A TREATISE ON CONCRETE

CHAPTER IX

STRENGTH AND COMPOSITION OF
CEMENT MORTARS

The following are the important conclusions in this chapter:

(1) The strength of a mortar depends primarily upon (¢) percentage of
cement in a unit volume, and (b) density. (See p. 133.)

(2) The strongest mortar for any given proportions, by weight, of cement
to dry sand, is obtained from sand which with the given cement produces
the smallest volume of plastic mortar. (See p. 148.)

(3) The best sand is in general that which will produce the smallest
volume of mortar of standard consistency when mixed with the given ce-
ment in the required proportions. (See pp. 133 and 149.)

(4) The density of a mortar is determined by calculating the absolute
volumes of its ingredients. (See p. 138.)

(5) The qualities of different sands may be studied by screening each
into three sizes and comparing their granulometric compositions with
Feret’s curves. (See p. 142.)

(6) Sharpness of the sand grains is of slight importance. (See p. 154a.)

(7) Coarse sand produces stronger mortar than fine sand. (See p. 146.)

(8) Fine sand requires more water than coarse sand to produce a
mortar of like consistency, and consequently its mortar is less dense.  (See
P- 145.)

(9) Mixed sand, 7. e., sand containing fine and coarse grains, in mortars
leaner than 1: 2, usually produces stronger and more impervious mortars
than coarse sand. (See p. 146.)

(10) Screenings from broken stone usually produce stronger mortars than
sand because of their greater density. The relative value of screenings
and sand may often be determined by comparing their densities or the
densities of mortar made from them. (See pp. 150 and 153.)

(r1) Mixtures of fine and coarse sand or of sand and screenings often
produce better mortar than either material alone. (See p. 149.)

(12) The variation of the sand in different portions of the same bank
may be utilized by requiring the contractor to mix two sizes without exact
measurement, so that the material as delivered shall contain not less than
a definite percentage of sand coarse enough to be retained on a certain
sieve. (See p. 149.)
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(13) Mineral impurities in sand, such as clay, in small quantities, may
strengthen a lean mortar, and weaken a rich mortar. (See p. 154b.)

(13a2) Organic impurities in sand, such as vegetable loam, even in' minute
quantities may destroy the strength of the mortar or concrete. (See p.154b.)

(r4) Gaging with sea water does not affect the ultimate strength of mor-
tars. (See p. 159b.)

(15) The unit fiber stress in a cement or mortar beam is about the same for
a prism 4 cm. (1.6 in.) on edge asforone 2 cm. (0.81in.) on edge. (See p. 134.)

(16) The unit fiber stress in bending is about 1.8¢ times the unit
tensile strength of briquettes of 5 sq. cm. (See p. 134.)

(17) The unit tensile strength of specimens decreases as the breaking
area is enlarged. (See p. 134.)

(18) The unit compressive strength of similar specimens of cement or
mortar is not greatly affected by their size. (See p. 134.)

Laws of Strength. There are two fundamental laws of strength which
apply to mortars composed of the same cement with different proportions
and sizes of sand.

(1) With the same aggregate,* the strongest and most impermeable mor-
tar is that containing the largest percentage of cement in a given volume
of the mortar.

(2) With the same percentage of cement in a given volume of mortar,
the strongest, and usually the most impermeable, mortar is that which has
the greatest density,f that is, which in a unit volume has the largest per-
centage of solid materials.

The first of these rules is understood by ordinary users of cement, but
the second rule states a fact which is appreciated only by experts.

The value of a first-class cement is universally recognized, the effects of
impurities have been studied in various ways, and the variations in strength
of mortars made from different sands or broken stone screenings have been
recorded, but the fundamental law of the relation of the density of a mor-
tar to its strength, — a function nearly as important as the quality of the
cement itself and explaining many of the seemingly paradoxical results of
tests with different aggregates and different proportions of water, — is but

vaguely comprehended by the majority of experimenters and most of the

users of cement.

The importance of this subject claims for it a full investigation, and its
study is taken up on page 134. The application of these laws to concrete
is discussed in Chapter XX.

*The word aggregate is defined on page 1.
The meaning of density may be understood by referring to the figures on pp. 172 and 173.
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STRENGTH OF SIMILAR MORTARS SUBJECTED TO
DIFFERENT TESTS*

Mr. René Feret, Chief of the Laboratory of Bridges and Roads at
Boulogne-sur-Mer, France, has made very extended tests of strength of
mortars, studying his results scientifically, and in many cases formulating
laws and formulas applicable to different conditions. The tests of one
series in particular are of so wide a range in character and in proportions
used that the authors have converted the values into English units, and
reproduce the table in full on pages 136 and 137.

After plotting the strengths in various ways, Mr. Feret reaches conclu-
sions which may be summed up as follows:

(@) The unit fiber stress for prisms 4 centimeters (1.6 in.) on an edge
is about the same as for prisms 2 centimeters (.8 in.) on edge.

(b) The tensile strength per square centimeter of prisms having a break-
ing area of 16 square centimeters (the strength of which he found to be
similar to that of briquettes of the same section) is about two-thirds the
strength per square centimeter of the normal briquettes which have an area
of 5 square centimeters. This difference is attributed partly to the lack of
homogeneity of the specimens, especially on their surfaces, but prin-
cipally to the unequal distribution of the stress on the area of the section.

(¢c) Resistance to flexion, that is, the unit fiber stress in bending, is
about 1.8¢ times the tensile strength per unit of area of briquettes of 5
square centimeters.

(d) The form and dimensions of the specimen do not greatly influence
the strength per unit of area in compression when the height and width of
the block are approximately equal.

(¢) Resistances to flexion and tension are proportional to each other,
and resistances to compression, shearing, and punching are proportional to
one another, but there is no constant relation between the resistance to
compression and the resistance to tension or flexion.

THE RELATION OF DENSITY TO STRENGTH

In the same paper from which we have quoted, Mr. Feret treats of the
density and elementary volumetric composition of mortars, using in his
studies the results given in the table just described. He calls particular
attention to the fact that the properties of hydraulic mortar, such as dura-

bility, permeability, porosity, and ability to resist the decomposing action -

of sea water, depend not only upon the quality of the cement, but “in a

measure greater than is generally believed, upon the granular physical

* A valuable series of tests has also been made by Messrs. Humphrey and Jordan at the U. 8.
Government Testing Laboratory at St. Louis, see Bulletin No. 331 U. 8. Geological Survey, 1908.
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composition of the mortars, that is to say, upon the dimensions and rel-
ative positions of the different elements entering into their composition.”

The density (compacité) of a mortar is represented by the total volume
of the solid particles, — exclusive of the water

_ ‘ and the voids, — entering
nto a unit volume of mortar.*

The “elementary volumes” in a unit volume of fresh mortar consist of
the absolute volumes of the cement, sand, water, and voids, each ex-
pressed in the form of a decimal. To illustrate, the “elementary vol-
umetric composition” of the mortar in Ttem 8 of the table on page 136,
which is mixed in proportions by weight of one part cement to 14 parts
of natural sand, is:

Cement () =o0.226
Sand (s)=o0.490
Water (wy=o0.234
Air voids (v) =o0.041

Total volume = 1.000

: Expressing this in more familiar terms, 22.6%, of the unit volume of the
given mortar consists of solid particles of cement, 49.9% of particles of
sand, 23.4% of water, and the remaining 4.1%, of air voids.

The porosity, represented by the sum of the water and air vo; ds, is 27.5%,.

The term voids is often employed to represent the porosity, that is, the sum
of the air and water.

It is obvious that

also that

T=1— (6| §

which is equivalent to the statement that the entrained air in any volume
of fresh mortar is equal to the measured volume of the mortar minus the
space occupied by the cement, sand, and water.

The density of the mortar considered above is ¢ + §, 0T, 0.220 -+
0.725 as given in column (11) of the table on pages 136 and 137.
A thorough understanding of the use of these

0.499 =

symbols is essential to the
study of strength of concrete and mortar, for, as will be shown further

on, practical tests of strength are of small value unless the density and
exact mechanical composition of the specimens are clearly defined

" o . :

If the word dens:tyl is .apphedlto sand alone, it means the proportion of the measured
volume of the sand? 'wlnch is occupied by the solid sand grains; a sand, for example, having
under certain conditions 40%, voids, would have a density of 1.00—0.40=0.60. )
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In practice density of volumetric tests are of great value for comparing
the relative values of different aggregates, and for determining the pro-
portions for the most economical concrete. They are also useful for study-
ing the effect of varying quantities of water. As is shown in the following
pages, the density of mortars or concretes made from similar materials
bears a definite relation to the strength, so that it is frequently possible to
determine the best mixture as soon as the density tests are completed,
instead of waiting for the tests of tensile or compressive strength. The
test has been used by the authors in a practical way for comparing sands
and for grading sands in special work, and also for concrete to fix on the
best proportions when using merely one fine and one coarse aggregate,
and in other cases to determine the proper proportions for a scientifically
graded mix.*

Density of Mortars and Concrete. The density of fresh mortars of
ordinary proportions, as shown by tests of the authors, averages about o.j0
(corresponding to 307, air plus water voids). Mortars of fine sands may
run as low as 0.60 (40% air plus water voids), while by special grading or
the use of an exceptionally good coarse sand the density may be as high
as 0.75 (259 voids). The density of neat cement usually ranges between
o.50 and 0.55. The density of concrete rangesf from 0.76 to 0.88, depend-
ing upon the grading of the aggregates and the cement.

The values apply to the materials freshly mixed before setting. The
chemical combination of the cement and water reduces the porosity further.

Density or Volumetric Tests of Mortar.i To obtain accurate results,
considerable care is necessary in making the experiments. An approxi-
mate method suited to rough comparisons will be given first and this will
be followed by more accurate methods advised for laboratory work.

The rough volumetric test may be made in almost any vessel or
mold so long as the capacity is readily computed and its dimensions
such that the depth of mortar or concrete can be measured exactly.
A deep mold is more accurate than a shallow one. The volume

* See' Chapter X1, p. 183,
t From the “Laws of Proportioning Concrete,” by Wm. B. Fuller and Sanford E. Thompson,

Transactions American Society Civil Engineers, Vol. LIX, 1907. p. 67.

IThE French Commission determine the “yield™ of a mortar (see p. 129) by measuring its
volume green, that is, just after introduction into the molds, when an excess of water may affect
the volume, and thus give misleading results with very wet miztures.

In his Report to the French Commission, 1895, Vol. IV, p. 243, Mr. Feret also measures the
mortar wet, but he employs a vessel of known capacity, — 2 cylindrical measure whose height
and interior diameter are each about 8 centimeters, — and uses only a portion of the mortar which
he mixes, calculating his percentages by ratio of the weight of mortar made to the weight of mortar
introduced into the measure to fill it exactly. This method eliminates inaccuracies in measur-

ing the level of the surface.
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of mortar and concrete of dry consistency will measure the same after
setting as when green, but wet mixtures must be measured before setting,
and again after they have become sufficiently hard to expel the sur[al;
water. The measurement before setting is necessary in order to calcu-
late the volume of air bubbles entrained in the wet mortar or concrete.
The volume after setting, or partially setting, however, is the only one of
real importance for studying the characteristics of strength, ])ern{eabiliu'
and cost. The sand is dried, or its moisture is determined by weighir{;
and drying a sample of it. If stone of a porous nature is used the ;mrez
of its particles should be filled with water, but there should be no per-
ceptible moisture on their surfaces. The quantities of dry materials for
;L.s.ingle tube or mold are weighed in the required pmﬁnrtions, mixed
with a known weight of water, and placed compactly in the mold, whose
lateral dimensions have been exactly measured so that the vo]?ume of
mortar in it may be obtained by measuring down from the top. The
exact space occupied by the particles of each of the solid materials and
by .the water is calculated, if the metric system is employed, by dividing
their total weight by the specific gravity of each, or, if English units are
used, by dividing the weight times 1728 (the number of cubic inches ina
cubic foot) by the specific gravity multiplied by the weight of a cubic foot
of water. After partially setting, the exact depth of the mortar in the
mold is measured and its volume calculated. The percentage of each of
the dry materials, which really determines the densit\'.—wl;ich is repre-
sented by the sum of the absolute volumes of the dry ‘materia].—is found
by dividing the absolute volume of each material b3;' the tolal'volume of
the set mortar or concrete.

The specific gravity of cement which has been stored for a short time
may be taken at 3.10 and the specific gravity of dry sand at 2.65.
The following example from the authors’ note book illustrates the method

of finding the density when the measurements are in English weights
and measures: ;

Example:—Find density of a mortar composed of Newburyport sand
and Portland cement in proportions 1 : 2 by weight.

Solution:—For the mold used, it was estimated that 8 Ib. cement
and 16 1b. dry sand would be required. Gaging these with 3 Ib., 12.6 0z
(3-79 1b.) of water, the quantity necessary for the desired cm’lsistencv‘
the volume of the mortar was found by measurement to be 348 c‘u.. 1n,
when green, and 336 cu. in. after setting and pouring off the surplus

e B

R
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water. The absolute volumes are expressed below, first in cubic inches and
finally in terms of the density (¢ + $), of the set mortar.

Cement = 71.6 cu.in.
Sand - = 167.4cu.in.

. 379 A ;
Water % = 105.1 CU. iN.

Absolute volume cement, sand and water, 344 Cu. in.
Measured volume green mortar, 148 cu. in.
Volume of entrained air, 4cu.in.
Percentage of entrained air, 12%
71.6 7.4

Density of set mortar,c + s = 4=
: 336~ 336

= 0213 + 0.498 = C.711

Volumetric Tests of Mortar at Jerome Park Reservoir. The methods
used by Messrs. Fuller and Thompson at Jerome Park Reservoir in tests
for the New York Aqueduct Commission in 19o6* have since been adopted,
with slight variations, in the authors’ laboratory. T he procedure is indi-
cated in the blank form used in the tests, a copy of which filled out is here
reproduced on page 139. While somewhat lengthy in appearance, it is
arranged to correct almost automatically for the unavoidable losses due to
free water and mortar sticking to the tools. The chief object of the test is
to find the density of a fresh mortar, that is, the ratio of solid material
in it to the total volume, and also to determine the elementary volumes of

each ingredient. In the test illustrated, for example, the density is 0.696

and the air plus water voids are therefore 30.4%-
The apparatus used for density tests of mortar are a shallow pan about
. a small pointing trowel, scales to weigh to one-tenth

g inches diameter
liameter and 250 cubic

gram, measuring glass or graduate about 1} inches ¢
y, one or two beakers, and a stick for tamping the mortar

centimeters capacit
and aggregate may be

in the glass. 300 or 400 grams of mixed cement
used in the tests.

Tt has been found that the material which sticks to the tools i
e weight of the aggregate which

s either

cement or similarly fine aggregate, so that tl
passes a No. 100 sieve should be recorded for use in the computations.
# See paper by Messrs. Fullerand Thompson, Transactions American Society Civil Engineers, Vo
LIX, p. 67.

L.
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Volumetric test for Reservoir
Cement B Aggregates Clean Sand
Computed by Brown

(1) Experiment No.

(2) Nominal proportions by volume

(3) Proportions by weight.

(4) Description of aggregate. .

(5) Wt. of cement. ...

(6) Total weight of aggregate

(7) “St;.eofe the aggregate passing a No. 100

=

(8) “‘r‘t. o‘f vessel and water (before using) . . .
(9) . g (after using) . . .
(1o0) “ “ ‘waterused = (8) — (9).-
(r1) Percentage of water = {z0)

(r2) Consistency

(13) Temperature water

(14) Tgt_al weight mixed = (5) + (6) + (10)- ..
(15) Weight tray and tools (after using).. . .
{Z6) Ny & " % (before us?m;.s. s
(17) “‘eight mix adhering = (15) -—(:(n. r
(x8) Weight measuring glass or graduate. . . .
(19) Weight glass + mix. ... .. AR 7
(20) Weight glass + mix — free water %
(ax) “ freewater = (10—20)...........
(22) : m'i,xset = (1) = (17} = (3 x)
(23) “ = (20) = (i8)......
(24) Discrepancy = (23) — (22)
(25) Time mixing completed
(26) Volume of mix, in cu. cm
(27) Time settling
(28) Final volume of mix in cu. cm

(29) Water left on tray =(10) X O
)+

(17)

(5) +(7) +(10)
(31) Aggregateleftontray =(7) X i3 J_EIT]
: : (5) +(7)+ 10)
(32) Wt. \(vat)er in set mortar =‘(1o_)‘— (znJ
o
(33) “'t. cement in set mortar = (5) — (30)
(34) “(t- aggregate in set mortar = (6) -
3L)
(35) Specific gravity cement
(36) 3 “  aggregate. ..
(37) Absolute volume water = {32)
(28)
{3_3.) S
(aB) e

: ¢ aggregate = 3 x
(28)

(30) Cement left on tray =(5) X

(38) " “  cement =
(39)
(40) Total absolute volume

= (38) + (39) ;
Remarks: Fine Material on Surface . . .

D File W. R.
S A e d e e 4 dre s IIAEBL H =2 000
Checked by T. R 3

g op ~ne

oo

I
I
.278

.227

.469

074
L6906
3 ce.

Note: Weights are in grams; volumes in cubic centimeters.
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The materials are carefully weighed, and enough water added,—the quan-
ity varying with the fineness of the sand,—to producea mortar softer than
standard consistency which will scarcely hold its shape in the mixing pan.
An examination of the various items in the table will show the purpose of
each, the object being to correct for all losses and obtain a resulting volume
corresponding to that of the mortar after setting. The figures following
many of the items refer to the numbers of the other items, the fraction
following item (29), for example, representing the water of the mix which
adheres to the tray and tools. The weight of the water in this mortar which
adheres is found from the proportion,—Mix adhering: total fine mortar =
water in mix adhering : total water. Expressed in item numbers this

becomes

It i
Item (29) = ———em—(”—)—— % Item (10). The cement and

Items (5) + (7) + (10)
aggregate left on tray, items (30) and (31), are similarly computed, and
from these the weight of each of the materials in the set mortar is found.
The absolute volumes, iterns (37) to (39), are then readily computed and the
density determined. '

Volumetric Tests of Conerete.  For volumetric or density tests of con-
crete, molds at least 8 inches in diameter are necessary, but the process
throughout is similar to that already described for the volumetric tests of
mortar and a similar blank form may be readily made for records.

The density tests as made at Jerome Park Reservoir are fully described
in the paper by Messrs. Fuller and Thompson already referred tof and
results of the tests are there given.

Feret’s Formula for Strength. For studying the relation of absolute
volumes to strength, let

P = compressive strength of the mortar.

K = a constant which differs for different cements and at different ages of
the same morfar.

¢ = absolute volume of cement.

s = ahsolute volume of sand.

= absolute volume of water voids.

» = absolute volume of air voids.

The value of determining the density of mortars is made evident by the

following law of Mr. Feret:*
“For any series of plastic mortars made with the same binding material

#Bulletin de Ia Société d’Encouragement pour 'Industrie Nationale, 1897, Vol. I, p. 1604.
1See also Chapter XI of this Treatise.
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and inert sands, the resistance to compression after the same length of set,

under identical conditions, is solely a function of the ratio £
ha =
Sl +S), whatever be the nature and size of the sand and the pro-

})ortlons of the elements, — cement, inert sand and water, — of which each
is composed.”

It follows from this law, as Mr. Feret says, that the strength of any

MORTARS OF

© SAND FROM GATTEMARE
+ “ “ SAINT MALO

L] o " THE DUNES
5 M’ GROUND QUARTZITE, MIXED SIZES

TR & UNIFORM SIZE
© NEAT CEMENT

P=STRENGTH IN KG. PER 5Q. CM.

0.1000 0.2000
asscissas (%) 2

Fic. 49. — Derivation of Feret’s Formula for Strength, (See p. 142.)
(Bulletin de la Société d’Encouragement pour 1'Industrie Nationale— 1897.)

mortar increases with the absolute volume of the cement (¢) in a unit
volume of fresh mortar, and also with the density (¢ + s), whatever may
be the relative volumes filled with water and air.




