feb. 5, 1014, and Mar. 12, 1914.

Rarrr E. GoopwiN: *‘Standard Practice Instructions for Concrete Testing,” Eng. News, Feb. 4 and 11, 1915,

t A new colorimetric test is being developed. See footnote on p. 29.
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2. The mechanical analysis of the portion of the sample which has passed the No. 4 sieve is made by use of
gieves Nos. 8, 16, 30, 50, and 100. About 150 grams of this material is separated by the method of quartering, and
110 grams of this is weighed and dried beneath a gas burner. One hundred grams of the dry material is placed on
the No. 8 sieve, the other sieves being nested below the No. 8 in the order of increasing fineness, and the entire nest of
sieves is mechanically agitated. With the agitator used, the amount of sieving is standardised by always turning
the hand crank 200 revolutions. At the end of the operation the material retained on each sieve, and that which
has passed the No. 100 sieve, is weighed. The % of the whole sample which passes each sieve is now computed,
and the mechanical analysis curve is plotted (see Art. 32).

3. Bilt by washing on the No. 100 sieve is determined for a sample obtained by quartering which weighs about
220 grams in its natural moist condition. The sample is dried slowly at temperatures not greatly above ordinary
room temperature to avoid baking any clay or similar matter. Two hundred grams of the dry sample is now weighed
on the No. 100 sieve, sosked in water for a few moments to soften any lumps, washed under a gentle stream of water,
dried under a gas burner, and reweighed. The % of silt is the loss in weight multiplied by 100 and divided by 200.

(The washing test obtains the true silt value because it removes clay which adheres to the grains as a coating
which is not separated by sieving in a dry state.)

4. Determination of silt by decantation is a test for field use only. About 20 c.c. quartered from a carefully

lected le is placed in a 100-c.c. graduated glass cylinder with about 30 c.c. of lukewarm water. The mixture
is stirred with a wire for 30 sec., allowed to settle for 30 sec., and the water decanted into a second 100-c.c. cylinder.
The sand left in the first cylinder is stirred up with a fresh portion of water and the process repeated. This is done
4 times. After 1 hr. the volume of silt in cylinder No. 2 and the volume of cleap sand in cylinder No. 1 is noted
and recorded. The % of silt is 100 Itiplied by the ber of cubic centimeters of silt in cylinder No. 2 and
divided by the sum of the volumes of silt in cylinder No. 2 and clean sand in cylinder No. 1.

(The method of decantation is better than the method of allowing the silt to settle on top of the sand in one
cylinder but is not as satisfactory as the method of washing.)

5. Compressive tests of 2-in. cubes are made by the methods recommended by the Committee on Uniform
Tests of Cement, of the American Society of Civil Engineers (Trans. Am. 8oc. C. E,, vol. 75, p. 665). Fine aggre-
gate must not be dried, but the natural moisture is determined on a separato sample, and is counted as a part of the
water used for mixing, not as a part of the weight of sand. Proportions are 1 : 3 by weight. The consistency em-
ployed is 60 % more water than that required to make standard Ottawa sand mortar of “normal consistency.”
Ottawa sand specimens of the same consistency are made with each set of speci from cial sand. Tests
are made at ages of 3, 7, and 28 days. Specimens whose weights vary more than 3% from the average are rejected.
Cubes are stored in water up to time of crushing. A spherical bearing block and two thicknesses of blotting paper
above and below are used in testing. Since the wet consistency used lowem the strength at early periods, the results
are permitted to fall below those for Ottawa sand speci of standard istency by the following amounts or
less: at 3 days—10%; at 7 days—5%%: at 28 days—1%.

(The wet i 'y u used b it more nearly represents working conditions and because some sands fail
in wet istencies alth tisfactory in ‘' normal istency.”” No tensile tests are required because “it is
thought that compressive tests more nearly represent the conditions of the work and that modern practice is tendi
toward compressive tests.')

6. Microscopical examination is made for the purpose of detecting the presence of a crust or film ol organic
matter on the grains which cannot be detected by other means.

7. Weight per cubic foot is determined by using an 8 by 16-in. cylindrical concrete mold and a second cylinder
of ller di ter but high ugh to have a cubic capacity slightly greater than that of the 8 by 16-in. cylinder.
The smaller cylinder is placed within the larger one and filled with fine aggregate. It is now drawn out allowing
the aggregate to flow out at the bottom into the larger oylinder. The material is now struck off level with the top of
the e and weighed. After weighing, the material is dried and again placed in the larger cylinder by use of
the smaller cylinder as before. The weight of the material dry is then determined, the volume being found by
measuring down from the top of the cylinder.

8. Voids are determined by using the sample whose apparent volume and dry weight have been determined in
test No. 6. It only remains to determine the absolut | of solid matter. This can be compuud from t.he
weight, assuming the specific gravity 2.85, or it can be found by placing the entire leina
water and weighing the whole, emptying out the aggregate, and reweighing the receptacle filled with water to the
previous level. The diff in weighi i the weight of dry aggregate is the weight of 8 volume of water
equal to the absolute volume of the aggregate. This divided by the weight of water is the absolute volume of
aggregate. A hook gage clamped to the water receptacle is used to determine water levels accurately. Finally,
the % of voids in aggregate

100 (Apparent vol — Absolute vol )
Apparent volume

9. Specific gravity is determined by slowly and carefully introducing the aggregate into a specific gravity
flask or a graduated glass cylinder containing water and noting the volume of water displaced by a known weight
of material. The specific gravity of the aggregate

Weight of aggregate in grams
Displaced volume in cubic centimeters
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10. The reaction to li d trates the pr of injurious alkalies.
11. Organic matter as indicated by the ignition loss is determined as follows:!
Two 25-gram samples are weighed from a 75-gram )| taining natural moisture which has been pre-

viously selected by the method of quartering. These are placed in beakers *“ A’ and *“ B"" and each is covered with
60 c.c. of water at 100°F. The sand and water in heaker ** A" is stirred briskly with a glass rod, allowed 30 sec.
to settle, and a part of the water decanted onto a previously dried and weighed filter paper. The remaining portion
is again stirred, allowed to settle and a further quantity of water decanted. The procees is repeated until all the
water has been filtered. An additional 30 c.c. of water at 100°F. is added to the sand in the beaker and the process
is repeated again. The filtrate is allowed to drain, and the washed sand is dried under a gas burner. The same
procedure is followed with beaker **B,"” using a second filter paper. The filter papers with filtrate on them are now
dried in an oven at 100°C. to tant weight (a temperature of 100°C. must not be exceeded) and weighed. The
excess in weight over the dry weight of the filter papers is the weight of silt. The filter papers are now folded care-
fully and igunited thoroughly in a plati crucible. The residue is weighed, and the dry washed sand is also
weighed. Finally, % loss on ignition

100 (Weight of silt — Weight of crucible ash)
Weight of silt + Weight of dry washed sand

(This test is seld b more direct results are obtained by tests of 2-in. cubes.)

12. Density is determined by weighing the relative amounts of cement, sand, and water, according to the
proportions used, mixing, placing mix in a graduated cylinder and noting the final volume of the set mortar. The
net weight of this mortar is also determined and compared with the sum of the individual weights of cement, sand,
and water in the mix. The weight of material left adhering to mixing slab and tools is thus ascertained. This
loss is apportioned between the oement, sand, and water according to the relative weights of each as originally
combined, and the corrected amount by weight of each constituent in the set mortar is thus computed. The
corrected weights of cement and aggregate in the set mortar are now ltiplied by their respective specific gravi-
ties to obtain absol vol and the sum of these abeolute volumes divided by the total volume of set mortar
is the density, or solidity ratio.

13. The determination of insoluble silica is seldom called for but when required calls for the services of an
experienced analytical chemist.

Coarse Aggregates.—Complete tests of a coarse aggregate comprise:

1. Mechanical analysis. 4. Voids.
2. Cleanliness. 5. Bpecific gravity.
3. Weight per cubic foot. 6. Crushing strength of stone.

It is usually necessary to make only the first two of the above tests.

1. Mechanical analysis of coarse aggregate is made by mechanically agitating a nest of six sieves, the clear
openings in the wire meshes of which are 2in., 1% in., 1in,, 3{ in., 4 in., and M in. respectively. A 25-1b. sample
obtained by quartering a larger sample is used. The material rotained on each eieve after 100 bumps of the
rocker apparatus is weighed, and the per each sieve is computed.

2. Cleanliness is judged by inspection only.

3. Weight per cubic foot is determined by pouring the material slowly into an 8 by 16-in. oylinder mold from
a height of 2 ft. above the bottom, striking off the top and weighing. If the material is very wet it is previously
dried sufficiently to remove surplus water, but not enough to dry out the pores.

4. Voids are determined by the method used for fine aggregate.

5. Specific gravity is determined by weighing a number of representative particles of the stone after thorough
drying to remove all moisture in the pores, allowing the material to cool, filling the pores by boiling in water and

1 A colorimetric test for organic impurities in sands is being developed under the auspices of committee C-9
of the A.5.T.M. B8odium hydroxide (NaOH) is added to a sample of sand at ordinary temperature and the depth
of color resulting has been found to furnish a measure of the effect of the impurities on the strength of mortars
made from suchsands. 8ee Circular No. 1 of Structural Materials Research Laboratory, Lewis Institute, Chicago.

The method for field tests is described in the circular as follows:

*Fill a 12-0s. graduated prescription bottle to the 4}4-0s. mark with the sand to be tested. Add a 3% solu-
tion of sodium hydroxide until the volume of the sand and solution, after shaking, amounts to 7 os. Shake thor-
oughly and let stand over night. Observe the color of the clear supernatant liquid.

**In approximate field tests it is not y to make ison with color standards. If the clear super-
natant liquid is colorless, or has a light yellow color, the sand may be considered satiafactory in so far as organio
impurities are concerned. On the other hand, if a dark-colored solution, ranging from dark reds to black is obtained
the sand should be rejected or used only after it has been sukjected to the usual mortar strength tests.

' Field teats made in this way are not expected to give quantitative results, but will be found useful in:

1. Prospecting for sand Li

2. Checking the quality of sand received on the job.

3. Preliminary eumimtion of sands in the laboratory.

** An approximat !} tric determination of the silt in sand can be made by ing or estimating the
thickness of the layer of ﬁne material which settles on top of the sand. The % of silt by volume has been found to
vary from 1 to 2 times the % by weight."”




30 CONCRETE ENGINEERS’ HANDBOOK © [Sec. 1-36

allowing the material to stand in the water until cool, removing the surface water with a towel, weighing, placing
particles in a 300-0.c. graduate, pouring in a sufficient measured volume of water to cover the stone, noting the com-
hined volume of water and stone, computing the volume of atone alone, and computing the specific gravity by divid-
ing the original dry weight of the stone in grams by the displaced volume in cubic centimeters. Data are also
afforded by this test for determining the % of absorption of the stone based on dry weight.

6. Crushing strength of the stone has never been used as an acceptance test of aggregate.

86. Notes on the Selection and Testing of Aggregates.—Sand and stone for important or special
work should be tested in some well-equipped laboratory and, of course, the tests should be made
before the aggregates are purchased or the concrele mized. The tests should be upon representative
samples, and malerials should be checked for uniformily as delivered. In sampling natural sands
and gravels the grealest care must be used.

Sand should also be regularly lesied as construction work progresses. Often a sand that s
Jound entirely suitable at the start will be found entirely different in later deliveries. Proportions
of materials should change whenever the mechanical analysis shows a decided change in the grada-
tion of the sand grains.

Mechanical analyses of sands, or volumetric tests of mortars or concretes made from the given
sands, somelimes show that a stronger moriar or concrele may be oblained by mizing two sizes of
gands from different portions of the same bank, making the single requirement that a definite per-
cendage is lo be retatned on a certain sieve. Mechanical analyses and volumetric tests are also
useful sn studying two or more sands lo delermine the one most susled for the gicen work. Fre-
quenily a properly proportioned mizture of sand and crushed stone screenings will produce a belter
sand for mortar or concrele than either one used separalely.

For the best results, sand for concrele requires more fine material than sand for mortar.

For maximum waler-tightness a morlar or concrele may require a slightly larger proportion of
fine grasins in the sand than for mazimum densily or sirength. Grasel tends to produce a more water-
tight concrete than broken stone. N

A high unit weight of material and a correspondingly low perceniage of voids are indications of
coarseness and good grading of particles. However, the impossibility of establishing uniformity
of weight and measurement due lo different percenlages of moisture and different methods of
handling make these resulls merely general guides thal seldom can be taken as posilive indications
of true relative values. This is especially true of the fine aggregales in which percenlages of voids
sncrease and weights decrease with the addition of moisture up to 5 to 8%.

Aggregates that contain harmful impurities may sometimes be made satisfactory for concrele
work by washing.

Some sands which conlain impurilies have been found to prevent hardening with one brand of
cement and to give salisfaclory resulls with another brand.

A chemsical analysis of aggregates is desirable ¢n many cases, and a microscopical ezaminalion
will often prove of value.

Cement adheres more readily to sand grains with rough, unpolished surfaces.

Usually an artificial sand or crushed stone will safely contain a grealer percenlage of fine
material than natural sand.

87. Specifications for Aggregates.—The specifications adopted by the Public Service
Commission for quality of concrete aggregates used in New York City subway construction
are noted below (Eng. News, Feb. 11, 1916; Eng. Rec., Jan. 8, 1916).

Fine aggregates shall conform to the following requirements:

Mechanical Grading.—
" s . Limit of fineness (% Limit of coarseness (%
Sise of opening square | Commercial number in {
g). Not more passing). Not less
holes (incgel) of sieve paseine sy pase iy
0.200 4 100 95
0.100 8 [:1] 85
0.042 16 75 40
0.021 30 50 20
0.011 50 30 2
0.006 100 ]
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Silt.~—~Not over 6% by dry weight shall pass a No. 100 sieve when screened dry. Not over 10%, dry weight,

shall pass a No. 100 sieve when washed on the sieve with a stream of water.

Both of the above tests ahall be made, and neither limit shall be exceeded.

The following test is for field use only:

Not over 10% by volume shall be silt when the test is made by decanting from test tubes (method described
in Art. 35).

Strength in Mortar.—Fine aggregate shall be of such quality that mortar composed of 1 part Portland cement
and 3 parts fine aggregate by weight will show a tensile and compreesive strength at least equal to the strength of
1 : 3 mortar of the same consistency made with the same cement and standard Ottawa sand. Fine aggregate shall
not be dried before being made into mortar, but shall contain natural moisture.

Organic Matter.\—Loss on ignition shall not exceed 0.1 % of the total dry sand by weight, nor 10% of the silt
obtained by decantation.

Coarse aggregats for concrete shall conform to the following requirements:

Mechanical Grading—
Size of ogenin( Limit of fineness (% | Limit of coarseness
aquare holes passing). Not more | (% passing). Not
(inches) may pass less must pass
2 N 100
134 100 25
1 80 40
3 60 25
14 40 10
i 5 ..

Cleanliness.—All broken stone aggregate must be so free from dust that samples caught as the material falls
from the conveyor belt at the plant will be within the limit of ineness. All gravel must be thoroughly washed at the
plant. -

WATER

38. General Requirements.—The water used in mixing mortar or concrete should be free
from oil, acids, alkalies, or vegetable matter, and should be of a quality fit for drinking purposes.
The presence of oils is easily detected by the well-known iridescent surface film. Vegetable
matter can sometimes be detected by observing floating particles, or by turbidity. Chemieal
determinations are better and more certain.

89. Examination of Water.—Tests of water for acidity or alkalinity may be made by means
of litmus paper, procured at any chemist’s. If blue litmus remains blue on immersing in the
water, then the property is either neutral or alkaline; if the color changes to red, then the prop-
erty is acidic. If there is a dangerous amount of acid present, the change in color will be very
rapid. Likewise, if red litmus changes very quickly to blue, the water will be found to contain
a dangerous amount of strong alkali. If the change of color is slow and faint in either test,
the indication may be disregarded. A solution of phenol-phthalein is a delicate test for
alkalinity.

Whenever a water does not appear satisfactory, its effect upon the strength and setting
qualities of a cement should be determined by direct test on mixtures.

40. Functions of Water.—The functions of water in concrete are:

1. Water reacts with cement to form a binding material which unites otherwise non-
cohering sand and stone.

2. Water operates to flux both dissolved and undissolved cementing substances over the
surfaces of sand grains and stone particles (or pieces of gravel), rendering possible extensive
and close adhesion by carrying these substances into the minute and multitudinous surface
irregularities of the particles, where they are absorbed as water is later absorbed or evaporated.

3. Water acts as a lubricant between sand particles and stone particles so that placement
of harsh and irregular materials in molds and forms is rendered easy.

1 For colorimetric test see f te on p. 29.
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4. Water itself occupies space in the mass.

41. Influence of Quantity of Water on Strength of Concrete.—The first function of water
cited in the preceding article is basic and essential to the manufacture of concrete. If there
is insufficient water, obviously its reaction with cement will prematurely cease; and if there is
too much water, it is equally obvious that the cementing products may be too dilute to develop
proper strength since cement depends for its early strength and for a considerable part of its
later strength upon the hardening of amorphous or glue-like substances. Undue dilution of
these substances is readily possible, but it is accompanied by impairment of strength, just as
glue may be a valuable adhesive when of proper consistency, while the same glue, if too dilute,
may be uselessfor like purposes although later evaporation may gradually restore its cementitious
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F1a. 13.—Time-strength curves for concretes mixed with different percentages of water.

value. Cement depends further for its strength upon interlacing crystals; and crystallization
takes place only from saturated or supersaturated solutions. If, therefore, excess water is
added, such strength as these crystals may confer is further impaired. The influence of water
in greater or less quantities on the strength of concrete is shown in Fig. 13.1

42, Influence of Quantity of Water on Fluxing of Cement.—The second function of water
cited above—its action as a carrier (or flux) of cementing substances—is obvious. In bringing
sand, stone and cementing substances into intimate contact (Fig. 14), it acts physically in a
manner analogous to its earlier chemical réle.

Inevitably, however, this desirable function of water is closely dependent upon its fourth

1 8ee L. N. Epwanps: Proc. Am. Boc. Test. Mat., 1917.
D. A. Asrams: Concrete (C. M. Edition), July, 1917.
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function—viz., its occupancy of space. It is readily seen that if the minute irregularities in
the surface of stone are first filled with water, and, because of initial excess of water, the cement-
ing solution is then too weak, a strong, intimate attachment of cement will be inhibited, both
because the irregularities are already filled and also because of excessive dilution.

Furthermore, water, particularly when charged with gelatinous aluminates from cement,
has ability to occlude a very high percentage of air. This air, as minute bubbles, firmly attaches
itself to the sand and stone.! It also remains between parti-
cles to such an extent as oftentimes to completely isolate a large
percentage of the materials. Given excess water, therefore,
and a proportionate amount of occluded air, detriment to con-
crete i8 sure to arise from the primary fault in an increasing

_ratio (see Fig. 15). This explains to a large degree the lower
strengths with prolonged mixing in present-type machines
found by some investigators.

438. Influence of Quantity of Water on Lubrication of
Concrete Mixture.—The function of water as a lubricant of
concrete i8 very important, but its importance can be over-
estimated, particularly when balanced against the detrimental
effects which may and often do result. It is not necessary F1g. 14.— Cement icles
to add great quantities of water to concrete to make it easy- f(’gl‘:‘f‘n:’f‘:‘; %'fi‘i:::{ sand grains.
flowing if the concrete is sufficiently mixed. The more con-
crete is mixed, the smoother working it becomes and the less water is superficially evident.
Cement is continually hydrating in the mixing action; and in process of hydration, large
quantities of hydrated lime are formed. This has a very pronounced effect in lubricating
the mass, and furthermore keeps it coherent. Excess water, on the other hand, promotes
separation of the constituent materials, offsetting the good effects of hydration and render-

ing the concrete extremely harsh in working and
difficult to handle. . More mixing, therefore, or
more efficient mixing through improved mixing
devices, should be relied upon for easy placing,
rather than excess water.

44. Influence of Quantity of Water on
Space Occupied in Resulting Concrete.—The
fourth function of water in concrete—that of
occupying space in the mass—is 8o important
and so varied in its manifestations that a large
treatise would be too small for adequate pre-
sentation. A few leading considerations may,
however, serve to stimulate individual thought
in this regard.

There are few substances so incompressible
as water. Beyond question, although water is
mobile, a given quantity occupies definite space.
L Concrete in formsisessentially in a confined space.

Fia. ‘5'—w(‘§:::;‘{' :l"e‘;md‘ in concrete. In this form space are cement, sand, stone, and

water, each occupying its proportionate share of
the total volume of concrete. So long as the form remains tight, these substances must all
remain substantially in place. If the form leaks, which is contrary to practice, more or less
water, with a greater or less quantity of cement in solution, may escape. This escape may be
before, or after the mass has taken either initial or final set. In this latter case, a hollow space,

1 See OsTwaLD: ‘‘Colloidgl Chemistry,” p. 70-118.
3
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or void of greater or less volume remains in the concrete where once was water in greater or less

quantity or a solution too dilute to solidify (see Fig. 16). But leakage need not necessarily

occur in this way. After forms are removed, any uncombined water or dilute solution will be

free to escape, either by gravity, or by capillary suction aided by evaporation, leaving behind as
a void the space it required in the mass. Such
action is evidenced in hundreds of concretes
examined.

46. Harmful Effects of Voids Caused by
Excess Water.—From the above it is evident
that the more uncombined water, the more voids
in the set concrete. Conversely, the more voids,
the less the closeness of compacting of sand and
stone; and the less this compacting, the less the
density, strength, durability and value of the
hardened mass. Furthermore, the proportions
of the concrete are seriously unbalanced (see Arts.
2 and 16, Sect. 2).

The space loss referred to is only a small
part of the ultimate damage. Physical stress
due to loading may be the least intense of the
stresses to which concreteissubjected. Physical,
or chemical and physico-chemical stresses set

Fia. l?ﬁ;m&v&'d&.m Sqnerete. up in the mass after hardening, through dis-
ruptive freezing, or through percolating water

alone or carrying chemically active agents, are of far greater intensity. Each pore, or void,
is a potential aid to such destructive agents; and enlarged by initial attack, soon become
an active aid and abettor. First loss, therefare, may be of minor importance. Induced
weaknesses, augmenting primary deficiencies, must be reckoned with to an increasing degree.

46. Excess Water the Cause of Day’s Work Planes.—Perhaps the commonest evidence,
to be found on eyery hand, as to the effects of excess water in concrete are ‘“‘day’s work planes. "’
In the early life of a structure such as a buttress wall, these planes are hidden either by a smooth
mortar surface at contact with forms, or by a later-applied wash or coat of cement plaster.
But as months pass and the structure is subjected to water action in greater or less degree,
from one source or another, these planes are made more and more evident by seepage along them.
When such seepage is in quantity, it may be detected as a film of water, or, with rapid evapora-
tion, by crystalline depogits. When seepage is less, it may be evidenced by a patch of efflores-
cence, but in each case the underlying cause of water passage is “laitance,” which is largely
caused by the use of excess water.

47. Excess Water the Cause of Large Laitance Deposits.—‘‘Laitance,” or “day’s work
planes,” may be of small bulk, relative to the total mass of concrete, yet in some instances.
laitance is found to an exaggerated and oftentimes to a dangerous extent. Whenever forms
are filled by dumping concretes continuously in one spot, with dependence upon hoeing-down,
or natural flow for distribution of heavier materials into lower parts of forms, it is inevitable
that water and the finer materials suspensible in water, including much of the cement, should
separate from the heavier materials; and that they should form, when solidified above the con-
crete a deposit or stratum of greater or less thickness and extent, which will be entirely composed
of muck or “laitance.” This material is chalky and of low strength. It is very absorbent:
and when saturated is of little better value than so much wet, sandy clay.

Instances of the formation of “laitance’ in quantities and in situations where it is dangerous
are found in columns poured in two or more sections. Although not approved by building codes,
contractors, for their own convenience or to save on forms, will sometimes pour half a column,
allowing it to set before continuing to the top. Inevitably, lighter materials rise in the form.
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Necessarily the joint thus formed in the middle of the column is of inferior material; and of
a material which cannot bond with material subsequently poured. If this procedure is again
followed, the lighter part of this latter also rises so that a stratified column, with another
‘laitance’’ section at the column head will result. If after removal of forms this material
should become wet from any cause, crushing and sliding is to be expected with possibly collapse
of the column and its supported load. Columns should not only be poured in one section, but
they furthermore should be poured of concrete of such consistency that ‘“laitance’ will not
accumulate; and it would also be a desirable precaution to overflow the form to remove such
accumulations as may rise. It is better to waste a portion of material at the top, in order to
be sure that there may be no ‘““laitance” at the column head, rather than to have any question
as to strength or security.!

48. Excess Water and Waterproof Concrete.—It is difficult to find a truly waterproof
field concrete, largely because excess water is so generally used in mixing. The majority of
structures are of such size that they cannot be poured continuously. This necessarily means
stoppage of work for greater or less intervals. Stoppage of work with wet concretes always
means a layer of “laitance;” and this inevitably prevents succeeding layers from bonding,
entailing a chain of consequences. A radical change in such field procedures is demanded, if
these difficulties are to be overcome.

49. Excess Water Causes Unsatisfactory Concrete Floor Surfaces.2—It is difficult to
insure that concrete floors shall be dustless. The functions of a concrete floor are to bear loads
as well as to withstand abrasion and impact, these latter being the severest service to which
itis subjected. It is unfortunate that the top of a concrete floor is the surface on which depend-
ence is placed, as in possibly nine cases out of ten, this surface coat, both by virtue of its initial
consistency and also because of water later brought to the surface through troweling, is partly
or wholly composed of ‘“laitance.”

To remedy these defects, floor hardeners of one kind or another, are added to the concrete
-in mixing. Few of these substances should have any real place in the concrete-floor industry.
Most are inferior to quartz sand in hardness and strength, but because of the prevalence of
unsatisfactory concrete floors and because of the human tendency to escape consequences by
purchasing immunities, such alleged remedies find ready sale. If, instead of buying integral
floor hardeners, less water were put into concrete floors and a good quality of graded sand with
Portland cement used in well-mixed and properly placed concrete, there would be less need of
tonics.

50. Excess Water Prevents Bonding New Concrete to Old.—One result that can be gua-
ranteed is the failure of effective bonding between new concrete and old.. Various expedients
from time to time have been claimed to bring about effective results in this regard, but little
has as yet been unquestionably accomplished. Washing the surface of old concrete with hydro-
chloric acid is ineffective and wrong except 80 far as it may clean off surface dirt and carbonated
deposits. Picking the surface rarely goes deep enough or covers enough surface. The inher-
ent difficulty underlying all attempts at bonding, is the identical trouble that causes day’s
work planes, or that makes the wearing surface of concrete floors unsatisfactory, i.e., the exist-
ence of a light, chalky, insecure material, substituted at the critical plane for a substance which
should be durable and secure.

61. Excess Water and Concreting in Cold Weather.—Concreting in cold weather is always
attended by some risk, even when forms remain in place until milder weather. Heating of
aggregntes is seldom adequate, and the heat transmitted through wooden forms after pouring
is small in quantity. It should be remembered that at 40°F. the reaction between water and
cement and the production of cementing strength is only one-fourth as rapid as at 50°F. and
less than one-ninth as rapid as at 70°F. Dilution by excess water of such feeble solutions
increases the danger, as is evidenced by frequent winter failures. Furthermore, at 39°F.

1 8ee GiLLmorE: “On Limes, Hydraulic Cements and Mortars,” 1872; p. 242.
 See Bect. 4, * Conerete Floors and Floor Svrfaces, Sidewalks, and Roadways.”
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some subtle change occurs in water which decreases its chemical ability even before actual
freezing;! and at this latter point occurs expansion of 8% by volume, with exertion of some 300
tons disruptive pressure per square inch of surface.

The greater the quantity of water in a cold-weather concrete, therefore, the greater the
liability to dilution, little strength, frost disruptions, and failures. The potency of excess
water in these respects is just beginning to receive due recognition.

562. Suggested Procedures to Guard Against Use of Excess Water.—Excess water in con-
crete should be rigidly guarded against. To insure the use of less water, specifications must
embody provisions giving the engineer authority for its regulation. To this end, the following
partial specification is suggested:

1. Concrete shall be an intimate mixture of sand, stone (or gravel), cement and water
of the severul kinds and qualities herein specified and in proportions as specified, subject to
modification by the Engineer.

2. The proportions and quantities of all materials, including water, shall be as directed by
the engineer and shall be subject at all times to such change as his tests or judgment may
dictate as advisable. i

3. All materials shall be accurately measured in measures of approved type and known
capacity.

Cement shall be measured by the standard sack or, if in bulk, by weight, 94 1b. being
taken as an equivalent of one sack. Loose measurement of cement is prohibited.

Sand and stone shall be measured in struck measures of a capacity and type approved by
the engineer. Measurement in wheelbarrows of a type which do not admit of a struck measure-
ment will not be permitted.

Water shall be measured at each mixer in containers adapted to ready adjustment and to
accurate delivery of variable quantities. Supplementing the delivery of such measuring con-
tainers by additions of water, because of slowness of discharge or for any other reason, will not
be permitted.

4. Concrete of a plastic consistency shall be required in all parts of the work, unless per-
mission be given by the engineer for the use of drier and stiffer mixtures. Sloppy and overwet
concretes are strictly prohibited. The quantity of water, therefore, will be subject to regulation
at all times by the engineer according to the requirements of the aggregates in use at that time. The
rejection and removal of overwet concretes either before or after placing in forms may, at
the engineer’s discretion, be required of the contractor without compensation.

REINFORCEMENT

83. Types of Reinforcement.—The reinforcing steel in reinforced-concrete construction
is mostly in the form of rods, or bars, of round or square cross-section. These vary in size from
14 to 3¢ in. for light floor slabs, up to 1}{ to 1}4 in. as & maximum size for heavy beams and
columns. Both plain and deformed bars are used. With plain bars the adhesion between steel
and concrete is depended upon to furnish the necessary bond strength. With deformed bars
the usual adhesion is supplemented by a mechanical bond, the amount of this bond in any
given case depending upon the shape of the bar. The adhesion of concrete to flat bars is less
than for round or square bars, but the flat deformed bar possesses advantages over other forms
when used as hooping for tanks, pipes, and sewers where the reduced thickness of the bar allows
the concrete section to have a greater effective depth for the same total thickness of concrete.

Wire fabric and expanded metal in various forms are used to a considerable extent in
slabs, pipes, and conduits. These types of reinforcement are easy to place and are especially
well adapted to resist temperature cracks and to prevent cracking of the concrete from impact
or shock.

18ee O. D. Vax ExoELEN: Century Magazine, April, 1917.
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A number of combinations of forms are employed to a greater or less extent. These
combinations are known as systems.

84. Surface of Reinforcement.—A rough surface on steel has a higher bond value for use
in concrete than a smooth surface, consequently a thin film of rust on reinforcement should not
cause its rejection. In fact in the case of cold-drawn wire which presents a very smooth surface,
a slight coating of rust is a decided advantage. Loose or scaly rust, however, should never be
allowed. Reinforcement in this state of corrosion may be used if first cleansed with a stiff
wire brush or given a bath of hydrochloric acid solution (consisting of 3 parts acid to 1 part
water) and then washed in clean running water. Oiling and painting of reinforcing steel
should not be permitted as its bonding value is greatly reduced thereby.

66. Quality of Steel.—Authorities differ as to the quality of steel to be used for reinforce-
ment. Mild steel is the ordinary structural steel occurring in all structural shapes. High steel
or steel of hard grade has a greater percentage of carbon than mild steel and is also known as
high-carbon or high elastic-limit steel.

Brittleness is to be feared in high steel, although this quality is not so dnngemus when the
metal is used in heavy reinforced-concrete members—for example, in heavy beams or slabs—
as the concrete to a large extent absorbs the shocks and pro-
tects the steel. All high steel should be carefully inspected m
and tested in order to prevent any brittle or cracked material
from getting into the finished work. Steel of high elastic = Fua. 17.—Cold-twisted square bar.
limit is seldom employed where plain bars are used.

Cold twisting increases the elastic limit and ultimate strength of mild-steel bars. The
increase, however, is not definite, varying greatly with slight variations in the grade of the
rolled steel. A square twisted bar is shown in Fig. 17.

66. Working Stresses.—The generally accepted working stress for mild steel is 16,000
Ib. per 8q. in. and 18,000 to 20,000 Ib. per sq. in. for high steel and eold-twisted steel. A stress
not greater than 16,000 1b. per 8q. in. is recommended by the Joint Committee for all grades of
steel.

§71. Coeficient of Expansiem. —The eoefficient of expansion of steel is approximately
0.0000065 degree Fahreinheit.

§8. Modulus of Elasticity.—The modulus of elasticity of all grades and kinds of steel is
about the game and is usually taken as 30,000,000 1b. per 8q. in. in both tenrion and compression.

§9. Steel Specifications.—The following specifications are those of the Association of
American Steel Manufacturers for concrete reinforcement bars rolled from billete, adopted
March 22, 1910 (revised 1912 and 1914):

MANTFACTURERE BTAXDARD BPBECIFICATIONS FOR CONCRETE REINFPOSCEMENT Bans
RoLuEp reox

1. Manufacture.—8teel may be made by either the open-hearth or Bessemer provcess. Bars shall be rolled
from standard new billets.

2. Chemical ond Physical Properties.—The cbemical and pbysical properties shall conform to the limits as
shown in the table on the following page.

8. Chemical Determinatione.—In order to determine if the material conforms to the chemical limitations

ibed in h 2 berein, analysis ahall be made by the manufacturer from 8 test ingot taken at the time
dtbe pouring of each melt or blow of steel, and & correct copy of such analysis shall be furnished to the engineer
or his inspector.

4. Yield Peint.—For the purposes of these specifications, the yield point shall be determined by careful ob-
servation of the drop of the bean of the testing machine, or by other equally accurate method.

5. Form of Specimens.—(a) Tensile and bending test i may be cut {rom the bare as rolled, but
sile and bending test speci of dcformodlmsmaybephnedortumdfornbwthd.tleast 9 in. if deemed
y by the 1, in urder to obtain uniform orose

(5) Tensile aud beuding Lest specimens of cold-twisted bars shall be cut from the bars after twisting, and shall
be tested in full sise without furthcr treatment, unless otherwise specified as in (c), in which case the conditions
thereon stipuiated shall govern.

() If it ir desired that the testing and ep for cold-twisted bars be made upon the hot-rolled bars

before being twisted, ths Lot-rolied bare shall meet the requirements of the structural-steel grade for plain bare
shown in this speciicstivn.
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Structural-steel Intermediate Hard grade
grade grade
Cold-
Properties considered De- De- De- twisted
Plain Plain Plain bars
formed formed formed
bars bars bars bars bars bars
Phosphorus maximum: Bessemer....| 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Open-hearth.-............ RN 0.08 0.06 0.08 0.06 0.06 0.08 0.08
Ultimate tensile strength, 1b. per sq.| 55/70,000 55/70,000, 70/85,000| 70/85,000 80,000 80,000 | Recorded
in. min. min. only

Yield point, minimum 1b. per sq. in.. 33,000 33,000 40,000 40,000 50,000 . 50,000 55,000

El i in 8 1,400,000| 1,250,000 1,300,000/ 1,125,000/ 1,200,000| 1,000,000 5
ongation, % in S "| Tens. str.| Tens. str.| Tens. str.| Tens. str.| Tens. str.| Tens. str. %

Cold bend without fracture: Bars| 180 deg.| 180 deg.| 180 deg.| 180 deg.| 180 deg.| 180 deg.| 180 deg.
under 3{-in. diameter or thickness. | d = 1¢ d =2t d = 2t d = 3t d=3t d = 4¢ d= 2t

Bars 3{-in. diameter or thickness and| 180 deg.| 180 deg.| 90 deg. | 90 deg. | 90 deg. | 90 deg. | 180 deg.
over. d= 1t d=2t d =2t d = 3 d =3t d =4 d = 3¢t

The intermediate and hard nlldu will bel used onlyi when spelciﬁed. |

6. Number of Tests.—(a) At least one ile and one bending test shall be made from each melt of open-
hearth steel rolled, and from each blow or lot of 10 tons of Bessemer steel rolled. In case bars differing 3 in. and
more in diameter or thickness are rolled from one melt or blow, a test shall be made from the thickest and thinnest
material rolled. Bhould either of these test specimens develop flaws, or should the tensile test specimen break
outside of the middle third of its gaged strength, it may be discarded and another test specimen substituted there-
for. In case a tensile test specimen does not meet the specifications, an additional test may be made.

(b) The bending test may be made by pressure or by light blows.

7. Modificats in EBlongation for Thin and Thick Material—For bars less than %{¢ in. and more than 3
in. nominal diameter or thickness, the following modifications shall be made in the requirements for elongation:

(a) For each increase of 4 in. in diameter or thickness above 3{ in. a deduction of 1 shall be made from the
specified percentage of elongation.

(b) For each decrease of e in. in diameter or thickness below 7{e in. a deduction of 1 shall be made from the
specified percentage of elongation.

(¢) The above modifications in elongation shall not apply to cold-twisted bars.

8. Number of Twists.—Cold-twisted bars shall be twisted cold with one complete twist in a length equal to
not more than 12 times the thickness of the bar.

9. Pinish.—Material must be free from injurious seams, flaws or cracks, and have a workmanlike finish.

10. Variation in Weight.—Bars for reinforcement are subject to rejection if the actual weight of any lot varies
more than 5% over or under the theoretical weight of that lot.

The following specifications are those of the American Society for Testing Materials for
concrete reinforcement bars rolled from billets:

STANDARD SPECIFICATIONS FOR BILLET-8TEEL CONCRETE REINFORCEMENT BaRs

(American Society for Testing Materials)

1. (a) These specifications cover three classes of billet-steel concrete reinfor t bars, y: plain,
deformed and cold-twisted.

(b) Plain and deformed bars are of three grades, namely: structural-steel, intermediate and hard.

2. (a) The structural-steel grade shall be used unless otherwise specified.

(b) If desired, cold-twisted bars may be purchased on the basis of tests of the hot-rolled bars before twist-
ing. in which case such tests shall govern and shall conform to the requirements specified for plain bars of structural-
steel grade.

Manufacture.—3. (a) The steel may be made by the Bessemer or open-hearth process.

(b) The bars shall be rolled from new billeta. No rerolled material will be accepted.

4, Cold twisted bars shall be twisted cold with one complete twist in a length not over 12 times the thickness
of the bar.

Chemical Properties and Tests.—5. The steel shall conform to the following requirements as to chemical
composition:
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Phosphorus, Bessemer. . .. ... ... ... o i it it not aver 0.10%
Open-hearth ..... ... ... i e, not over 0.06%

6. An analysis of each melt of steel shall be made by the manufacturer to determine the percentages of car-
Iphur. This analysis shall be made from a test ingot taken during the pouring

bon, manganese, phosphorus and
of the melt. The chemical compoduon thus determined zhall be reported to the purchaser or his representative,

and shall form to the requir ts specified in Sect. 5.
7. Analyses may be made by the purch from finished bars repr ing each melt of open-hearth steel,
and each melt, or lot of 10 tons, of Bessemer steel. The phosphorus content thus determined shall not exceed that

specified in Sect. 5 by more than 25%.
Physical Properties and Tests.—8. (a) The bars shall conform to the following requirements as to tensile

properties:
Plain bars Daformed bars
Cold-

Properties considered Structural-| Inter- Hard | Structural-| Inter- Hard “;i'"’d
steel mediate "&e steel mediate a o ars
grade grade gra grade grade grad

Ll‘onail(.- strength, lb. per 8q.| 55,000 70,000 80,000 55,000 70,000 80,000 Recotdeq

in. to to min. to to min. only

70,000 85,000 70.000 85,000

Yield point, min., lb. per sq.| 33,000 40,000 50,000 33,000 40,000 50,000 55,000

- tion in 8 i in. %! 1,400,000 | 1,300,000 | 1,200,000 | 1,250,000 | 1,125,000 | 1,000,000
ngati mn in. min.
[ © on °'| Tens. str. | Tens. str. | Tens. str. | Tens. str. | Tens. str. | Tens. str.

e

1 See Sect. 9.

(b) The yield point shall be determined by the drop of the beam of the testing machine.

9. (a) For plain and deformed bars over 3; in. in thickness or diameter, a deduction of 1 from the percent-
ages of elongation specified in Sect. 8(a) shall be made for each increase of }4 in. in thickness or diameter above
34 in.

(®) For plain and deformed bars under %s in. in thickness or diameter, a deduction of 1 from the percentages
of elongation specified in Seot. 8(a) shall be made for each decrease of ¥ in. in thickness or diameter below %{s in.

10. The test specimen shall bend cold around a pin without cracking on the outside of the bent portion, as

follows:

Plain bars Deformed bars
Thick dismeter of romed
ickness or meter o Wis
Etructural-| Inter- Structural-| Inter-
bar steel mediate H‘ﬁ‘: steel mediate H:{g bars
grade grade gra grade grade &r

180 deg. | 180 deg. | 180 deg. | 180 deg. | 180 deg. | 180 deg.

Under ¥ in............... 180 deg.
d= ¢ d =2t d =3t d= ¢ d = 3t d = 4t d =2t
B{ in.orover ............. 180 deg. 90 deg. 90 deg. | 180 deg. 90 deg. 90 deg. | 180 deg.
d=t d =2t d = 3t d =2t d =3t d =4 d =3t

d = diameter of pin about which the specimen is bent.
t = thickness or diameter of specimen.

11. (a) Tension and bend test specimens for plain and deformed bars shall be taken from the finished bars,
and shall be of the full thickness or diameter of bars as rolled; except that the specimens for deformed bars may be
machined for a length of at least 9 in., if d d y by the f rer to obtain uniform cross-section.

(0) Tension and bend test specimens for cold-twisted bars shall be taken from the finished bars, without
further treatment; except as specified in Sect. 2(b).

12, (a) One tension and one bend test shall be made from each melt of open-hearth steel, and from each melt,
or lot of 10 tons, of Bessemer steel; except that if material from one melt differs 3$ in. or more in thickness or diam-
eter, one tension and one bend test shall be made from both the thickest and the thinnest material rolled.

(b) If any test specimen shows defective machining or develops flaws, it may be discarded and another sveci-

men substituted.
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(¢) If the percent. of elongation of any tension test specimen is less than that specified in Sect. 8(a) and any
part of the fracture is outside the middle third of the gage length, as indicated by scribe scratches marked on the
specimen before testing, a retest shall be allowed.

Permissible Variations in Weight.—13. The weight of any lot of bars shall not vary more than 5% from tke
theoretical weight of that lot.

FPinish.—14. The ﬁmahed bars shall be free from injurious defects and shall have a workmanlike finish.

Inspection and Rej —15. The inspector representing the purchaser shall have free entry, at all times
while work on the contract of the purchaser is being performed, to all parts of the manufacturer’'s works which con-
cern the manufacture of the bars ordered. The manufacturer shall afford the inspector, free of cost, all reasonable
facilities to satisfy him that the bars are being furnished in accordance with these specifications. All tests (except
check analyses) and inspection shall be made at the place of manufacture prior to shipment, unless otherwise speci-
fied, and shall be s0 conducted as not to interfere unnecessarily with the operation of the works.

16. (a) Unless otherwise specified, any rejection based on tests made in accordance with Sect. 7 shall be re-
ported within 5 working days from the receipt of the samples.

(b) Bars which show injurious defects subsequent to their acceptance at the manufacturer’s works will be
rejected, and the manufacturer shall be notified.

17. Samples tested in accordance with Sect. 7, which represent rejected bars, shall be preserved for 2 weeks
from the date of the test report. In case of dissatisfaction with the results of the tests, the manufacturer may make

claim for a rehearing within that time.

Reinforcing bars rolled from old rails are being used tc a considerable extent in reinforced-
concrete work and seem to be giving satisfaction, especially for unimportant work such as
footings, retaining walls, and possibly in slabs where the failure of one rod could not wreck
the structure. The specifications for railsteel concrete reinforcement bars adopted by the
Association of American Steel Manufacturers April 20, 1912 (revised April 21, 1914) are as

follows:

MANUFACTURERS' STANDARD SPECIFICATIONS FOR RAIL-STEEL CONCRETE REINFORCEMENT BARs

1. Manufacture.—All steel shall be rolled from standard section Tee rails.
2. Physical Properties.—The physical properties shall conform to the following limits:
3. Yield Point.—For the purposes of

. these specifications, the yield point shall

Rail-steel grade be determined by careful observation of

Properties considered . Deformed the drop of the beam of the testing ma-

Pl:": and hot- chine, or by other equally accurate method.

twisted barg 4. Form of Specimens.—(a) Tensile

- ’ and bending test specimens may be cut

Ultimate tensile strength, minimum, 1b.| 80,000 [ 80,000 from the bars as rolled, but tensile and

per 8q. in. | bending test specimens of deformed bars

Yield point, minimum, lb. per sq. in.. . 50,000 50,000 may be planed or turned for a length of

) L . . 1,200,000 | 1,000,000 at least 9 in. if deemed necessary by the

Elongation, % ip 8-in. minimum....... “Tens. str. | Tens. str. | mManufacturer in order to obtsin uniform
: cross-section.

ICold bend without fracture: Bars under 180 deg. | 180 deg. (b) Tensile and bending test speci-

mens of hot-twisted bars shall be cut from

3 in. diameter or thickness.  d =3t 1 - 4t .
| the bars after twisting, and shall be tested
Bars 3 in. dismeter or thickness and 90 deg. | 00 deg. | in full size without further treatment, un-
over. | d =3t d =4t less otherwise specified.

) | 5. Number of Tests.—(a) One ten-
| sile and one bending test shall be made
from each lot of 10 tons or less of each
size of bar rolled from rails varying not more than 10 Ib. per yd. in nominal weight. Should a test specimen
develop flaws, or should the tensile test speci break outside of the middle third of its gaged length, it may
be discarded and another test specimen substituted therefore. In case a tensile specimen does not meet the
specifications, an additional test may be made.
(5) The bending test may be made by presaure or by light blows.
6. Modtfications in Elongation for Thin and Thick Material. —For bars less than %s in. and more than 3
in. nominal diameter or thickness, the following modifications shall be made in the requirements for elongation:
(a) For each increase of 14 in. in diameter or thickness above 3{ in., a deduction of 1 shall be made from
the specified percentage of clongation.
(b) For each decrease of }{e in. in diameter or thickness below 7{s in., n deduction of 1 shall be made
from the specified percentage of elongation.
7. Number of Twists.—Hot-twisted bars of rail carbon steel shall be twisted with one complete twiat in a
length equal to not more than 12 times the thickness of the bar.
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8. Finish.—Material must be free from injurious seams, flaws or cracks, and have a workmanlike finish.
9. Variation in Weight.—Bars for reinforcement are subject to rejection if the actual weight of any lot
varies more than 5¢ over or under the theoretical weight of that lot.

Rerolled bar specifications have also been adopted by the American Society for Testing
Materials after an extended series of tests. The specifications follow:

STANDARD SPECIFICATIONS FOR RAIL-STEEL CONCRETE REINFORCEMENT BARs
(American Society for Testing Materials)

1. The specifications cover three classes of rail-steel concrete reinforcement bars, namely: plain, deformed,
and hot-twisted.
Manufacture.—2. The bars shall be rolled from standard section Tee rails.
3. Hot-twisted bars shall have one complete twist in a length not over 12 times the thickness of the bar.
Phyasical Properties and Tests.—4. (a) The bars shall conform to the following minimum requi ts aa,
to tensile properties:
(b) The yield point shall be deter-

H - Deformed
Emned by. the drop of the beam of the test Properties considered Plain bars | and hot-
ing machine. twisted bars

5. (a) For bars over 3{ in. in thick-
ness or diameter, a deduction of 1 from the

percent. of el tion specified in Sect. |Tensile strength, Ib. per sq. in........ 80,000 80,000
4(a) shall be made for each increase of }§ |Yield point, Ib. persq.in............ 50,000 50,000
in. in thickness or diameter above 3{ in. El tion in 8 i ' 1,200,000 1,000,000

(b) For bars under Z{s in. in thickness ongationin 81n. %\............. Tons. otr. T_—_enl. otr.

or diameter, a deduction of 1 from the per-
centages of elongation specified in Sect. 4(a)
shall be made for each decrease of }{e in.
in thickness or diameter below 7{e in.

6. The test specimen shall bend cold around a pin without cracking on the outside of the bent portion, as
follows:

1 See Sect. 5.

7. (a) Tension and bend test speci-
Deformed mens for plain and deformed bars shall be
. . . orm taken from the finished bars, and shall be of
Thickness or diameter of bar Plain bars . ':i:tic‘:ml:;m the full thickness or diameter of as
rolled; except that the specimens for de-

formed bars may be machined for a length

Under Hin..............oivvnne, 180 deg. 180 deg. of at least 9 in., if deemed necessary by the
d =3t d =4 manufacturer to obtain uniform cross-
P{ in.orover.. ...................... 90 deg. 90 deg. eection.
d =3t d = 4t (b) Tension and bend test speci-
mens for hot-twisted bars shall be taken
d = diameter of pin about which the specimen is bent. from the finished bars, without- further
t = thickness or diameter of the speci treatment.

8. (a) One tension and one bend test
shall be made from each lot of 10 tons or less of each size of bar rolled from rails varying not more than 10 Ib. per
yd. in nominal weight.

() If any test speci h defective bining or develops flaws, it may be discarded and another speci-
men substituted.
(c) If the percent. of el tion of any tension test i is less than that specified in Sect. 4(¢) and any

part of the fracture is outside the middle third of the gage length, as indicated by scribe tches marked on the
specimen before testing, a retest shall be sllowed.

Permissible Variations in Weight.—9. The weight of any lot of bars shall not vary more than 5% from the
theoretical weight of that lot.

Finish.—10. The finished bars shall be free from injurious defects and shall have s workmanlike finiah.

Inspection and Rejection.—11. The inspect pi ing the purch shall have free entry, at all times while
work on the contract of the purchaser is being performed, to all parts of the manufacturer’s works which concern
the manufacture of the bars ordered. The manufacturer shall afford the inspector, free of cost, all reasonable facili-
ties to satin{y him that the bars are being furnished in accordance with these specifications. All tests and inspec-
tion shall be made at the place of manufacture prior to shipment, unless otherwise specified, and shall be so con-
ducted as not to interfere unnecessarily with the operation of the works.

12. Bars which show injurious defects subsequent to their P at the f; ‘s works will be
rejected, and the manufacturer shall be notified.
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60. Factors Affecting Cost of Reinforcing Bars.—In order to insure minimum cost and
prompt delivery of steel reinforcing bars, the steel schedule for a reinforced-concrete structure
should call for bars of as few different sizes and lengths as possible. Bars of odd 16th sizes
are seldom to be found in stock (except the 5{g-in. size which is frequently used for slab rein-
forcement) and shipments from the mill on such sizes are likely to be very slow. Designers
should always bear in mind this fact and arrange to use either round or square bars in }g-in.
sizes. Wherever possible, steel lengths that do not vary greatly on the schedule should all be
made equal since an order calling for only a few different lengths will be put through the mill
much faster than one calling for many different lengths.

The following size extras for bars less than 3{-in. are standard with all mills and are the
same for either round or square bars:

S1ze ExTrAS FOR RoUNDs AND SQUARES IN CENTS PER 100 LB.

84-n.andlarger. ... ... Base

BEto 10dgmim. ... . 5 cts. extra
B to Oa-in.. ... 10 cts. extra
/5 e | TIPS N 20 cts. extra
T T 25 cts. extra
22 L VR 35 cts. extra
D 1 P 50 cts. extra

It should be noticed that a higher size extra must be paid for an odd 18th size below 34{-in.
than for the next larger l¢-in. size. This fact alone offsets any advantage in saving steel
by always calling for the nearest theoretical size whether odd or even.
Where the character of the work requires small bars a saving in cost is obtained by using
round bars owing to the difference in size extras between rounds and squares of equivalent area.
Lengths less than 5 ft. should be avoided, if possible, as they are subject to the following
cutting extras, whether sheared or hot-sawed:

Lengths over 24 in. and less than 60in..................... 5 cts. per 100 lb.
Lengths 12 in. to 24 in. inclusive.......................... 10 cts. per 100 Ib.
Lengthsunder 12in........................ ... ... ..., 15 cts. per 100 Ib.

All orders calling for less than 2000 Ib. of the same size and shape are subject to the follow-
ing extras:
Quantities less than 2000 Ib. but not less than 1000 Ib.. . . ... 15 cts. per 100 lb.
Quantities less than 10001b..................... .. ... ..., 35 cts. per 100 1b.
61. Deformed Bars.—The following deformed bars are in common use:
61a. Diamond Bar (Fig. 18).—Furnished by Concrete-Steel Engineering Co..
New York City. The standard sizes are as follows:

Di1AMOND Bars

Sise in inches i % i % lw % l % | %
|

Area in square inches. . . .i0.0625/0.1406| 0.19 | 0.25 | 0.39
Weight per foot in pounds.0.213 [0.478 10.65 |0
I

8
lal—d
28
_gq_c___-
g3
o -
g8
-
88
-‘.n_—
28

¢, should be noted that the weights and areas of Diamond bars are equal to thoee of plain
are bars of like denominations.
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61b. Corrugated Bars (Fig. 19).—Furnished by Corrugated Bar Co., Buffalo,
N. Y. The standard sizes are as follows: .

CorgruGATED ROUNDS

Sixe in inches 34 34 He 56 i 7% 1 I 114 l 1%
Net area in square inches...... 0.110.19/0.25({0.30 |0.44 |0.60 | 0.78 | 0.99 [ 1.22
Weight per foot in pounds..... 0.38/0.66 {0.86 |1.05 |1.52 |2.06 |2.69 [3.41 [4.21

COBRUGATED SQUARES

Sise in inches Y% 36 ' 14 56 E1Y 7% 1 11§ 1%
Net area in square inches....... 0.060.14]0.25(0.39/0.56 (0.76 |1.00 [1.26 | 1.55
Weight per foot in pounds...... 0.22 |0.49 (0.86 [1.35|1.94 |2.64 |3.43 (4.34 |5.35

o, Ly, i, i e A0
W2LZETLM\AAY

F1a. 19.—Corrugated bars. -

61c. Havermeyer Bars (Fig. 20).—Furnished by Concrete Steel Co., New York
City. The following table gives the weights and areas of the standard Havermeyer bars:

HAVERMEYER Bars

Squares Rounds Flats
Siseininches |\ ain | Weight | Areain | Weight Areain | Weight
square per loo!'. in square per foo_l‘: in ?il: in square per foot_‘ in
LA 0.0625 0.212 0.0491 0.167 1X¥ 0.2500 0.850
%46 0-.9770 0332 | ...... | ..... 1X3¢ 0.3750 1.280
3¢ 0.1406 0.478 0.1104 0.376 134 X3¢ 0.4690 1.590
14 0.2500 0.850 0.1963 0.667 14 X5{¢ | 0.4688 1.590
34 0.3908 1.328 0.3068 1.043 134 X34 0.5625 1.913
34 0.5625 1.913 0.4418 1.502 14 X% 0.7500 2.550
76 0.7656 2.603 0.6013 2.044 134 X3¢ 0.6563 2.230
1 1.0000 | 3.400 | 0.7854 | 2.670 ||13{X%{e | 0.7656 | 2.600
1}¢ 1.2656 4.303 0.9940 3.379 134 X% 0.8750 2.980
134 1.5625 5.312 1.2272 4.173

Fia. 20.—Havermeyer bars.
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Special sizes of 13¢-in. and 114-in. square Havermeyer bars can be rolled by special arrange-
ment, but are not carried in stock. A size extra of 10 cts. applies against 1 by Y4-in. and 11,
by 5{¢-in. flats; all other sizes tabulated take the base price.
81d. Rib Bar (Fig. 21).—Furnished by Trussed Concrete Steel Co., of Youngs-
town, Ohio and Detroit, Mich. The following sizes are standard:

RiB Bar
Sige i N Weight per Sise i s Weight per
inohes | square inohes | Imearfoot || DSel | squarctahss | linear foot
|
34 0.1406 048 || 7§ 0.7656 2.65
14 0.2500 0.8 || 1 1.0000 3.46
5 0.3906 1.35 114 1.2656 4.38
34 0.5625 1.95 |
4 NNNANA A l’ ,
TR A AR ) e e

Fia. 21.—Rib bar.

60¢. Inland Bar (Fig. 22).—Furnished by Inland Steel Co., Chicago.
Sizes 34 in. to 5§ in. inclusive with single row of stars on each side.
Sizes 84 in. to 114 in. inclusive with double row of stars on each side.

Lengths may be obtained up to 85 ft. Supplied in both open-hearth steel and rail carbon
steel.

Standard sizes are as follows:

INLAND Bar

8ise in inches 3 I 14 5¢ H l " l 1 l 14 I 14
Area in square inches....| 0.140 | 0.250 | 0.390 | 0.562 | 0.765 | 1.000 | 1.265 | 1.562
Weight per foot in pounds.| 0.485 | 0.862 | 1.341 | 1.932 | 2.630 | 3.434 | 4.349 | 5.365

Fia. 22.—Inland bar.

Rail carbon steel bars not rolled larger than 1 in.
61f. American Bars (Fig. 23).—Furnished by American System of Reinforcing,
Chicago. The following sizes are standard:
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AMERICAN BARs

Squares Roundas
Size in inches N T
Net area in square Weight per foot in Net area in square Weight per foot in
inches pounds inches pounds
3¢ 0.141 0.48 0.110 0.38
u 0.250 0.85 0.196 0.68
3¢ 0.391 1.33 0.307 1.06
3% 0.563 1.92 0.442 1.51
76 0.766 2.61 0.602 2.06
1 1.000 3.40 0.786 2.68
134 1.270 4.31 0.994 3.38
134 ! 1.560 | 5.32 1.230 4.19
“7'7"’5’.*?"

Fro. 23.—~American bars.

@. Wire Pabric.—This material is used to a considerable extent for floors, roofs, walls,
vaults, pavement etc., and has been found to possess many valuable qualities. Wire fabrie
is made of steel wires crossing generally at right angles and secured at the intersections. The
beavier wires run lengthwise and are called carrying wires; the lighter ones cross these and are
called distributing or tie wires. One distinet advantage in the use of fabric is that it preserves
uniform spacing of the steel.

The steel wire gage adopted as standard for all steel wire upon recommendation of the
United States Bureau of Standards is given in the following table:

Srern, Wire Gaos

Ponnds per Feet per
mile

]

! Dismeter. Steel wire Diameter, Pounda per

I ineches Zeaet inches foot | pound

e — e —— —— _ 71_7 I _ e

Ly 0.5000 . 0.19635 0.3R8R8 3,521.0 1.500

| 7.0 0. 4900 0. 18857 0.68404 3,3%1.0 1.562

i 15, . 48875 0.17257 0.5%61 3,004.0 1.708

| 6/0 0 1815 0.16728 0. 5881 2.000 0 1 7an

' Tye | 0 4375 0 15033 0 5105 2004 0 1 0

, ; 30 0.4305 0 14558 0 4048 Sz 0 3028

LT 0 40825 0 12962 0 442 2,424 0 3 l
T 0 3938 0 12180 0 4138 2.1%4 0 v

l g ’ 0.3750 0 11045 0 3761 C1emn 0 Laee

. © 300 03825 0 10321 0 350 1.RR1 0 w3

LREPY | 0 34375 0 N2%NA () 2159- 1.684 0 L

| 2.0 03310 0 8GN0 0 2699 1,548 0y R

! Formerty calledt the ©* American Stesl & Wire ("a’z (Gape ™
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SteEL WIRE GAGE.—(Continued.)

i ) P

Dismeter, | Steclwire | Dismeter. | Arom fluare Ut Pr | Foupdhper | Feetper
5 0.3125 0.076699 0.2605 1,375.0 3.839
0 0.3065 0.073782 0.2506 1,323.0 3.901

1 0.2830 0.062902 0.2136 1,128.0 4.681

|

962 0.28125 | 0.062126 0.2110 1,114.0 4.74
: .2 0.2625 0.054119 0.1838 970.4 5.441
34 | 0.2500 0.049087 0.1667 880.2 5.999
3 i 0.2437 0.046645 0.1584 836.4 6.313

4 I 0.2253 0.039867 0.1354 714.8 7.386

142 0.21875 | 0.037583 0.1276 673.9 7.835
5 . 0.2070 0.033654 0.1143 603.4 8.750

6 . 0.1920 0.028953 0.09832 519.2 .| 10.17

e 0.1875 0.027612 0.09377 495.1 10.66

7 0.1770 0.024606 0.08356 441.2 11.97

8 0.1620 0.020612 0.07000 369.6 14.29

542 0.15625 | 0.019175 0.08512 343.8 15.36

9 0.1483 0.017273 0.05866 309.7 17.05

1¢ 10 0.1350 0.014314 0.04861 256.7 20.57

0.125 0.012272 0.04168 220.0 24.00

i 11 . 0.1205 0.011404 0.03873 204.5 25.82

12 0.1055 0.0087417 | 0.02069 156.7 33.60

3¢, . 0.09375 | 0.0069029 | 0.02344 123.8 42.66
13 0.0915 0.0065755 | 0.02233 117.9 44.78

14 0.0800 0.0050266 | 0.01707 90.13 | 58.58

15 0.0720 0.0040715 | 0.01383 73.01 | 72.32

16 0.0625 0.0030680 | 0.01042 55.01 | 95.98

17 0.0540 0.0022002 | 0.007778 41.07 | 128.60

The manner of securing the intersections of wire fabric has given rise to a number of
different types, several of the principal ones of which are given

below.
[— —— 62a. Welded Wire Fabric.—Welded wire fabric,
Fig. 24, manufactured by the Clinton Wire Cloth Co., is a gal-
— — vanized wire mesh made up of a series of parallel longltudmnl

wires, spaced a certain distance apart and held at intervals by
means of transverse wires, arranged at right angles to the longi-
I tudiaal ones, and welded to them at the points of intersection
| s | pa— by a patented electrical process. Longitudinal wires can be
Fia. 24.—Welded wire fabric. 8paced on centers of 2 or more in., in steps of }§ in. Transverse
wires can be spaced on centers of 1 to 18 in. inclusive, in steps

of 1 in. and on centers of 10 to 18 in. inclusive, in steps of 2 in. The following table shows

nRnnan
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the sizes and areas of the wire used. Rolls kept in stock vary in length between 130 and 200
ft. and between 56 and 100 in. in width. The wire will develop an average ultimate strength
of 70,000 to 80,000 1b. per sq. in.

WELDED WIRE FaBRIC

! Area per foot of width in longitudinal wires only
. Diam f Spacingof [ ———™™ -— -~ -~=—- - -
IS .‘:u‘:j(- IM':“;{"‘:{ f:.:"‘.i‘gd‘p::l ggzﬁ.‘.’:, ""‘n.'v":° Spacing of longitudinal wires
: . wires wire (square . wires
inal wires  (inches) inches) wires | (inches) |——————— - —-——— -  ——
' ! | 2in. l 3in. 4 in. 8 in. l 0 in.
- - : —_ - — e — -~
0000 034 012 | 3 16 | 0.735 | 0.490 | 0.367 | 0.204 | 0.245
000 0.363  0.103 | 4 16 | 0.619 | 0.413 | 0.310 | 0.248 | 0.206
00 0.331 0.086 4 16 | 0.516 | 0.344 | 0.258 | 0.207 | 0.172
0 0.307  0.074 6 16 | 0.443 | 0.205 | 0.221 | 0.177 | 0.148
1 0.283 0.063 6 16 | 0.377 | 0.252 | 0.189 | 0.151 | 0.126
2 0.263 | 0.05¢ 8 16 | 0.325 | 0.217 | 0.162 | 0.130 | 0.108
3 0.244 0.047 8 16 [0.280|0.187 | 0.140 | 0.112 | 0.003
4 |, 0225 | 0040 9 16 0.239 | 0.160 | 0.120 | 0.096 | 0.080
5 0.207 . 0.034 9 16 | 0.202 | 0.135 [ 0.101 |