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UNITED STATES DEPARTMENT OF AGRICULTURE
WASHING’I‘ON,_ D. C.

.. LABORATORY AND FIELD TESTS
OF CONCRETE EXPOSED TO THE ACTION
OF SULPHATE WATERS'

By Davrox G. MiLizr, Senior Drainage Zngineer, Diviaion of Drainage and Soil
Erosion Control, Bireau of Agriculturel Engineering, United States Department
of -Agriculture, and Pamar W. Mansow, Division of Agricultural Engineering,
Agricullural Experiment Station, University of Minnesota and Division of Drain-~

age and Waters, Minnesola State Depariment o, Conservation
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INTRODUCTION

In the spring of 1919 the attention of the Unit

of Agriculture was called to a number of failure:
und in southwestern Minnesota.

Interested organizations the Bureau o

1 A report of progress of
cultural Englneering of the U, 8,
of Dralnage and Waters of the Dag
elty this report {2 Journal Series

Bureat of Public Roads.
161 B40—33——1

greement betwean the Burean of Agri-

the Unlversity of Minnesota, and the T {vislon

, State of Minnesata. In the fles of the univer-
aper No, 1108 of the Agrieultoral Experitoent Station.
* Prior to the organizatlon of the Bureau of Agricnittiral Engineering in 1531, the work of the 7. 8. Dapart-
ment of Agrieglture in this ipvestigation was done by ihe Diviaion of Agricultural Engloeering of the

ed States Department
s of concrete tile in the
At a conference between various
f Public Roads * agreed to inves-
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tigate the situation. A systematic field stud; was begun in the {all
of 1919 and covered 23 counties in Minnesots and 4 counties in north-
ern Jowa. 'Tile {silures were located and samples of drain water and
soil water snalyzed. The study revealed a marked correlation be-
tween alkali 3 concentrations snd failures of concrete tile. A labora-
tory was established at University Farm, 5t. Paul, Minn., in coopera-
tion with the Agricultural Experiment Station and the Department of
drainage and waters * of the State, to make an exhaustive investiga-
tion of the effect of alkali waters on concrete.

The act of the 1920 session of the Minnesota Legislature that pro-
vided funds for the draintile laboratory ceiled for an “investigation of
the causes of failure of agricultural drainfile, the means of obviating
such fsilures, and mapping of areas where extra precautions are neces-
sery.” In July, 1921, a bulletin (57)° based on many field examina-
tions of draintile and on chemicel analyses of 1,062 water samples and
150 soil samples, clearly showed the cause of failure to be the presence
of alksli in the subseil, in the form of the sulphates of megnesium
MgS0,) and sodium (Ne,80,). In January, 1927, a bulletin (35)
was puidished containing a map of Minnesota showing where extra
precautions in using conerete tile had been found necessary.

This bulletin is intended to furnish te engineers, tile menufacturers,
and tile users, additional information that will more nearly make it
possible to completely obviate failures of agricultural draintile. At
the same time the bulletin will make generally available the results
of the work to date. It gives results of observations on the behavior
of experimentnl specimens subjeeted to the action of artificial sulphate
solutions in the laboratory, and the behavior of specimens installed
under natural-field exposure conditions in Minnesota, North Dakota,
and South Dakota. For this work more than fifty thousand 2 by 4
inch cement-concrete and cement-maortar cylinders, 1,000 cement-
mortar briguets, 3,000 specially made concrete draintile, and numer-
ous miscellancous specimens, have beer made. The experimeuts,
while originally planned to aid in the general improvement of farm
draintile, bave & wide application to the use of concrete culverts,
water and sewer pipe, irrigation structures, foundations, and all other
types of concrete construction that, in service, must resist the action
of soils or waters rich in sulphates.

EARLY STUDIES OF THE CONCRETE-ALEALI PROBLEM

Since the invention of Portland cement in 1824 many studies have
been made and much research is stil under way, looking toward
solving the problem of deterioration of cement in contact with sulphate
waters. It is believed that the following brief historical review will
be helpful to workers in this field.

Asnong the many earlier European workers on this subject are
Le Chatelier (80}, in 1887, Michaelis (32) in 1891, and Feret (22, in
1800. Bied (10) in 19809 reported the results of 6 years laboratory
tests of the action of sulphate solutions on mortars confaining artificial
pozzuolanas. Poulsen in 1923 issued & report (43) in which he

* The word “alkali" iz used throughont this bulletin in the seass In which it Is commonly usad in arid
and somfarld rogions of the United Stotes, and may mean any o0e o more, singly or ko combiuntion, of the
snlphates, chlorides, and carbonates of sodium, mugnesinm, and celcium. In this sense see water can he
classed as “alkall”’ water.

# Niow the Division of Drainnge and Wators of the Drepartment of Conservaetlon.

# [tailc numbers o parentheses refer to Literature Qited, p. 77.
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describes a series of feld axperiments started on a comprehensive
seale in 1896 by the Scandinavian Association of Manufacturers of
Portland Cement, to determine the mnfluence of various factors on
the resistance of concrete exposed to sea water; Candlot (16) reviewed
the results and conclasions by Viennot and other French engineers
based largely on 40 years of Investigations of experimental cubes
- installed between 1856 and 1875 in the harbor of LaRochelle. French
- engineers and chemists acknowledged the existence of the “allkali’”
problem three-gquarters of a century ago. In fact, studies by both
the French and En?]ish are older than Portland cement, for Vieat
recognized the problem as far back as 1812 in connection with work
on limes and natural cements reported upon in 1818 (40). Antedat~
ing the work of Vicat by more than a half century, Smesaton (44)
experimenfed to secure a mortar that would best resist sea water,
when he built the Eddystone Lighthouse in 1756-1759.

The concrete-alkali problem was not seriously considered in North
America until nearly the beginning of the present century, after
failures of important structures in widely separated parts of the
country had oceurred. Very evident deterioration of maritime
structures along the North Atlantic seaboard, particularly in Bostorr
Harbor, finally focused the attention of engineers and chemists of
the eastern United States and resulted in an Impressive series of
field tests by the Aberthaw Construction Co. of Boston (2). This
company, in 1909, made 24 concrete beams 16 fest long by 16 inches
sgquare and suspended them in Boston Harbor, in Charlestown Na
Yard, with their tops above high water and their hottoms below low
water, so that they were subjected to the chemical action of sea
wa}aer, to the mechanical effect of alternate wetting and drying, and
to frost.

More or less contemporineous with the Aberthaw tests, but entirely
independent and possibly antedating them in some phases, were
studies by the United States Bureau of Standards reported by Bates,
Phillips, and Wig (§) in 1912. That paper was based on observations
and chemical examinations of hollow test eylinders 3% inches in
outside diameter and 10 inches long through which were passed:
solutions of various kinds, and on compression tests of 8 by 16 inch
cylinders installed in the open sea. These studies were fundaniental
in nature, and the behavior of mortar and comcrete specimens of
Portland, slag, iron-ore, and natural cements was observed.

About the timé the Aberthaw tests in Boston Harbor were begun
the interest of engineers and chemists throughout the western United
States was aroused by disintegration of sections of the sewer system
of Great Falls, Mont., as reported upon by Tannatt and Burke 47y
in 1908. The first failure noted in this sewer system occurred in g
26 by 32 inch oval main shortly after its construction in 1890, This.
fatlure occurred about the time that extensive reclamation develop-
ment began in the West. Troubles that developed with concrete
struetures built by the United States Reclamation Service in alkali
goils and waters were reported by Jewett in 1908 (27). Also in 1908
was issued the pamphlet by Headden (25) based chiefly on limited
chemical work that followed observed failures of small draintile in
western Colorado. In 1910 a bulletin by Burke and Pinckney (14),
containing chemical analyses and observed physical effects of storing
briquettes in sulphate, carbonate, ehleride, and other solutions, was
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published. In 1915 the paper by Wig and Williams (64) based on
results of the first year's tests of experimental tile installed in alkali
soils in eight Western States wasissued. Other reports on this work
followed in 1917 (§5), 1922 (58), and 1926 (59). Along the samse
general line as the paper by Burke and Pinckney in 1910, bit broader,
was the bulletin by Steik (46) published in 1917 and based on ex-
tended tests of briquettes in many solutions of several strengths for
periods of as much ag seven years.

A great many other papers reporting investigations and research
on deterioration of concrete exposed to alkali have been printed since
the inception of the Aberthaw tests and the report of the failure of the
Great Falls sewer, coming from many sources in North. America.
Among them the following three are considered particularly note-
worthy because of their historicel and bibliographic matter: (1} A
bibliography of the United States Department of Agriculture issued
in 1925 (28) and supplemented in 1931 is the most complete compila-
tion of references on this subject. (2) Atwood and Johnson (6), trace
the history of cement in sea water and analyze results obtained by
various investigators. This paper cites 113 references. (3) A paper
by Pagon (40), first published in 1915-16 is a comprehensive collection
of the experiences and opinioss of many woriers, and has appended
references to 145 printed articles. :

ORGANIZATIONS MAKING CONCRETE-ALKALL INVESTIGATIONS

Although valuable reports on various phases of concrete-alkali in-
vestigations emanated from many sources between 1920 and 1930,
there developed during this period an evident tendency in the United
States and Canada to leave such work to organizations sufficiently
interested properly to finance research that was breader and more
fundamental in scope, for the most part, than much of the research
pre riously undertaken. Some such organizations, now active, are:

The Bureau of Standards of the United States Department of Com-
merce makes investigations on the effect of alkali on Portland cement
in cooperation with the Portland Cement Association, through a fel-
lowship created in 1924 for fundamental studies of the constitution
and hardening of Portland cement.

The research laboratory of the Portland Cement Association began
in 1921 & comprehensive series of field and laboratory -tests of Port-
land cement specimens exposed to alkali. In addition to doing the
laboratory work, this organization has periodically examined some
9,000 concrete cylinders 10 inches in diameter and 24 inches long,
after their exposure to sulphate soils and waters in Colorado, South
Dakota, and western Canada.

The Engineering Institute of Canada in 1921 appointed s committee
on deterioration of concrete in alkali eoils, to continue the concrete-
alkali investigations begun in 1918 by the Calgary branch of the insti-
fute and in 1018 by the University of Saskatchewan as field experi-
ments carried on by exposing concrete blocks of known quality to
sulphate waters. Between 1921 and 1928 the work was financed }:f
the National Research Council of Canada, the Canadian Pacific Rail-

4 UNITED BTaATES DEPARTMENT OF AGRICULTTRE, BUREAT OF AGECULTURAL ERGINEERING. BUEPLE -
MENTARY BIBLIOGRAPEY RELATING TQ THE DELETERIOUB ACTION OF SOIL ALKALIES AND OTHER CEEMICAL
AQINTS ON CEMENT AND CONCEETE, 16p. 1931 [Mimeographad.]
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way, the Canada Cement Co., the city of Winnepeg, the three prairie
Provinces, aud the University of Saskatchewan, but in 1928 the
National Research Council of Canada took this over and it is now
catried on almost exclusively in the chemical laboratory of the Uni-
versity of Saskatchewsn.

The Bureau of Public Roads has been condueting experiments with
mortar and concrete cylinders surface treated or immersed in such
Preparations as water-gas tar, coal tar, and paraffin. In this work
the physical effects of alkali action have been studied chemically and
microscopically.

GENERAL DESCRIPTION OF TESTS
TEST SPECIMENS

Most of the test specimens were cylinders 2 inches in diameter b
4 inches long, used partly because the 2-inch dismeter roughly approxi-
mates the wall thickness of many of the tile used in public drains in
Minresote and other States of the Middle West, A small number of
standard briquets and commercial draintile were also tested.

The greater number of the test cylinders were made of concrete,
not merely mortear, slthough only pebbles small enough to pass a
j-inch squsre opening were used. The aggregate met zll standard
physical tests. It was separated into screon sizes and recombined,
as shown in Table 1, to produce a fineiress modulus of 4.67. The
mineralogical composition of & sample of the combined materials is
recorded 1o Table 2. Roughly, about 75 per cent of the agpregate
may be classed as siliceous, 15 per cent argillaceous, and 10 per cent,
calcaresus. The unit dry weight of the combined fine and coarse agere-
gate was 124 pounds per cubic foot. This was the highest unit weight.
of dry-rodded material that could be obtained by sny sombination:
of screen sizes, as was determined by repeated trials. 'T'he average
weight of the concrete cylinders 24 hours after they were made, was.
about 505 grams and variations of individugl cylinders from .this.
average rarely exceeded 2 per cent.

TasLE 1.—Screen arnalysis of aggregate and guantily of each size used for 9-cylinder
batch of 2 by 4 inch taboralory standard cylinders

Total
Passing [ Retained| conrser | Required
streen |onsereen| than | for bateh
sereen

Zereen size

Per cent Per cent
0 0

43.7
6.7
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TapLm 2,~—Pelrological count of aggregate used in laboratory slandard cylinders

Portion of screen size

Portipn
Component ol entire | Passing | Passing | Passing
sampla | ¥-inch; | Mo 4 | Noo 1
retained | retained | reiained
on Weo. 4 |on No, 104 on No. 20

Per cent | Per cent | Per cend | Per cent | Fer ¢¢n
.1'2’?. i Sgg 30.¢ 2.0
B, 3.

—
=

Sandstene.

8

BT e fa b
osSeoDooo

13,0 12.5
it . 15.0
Rhyoiite N 12.5
Limestoneo. — 3 12.0
Chert - — )
Feldspar.... s

Gpeiss

'l
R 100. 0

Total I I

E. 0. E. Lord, Burean of Public Roads, U. 5. Department of Agriculture.

The cylinders with some exceptions were made in batches of nine,
Wach series consisted of five batches made on different days of the
same week, the order of making being changed daily so that for the
weels it was the same for all series. Most of the cylinders were of
1: 3 mix, with a relative consistency of 1.00 and a water-cement ratio
of 0.62, which is 4.6 gallons of water per bag of cement. Each batch
was mixed by hand at least 14 minutes dry and 2 minutes aiter the
water was added. After being mixed the materials were rodded in
four layers in three 3-gang brass moids, each layer being tamped 20
times with a round-pointed steel rod % by 15 inches in size. The
cylinders were cured during the first 24 hours In a moist closet at room
temperature. Following this routine, using local sand and gravel
and storing the cylinders in distilled water until tested, produced con-
crete with high compressive strengths, generally in excess of 4,500
pounds at 28 days, and with an absorption. of 6 per cent when tested
in sccordance with the American Society for Testing Materials stand-
ard specifications for draintile (§), which provide for oven drying at o
temperature of not less than 230° F. followed by 5 hours in boiling
water.

A limited number of mortar cylinders and standard briquets were
made of standard Ottawa sand, and these fairky well represented very
poorly graded aggregate characteristic of that used too frequenfly in
small draintile. The compressive strength of the mortar eylinders
that wers mixed 1:3 ordinarily averaged between 2,500 and 3,000
pounds per square inch at 28 days, with an absorption of 10 per cent
when the cylinders were tested [ilke the others. Draintile of 5 and 6
jnches diameter were made at three commereial tile plants.

EXPOSURE CONDITIONS

Tt was origitally planned to base most of the conclusions on resulfs
obtained with cylinders stored in solutions in the laboratory. It
became apparent, however, that this procedure would ignore factors
encountered by concrete in service or would nvolve very great
‘e.\'ﬁlensa. The work was therefore broadened, and has included the
following exposure conditions:
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Cylinders and briquets were stored in the laboratory at ordinary
room temperatures, in pure solutions of magnesinm sulphate (MgSQ,)
and sedium suipbate (N2,S0,) ranging in strength from vue-fourth of
1 per cent to 15 per cent. All solutions wers beld in covered 5-gallon
earthenware jars, 10 liters (2.6 gallons) in each. The solutions were
chenged a4 intervals of ons to 1our weeks. Never more than 20 cylin-
ders were stored in any jar.

Cylinders and draintile were stored in the alkali water of Medicine
Lake, 18 miles northwest of Wetertowr, 8. Dak. This is a 300 or 400
. acre body of clear water, some 30 to 40 feet deep, with stretches of
- gravel beach that afford excellent conditions for installing and
examining specimens. As in many othor lakes of the upper Missis-
sippl River Basin, the water level of Medicine Lake has considerably
receded during the last eight years. This increased the salt concen-
tration from 2.34 per cent on April 28, 1924, to 7.42 per ceut on
October 21, 1931. Analyses of six water samples taken December 10,
1923; February 14 and April 29, 1924; and February 18, July 1 and
Oiztober 21, 1931, are averaged in Table 3 and show a total salt content
of 4.79 per cent, almost wholly magnesium and sodium sulphates.
Medicine Lake freezes over, but all cylinders used in these experi-
}:nents were installed at depths well below that to which the water

Iroze,

TanLe 3.—dverage of siz analysés ! of waler from Medicine Lake, S. Dak., 1923
to 1931

Component, Quantityl Rﬁi‘f&fg Compaenent Quantity

Parir pey
Radigals: ] FPer cent
Nn .

M
492
47, 901

1 Analyses by the water and beverage Inboratory, Burean of Chemistry ang Solls, U. 5. Drepartment of
Agriculture,

Draintile of 5 and 6 inches diameter were wstalled 6 to 7 feet deep
as part of & tile system in alkali soil in Lyon County, southwestern
Minnesota. About 50 feet of poorly made commercial 6-inch concrete
tile had failed by disintegration at this location and were replaced in
1919 after but eight months’ service. Soil conditions are represented
by the water analysis first shown in Table 4. Draintile of 5 and 6
inches diameter were also buried 18 inches deep along the margin
of an alkali slough in Cass County in southeastern North Dakota.
The analysis of soil water talken from the trench in which these tile
were installed is also shown in Table 4.
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TaBLB 4—Analyses 1 of soil waler samples laken al concrele draintile installotions

Lyou County, | Cass County, Lyonr County, | Cass County,
Minn. N. Pak. Ming, Dak.

Cemponent Component

Roaet- React-
Quan- Quan- | ~* ;
ity vﬁtgl . ity v]alifga Quantity Quoatity

Parts Poris

Endicals: er per Parts Parts
Nu (ealeulat- ion | EPer cent| mitiion | Per cent|| Anbydrous salts: per mitlion per miltion

ed 715 | 442 | 27,362 | 48.18 NN

670

200

2
3, 360
54, 203

880
88, 398 21,830

1 Anglyses by tha water and beverage laboratory, Bureau of Chemistry and Scils, U. 8, Departmant
of Agriculture.

METHOD OF MEASURING ALEALL ACTION

The principal physical effect of allali action on Fortland-cement
concrete is an increase of volume caused by chemical interchange
resulting in the sul-
phuric acid radical
(S0,) of the sulphates
combining with the
free lime hydrate of
the cement to form
caleium sulphafe,
In the case of mag-
nesium sulphate, mag-
nesium hydrete is also
formed as an amor-

6 1 2 3% 4 5 6 7 83 i 2B phus voluminous
Lgngth increase in thousandtks of an inch precipitate. Both of

]
[=]

F
L=J

[+
[=]

[
o

i~
=]

Strengih ratic (per cent)

n
e

P

¥igune 1—Relution between increnso fn lengh and lgss iu compres- these secondary prod-
slve strength of concretn cyiinders, §:2 mix, stored in 1 per cent solu-
1fons of sod jum sniphale. Fach point Is the avernge of 10 cylinders uets occupy much
roade an 5 doys, and the 124 points represent tests of Portland cements rreater VO].UITJ.E t;]‘l&ll
=

Irgmn 35 mills . -

the original hydrated

cement and free lime hydrate and are the chief causes for the physical
rupture of the concrete illustrated in Plate 1, A, This characteristic
was utilized in studying the progress of deteriorafion of test cylinders.
Round-head 1-inch brass screws were set in neat cement in the ends
of one-third of the cylinders in the series exposed in the laboratory and
of those in a few series exposed in Medicine Liake. Measurements
between, serew heads were taken in recording chunges in the length of
the cylinders. Both the amount and the rate o' increase, as indicated
by length changes, have been used in comparing behavior. Measure-
ments were made with an Ames dial graduated to thousandths of
an inch, and by interpolation, measurements were recorded %o 0.0001
inch. The special mounting lustrated in Plate 1, C was devised to
facilitate making the readings. Many readings made with this
device by different observers indicate an accuracy of about 0.0002 inch.
The relation between increase in length and loss in compressive
strength, based on tests of several hundred cylinders, is shown in



http:iiiiu-.46

Teeh. Bul. 358, U. S, Dept. of Agriculture FLATE 1

A, Three stiadard D aw s sl oy limlers da, v, wlter stovape fa L per cent solo
sulphiie vompared with twar eviigders froim e spme Jut o stored in dis illed water, showd
nerespse i \'ulllllrll‘ e fa sulphare aetian. B, N venent 2y o aeh exlinder afier 10 4
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Figure 1. The compression tests were made on blank-end cylinders
from the same batches as the cylinders measured for length. The
graph indicates that in these 2 by 4 inch cylinders of 1: 3 mix and
0.62 water-cement ratio, an increase in length of 0.01 inch or 0.25 per
cent predicated an average loss in strength of about 66 per cent, This
" relation was found to
hold consistently with 40
the different brands of
Portland cement in mix-
s leaner than 1:2, and
to vary only moderately
with water-cement ra-
tios between 0.44 and
0.73. Figure 2 shows
the effect of the strength
of sulphate solution up- ] 2 3 4
on the rate of increase Strength of solutions(percent)
in length of cylinders.

Because of the consist- i mugussium Sulphato s?lut[onslpn dincn_:ns& in leagth Oéll ingh,
ency of the results plag- Euch point is tha avernge for 25 cylinders in five serigs. {Comants

A and B1 mixed in equal portions)

ted in Figures 1 and 2,

the practice of rating relative resistance of the test cylinders on the
besis of time required to increase in length by 0.01 inch, and of con-
sidering the usefulness or “life” of all such cylinders to have ended
when that incresse in length had occurred, was adopted. For a mix of
1:1 and for neat cement, an increase of 0.01 inch in the cylinders was
found to indicate & loss of strength considerably greater than the loss
for the leaner mixes. The reason for this is discussed under Quantity
of cement in mix.”

SULPHATE ACTION IN RELATION TO STRENGTH OF SOLUTION

The destructive sction of solutions of meagnesium sulphate and
sodiurn sulphate increases with the strength of the solution but at a
100 diminishing rate. Fig-
ures 2 and 3 show that

with magnesium sul-
phate solutions between
0.25 and 0.5 per cent
strength, the rate of ac-
_ tionon the cylinderswas
. somewhat proportional
S to the strength of
the solution. ~ With
¢ stroogths greater than
1 per cent the rate of
i 2 3 4 {Lctionincren.qedless;np-
Strength of solutions {per cent} 1dly, and cylinders in 4
¥ 3-—8irengih ratios of mort d rote eylinders after per CGHt_SOIUtIODS had
Storag for 16 Werks in magnesuie stipReL C e mdors aftet  ompressive strengths

strengths, Fach point i3 the averago for 25 cylinders In & series, 3
{Cements A and Bl mixed in squat nortlons) aver agmg_ 86 per cent
of those in 1 per cent

solutions. Table 5 and Figures 4 and 5 show similar results ob-

served in briquets stored in 1, 5, and 15 per cent solutions of

magnesium sulphate and of sodium sulphate, the destructive action

of the & per cent solutions being in all cases much less than fve times
181540—33—2

£
=

g

oy
[+

[+1)
[=]

Strength ratio(per cent)

th
=]

Figyre 2—Time reqvited for mortar and concrete eylinders stored -
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that of the 1 per cent solutions and the action of the 15 per cent
solutions not approaching three times that of the 5 per cent solutions.

Tants §—Condilion of siandard Oilawa sand briquels siored for various periods in
sodium sulphale and magnesium sulphate solulions of different sirengths

{Conditions were rated visually, from § indiosting complate disintegration to 10 ndicating no apparent
uction of the solutiva upon the briquet}

Condition of briguets immersed in solution for time stated

4 weeks 12 weoaks

Portiand cement
MeS0: Nas804 Mg80,

I per (5 per (15 per [ per | B por |i5 per| 1 per 5pe§
cen

pery
0 et bk b2 ek B2 ST s D TR e oBe L T

1
10
10
19
19
i
g
3]
2
2
6
9
9
4
7

MRNENNHN OO TDDS

ChR DO n Sh ~I O D
e bt B2 BN B T TGS

A
14\ and 1B

Average of 6
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TESTS OF CONCRETE EXPOSED TO SULPHATE WATERS 1]

The curves in Figures 2 and 3 are of the same general type as those in
Figures4 and 5. The actual differencein rate of sction probably wasdue
to difference in the type of the specimens, though it is possible that part
of the difference was only appaz- .
ent and was the result of using i LN
dissimilar methods of rating the WA
cylinders and the briquets. \ Pl _

The general shape of the | N ‘%\ '
curves in Figures 2, 3, 4, and 5 : o o
is interpreted fo mean that the \w\\ﬁ
rate of disintegration is depend- e 4
ent not only on the quantity of %2 Partland A _ ol ;
salt present but also on the 2 Portiand B/
quantity and availability within 1 8 I
the specimen of those soluble Strength of solufions fper cent}
constituents of the cement that ) , -
react with the sulphates. This "5t weme iy Smssis saandord, Ottowa sand
hasgreat significancein the prac- % ger ek, (Viessl oty seo'Tatly %" B0k
tical use of concrete which may
be subjected to the action of sulphates, asit indicates that density of the
concrete, to the greatest degree of impermeability obtainable, is a pri-
roary requisite of permanence. Itsuggests also that precautionary meas-
ures very nearly 1dentical must be taken for all really serious sulphate-
exposure conditions, regard-
less of the actual quantities
of sulphates present.

For consistent test re-
sults in any set of concrete-
alkali Inboratory experi-
ments it is essential that the
strengths of all solutions be
maintained reasonably con-
stant. Excessive variations
of the time interval between
changes may greatly influ-
ence the rate of action.
Continually echanging solu-
tions would be ideal, but
there are practical difficul-
ties in such an arrangement,
The effect of varying the
time interval between re-
newals of 1 per cent solu-
01 234 5 6 7 tions of sodium sulphate is

Visual c¢ondition rating shown in Figure 6. Two

Figune 5 —Cangdition ratinps bé!sfd on a;;lnmz'ancot?fstu?dnig types of Cyhnd§31'5 were used,

i Bach portis piored tn sulphs origuets - ' ° onemade of Minnesota sand

and pebbles graded to pro-

duce o fineness modulus of 4.67, the other made of pit-run sand passing
a No. 4 screen and having o fineness modulus of 2.83,

ACTIONS OF SODIUM SULPHATE AND OF MAGNESIUM SULPHATE
COMPARED

The sodium and magnesium sulphates did not differ greatly in
their effect upon the concrete, although, with most of the cements

S

& oo

¢ {weeks)

N
=

A8
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used, the action of sodium sulphate was slichtly more severe for solu-
tions of the same strength. This is shownluby %‘igures 4 and 5, which
compare the effects of the two salts upon halves of identical briquets.
The briquets used had been broken in the 7-day tensile tests, and the
two halves of each briquet had been stored in different solutions of
equel strength. In Figure 5 each carve was constructed by averaging
results obtained with
14 brands of Portland
cement. The number
of lots of each cement
tested ranged from 1
to 11,

* The results obtain-
ed with different lots
of the same cement
< have been reasonably
s consistent, and show’
Time interval between solcton changes that some standard

FIcURE 6.—Relation batween the time elapsing belwesn renewal of hzwe Shghf;ly gr eater
solutlons and the life of iwo types of concrete eylinders stored in 1 ist to att k
per cont selations of sodium sniphute, Each point Is_the average T[CSISLANCE TO aLlac
for 10 eylinders mada on five days. (Cements A apd Bl mixed in by magnesium S'Ul—

oqual portions)

phate than to atiack
by sodium sulphate, while for other cements the reverse is true. The
order of resistance to each salt is shown in Table 6. Plate 2 shows
photographs of standard briquets made of 27 cements, after six months’
exposure in 1 per cent solutions of the sulphates. All the data show
clearly that a cement reiatively high in resistance to one of the two
salts is Iikewise high in resistance to the other, and that a cement
low in resistance to one salt is low in resistance to the other.

8 |

TABLE 6.—Order of resistance to sulphate action of 14 standard Portland cements

[ For ench sulphate this is the order of the sums of the condition rabings at 26 weeks for the 3
solution sfrenmgths, as shows in Table 5

Order of resistanece Oyder (ir registence
o— a—

Lots

Portiand cement tested Portinnd cement tostad

(anmber) Sodinm Mngne- {number)

sinm sul-
sulphate Dhate

Magne-
sium sul-
phate

Sodium
sulphute

Bt LT 071 B £ P R
=TT e ) B s
=T D G0 D I et

EFFECT COF SHALE IN AGGREGATE

In some localities it is difficult te find deposits of sand and gravel
entirely free of shsle., The Minnesota Department of Highways
permits 4 ver cent of shale by volume in fine aggregate and 0.5 per
cent in coarse aggregnte for l-course concrete. However, consider-
able draintile in which the sand contained much more than 4 per
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STANDARD BRIQUETS AFTER 6 MONTHS IN 1 PER CENT SULPHATE SOLUTIONS

Upper halves were in mngnesium sulphate and lower halves in s?dium silphate. A different siandard Portland cement, was used
in each hrigquet
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CYLINDERS CURED IN STEAM OR WATER VAPOR AFTER STORAGE IN MEDICINE LAKE

A, Cured in steam at 212° 1 after 7L: years in the lake. B, Cured in water vapor at 155° after 7t years in the lnke, Series U8, 100, and 101 wore also eured in steant at 2129,
', Ottawa sand cylinders cured in water vujior it 155% ufter 71, yearsin the Inke. Series 108, 110, and 111 were also‘cured in steam ut 2120, D), Cured in water vapor or stean
for 12 lionrs ol temperatures,of 1905, 2129, 235%, 260~ and 2859, respectively, after 6 years in lake
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cent shale has been marketed in Minnesota ; one

plant actually used

sand containing 28 per cent shale and another plant 23 per cent.
In .

experiments

with the aggregates from these two plants 1t was

found that removal of all the shale reduced the absorption of water

by the concrete from 8.1
to 2.7 per cent in the other.

to 2.4 per cent in the one case and from 7.2
It is evident that satisfactory draintile

can not be manufactured from such aggregates, L
To indicate what influence shale may have on alkali resistance,
cylinders made of a sand containing 9 per cent shale by volume were

exposed, with cylinders of the

beenremoved by elutri-
ation, to ¥, ¥, 1, and 4
per cent solutions of
magnesiem sulphate.
The relative resistance
of two types of cylin-
ders, with and without.
skale, is shown in Fig-
ure 7. It }ls. clear that
removing the 9 per cent
of shale did not marlk-
edly alter theresistance
of these specimens.
However, removing 9
per cent of shale did re-
duce absorption by the
ageregate from 3.1 to
1.6 per cent. This in-
dicates the desirability
of low shale concent for

same sand from which the shale had

55
: T
ISeries3-Sandwith 9Xshale screened 20-30(F u-.w]
Series 4 -Same sard with shale removed.
v SeriesG-Sand and pebbies with 9% shale (EM 4,57)
Series3-Some material with shole removed
Note: Percent of shale is by volume,

»
o

L
i

- Series 9

[
wn

Life (week }

a

] t
Strength of solutions (percent}

FI1aURE 7.—Eilect of shale in spgregate on the life of mortar and coow
crete eylinders stored in solutians of magnesinm sul{phnto. Each
point i5 the averspe for five crlinders ade on different dnys,
(Cements A and B1 mixed in equal partions)

any concrete subjecied even to mild weathering agencies, irrespective
of the influence of the shale on resistance to sulphates.

QUANTITY OF WATER IN MIX

Because in the manufacture

of small concrete draintile it is common

- Ppractice to remove the jackets immediately after tamping, an excess

of mixing water is rarely used.
tendency to use too little water.

On the contrary, there is o decided
At one Minnesots, plant as little

2s 2.4 gollons of water per bag of cement was used regula$ in making

6-inch tile.

For this reason the eylinders in practically

the experi-

ments herein reported have been made of comerete and mortar
having low water-cement ratios, ) ) )
To determine the influence of varistions in the quantity of water

on the resistuace
Figure 8 is based
magnesium sulphate.

of dry-mixed concrete, the eylinders upon which
were made and stored in 1 per cent solutions of
Cylinders in

these five series had relative

consistencies of 0.75, 0.90, 1.0, 1.10, and 1.25, and water-cement
ratios of 0.44, 0.53, 0.59, 0.64, and 0.73, respectively. Thess water-
cement ratios were equivalent to 3.3, 4.0, 4.4, 4.8, and 5.5 gallons
of water per bag of cement.

Figure 8 shows that of this group of cylinders those with a relative
consistency of 1.0, obtained with a water-cement ratio of 0.59, gave
the best strength and absorption results and were most resistant to
disintegration, although the cylinders with a relative consistency of
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1.10, obtained with a water-cement ratio of 0.64, were only slightly
less resistant. The driest-mixed cylinders gave the poorest strength
and absorption results and had # Iife only 57 per cent of that of the
o _ best series. After
8000 these tests, it be-
came the standard
laboratory practice
in mixing cylinders
of this type to uses
water-cement ratio
of 0.59, which was
later increased to
0.62 to improve
workability and pro-
duce cylinders with
stnoother surfaces.
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FioURE 5.—Eflect of water-cemant ratio (A} oo strength aod absorpti The rlc.her the -
—. oI Waler Tana O il BOA & 100 * :
and (B) on life of concratein 1 per cent solutions of m%gnesium sulphate. the more resistant 18

Each point is the aversge for five cylinders made on different dsys. egoncrete 60 sul-

{Cements 4 aud Bl mized in equal portions)
phates, other factors
being the same. This is illustrated by the curves in Figure 9 based
on tests of 1:5, 1:4, 1:3, 1:2, 1:1, and neat cement cylinders exposed
to the sction of 1 per cent solutions of magnesium sulphate. Enumer-

ated in the foregoing 3
zla-day strengh ! *
il ,7 |

order, the relative re-
1-&:2 strength d !
s

sistances of the cylin-
yd
Q\‘jﬁ

ef%

arg inc

n

8
3

ders of this group were
1, 1.25, 3.3, 7, 36, and
66, the neat cement
cylinders having a life
66 times that of the cyl-
inders mixed 1:5. Itis
evident that only when
the mix becomes as rich

as 1:2 are outstanding : "'Esﬁmahsd, d
results obfained, and _ 7 fests ot
the greatest value is not —
realized until it becomes
asrichas 1:1.

Neat cement cylin-
ders, after 10 years’ ex- ¥
posure in 1 per cent 4
magnesium sulphate L PR

solutions, showed an 6 20 30 40 50 60 TO B0 90 (00
4 Per cent of cernent in mix

average decrease 1n F1GURE 9 —Efeet of guantity of coment {n mix (A) on strenpth and

. absorption and (B} on llfs” of concrete cylinders stored In 1 per
lengf’h' Because of the cent solutions of magnesicum suiphate. Each point is the average

densii;y of neat cement for five cylinders mede on differsnt days. {Cements A sod Bl

the sulphate acfion mixed I equat portion=)

was confied largely to the surfaces of the cylinders, and progressed
continuously though slowly. This caused tﬁe cement to swell and
fall off in very thin layers while, as indicated by length changes, the
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TESTS OF CONCRETE EXPOSED TO SULPHATE WATERS 15

interiors of the cylinders were affected relatively little. An extreme

example is illustrated in Plate 1, B by the cylinder stored 10 yearsin a

4 per cent solution. This cylinder had a calculated volume only 38

per cent of its original volume, yst the measured length between
. serew heads was only 0.0061 inch Jess than the original length.

Neat cement cylinders from the same lot as those shown in Plate 1,
B, after storage for four years in a 1 per cent solution of magnesiuin
sulphate had 70 per cent of normal strength—the average for cylinders
stored the same length of time in tap water—whereas the strength of
the 1:1 cylinders was but 50 per cent of normal strength. From these
4-year compression tests and from volume-change observations over a
longer period, the life of the neat cement cylinders has been estimated
at 600 weeks for compsrison with the other cylinders of this group,
(Fig. 9.) All the cylinders were stored at room temperatures and
prevented from drying out, therefore surface crazing was avoided and
such destructive action as took place was solely the result of chemical
action by the magnesium sulphate.

LENGTE OF TIME OF MIXING

It 1s generally agreed that after the ingredients for concrete have
been combined intimately and uniformly, continuing the mixing has
small vaiue,

It is the practice in the laboratory to hand mix each batch of nine
. cylinders 1} minutes dry and 2 minutes after adding the water.
- To determine the adequacy of such mixing, cylinders of three series
were made and tested, with the results recorded in Table 7. The cylin-
ders of these series were identical except as to the lengths of mixing
time after adding the water, which were 1, 2, and 5 minutes. It is not
evident that this difference in mixing affected strength and absorption
more than slightly, However, the relative resistances of the three
series as measured by length changes after storage in 1 per cent solu-
tions of sodium sulphate were 1,1.1, and 1.2in favor of the 5-minute mix,

TABLE 7.—Effect of lime of mixing on resislance of 8 by 4 inch concrete cylinders
exposed in I per cent solutions of sodium sulphate {Na80,)

[Esch test result is averaga for fiva cylinders made on different days]

Stored 1o tap Stored in Na;80,

‘Mixing of meterinis _ Age |Strength| Age |Stremgth|Strength
when {In com-| when |incom-| ratio
broken | pression { broken | pression m

The, per
Weeke | ag.in. | Per cent

&¥
7

ZEEEEgyEEET

144 rainutes Ary and
1 minute wet 4.87 6.5

52 2, 500

it} T4 1,700

52
82

134 miloutes dry and
2 minutes wet. 4.47 . 8.5

52 3,210
Bz| 1,830

e e

5 minutes wet, 4147 .62 0.4

52
Ly

N LA e 0055 (T 0 13 £ O e 1)

2

1} minutes dry and [

Jro
Qo

62 3,760
o 2,080

i é{rntlo of the strength of cylinders stored lu sodinm sulphate o those of the same series stored in tap
water, .
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LONG-TIME WATER CURING

The effect of long-time water curing on the resistance of Portland-
cement concrete and mortar cylinders to 1 per cent solutions of mag-
nesium sulphate is shown in Table 8. The table compares cylinders
from eight series cured 1 year in water and from 10 series cured 8
months in water with cylinders from the same series water cured 20
days. None of the ¢ylinders had any hardening in air.

TapLn 8.—Influence of Long-time water curing on Ufe of various types of Portland-
cement morlar and concrele 2-by-J-inch cylinders slored in 1 per cent solutions of
magneatum sulphate :

Lite in weaks of samples eured
in diytitied water for—
Qeneral deseription

20 days |6months| 1 year

Band cylinders:
Qitawa standard sand
Minnesota sand, ser d, 20-30. .
Minnesota sand, scresnad, 20-30
Minnesots sannd, screened, 20-30, shale removed
Minnesote sand, pit tan

Minnesots sand, special grading

Minmespta sand, sCT 20-30

Minpesots sand, specisl grading, shale removed

-

e
FEBRR
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Bl
w1 [ &N ém o On DD O 00 O
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G | s g 5 0 3 il T
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Average.

Laboratory standard eylinders:

Water-cemend afio, Cdda oo oo e e
Water-cement ratio, 0.53,
Water-cement ratio, 0.59
Wa t ratio, 0.4
Wator-cenzent ratio, 0.72
Mix 1:1.

Mix 1:2
Mic 13
Mix1:4
Mix 1:5

3
o a3
P
| oo Eme i

Avernge

The data in Table 8 show an average incresse in the life of the
mortar cylinders cured 1 year of 81 per cent over that of cylinders
cured 20 days, but show shight change in the life of concrete cylinders
cured 6 months. Just why cylinders cured 1 year in water should
show greatly increased resistance while those similarly cured half as
long should show no increased resistance is difficult to explain. How-
ever, the cylinders in the two groups were dissimilar in many respects.
In general, those cylinders representative of the highest quality con-
crete scemed to have been benefited least by long-time water curing,
whether the curing period was 1 year or 6 months, and differences in
eylinders probably account for the apparent discrepancy in resistance
after being water-cured 1 year and being water-cured 6 months. If
is evident that resistance of low-quality concrete may be raised some-
what by long-time water-curing, but concrete of reasonably good
quality will be improved very little by such treatment.

LONG-TIME AIR HARDENING

Viest (51) suggested as long ago as 1857 that the action of mag-
nesium sulphate on cement mortar continues until all lime is acted
upon except that which is combined with carbon dioxide. Feret (23),
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Bates, Phillips, and Wig (8), Blount (12), and others have suggested
carbonization of some of the free lime neur the surface of concrete
aged in air or water, as one cause for observed inereased resistance to
sulphate attack. Burke (15) in 1925 concluded, after an interesting
series of experimients with carbon dioxide tresied briquets, ‘that “I%
seems logical to assume that if good concrete is allowed o set in the
Eresence of CO; or proyerly exposed thereafter, the surface would
ecoms very resistant to sulphate attack,”

Alr under ordinary conditions contains more or less sarbon dioxide,
and therefore it should follow that the resistance of conerete would be
appreciably increased by hardening the concrete in air at ordinary
temperatures, whether storage were under room-dry conditions or out
of doors. It should also foﬁow that greater resistance would result
from storage in the air of an oceupied %l;,ated room than from storage
out of doors, because the CO, content of the roory air would generally
be higher. Increased resistance of concrete usually does occur under
these two conditions of air hardening, as is illustrated by the curves
in Figure10. Whether
this i1s due entirely to 300
carbonation of some of
the lime is not known,
Figure 10 is based on
the behavior in 1 per
cent solutions of so-
dium sulphate, of three
groups of cylinders for e
each of which the air- | Y concrete - outside g
hardening periods, erdar - room—2C
following 20 days in
water, were 0, 2, 4, 8, T yr:

and 49 weeks. One ) )
group was air-hardened Period of curing {weeks)

out of doors, and two Figons 10, Bl of i cuing, fter 20 s storag i water, oa it
groups, one of which sclutions of sodium sulphbate. Each poiat is tha aversge for 18
was of stand ard Ott&— Eiiigggg ruade on fve days. (Cemenls A and BI mized in equal
wa sand, in the labora-
tory. The concrete eylinders exposed longest in air under room-
dry conditions were most resistant of any of the cylinders, and
their life was nearly seven times that of cylinders of the same group
not air-hardened. ~Cylinders of the three groups were first exposed
to air between March 7 and April 11, when femperatures were aboat
everage and humidities somewhat above average. The average rela-
tive resistances of cylinders from the three groups were I, 1.2, 1.4, 1.7,
and 4.3 for respective air-hardening periods of 0, 2, 4, 8, and 49 weeks,
Some of the curves in Figure 11 (series 23, 24, 25, 28, 29, 30, 33, 34,
and 35) show the behavior of three groups of cylinders in each of
which hardening in air for periods of 0, 14, and 18 days followed
bardening in water for periods of 20, 6, and 2 days, respecttvely. One
group was exposed £o 1 per cent solutions of sodium sulphate and two
groups, one of which was of standard Ottawa sand, to 1 per cenf
solutions of magnesium sulphate. The concrete cylinders stored in
magnesium sulphate were exposed to air in the la oratory between
July 10 and August 4, while the other cylinders were so exposed
between March 5 and April 7. For all the cylinders in these three

161540—33—3
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groups, the relative average resistances of those air hardened for 0,
14, and 18 days respectively were 1, 2.6, and 4.0. These results are
surprising in view of the fact that the cylinders in this group that
were sir-hardened for 18 days had an average relative resistance very

oot 1r i |
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FIGURE 11—Ineresse in longlh with age of 2-by--inch Portland-gcement moriar ond concreta
oy inders, 1:3 mix, storad {n sulphato solutions: A, Conerete eylinders {n 1 per eent sodlum gul-
hule; B, concrete eylinders in | per ceni maghesium sulphate; C, (ttawa sand-mortar eylioders
0 1 per cont magnesiutn sulphate.  Curing eonditions, following 1 day in moist closet, wore: For
geries 24, 28, nod 33, 2 days In distilled water aud 1B days in nir; for series 25, 24, snd 34, 6 days
in distided water ond 14 days In sir; for series 23, 30, and 35, 20 days o distiileq water; for series 21,
51, and 36, 2 days in water vapor ot 212° F. apd 1B days in slr} lor series 22, 32, and 37, 0 days in
weter vapor ab 212° ood 14 days insfr. A length fncroase of 0.01 inch indicales 00 to 70 Der cont
Joss 1o compressive sirenglli. Each peint is the nverage for §or 10 evlinders made on five days.
(Comonts A and Bl mived In equal portions)

nearly as great as those shown in Figure 10 that were air-hardened
49 weeks.

Compering the eflects of air hardening as shown by Figures 10 and
11, it would appear that for the cements used in those experiments the
most eflective time for air hardening eoncrete that is to be subjected
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to alkali action may be shortly after the final set of the cement and
before, instead of after, curing in water. The reason for this is not
apparent, but the seeming fact may explain why commercial concrete
of very ordinary quality, to which little or no water was applied while
it was curing, has frequently displayed a high degree of resistance to
sulphate attack.

Different cements, however, may respond differently to the same
variations in method of curing. Availabla data on this are limited
to those obteined by comparative compression tests on cvlinders
exposed for one year to the alkali water of Medicine Lalke, as recorded
in Table 9. Eight diflerent cements were included in those tes ts, and
the comparison shown is thut made between cylinders cured 20 days
in water with no air hardening {ollowing, and cylinders cured 20 doys
in water and exposed for 35 days in air in the laboratory. Some of
the cements were greatly benefited by air hardening, whereas others
gave slightly contrary results. Cements A and B1 were those used
for the tests presented in Figures 10 and 11, and Table 9 shows that
cylinders of the same cernents, air hardened 35 days, averaged 47 per
cent stronger after one year in the lake than did similar cyimders not
air hardened. This closely checks an average calculated value of 41
per cent for the ¢ylinders in Figure 10, air hardened 28 days and stored
In & 1 per cent solution of sodium sulphate.

Tasre 8—Effect of air hardening on alkali resistance of conerele cylinders made of
cements from differen! mills, as determined by sompression lests afier one year in
Medicine Lake, 8. Duk.

Resnlts of compression tests

Portlapd cement wi [nclg':nse
WVithout air bard- Hurdelﬁ::élytsn alr 35 strength

eming due to
air hard-

Lots  [Cvlindoers! Strength | Cylinders Strength
tested Lested ratio tested ratio

Number | Number | Per cent | Number | Per cont

24.4 G0 37
[
B5.7
9.7
19t. 7
0.7
&7.3
9.3

3
[i]
3
3
3
3
)
3

PRREZRS
Rl E=T e ]

The cements shown in Table 9 most benefited by air hardening were
those having the least resistance to the action of alkali (Pp. 38 to
44.) In facs, the order of recording the cements in Table 9, which is
the order of increased resistance caused by air hardening, is very
closely the order of least alkali resistance. The table shows that even
after 35 duys of air hardening those cements of lowest alkali resistance
still made poor showings when compared with the more resistant
cements. Whether ear%ier air hardening of the more resistant
cements would show results more like those obtained with the cements.
represented by Figures 10 and 11 can not be stated definitely.

The full significance of these air-hardening experiments can not now
be stated, but the following statement is conservative: For each
increase of two weeks of air hardening, up to one year, the durability
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of concrete made of low alkali-resisting cements may ordinarily be
expected to increase by 10 or 20 per cent over that of concrete withoub
air hardening, the degree of increase varying with different concretes
and with temperature, humidity, and other conditions during storage.
It has not been shown, however, that the life of concrete made of
cements high in alkeli resistance is greatly influenced by air hardening.

CURING IN WATER YAPOR

Tt was learned from experiments begun in 1922 that conerete cured
in steam over wrter boiling at atmospheric pressure displayed re-
markable resistance in the laboratory to solutions of magnesium and
sodium sulphate (38,37). Some of the cylinders of these earlier series
are still unger observation, and their condition as indicated by length
changes is shown in Figure 11. For each of these groups, resistance
to sulphate action was In the same order as duration of $ime in steam,
whereas for the water-cured groups the resistance was in the order of
time in air, as discussed in the preceding section.

Following the earlier laboratory work there were made for exposure
in Medicine Lakeé o total of 6,525 cylinders in 145 series, of which 15
series were cured in water and air for comparison and 130 series were
cured in water vapor at temperatures of 100°, 155°, 180°, 212°, 230°,
260°, 285°, 815°, and 350° F. for periods, af most temperstures,
ranging from 45 minutes to 8 days. Five-year tests have been com-
pleted for 83 series, and 1 and 3 year tests for all series.

The data obtained (Table 10), although incomplete for many series
cured af the higher temperaturcs, apparently justify the following
conclusions regarding alkali resistance of concrete. These conclusions
are also supported by the appearance of cylinders after exposure for
perIi’?dS up to seven and one-helf years in Medicine Lalke, as shown
in Plate 3.




TaBLE 10.—Tests of 2 by 4 inch concrete cylinders cured in waler vapor at various temperatures and exposed to the action of sulphate waler of
Medicine Lake, S. Dak., as compared with similar cylinders stored in lap water

[Unless otherwise noted the fineness modulus of aggregate is 4.67 and the mix is 1:3. Each test result, with a fow oxcoptions, is o aversge of 5 cylinders made on different days; -
Figures in parentheses, indicate per cent of normal strength based on parallel tests of cylinders from the same butches, stored in tap water]
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TasLe 10.—Tests of 2 by 4 inch concrete cylinders cured in waler vapor at various lemperalures and exposed to the action of sulphaie waler of
‘Medicine Lake, S. Dak., as compared with similar eylinders stored in lap waler—Continued

(44

TEMPERATURE, 155° F.—Conlinued

Curing method Average compression tests (pounds per square ineh)
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labora-
tory
No.

Waler o ot | B ’
Portland cement b L Tem- tion at Tank specimens Lake specimens
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. TaBLE 10.—Tests of 2 by 4 inch concrete cylinders cured in water vapor af various temperatures and exposed to the action of sulphate water of
_Medicine Lake, 8. Dak., as compared with sumilar cylinders stored in tap water—Continued RS

TEMPERATURE, 212° F. (COMBINED IN SOME SERIES WITH 155° F.)—~Continued

Y

Curing method I Average compression tests (pounds per square inch)
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TABLE 10.—Tests of 2 by 4 inch concrete cylznders cured in water vapor at various temperatures and exposéd to the action of sulphate water of
Medicine Lake, S. Dak., as compared with symilar cylinders stored in tap water—Continued
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TESTS OF CONCRETE EXPOSED TO SULPHATE WATERS 27

. Curing in water vapor at temperatures ranging upward from 212° F.
ncreases resistance to a remarkable degree.” Xuli correlation of
resistance, curing temperatures, and length of curing periods must
await later results, but for tests between 212° and 285° F, resistance
has been in the order of both temperature and length of curing period.

Curing in water vapor st temperatures between 100° and 199° F.
does not incresse resistance; on the contrary, in some cases decreased
resistance follows. Exceptions to this occurred with eylinders con-
taining certain admixtures as discussed on pages 59 to 74,

ABSORPTION AND STRENGTH

Those cylinders referred to in Table 10 that were cured continuously
in water averaged lower in absorption than did the erlinders cured in
water vapor. For identical curing periods, absorption was nearly
constant, regardless of temperature, elthough there was g tendeney
for absorption to deerease as duration of the curing period Increased.

The data in Tables 11, 12, and 13 do not indicate & genera] increase
of strength of the fresh cements, with increase of temperatures shove
100° F., with the single exception of those cylinders cured at 155°
On the other hand, those cylinders referred to in Table 11 that were
made with the cements stored for ope year, generally displayed a
tendency to incresse in strength as the curing temperature was
increased. The 10 fresh cements used In these tests were purchased
in the open market from warehouse stocks newly received, as indicated
by invoices, while the stored cements were lots of the same brands
that had been kept in their originai bags in & winter-heated dry room
and were not lumpy when t‘estegl
TasLe 11.—Compression slrength of concrele cylinders cured in water vapor al

temperatures between 100° and 850° F. Jor different periods
{All cylinders were first cured 24 hours &t room temnemture In molst closst. Cylinders cured {n woter
wapor were stored in nir and tested dry in compression at saven days. Test resulis tre, in afl cases, the
average for four or more cyllnders. itnifcized figures indicate retrogression in strengthj
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TapLe 11.—Compression sirength of concrele cfinders cured in waler vapor al
{emperalures belween 100° and 356° F. for different periodes—Continued

AIADE WITH CEMENT STORED FOR ONE YEAR
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Tanre 11.—Compression strength of concreie cylinders cured in water vapor at
temperatures befween 100° and 350° F, for different periods—Continued
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TasLe 12—Compressive strength per square inch and obsorpiion in 281 doys of
concrele eylinders cured tn waler vepor for periods of threefourths of an hour
io & days at various temperciures

1All evlinders wets first cured 24 bours {n mols
vapor were stored 1o dry air pntil tested.

used wes sgual parts brands 4 snd Bij

t closet ot room tetaperatures, and foliowing curieg in water
Esch test result is avernge for 4 or more e¥linders. Cement
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waler vapor
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Tasre 12-—Compressive sirenglh per square inch and absorplion in 2{ days of
concrele cylinders cured in waler vapor for periads of three-fourths of en hour
lo 8 days al various temperaiures—Continued

2days 1 days 8 days

Temperaturs of waler vapor Compression Compression
Abserp- | Absorp- Absorp-
tion tign tion
7 deys | 28 days 9 days

Per cent | Percent Poufgds Pounds | Per cent | Pounds
. 4,870
4,120

4,330
4, 480
3,80
3,10
3,430
4, 140.

3, 590

TaeLe 13.—Compressive sirength in pounds per square inch of conerele cylinders
cured for 12 to 32 days in waler vapor at different lemperatures

Temperature of water | 12 14 16 18 a2 24 26 23 i}
days ] @ays | days | days vs | days | deys | days ; days | deys

4,810 | 4,760 4,280 | 5,380 | 4, 45,160 | 4,610

5 210 | 4,390 | 4,740 | 4,850 1 5,000 { 4,7 5,020 | 4,960

5,050 4,580 | 4,530 | 4,840 | 4,430 | 4, 4,200 | 4, 500
4

4,970 4,040 ] 4,580 | 4,660 | 4,040 | 4,700 | 4,500 | 4, 680

From a comparison of Figures 12 and 13, it is evident that the
strength tests were more uniformly consistent, although lower, for
the stored cements than for the fresh cements, with the closest agree-
ment in actual strengths for curing temperatures of 260°, 315°, and
350° ¥, for the 24 and 96 hour curing periods. While strengths of the
steam-cured cylinders averaged lower than 28-day strengths of the
water-cured check cylinders, the data in Tables 11 to 13 reveal that
individuzlly, in some one or more of the high tempersafures, cylinders
made of cach of the cements either exceeded.or approsched the
28-day strengths of comparable water-cured ones. There was not,
however, any tendency for the steam-cured cylinders to develop
abnormally high compressive strengths.

These strength trends are somewhat contrary to those reported a
number of yesrs ago by Wig (53), whose report was based on tests
made in 1907 and 1908 in the structursl materials laboratory of the
United States Geological Survey at St. Louis, Mo., in which it was
found that; '

4. compressive strength considerably (in some cases over 100 per cent) in excess
of that obtained normelly after aging for six months may be obtained in two days
by usiog steam under pressure for curing the moréar or concrete,

Woodworth (G0) in 1930 and Pearson and Brickett (41) in 1932
published reports that substantiated these conclusions of Wig.

It is possible that the strength of steam-cured conerete is influenced
by both the cement and the sand, since in the manufacture of sand-
Iime brick strengths upward of 8,500 pounds per square inch have
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been cbtained. by using steam pressures of 125 to 150 pounds per

square inch {42). It is evident, therefore, that Portland-cement

concrete cured at these high temperatures could reasonably be '
expected to be stronger than that normally cured, particularly at less
ages, if conditions were

" T 1 such that the free lime

b ote wagers hydrate of the cement

T could combine readily

| with the silica of the
Check eylinders / sand which is active at
rd

trangth
inch)

f

]

gunds par squars i

&
2

Compreassive §

{p

clays waters these high tempera-

"‘\\ 2l tures. T]%atsomecon-

Z.-4 cretes cured at high

v temperatures do not

developsirengthsinex-

cess of the strength {if

2500 : concrete cured normal-
[{+]4] 155 212 260 315 350 . .

Degrees Fahronheit ly may indicate that

the active silica in the

F1GURE 12.—Btrength, at 7 days, of conerate cylinders made of fresh 3 3
pements eured in water vapor at temperatures shown for 114 to 8§ S.‘.I.Ild . 18 ]'IO.tu Slﬁclent
bours.  (Based on Table 11) to bring this about.

Cylinders of all the
cements, both fresh and stored, showed retrogression of strength for
some time period ot some of the temperatures, particularly for the 4-
day (96 hours) period at temperatures of 260° and 315° F. Such re-
tro%‘lession was generally followed by full recovery of strength in tests
at higher temperatures. Retrogression of the strength of cement
steam cured under different conditions has been observed by a num-
bor of other workers.

(9, 48, &6, 60.) The 5500
following explanation
of this phenomenon
has been suggested by
Thorvaldson and Vig-
fusson (48) as a result
of an interesting series
of physical and chem-
16&1_ experimenigs u.tS the

niversity o as- APy aenen
katchewan under the e "-’?-’5’-‘-’-‘!:.-2...,,‘______ y
auspices of o research 0G0 5 S 3%

. . . Degrees Fahrenheit

neering Institute of

snoda. Flanas 33.—Strength, at 7 days, of concrete cylinder, made of coments
stored for 1 year, cured Lo water vagor at temparatures shown for

It seems probable that 1%4 to 96 houra, (Based on Table 11

the first action, causing a

loss in teneile strength, is due to a change in the tricaleium aluminate of the cement
and that this change is the primary eause o7 the increase in the sulphate resistance
of the mortar, The second change, eausing an increase in tensile strength, could
then probably be due to hydration of the silicates, speeded up Ly the action of
steam or possibly partly due to the formation of stzble cementing substances
from the aluminate,

Regardless of whatever physical or chemical changes in Portland
cement follow curing in water vapor at temperatures of 212° F. and
upward, hydration of the cement grains is very greatly accelerated.
This is well shown in Plate 4 by the photomicrographs of thin sections
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Tech. Bul. 338, L. 5. Dept, of Agriculture PLATE 4

PHOTOMICROGRAPHS OF MEAT CEMENT BRIQUETS SHOWING PRYSICAL
CHANGES RESULTING FROM DIFFERENT CONDITIONS OF CURING
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CYLINDERS MADE OF TWO DIFFERENT LOTS OF STANDARD PORTLAND CEMENT AFTER STORAGE tN MEDICINE LAKE FOR THREE YEARS
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of specimens. Wiihin a few hours the steam-cured cement grains are
greatly altered and reduced in size to a degree not approached in the
water-cured specimens after 12 days,

Concrete cured in water vapor at all temperatures up to 350° F.
and then stored in water, ordinarily gains strength much zs it does
when water-cured, although the rate of gain is somewhat retarded,
the reterdation depending on temperatures and duration of curin
period. This statement is based on a study of the 7 and 28 day ang
1 and 5 year test data in Table 10.

The effect on the 28-day strength of concrete, of applying water
vapor at temperatures of 100°, 155°, and 212° F., at early ages, is
illustrated in Figure 14. These graphs indicate that curing of concrete
at temperatures above normal should preferably be commenced 12
to 24 hours after the concrete is made. “Figure 14 is based on tests of
cylinders made in 1923, entirely unrelated to those referred to in

Figures 12 and 13, yet spto

the cylinders cured at
155° were stronger in all
cases than those cured
at either 100° or 212°,
All temperntures in
these steam-curing fests
were those to which
specimens were actually
subjected during curing
and, it will be noted,
are considerably above
those of 100° to 135° F. {
ordinarily used at com- 4
mercial tile plantsmanu- e o
facturing “steam-cured” Period of curing in moist tloset (hours)
products. The maxi- 6966 60 48 _
mum temperature of Period of curing in steam chamber (hours)

o 5 - FiourE 14.—Strength of conerete cylinders as afectod by the time
350° 1s no gr eater’ how of thelr trangler from molst ¢loset to steam chamber. The total
ever, than has been used curing perlad ?é:g Bouss was followed by 25 days In air. Eeeh
= noln €AY & 0T (ive cylinders meda oo eren 4¥3 an
in the manufacture. of tested room-dry. (Cements A and Bt mixed in equal portlons)

sand-lime brick, and is

therefore within the limit of practical application. A previous pub-
lieation (87) gives more complete details about certain phases of
concrete cured at high temperatures.

2

g
p=

H
3

(pounds per squara inch)

2
2

Compressive strength at 2B days

RESULTS WITH VAPOR.CURED CONCRETE

Concrete cured 12 to 24 hours in water vapor at temperatures
between 100° and 350° F., then stored in dry air at room temperatures,
had o compressive strength at seven days not greatly different from
that of 7-day concrete water cured at room temperatures.

Curing prolonged beyond 48 hours had little effect on compressive
strength of concrete cured in water vapor at temperatures between
190° and 350° F. Concrete cured 48 hours at these temperatures
ordinarily attained a maximum and fairly constant strength equal to
80 to 90 per cent of that of 28-day concrete con tinuously water cured
at room temperatures,

181540—33——5
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Variations in curing temperatures between the limits of 1007 and
350° F. had no pronounced effect on strength, although specimens
made with fresh cements were consistently somewhaet stronger when
cured at 155° than at the other temperatures. Specimens mede of
cements stored one year gave more uniform results but had lower
strengths than those made of fresh cements. These statements are
based on curing periods up to 8 days for all temperatures and up to
32 days for temperatures of 100°, 155°, und 212°. {Tables 12 and 13.)

With some exceptions, cylinders stored in tap water in the labo-
ratory after being cured in high-temperature water vapor gontinued
to increase in strength at n rate mot essentially different from that
of water-cured check cylinders.

To obtain the highest compressive strength of the concrete, the
most favorable time for applying water vapor at temperagures of 100°,
155°, and 212° T. was i2. to 24 hours aiter making. Data for the
other temperatures are not available.

The reactions of concrete made of Portland cements from different
mills to curing under these special conditions has been essentially
gimilar in both strength and resistance.

Concrete made of all the cements used in the strength tests showed .
retrogression of strength for some time period after being cured in
water vapor at some temperature between 100° and 350° F. The
retrogression was followed in most cases by full recovery of strength
st higher temperatures or after longer curing periods. This phenom-
enon ocourred most frequently and generally was of greatest magni-
tude in those groups of cylinders cured 96 hours at 263° and 315° F,
with the result that tests were more uniform at 100°, 165°, 212°, and
350° then at either 260° or 315°.

With some exceptions the cements that lost most in strength durin
storage, as indicated by tests of cylinders following curing at aﬁ
temperatures for the shorter time periods, were the cements that dis-
played greatest resistance to deterioration in Medicine Lake.

No gain in resistance to alkali followed when the temperature of
the water vapor in which the concrete was cured was increased until
212° F. was reached. DBebween 212° and 285°, increased resistance
followed increase of curing temperature. At a temperature of 212°,
inereased resistance followed lengthening of the curing period up to
six days. Data for Jonger curing periods and for other temperatures
are yet too incomplete to be conclusive although, up to 1932, speci-
mens cured at the highest temperatures and for the longest periods
have made the most favorable showings.

Absorption of concrete cured i water vapor ab high temperatures
is not o criterion of resistance to sulphate waters.




TaBLE 14.—Tests of 2 by 4'z'nch concrete cylinders made from Portland cements Jrom different mills after exposure for various periods in
Medicine Lake, S. Dak., as compared with similar cylinders stored in tap water . :

[Unless otherwise noted the fineness modulus of aggregate Is 4.67 and the mix is 1:3.- Each test result, with a fow exceptions, Is an average of 5 cylinders made on different days.

ll;iggregoix;]parentheses, in compression test columns, indicate per cent of normal strength based on parallel tests of cylinders {rom the same batches, stored in tap water in the
rator :

Curing method Average compression tests (pounds per square inch)
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TABLE 14. -—Tests of 8 by 4 inch concrete %mders made from Portland cements from d:iﬂ'erent mills after exposure for vtmous perwds in %g
Medicine Lake, S. Dak:, as compared with similar cylinders stored in tap water—Contmued :

Curing method Average compression tests (pounds per square inch)
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PORTLAND CEMENTS FROM DIFFERENT MILLS
REBISTANCE TO SULPHATE ACTION

. Standard Portland cements from different manufacturing plants may
differ greatly in sulphate resistance, as is well illustrated by the
%hotographs of Plate 5 supported by the date given in Table 14,
his fact was reported in 1926 (34) and subsequently (36, 38). The

" reason for this is no$ clear. Behavior in suiphate waters of concrete
end moriars made of Portland cements from 35 mills has been ob-
served. Each of these cements was tested under four distinet expo-
sure conditions as follows: (1) Half of one of the standard 7-dey ten-
sile strength briguets was stored in the laboratory in a 1 per cent solu-
tion of sodium sulphate, end its condition at six months wes rated
according to its appearance; (2) the compsanion half of the briquet

;
=
‘=
-
3
[ 5
a

-

i MW J B € X K W2 D M 3 B R M O L T
C ¥ N 02 € I F @ U V B W B8 Y P A B3
Cement index

Froune 15.—Resistance to sction of sniphate waters by cylinders and hriquets mede of stapdard
Portiand cements from 25 mills, as determined under different conditlons of exposure (100 per
cent normal represents: For eylinders, & strength ratio of 1.00; for briquets, s visuai rating of 10).
Note the general relinbility of the briquet ratings by a);)peamnm nfter six months in I per cent
solutlons of NasSO; a3 compared with the changs of volums and compression tests of the ¢ylin-
ders similerty axposed

exposed under the first condition was stored in the laboratory in a
1 per cent solution of magnesium sulphate and its condition at six
months weas rated according te its appearance; {38) cylinders that hed
not been air hardened were stored in the laboratory in I per cent solu-
tions of sodium sulphate and their condition was rated by compression
tests at one year and by length changes; (4) after fve weeks of air
hardening, cylinders were stored in Medicine Lake and their condition
wss rated by compression tests at one year.

The results of these tests are given in Table 15 and compared
graphically in Figure 15. The values shown are average results where
more than one lot of any cement was tested. Photographs of the
briquets after six months in the sulphate solutions are reproduced in
Plate 2. Study of Figure 15 shows that those cements that best
resisted sulphate action under one condition of exposure ordinarily
were resistant to action under the three other conditions.

Based on numerous repeat tests, the assumption that resistance of
& cement is a characteristic fully as constant as any other property,
reems justified.
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PHYSICAL AND CHEMICAL TESTS

Chemical analyses of one lot of each of 35 different brands of cement
used in these experiments are given in Tabie 16. The average results
of standard tests of these cements for time of setting, tensiie strength,
and fineness are shown graphically in Figure 16. Special determina-
tions for fineness of 7 of the cements differing widely in resistance are
recorded in Table 17.¢

TasLE 15.—Sulphate resistance of 35 siendard Portland cements under different
exposure condilions listed in order of resistance as indicated by life of cylinders

[Excepiing only E, F, M, end L, the ssmme lots of cements wers used for all tests)

Cyiinders Medi- | Driguets rated Crylinders j- | Briquets rated
stored in 1 per edi vimmiy at 5 stored in I per Medi visuslly at §
cent WNa:50y months cent NS0y months
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TaBLE 18.—Chemical analyses of Poriland cements used

[Chemical analyses by the Divislon of Tests, Bureau of Pubiic Raeads, T, B. Department of Agriculture,
except for eements OC, X, and BB, which were analyzed by Burean of Standards, U, 5. Depariment of
Comizerce. Qnly opa lot of each cement anafyzed]
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# Throughout this diseussion of cernents from different milis, the arrangernent of the materizl In sl tabjas
anyl Sgires s that of sulphate reslsianos a5 determined by the time required for 2 by £ ingh evlinders to
increase in Jength 0.01 ipch, recorded as the “life” in the second column of Table 15.
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TaBLE 16.—Chemical analyses of Portiand cements used-—Continued
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FIGURE 16—Results of standard teats of 35 cements: A, Time of set; B, tensilestrength; O, inecess. The
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Examination of the data fails to disclose any trends that a pear
sufficiently significant to account for differences in resistance dis ayed
by the cements. Perhaps the nearest approach fo & trend is indicated
by the chemical analyses in the quantities of alumina and iron ‘con-
sidered together. Y.ong ago Le ghatelier (80) advanced the theory
that cements low in alumina and high in iron resist ses water best.
Analysesin Table 16 support this conclusion when considered generally,
but show many exceptions for individual cements.

COMPOUNDS IN THE CEMENTS

The actual composition of hydrated Portland cement is subject
outside the scope of this bulletin, Tt was deemed worth while, though,
fo caleulate the compounds recorded in Table 18, after an adaptation
by Bogue (13) of & method suggested by Colony (1), in order to bring
out possible trends. The results are disappointing in that the table
shows no decided trends, although wide differences in resistance are
displayed by individual cements. Contrariwise, Thorvaldson (493,
following & carefully conducted series of tests in which he used a few
commercial cements and & number of speciaily prepared Iaboratory
cﬁments made of pure raw materigls, stated among other conclusions
that-—

The higher the lime content of the cement fie. the higher the percentage of
tricaleium silicate), the aluminum remaining the same, the lower is the resistance
to the action of the suiphates.

This did not consistently hold for the 35 commercial cements of
Table 18.
TaBLE 17.—Fineness of seven Foriland cemenis differing widely in resislance to
sulphate walers

{Analyses other than Ne. 200 sieve were made by Buresu of Standards, U. 5. Department of Commeros}

Life fn 1 | Retalned | Reisfued| Greater | Grester | Orealer | Greater
Portiand cement pergent | by No. | by No. | than 80 ; than 40 { thap 26 | thaz 10
Na:504 120 sieve | 325 sieve | microns { mlcrons | microns | mirrons

Per cent | Per cent | Per cend | Per cent | Per cent
25.3

T

00 R

17.2
a5, 4 33,8 478 66,0

3.7 8.1 £5.7
3373 8.9 634

BEREE

RAW MATERIALS

Whether or not the degree of resistance of & commercial standard
Poriland cement is influenced by the constitution of the raw materials
is difficult to determine, because many factors sre involved in manu-
facturing the cements. However, there does appear to be & tendency
for cements from adjacent plants, or from plants known to use
similar raw materials, to behave alike in concrete exposed to sulphate
sction.
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Tapre 13.—Caloulated compounds (in per cont) of the Poriland cements for which
chemical analyses are shown tn Table 16

[Fer bases of thesa calenlations refer to Paper No. 21 of the Portland Cement Association fellowship at the
T. B, Buresu of Standards, Department of Commarca]
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The 35 cements of Table 15 came from plants located in 15 States
of the United States, mostly in the upper Mississippl River basin
and the far West, and from two Canadian Provinces. Nearly all the
highly resistant cements came from the relativery smail area in
Tfnois, Tows, Kansas, and Missouri indicated by cross-hatching in
Figure 17, whereas none of the low-resistance cements came from this
aren. Of the 10 cements tested from plants within this area, &
were among the 7 most resistant of the 35, and 2all 10 were among
the 14 most resistant. It mey be significant or merely coincidentat
that 9 of these 10 cements came from plants using raw materials from
the Carboniferous geological system. It has not been possible to
obtain complete information on the geological origin of all raw mate-
rials used at each plant, but apparently imestone from the Carbon-
iferous system was used at not more than 13 of the 35 plants and
shale from the same system at possibly 10 planis.
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With so high a proportion of the resistant cements coming from
plants using raw materials of the same geological age taken from a
restricted area, and considering the other data, it seems logical to
conclude that the raw materials used in the manufacture of a standard
Portland cement are a factor in its resistance to sulphate action.

SUGGESTED TEST FOR SULPHATE RESJSTANCE

To eliminate cements very low in resistance from consideration for
concrete that is to be exposed to the action of sodium sulphate or
magnesiuie suiphate, the following test routine in suggested:

Ope-half of each of the three briquets used in the standard 7-day
tensile test should be stored in a 5 per cent solution of sodium suiphate
and the companion half in a 5 per cent solution of magnesium sulphate.
To make these 5 per cent solutions, on the basis of anhydrous salts,
requires 3 ounces of room-dry salt per gallon of water. Not more
than 15 briquet halves
should be stored in each
gallon of solution, which
should be remewed com-
pletely every 4 weeks. It
i1s desirable that the tem-
perature of the solutions be
maintained as near 70° F.
as practicable. Earthen- —- i
ware jars, covered to reduce ) { Springfiskd
avaporation, are satisfac- ILL. I
iory and convenient con- !
tainels.

Briquets made of highly
resistant cements and stored
under the conditions pre-
serbed will show little or
no vistble action in either
solulgiou in less thaﬂ 16
weeks exceptin , Pperhaps, Fioure17—Portlond cements from 10 mills in the cross-
a slight,_rounding of (he  HAEI/ATEa T Bkt et RIS
edges. Briguets made of
cements very low in resistance, when subjected to this test, will have
almost completely disintegrated in 16 weeks. The value of the test
as cutlived will be greatly increased if briquets made of cements
from several mills are included in order to give a basis for directly
comparing behavior. If this is done, the failure of any cement fali-
ing well below average will be more convincing,

The feasibility of speeding up this 16-week test hy increasing the
strength of the solution, by keeping the solution at higher tempera-
tures, by using leaner mixes, and in numerous other ways, has been
tried without satisfactorily consistent results. A more accelerated
test o(f1 equal reliability is greatly to be desired, but can not yet be
offered.

SUMMARY OF RESULTS WITH DIFFERENT PORTLAND CEMENTS

_ Standard Portland cements from different mills may differ g_[zreatly
in resistance to the action of sulphate waters. Under identical expo-
sure conditions, concrete and mortar mede of resistant cements may
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last 10 times as long as that made of cements of low resistance. The
reason for this is not known.

Results of standard physical tests give no indication of the resist-
ance of a cement to sulphates, nor do ordinary chemical analyses.
Differences in the raw materisls associated with the geological forma-
tions from which they come may be factors.

With Portland cements differing so greatiy in resistance to sulphate
action, certainly the first consideration for all concrete that is to be so
subjected should be the cement itself, and, regardless of all other

recautions, the use of any cement of low resistance should be avoided.
ntil & more accelerated test of equal reliability is developed, the
16-week test outlined on page 43 herein is recommended.

SPECIAL CEMENTS OTHER THAN ALUMINA CEMENTS

The alkali resistance of 14 special cements was investigated.
Cylinders of 10 of these cements were stored both in laboratory solu-
tions and in Medicine Lake, while cylinders of the other 4 were
tested under either one or the other of these conditions. For com-
parisen, cylinders made of 7 Portland cements were tested with this
group. Standard physical tests of the special cements are recorded
in Table 19, and chemical analyses of seven of them in Table 20.
Table 21 shows the resistance of these special cements and of some
companion Portland cements under three exposure conditions,
There follows & general description of essential characteristics of these
special cements fogether with a summarized account of behavior,
based on the data in Table 21 and in Table 22. Plate 6 shows
photographs of several of the Medicine Lake series.

TasLe 19.—Slendard physical tests of 14 special cemenls
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CYLINDERS MADE OF SPECIAL CEMENTS OTHER THAN HIGH ALUMINA, AFTER STORAGE 1IN MEDICINE LAKE
Ay Afler five years, - Series 551 one-hall Portland A, one-hall Portland 815 Serfes 535 nnd 367 - Portland Y series 556 and 558 special A2, B, Aftor four vears specinl cementi X,

Seriex 719, mix 1 0.94 serfes 720 and 721, mix T LS series 722, mis 1: 2 N2, series T2 nix 1; 450 C, Alter two amd one-half yenrs, Serfes:761, 703 and 765, standard Portland
cements fromy ditTerent mills; series 760, 762 and 764 special cements frony the same mills, respectively.. 17, Afler twonnd one-half yenrs,  Series 767 nnd 769, standard Portland
cements fraom different mills; series 766 nnd 768, speeinl eements from the supe nills, respeetively
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CYLINDERS MADE OF HIGH ALUMINA CEMENTS AFTER STORAGE IN MEDICINE LAKE

A, Otfawa sandd mortar o inders neade of aluming coment Al after seven.years in the lake. Series 142 (0 16, respectively, stored in distilled water 27 days, in moist air 72 hours,
i water vaporat 1007 ¥. for 45 haurs, in water vipor i 1557 F. for 48 hours, and in steam at 2122 for <8 hours, 13, Made of stuminn cement Ac2after siv and a half yearsin the
Take. O, Otawasand mortar evlinders made of alnning ceoent A alfer sis years in the ke, Mixes for series 27640 280, respeetively, were 1:2, 1:3, 1:3, 104, and 1:5, D, Made
of sluming eement Aed after siv yers in the Inke. Water mtios for sorigs 306 (o 400, respectively, wore 004, 053, 059, 0.73, and 0.88
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TaBLE 20.—Chemical analyses ! of 7 special cements

Bulphuz-
Silfea Alumina| Lime | M8gne-{ o rpe.

Iron Loss on
Spectel ooment | (5i0y) | (FexOp) | {AlsOR) | (Ga0) (Mgoy | duide | ignitlon

Percent | Per cent | Per cent | Per cent | Per cent Per cent | Per cent
35.85 6. I 48,60 L0 X
B2, 2G 1. Bf 08 2,58
62, 51 2,57 . 1,36
58,45 177 A
#.35 1,00 3 s
5120 .53 . 3
0. 00 8,67

1 Analyses by the Division of Tests, Bureau of Pubtic Roads, U, 9, Depariment of Agriculture.

TaBLE 21.—Resistance to the action of sulphate waters of 14 special cemenis under
different conditions of exposure and of some companion Portland cements

Stored in 1 per
cent solution of Btored in {ap water
N804 Strength

atio ab
1 Rrrené]in
ot
Strangth | ine Lake Longth
1 year increass

. Per cent | Per cent Inch
Shedai B 2 wlooml B
Portland F 1 )
8pecial H.

I
ngfland CC X £6
Speclal
Portland I

Bpecial C.__.

Portlapd F ¥
Special G
FPortland X
Spectal D
Speciai E
Portiand A A

! Life not yet determined. Strength ratio st § years, 35 per cent.
1 Cé'nnders with Portland cement F were made 25 months before the oylinders with speefal cements B
and 3, and direct comfa:isiuns of resistance are therafore not sstfafoctory.

3 Not yet determined.
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TasLE 22.—Tests of 2 by 4 inch cylinders made of spectal cements other than high
alumina and exposed o the action of sulphale water in Medicine Lake, 8. Dak., as
compared with similar cylinders stored n lap waler

{Unless otherwise noted tha ineness modulus of aggregnta is 4.67 and the mixis 1:3. Each test result, with
a few exceptinns, is an avera%: of 5 cylinders made oo different days. Figures In porentheses [ndlente

. I.'oert ca]nt of normpal strength based an parallel tests of eylinders from the same batches, stored io tap
WaLer

Curing methad Average compression tes;:s ({pounds per sgquerg
inch

Cement Tank specimens Lake specimens

T{wo In mofst
closct
Timg in wafer

T'imue in nir

Coment laboratory No.
Whlor ratio

g? Absorption at 21 dnys

g

S0 g B B 00 £

£n

Bpecinl B..._|0.
Speclal D____| .84
Special C.._| .
Special B_.__
Portland A A
Special F
Portland BB
Special O__
Fortland >
Spe:ga] X.

5, B40 (105)(3, 710
2090) 0
3,360
0

€n

3,570 (60|)]
3, 830 {58

£ in
| pronosnnD
waummmmgu
o SO

1, 0504, 240
2 370/3, 030
790! 690

7 & t:]01H .
pecial H__. | .
c 8

Paort.
Special T
Port!
Speci .
10| Special A3___) .
127| Specinl A2.__f .

128] Portland ¥__f .64
127| Specinl AZ___| .
128 Portland ¥._| .
127 Bpecinl A2..-| .
128 Portland Y.} .
127] Special A2_._| .
128 Portland Y.t .

2

T

3, 7705, 370/5, ﬁéa

M O D
1=

2, 73013, 750/3, 62

TS IO LA T [0 A e B e GO 5
22
oy

R e O 53 3 G D ST R ) O Gt
23R ;

e e T e P ey
o
=

EENNRHEED SRR G L

oooooooooD

3, 980
3,020 (72

B

4 8tandard Ottawa sand cylinders.
SMIx 1225 (Aneness imodulus=3.10),
7 Tlme in damp sand.

Special cement X is an imported mason’s cement containing about
334 per cent dintomaceous silica mixed with the cement clinker before
grinding. Tests with this cement are of unusual interest both because
of the siliceous nature of the admixture and because of the method of
adding. Therefore the cement was differently proportioned in a
number of mixes. The resuits of the tests are interpreted to indicate
that, weight for weight, resistance of this special cement is about equal
to that of the more resistant Portland cements although, since one-
third of the matenal added is without cementaceous properties by
itself, the concrete under ail conditions is somewhat lower in unit
strength. No check tests of this cement without the admixture are
available and therefore conclusions on the exact effect of the admix-
ture on resistance areimpossible. Howeveor considered, special cernent
X made an excellent showing in 1 per cent solutions of sodium suilphate
and did reasonably well in Medicine Lake.
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Special cement B is reground Portiand cement F, and speciel ce-
men$ C is the same as B with a carborundum preparation added during
regrinding. No test exactiy parailel to that made on special cement
B was made on Portland cement F, and therefore the specific effect
of regrinding is not known. The resistance of special cement B was
somewhat greater than thai of special cement C, although neither
displayed greater resistance than that of the more resistent Portlands,

The five special cements, D, B, ¥, H, and T have been developed
in recent years to meet demands for high-esriy-strength conerete.
The last four of these have been tested parallel with companion Port-
lend cements AA, BB, CC, snd I, respectively. No companion
Portland cement was available for testing with special cement D,
but the resistance displayed by this cement has been, at best, no
greater than that of an average Portland cement, As evidenced by
the tests, special cements E, F, and H did not display outstanding
resistance, although they were somewhat more resistant than their
companion Portland cements. Special cement I was slightly less
resistant than its highly resistant companion Portland cement 1.

Special eements Al, A2, and A3 are standard Porfiand cements,
from different mitls, to which tannic scid treated with gypsum was
added during grinding. Portland cement Y is the same cement as
special cement A2 without the gypsum. Results of tests at one year
sre slightly more favorable for the treated cement, but after three
¥years no Jiﬁ'erence between the treated and untreated cement was
apparent.

Specia] cement G is a soap-treated water-repellent product, other-
wise the same as Portland cement X with which parallel tests were
made. The treated cement displayed resistance differing very Little
from that of the untreated.

Special cement L is & natural cement somewha$ higher in aluminsa
and S0, and lower in lime than normal Portland cement. Tts use
with 50 per cent Portland cement is recommended. Used in this man-
ner, it produced a concrete of saghtly greater resistance than that of
concrete made with only Portland cement from the same lot.

Special cement K is a white cement very low in iron and high in
magnesia, with other constituents about the same as those of normal
Portland cement. This product made a very poor showing in alkali
resistance.

With the possible exception of cement X, none of the special ce-
ments tested showed incressed resistance to sulphate action in &
degree warranting preference over the more resistant of the Portland

cements.
ALUMINA CEMENTS

Alumina cements, according to Bied {1} were discovered by him
in 1908 “in seeking & binder which would not be attacked either by
sea water or by sulphated waters”. In the United States, Spackman
(46) in 1910 reported upon the aiuminates, their properties and pos-
sibuities in cement menufscture, basing his report on experiments
begun in 1902 and resulting, in November, 1908, in the making of
1,000 pounds of calcium saluminate which was used experimentally
for many purposes for which Portland cement is used (17). There-
fore there is some question as to who should have the credit for dis-
covering ajumina cements, although there is no question that they
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were first manufactured and utilized commerciaily by the French.
Because they possessed the property of early hardening, although
satting no more quickly than standard Portlend cement, the French
Army used alumina cements in foundations for gun platforms and in
other emergency construction during the World War. Thereafter the
use of these cements extended rapidly to many other types of engi-
- neering structures.

Manufacture of alumina cement was begun in the United States
early in 1924, and in June of the same year cyiinders were made in the
draintile laboratory at University Farm. These cylinders were ex-
posed when 8 weeks old to the sulphate water of Medicine Lake, in
which cylinders of one of the ¥rench alumina cements were already

exposed.
CHEMICAL. COMPOSITION

The raw materials of which alumina cements are made are bauxite
and limestone, or bauxite and lime, and these cements are essentially
calelum aluminates very low in silica (7, 20, 45), whereas standard
Portland cements are essentially caleium silicates low in alumina.
The chemical composition of the thres alumina cements used in these
experiments is shown in Table 23, in which is also shown the average
of the chemical analyses of the 35 standard Portland cements of
Table 16. It will be noted in Table 23 that the oxides of calcium,
gilicum, aluminum, and iron average approximately 63, 22, 7, and 3 per
cent in the Portland cements as corpared with 38, 8, 42, and 11 per
cent in the high-alumina cements. As evidenced by these anslyses,
the three alumina cements are strikingly similar in composition and
have consistently behaved similarly in the various tests to which

subjected.

TasLE 23.—Chemisal analyses of § brands of aluming cemenis compared with
average for 36 Porlland cemenis

Portland Alomina cements

coments
(averege)| . Ac? Acd | Average

Per cenl | Pereent | Percent | Percend | Per cent
Bilies (Bl08) oo e e cmiumaaaaa. 21.76 0,42 5,01 4,71 7.68
Tron (FayOs) X 14. 02 1 10, 86
Alumins (AhOR .- X 40,00 . 42, 72
Lime (Cn0) 2 3524 L 0. 06
Megnesia (MgC).._ .. . R 3 50 . .66
Sulpzhuric anhydride (R{s) . Trace. .35
Loss on ignition. . . .13 . 1.54

g8.92 X 100. 30

EXPOSURE CONDITIONH FOR ALUMINA CEMENTS

Each of the three alumina cements tested was used in cylinders
exposed in Medicine Lake, while the behavior of two of them was also
observed in cylinders stored in the laboratory in 1 per cent solutions
of sodium sulphate. Supplementing the experiments with cylinders,
draintile of alumina cement Ac3 were manufactured at two commnercial
tile plants. Some of the tile were placed in Medicine Lake and others
were buried in alkali soils in southwestern Minnesota and southeastern
North Dakota. In addition to check cylinders stored in tap water
in the laboratory according to the regular practice check cylinders
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" of the two alumina cements Acl and Ac3 were buried below frost in
* two soils free of acids and alkalies, as were the check draintile of Acd
cement. Curing temperatures to which the slumins specimens were
subjected wers normal except that cylinders of the cement Acl were
cured also in water vapor at 100°, 155°, and 212° F.

UNUSUAL PROPERTIES REVEALED BY LONG-TIME TESTS

it became evident during the work with alumina cements, that
these cements had other properties besides early hardening that were
not common to stand- 00
ard Portland ce- ap
ments. Forinstance,
check cylindersstored
in tap water freguent-
ly expanded nearly as
much as cylinders in
sulphate solutions in
{;)he isamelroo?lnl,li tfhgre-
y largely nullifying
the value of such tests
as an index of sul-
phate action on alum-
s cements. In Fig-
ures 18 and 19 the
length ingreases of
alumina concrete and
mortar cylinders
stored in fap water
are shown in compar-
ison with those of
stendard Portland ce-
ment ¢ylinders stored
in thesame tank, The
compression fests of
these alumina~cement
cylinders, shown in
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the same figures, re-
vesled that all these
alurming cements lost
strength with age as
they 1ncreased in vol-
ume but, contrary to
what would be ex-
pected, while alumina
cement Ac3 increased
strength.

FIGURE 18.—Btrangth rod length chanEns ot standard lahoratory
ervlindars made of gleminn cemanta: A, Oylinders of aluming coment
Apd stored in nentral soil, {n Medicine Lake, in tap water, and {n
sedium sujphats solution; B, eylinders of aluming cement Agl slored
in peutral seil, in Medicine Lalke, in tap water, and 1o sodiem sul-
phatn solatinm, ©, cylinders of Alumine pement Aeg stored jn Medl-
¢ine Liake and in tap water; D, lenpth changes i eplinders of alumina
raments stored {n tap water compared with range of langlh chanpes
of Porfland cement cylinders made in 88 serieg from 35 brands,
gach point for the sluminn cements is the average for & to 35 eylln-

cie:)

most in volume it showed the least loss of

Other graphs of Figures 18 and 19 show compression tests of cylin-

ders made with two of the alumina cements buried below frost in two
soils with neutral reactions for periods up to five years. None of these
cylinders lost strength with age; there was instead a very definite
tendency fowsru increase in sirength. Difference in behavior of the
laboratory eylinders stored in tap water and of the cyiinders burted in
damp soils out-of-doors could be attributed either to dissimiler tem-

1
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- peratures or to the only obvious alternative, some deleterious eflects
produced by water curing but not by moist soil. The latter hy-
pothesis, however, is scarcely tenable because, as shown in Figures 18
and 19, the alumina-cement cylinders in the highly mineralized bust
relatively cool water of Medicine Lake invariably had 5-year strengths
exceeding those of the cylinders in the comparatively warm laboratory
soluticns in which the salt content was much lower.

Cvlinders of alumine cement Acl were subjected to air hardening in
the laboratory for periods of 0, 2, 4, 8, and 49 weels without appreci-
ably different effects on compressive strength at any period up to five

Vears, as s%?\m én Fig-

Ngu#e] 3 P  ure 20. e effect of
e air hardening on vol-

L 2 ume change was like-

h
$
S

g

8

& wise ingppreciable, ex-
‘Tj'-.. cept for the 49-week
5 | L period which markedly
& reduced expansion,
With very evidently
negative reactions to
mildly high room tem-
peratures for three al-
uming cements, it is
1nteresting to note the
cffect produced by cur-
ing cylinders of cement
Acl in water vapor at
temperatures of 100°,
155°, and 212° F., as
/ ! shown by Figure 20.
4] j’ 5 These date reveal that
e
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~D02! i
002, T 5 9 o ibtap water tlfle glren.t-
Age (year‘s) est 1]'131'@8505'0 Vo umg
FIGURE 19,5t th and Jeogth cl { tar cylind d followed ¢ g at100
H = 1Y, —alTong BRI cogth changes of mortar cylinders muade 1
g][ alumina co.ntnj\nctg and ci.ztanduri.l ?tLaIwa %a[ng; A, %_\'}ci.nderr. of and very Shght to neg-
nmina cemen stored in noulral soil, in Medicine Lake, intap 1 inem -
waler, and in sodium sulphate solution; B, cylinders of alumina co- Ative 11](."._ cases IOID
ment ‘Acl stored in nentral soil, in Medicine Lake, and in tap water; Jowed curing at 155
C, cylinders of alnmina cement Ac2 slared In Medicing Lake and

by .
in tap waler; D, cylicders of alumina cements compared with thoge and 212°, The cylm—
ofn brand of standard Portiand cement. Knch peint is the nverape  ders cured at 155° be-

for 5 to 10 eylinders made on 5 different days .
haved essentially the

same as those of many Portland cements cured at ordinary room tem-
peratures. High-temperature curing reduced compressive strengths
at all periods tested up to 5 years, excepting only 100° curing at 1
year and less, although the cylinders cured at 155° and 212° most
nearly maintained their 28-day strengths for 5 years.

With cylinders of the alumina cement Ae3, varying the water-
cement ratio and the quantity of cement in the mix gave entirely
consistent results as illustrated in Figure 21.

SULPHATE RESISTANCE Of ALUMINA CEMENTS

Under the conditions imposed by the field tests, the degree of
resistance displayed by the three alumina cements approached the
ideal, whereas the results obtained in the laboratory were considerably
less satisfactory. Conclusions as summarized are:
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Medicine Lake water was resisted remarkably well by the three
alumina cements. This is clearly shown by the compression tests up
to five years and by appearances up to seven and one-half years.
(Table 34 and pl. 7.)" Resistance was so pronounced that for 34 of the
53 series of alumina cement cylinders crushing strengths were higher
after 5 years in the lake than they were at 1 year, while the loss of
strength was less than 9 per cent in 10 of the remaining 19 series. Of
the other 9, the cylinders of scries 142, 147, and 156, without air
hardening previous to exposure, showed strength losses of 10, 15, and
12 per cent, respectively, during the 4 years; those of 1: 5 concrete of
series 291 had lost 22 per cent; and those of series 254255, of standard
Ottawa sand in 1:3 mortar, had lost 27 per cent of their strength.
Cylinders of series 280 and 292, of standard Ottawa sand in 1: 5 mix,
with high water-cement ratios, failed the first year. The wet-mixed
1: 3 concrete cylinders of series 400 were weaker at 3 and 5 years than
at 1 year and were showing evidence of considerable deterioration, but
tested only 16 per cent wesker at 5 years than at 1 year.




TaBLE 24:—Tesls of 2 by 4 inch cylinders made of high alumina cements cured in waler dnd water vapor and czposed Lo the action of sulphale
walers of Medicine Lake, S. Dak., as compared with similar cylinders slored sn tap water

‘:{Uulegs olhcr\vlso notod the fineness modulus of aggregate Is 4.67 and the ix is 123, Bach {ost result, with a few exceptions, is an avernge of 5 eylinders made on different days:
]Flgurets lu]pnrcnf.heses, In-compression-tesi columns, indicate per cent of normal strongth bhased on parallel tests of eylinders from the snme batclies, stored. in tap water in the
aboratory,
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Tapur 24.~Tests of 2 by 4 inch cylinders made of high «lumina cemenis cured in waler and water vapbr and ex osed to the action of sulphale
waters of Medicine Lake, S. Dak., as compared with similar cylinders stored in lap water~~Continued
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Tank specimons

Lnke spocimens

7 days |[28days

1 yoar

5 years

1 year

3 yenrs

5 yoars

70,71, 74
70,71, 74
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Solutions of 1 per cent sodium sulphate, in which cylinders of Ael
and Ac3 cements were stored in the laboratory, afforded a test of
alumins cement much more severe than did Medicine Lake water
which contained several times as much sulphate. (Table 3) It
becomes evidentf, however, by comparing the strength curves of
cylinders stored in so-
lutions of sodium sul- 2400
phate with the curves L | _L
of those in tap water FT g /'.M

i g -
{ Alkali oil, N. 0.
A _ ST

£
3

(figs. 18 and 19), that
only sabout one-half
the loss in strength of
the cylinders in the
solutions was directly
attributsble to sul-
phate action, the re-
meining loss being duc
to temperature condi-
tions of thelaboratory
as discussed on page
50. It sppears, there-
fore, that alumina-
cement cylinders nor-
meally weaken in tap
water in the labora-
tory snd that this
weakening is consider- _
ably accelerated when > 5
szﬂgh&tg action is in- Age (years)
froduced.

Draintile of 5 and iR #onumkin et up o e e of 5 and ¢ foch operte
§ inch diamoters made s Lake S Dak Togsauical sl ned inalkal Sl and s, 2o
of Ac3 cement of two  coment Act and Minnesota aggregote; 1y
comlr;ercilel ; plan bs Ssgosate. " Bach Dt it i e o Sumet, B aud Mivoesota
were tested Tor resist-
ance under field-exposure conditions in comperison with Portland-
cement tile that were essentially similar except that they were mixed
1:3 whereas the slumina-cement tile were mixed 1:4. General condi-
tions of exposure and strength tests of the tile up to five years are
recorded in Table 25 and test trends are shown in Figure 22. Both
tabulated data and graphs clearly indicate & much higher degree of
resistance for the tile of slumina cement then for those of Portland
cement, fully supporting the results obtained in field tests of cylinders.
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TaABLE 25.—Tests up to 6 years of drasn tile made of alumina and Portland cements and subjecled lo various conditions of exposure

[The neutral Minnesota and Wisconsin soils. were very low in soluble salts, containing, respectively, but 0.04 and 0,05 per cont]

WISCONSIN AGGREGATE

Locailon and exposure conditions

Strongth and absorption tests

Installation

8alt content

1 to 4 months

1 year 3 years

§ years

TReacting
values
804

Strength

Absorp-
tion

Strength Alt)lsg;p- Strength Algf:;p-

Absorp-
Strength tion

Alumina coment Ae3: 1

Pounds

Parts per
per Lin, ft.
40

million | Per cent

Stock: pile 52 monthsg-
Stock pile (3 months) ..

1, 560

Neutral soil, Wisconsln....

Per cent
9.3
8.5

Pounds Pounds
per lin. ft.Percent|per lin. fl.|Percent

Pounds
per lin. ft.

Medicine Lake, S. Dak..,

Portland cement M: 2

47,001 48.08

1, 850
2,080

1,210

Stock pile El month).
8tock pile (2 months).

1,480

Neutral soil, Wisconsin._

1,800

Medicine Lake, 8. Dak. .

Alumina coment Ac3:
Stock pile (1 month)

47,901 48.08

1,310

Neutral soil, Minnesota

Alkali soil, North Dakota

Medicins Liake, S. Dak.
Portland cemient M: ¢

45.70

80, 386
48.08

47,001

[

Btock pile (3 months)

Neutral soil, Minnesota
Alkall sofl, North Dakota.

Medicine fLako, S. Dak..

86, 386 45.70

Dbk bt b it ek pt bt bk et ket

CICOCATY i daia CICICOCD . Wi i
bt

OO ot oo ctnth

47,901 48.08

MINNESOTA AGGREQGATE

Alumina cement Ac3:$
Stock pile (1 month)

Neutral soil, Minnesota

Alkalf soil, Minnesota

Alkall soil, North. Dakota

Medicine Lake, 8. Dak
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Portland cement B1: ¢
Stock pile (4 months)..
Neutral soil, Minnesota
‘Alkali soil, Minnesota... 21, 630
Alkali sollLNortb Dakota 86, 386

Medicine Lake, S. Dak. 47,901

! Tile (6-Inch) cured 24 hours inolst room; 72 hours water vapor at 120° F., 8 weeks air,

2.ile
3Tile
4 Tile
§ Tile
¢ Tile

5-inch
5-inch
5-inch
6-inch
5-inch

cured 24 hours moist room, 48 hours water vapor at 120° F., 4 weeks air.
cured 24 hours moist room, sprinkled 24 hours, 3 weeks air,

cured 24 hours moist room, 48 hours water vapor at 120° F., 4 weeks air.

cured 24 hours moist room, sprinkled 2 weeks, § weeks air,
sprinkled 24 hours it moist room, 2 weeks air.
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MIXTUBES OF ALUMINA AND PORTLAND CEMENT3

Alumina and Portland cements were mixed in various proportions
to indicate the possibility of developing combinations relatively high
in resistance and lower in cost than alumina cement. Results of dif-
ferent phases of this worl are recorded in Tables 24, 26, 27, and 14.
The data for series 434 in Table 14 and scries 435 to 438 in Table 24
give little encouragement to this endenvor. All the eylinders con-
taining 5, 10, and 20 per cent alumina cement and, respectively, 95,
90, and 80 per cent Portland cement, had lower strength ratios after
one year in Medicine Lake than did those in which only Portiand or
alumina cement was used. At three years all cylinders in these
series except those of 100 per cent aluming cement had failed com-
pletely.

TABLE 26.—Effect of combining elumine cemeni Ac3 and FPorlland cement on
compressive sirenglth of concrefe eylinders, normally cured and stored in lap waler

[Enet test is Lhe nverage of -1 or 5 cylioders tnade on 2 and 5 days]

Cement Average of eornpression lests
Absorp-
Serles No. Waler | tion

: rafio | st i
'“gém' 11::’;:'1' days | 1day |3 duys |7 days |29days| 1 year | 5 years

Lha. per|Lhs. periLba. per| Lbx. per| Lbs, per| Loy, ;.'Jel'
Per cent| Per cen! Per cent #q. i, | s, in. , . . in. .

[#] 100 1,780
R 1,570

PRI SN

TasLe 27.—Effect of lenglh changes of combining aluming cement Ac3 and Porilland
cemnent in concrele cylinders normally cured and slored in lap waler

[Each test is the average for & eylinders mnde on 5 days)

Cement Length {nerensa nt nge

Portland { Alomina | 6 weeks | 8 weeks | 129 weeks| 200 weeks

Percent | Per cent Tnch Ineh Ineh
160 0t —0.0017

fa & —, 0018
H} 10 —. 0020
80 200 —. 0020
u] 100 —. 001G

I Initial readings madoe at end of three weeks.
CONCLUSION REGARDING ALUMINA-CEMENT CONCRETE AND MOHRTAR

Under conditions of these tests, ench of three alumina cements
resisted sulphate action to a high degree but was unstable when used
in concrete and mortar stored lor long periods in tap water at room
temperatures.
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ADMIXTURES

Mixing special ingredients with Portland-cement concrete to
increase resistance to sulphate attack, although long advoeated and
practiced, has been from the first & matter of extended controversy.
That early opinions regarding admixtures were divergent is not difficult
to comprehend, for there is o great range in the resistance of Portland
cements from different mills as well as decided variations in the
resistance of concrete due solely to variations of curing conditions,
a5 has been discussed. Therefore, these factors had to be carefully
weighed in comparing the behavior of concretes with and withous
admixtures, otherwise the results might be so contradictory as to he
valueless or even misleading. TRandom comparisons hased ‘on exami-
nations of field structures are likely to be deceiving, since exposure
conditions are not identical for any two structures and may vary
greatly even for different parts of the samne structure.  With the hope
of somewbat reducing the doubts about the effect on su'nhate resist-
ance of some of the more common types ol admixtures, the series of
experiments here reported upon were outlined, although it was mani-
festly impracticable to test more than a very few of the large num-
ber of products that have been suggested.

In these experiments with admixtures 26 products were used,
including 9 siliceous materials, natural and artificial; 2 high-iron
products; 8 miscellancous chemical compounds and mixtures; and
7 water-repellents, including 3 soap preparations, an organic oil, o
mineral oi, kerosene, and wiber-gas tar. The essentiol chemical
composition of each admixture is recorded in Table 28, and the results

of fineness tests of the siliceous materials are given in Table 29.
There follows a brief description of the noteworthy characteristics of
the materials of each group and a summary of the observed eftects on
compressive strength and particularly on alkali resistance of concrete.
(Tables 30 and 31, and pls. 8 and 9.) Numerous workers have reported
o these and similar products used in concrete for other specific pur-
poses (3, 4, 26, 29, 52).




TasLr 28.—Essential chemical composition of admiziures ,
[Analyses by the Division of Tests, Bureau of Public Roads, U. 8. Department of Agriculture, except as noted. All values-are given in per cent)

09

Sul-

Alum-
’ ina , B .
Mag- Carbon| phurie [Sodium|Calcium(Barium
Admixture Siliea (;\;‘l‘;dO:) Metallic) Lime & |Carbon dioxide Sul(gglur anhy- | oxide ichloride|chloride Loss on

i
(8i0) | "and ) Hiron | (Ca0) | gy | (@ [*(G0n) (N#70)|(CnO1)|(BaCl) ignition
(Fe203)

Siliceous materials:
Barnsdall admix.....
Blast-furnace slag.
Celite.

Omicron 1.
rass. .-

‘Volcanic ash. ..
High-iron products
Ironite?

) . Metalicron ¢ -
Miscellaneous chemical compounds and mixtures:
garium chloride (certified produet) &

al. .o

Calcium chloride (certified products) 5_.__.
Casein 7.
Earthcrete 8.
Hydrated lime ghigh Ca0) "
Hydrated lime (high MgO)

Sulphur (certified product) &

‘Water repellents:

Alkagel A 10
Medusa waterproofing 11___.
Truscon waterproofing paste 12
Linseed oil ¥
Automobile oil ¢,
Kerosene ?.
Water-gas tar 13,

1 %]so small amounts of lime, magnesia, and alkali salts. : Ennccoulnteg balance consisted of a mixture of sodium chloride and potassiun nitrate,

? Trace. ot analyzed.

3 Tron and iron oxide equivslerit to 83,33 per cent metallic iron; inanganese and man- 10 Lost 80.87 per cent on drying; residue consisted of copper and iron soaps with par-
~ganese oxide equal to 0.56 per cent metallic manganese. affin; ammonia present.

4. About 90 per cent metallic iron; balance siliceous material resembling clay. 11-Soap about 23 per cent; balance was partly hydrated snd carbonated lime with about

4 Analysis by manufacturer. 6 per cent magnesia.

¢ None. 12 Water about 78 per cent; considerable free ammonia.

7 Caleium caseinate (milk product). 1 Thin liquid with 70.00 per cent soft-pitch residue at 300° C.
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TABLE 29.—Finenecss tests of the nine siliceous admiztures Jor which chemical
analyses are shown in Table 28

[Analyzes other then these of the 200 snd 300 steves wera made by the Bureau of Standards, U. 5. Depart-
ment of Commerea] !

Retained ! Rotalned| Creator Greater Creater Greater
by No. | by No. than &0 than 40 thao 20 than 10
200 steve | 300 slove | miorons | microns mierons microns

13

Perecent | Percend | Percent | Per cenl BPercept | Percemt

Tarnsdall ndmix 0.2 0.5 o] 382 (21} 56 ¢

Blast (uroece slag.. ... 12, ) a8.0 76.9

Celite_ e 1.4

Colloy X X 40,6 1) | 7L {21}
4.1 30.

. 2
70038t 523 (21}
! 335 (
45.0 (40} 6%.7

! Note by the Burean of Standards: Fractionations wera made {n an sir elutrintor ealibrated for Porlland
cement which has 3 density of about 3.1 As ihe density of the admixtures differs from this valoe the
limiting sizes of each fractfon will alse differ from the nominal sizes lisled ahove, which are for Portland
cement. Microseople mensurements of the limiting sizes of separation were made in some cases. Tha
vaiues ohiained have been placed in parenthosss after the per cent restdue in the table. These values ara
averages of mensurements on shout 40 particles. No mossirements wore made on the sumples of blast
furnace slag ond powdered (el psh beeausa tha Eart!cies swera very {reguiar in size and shalpe. When
the residue was lesa than 10 per cent ihe results obtaloed were ot rolinble because the materia remuoiving
in the bulb was et suthefant for propot sgitntion.

1 Less than 10 per cont.

Tanre 30.—Effect of admiziures on resisiance of 2 by 4 inch concrele cylinders ex-
posed in the laboratory lo the aclion of solulions of sodium sulphate (Na;80,)

{Cements A nnd Bl mixed o equal portions, Each éegt re]suIt is the average for 5 oc more cylindars made
on 5 days

1
Stored In tap watcr} Blored in 1 g?r eent solutions of

1130,

!

i X Time
Fine- { Waler- |Absorp| re-

mﬁssii can:_ent ﬂo{;: at I‘ex;- quifed
moin ralios 184 Dreaking Age Breaking cent- to in-
strengths | tested |strenpths n”‘fr‘i.nogl creese
strength| length
0.010
lach

Genersl deseriplion

Lbs, per
Per cent g 5. in. Par eenl] Weeks
Obeck eylinders 3, 200
without admix- X &1 4, 760 3 43.4
ture, 5, 460 ("10&)]

114 per cent Alka-
{1 e 5.7

28

W

4,150
5, 660 (100)
3,300

3 per cont Alkagal. 6.9

Check cylinders
without pdmix- 4.5
ture,

{5 T cant Dblast-
urnace slag.

35

5.

4. 070
4,660 (mng}

4, 200 32
0, 130 {100)

4,370

30

)
B3 e bt O3 e bt

ra

{10 per cent binst. 23
furnsce slag,
[20 per cent blast-

furnnee slag. 28

40 per ceot binst-

&
furoace slng,

30

o
%]

7,350 (100,
Oheck  cylinders 1 3,000
without admix- 4, 820
ture. &, 880 (100)

O
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TasLE 30.— l_ﬂ' ect of admiziures on resiclance of 2 by 4 inch concrele cglinders ex-
posed in the laboralory to the action of solutions of sedizm sulphate (Na;50)—Con,

[Cements A and Bi mixzed in equal portivos. Each taesb r]esult is the average for 5 or more cylinders made
on 5 days,

Stored In I per cent solntions of

Btored In top water N850y

Fine- |Water- |Absorp-
ness_ | cetaent | tion ac Per-
mpdypli| ratios |21 days Aga Bresking | Age |Breaking ceat-

tested | strengths | tested |strengths xftﬁ'ix;]afl

streneth

Qenere] description

Lbs, per

Por ceut| Weeks aq. in. \Per rent) Weeks
1 .

4 per cent cal . N 6.2 1,510 a6 6.0

Check cylinders

withoul admix- . . 5.6 1, 570

ture.

{d par eent calginm -4
chloride. . -
Check  cylinders
withput admix-
Lure.

5 por cend, hydrat-
ed lime, high pal-

o3
e

cium.

10 per ceni hy-
dratad lime,
high ealeiumn.

{5 per cent hydrat-

P

ed lime, high

o

Inagnesiam.

G20
00
{ll] per cant hyd=at- 5

4,
6, 400 {1
3, 0o
ed lmes, high

ea

Magnesium,

4, 950
5, 000 {100;
{Check eylinders 3, 000

without adroix-

e

4, (20
ture. 5, 880 (i00)
3, 4G

s

€n

4, #l0
5, 850 (100) ;

2,080 -

4,130

20 per cent jronile. B
4,280 (100) |
2,600

=1

without admix- .
tura.

{'2% per cenl vel-
canie nsh.

Check cylinders
4,540 |

5, 340 (100}
2,370
4,420
4, 980 {100)
3,440
4,020
5, 480 {100}
2,050

=

(=
5 B bt D gl B3 e b i ke i e o b e et G AR b E3 e e

{5 per cent volennic
ash,

3

{10 per vent vol-

canic¢ ash. ']3"‘??

e

3,
5,240 {
20 per cent vol- " . 7.0 L1

eonic ash, . “

Check  cylindors
without ndmix- . 4.1
tures. .

5 per ¢enl waier-
gns tar. ) L7

3,200
5,050 (100}
4,200
4, TED
5§, 480 {100)
2,420

e o
e e ke

(]
BB e e £

3, 90
4,520 (100)
1, 140

2,140
2, 270 (100) i

LT

20 per conl water- 5
pas tar. .

o

|
|
|
|
|
|
|
& per cent ironlte.. . {
|
|
|
|
|
|
,{

1 Estlmatad.
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- Tants 31—Tests of 2 by 4 inch concretye, eylinders containing various admiztures, cured by different processes and exposed to action of su"lpkate' ‘
walers of Medicine Lake, S. Dak., as compared with similar cylinders stored in tap water . -

Z‘Ui:ile§s otherwwise noted the finenass modulis of aggregate is 4.67 and the mix is 1:3. Each test result, with n few exceptlons is an average of five cylinders made on different days,
,lFlt;guers in]paranthesis, in compression test columns, indjcate per cont of normal strength based on parallol tests of cylinders from the same batehes, stored in tap water iz the
aboratory )

Admthum‘ Curing method Avernge compression tests (péunds per square inch)
uge-t ] i Tom- Ab -
O Portland - | Time | myro | Timo | pera- SOTp- Tank speciméns Lake specimens
in : i

labor- tion at
atory| cement Amount| Ingredient molst | _in w:axier tg{e 21 days

No. closat | WAter | vovor | water 28days{1year 5years| -1yeatr |3 yesrs| & yeurs
vapor . -

Per cent Hours| Days | Hours| °F, Per cent
24 20 5 6.0

5,780 4,450 (77) |1 2,100
3, 620 (77; 12,140

14A gnd KBI.

-
=Y

TLLHIONOD J0, SLSHL

4,240 (83) [ 4,700 800 (13
3,300 (72)-113,000 { 1,000 (22
8, 550 1 3,060
3, 630 E 0
3,730 (64)
4,420 §87§

——

e w

do

None
Barium ¢hloride. _ .
one -
Barn
d

Soos

T

3,800 (61
3,050 (43
3,000 540
2,130 (40)
1,450 (27)
5,030 (71;
4,500 (69
4,060

CWOMNWTICW ™SO

S

N B I

[>a3=3"N
Soamaoenannm

Posass

Ban(:isdnll admix...

do.
4997 Y%A and 4Bl
1 2:year tests.
2 8pecial high-silica aggregate, 1:3 mix; 2 by 4 inch cglindcrs cured in damp sand.
2 Special high-silica aggregate, 1:2:3 mix; 2 by 4 inch cylinders cured in damp sand.
{ Special high-silica aggregate, 1:2: 4 mix; 4 by 8 inch cylinders cured in damp sand.

SHALVM HIVHJATIAS 0L qEdSOdXH

NDOA GNP DI W =D D

4,260 (71
2,840 (65

e

€9




TasLE 31.—Tests of &by 4 inch concrete cylinders containing various admiztures, cured by different processes and exposed to action of sulphate g :
waters of Medicine Lake, S. Dak., as compared with similar cylinders stored in tap water—Continued

Admixtire Curing method Averageé compression tests (pounds per squard inch)

; Tem- Absorp- Tank specimens Lake specimens
PO%‘:}::S Time | pera- tion at . _

in ture |72l days
water] of
vapor | water 28 days| 1 year |5 years 1 year 3 years| 6 years
| vapor

Amount| Ingredient

Per-cent :
nd ¥B1. 3 4 Barnsdall admix_... 24 7 zg 6.8 2,700 (68

14A ai
do. do, 1,510 :;3

oo
C-X-=}

None. .
Bunésdall admix._..
0.

1 { ¢ SRR

furnace slag..-
0

gaasss!

[=X=1=1

88883
3

b o €D O 03

3
[=3

2
=]

G PR E L TP RS

1500 R 001 H 00 i 00 1in
w oS
2IES

23
83
P

£V & 3B O i Oy OO O S 6 G S O e VD O

53838
SERES

NeRemom

W~ ONORERW O TR OORIUIRDNTIOTIRS O

™
s
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do

an
do

15A and % B1|

seoon

5,200 (8
4,370(103, 6, 630 (09




Celito

4,410 '583 6,250 (90)
4,630 (88 0
4,530 278

Ssoso

0

3,740 (83 6,140(102)
3,800 -(80) 5,840 -(93)
8 ' 0

¢
4,550 (71)
4,030 (80

N ONCIA WD N MmO IO,

moncsen

oo oooooe

P OOTODOCODSD

ataatat

-
SomnS

—

Somop

27
2,740 (18
5,280 (04
5,020 (87

pEmooio o

Soagagen

;o oeng

3,020 (61;
26,70 (60)

201 ] Medusa waterproof-
ing.

2
2
7
1
b
8
[}
9
1
1
1
[}
3
1
4
8
]
3
8
b
1
3
0
2

s, SR

i Speciol high-silica aggregale, 1 2 ;8 mix; 2 by 4 inch cf'linders cured.in damp sand.
¢ Special high-silica nggregate, 1: 2 4 mix; 4 by 8 irich cylinders cured in damp sand,

& Mix 1:214; specinl aggregate—fineness modulus 2.95.

! Mix 1 334; specinl aggregate—fneness modulus 2,05,

2 Mix 1 6; special aggregate—Aneness modulus 2.95.

U Mix1: 43¢,

* Mix 1:: 734,
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'I‘,u;m 31,—Tests

walers of Medicine Lake, S. Dak., as compared with stmilar cylinders stored in tap water—Continued

of 2 by 4 inch concrele cylinders conlaining various admizlures, cured by different processes and exposed Lo action of sulphate

Serles

Ce:
ment
labo-
rato-

ry
No.

Portland
cement

Admixture

Curing method

Averagé compression tests (poitnds per square-ineh)

Water

ralio Yy inount Ingrediont

Tie
in
nioist
closet

Time
in
water

Time
in
water
vapor

Tem-
pera-
ture
of
water
vapor

Absorp-
tion at
21 days

Tank specimoens

Lako specimens

7days

28 days| 1 yoar {5 years

1 your

3 years

& years

1A and MR1.
do. K

do
do

Per cent
4 Medusa waterproof-
ing.

None

Metallcron. o uepun

JDays
%0

Hours

do

a0.

0.

0

0.

{41, P
do-.

ONg..noe
Vol(ﬁmic ash.

Per cent

ppprsoeeTen e

GRS NNSSESNNSOODNE S

T3 €2 00 08 €590 s 3 €5 03 €3 =3 00 sfa i b £0 S5 =~ €0V 6553 D0 1eb €200 €3 45m CO'ES S5 01 0 G5 i

NNeEs;

4,700 1 I
0,380

6,480

5,800

2,100 (41)

m

3,040 E ,
2, 000.(35)

0
0

0
4,440 (02
4,430 ?w
2, 140 (56,

0
2,480 (4

!

1 3, 590

oo

1,.760 (31
1,300 E' i

2
=

2140 (4t
1,840
10200 (18

2,110 g
1,620 (3

>

o
=

513

[
e O (D S G e

1,780 (27
1,760
2,430

1)

8
EEE

s

19 Standard Ottawa sand cylinders.
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In preparing the mix for the test specimens, all admixtures were
added to the batch except as otherwise noted, the proportions of the
admixtures being calewlated on 2 basis of their weight added to that
of the cement in the mix.

SILICEQUS MATERIALS

Finely divided silicas of voleanic origin, diastomaceous earths,
ground hurned clays, ground blast-furnace slags, and similar sub-
stances, because of their pozzuclanic properties, have been used and
recornmended by engineers of continental Europe, for concrete ex-
posed to sea water, and in recent years have been {favorably con-
sidered by a nurmber of English cement chemists and engineers (12, 15).
Engineers of the United States and Canada, however, have never
generally accepted as a2 proven fact the practical value of silicecus
admixtures. As is well known, the use of & pozzuolang is based on
the theory that active silica of the admixture will slowly combine
with free lime of the set cement to form relatively insoluble com-
pounds of calcium silicate.

The chemical composition of the siliceous admixtures tested
differs greatly in silica (Si0,) content, as shown in Table 28, although
blast-furnace slag with 33.37 per cent and fuel ash with 44.5 per cent
were the only ones containing less than 50 per cent of silica. In
the other materials the range was from 55.6 per cent for trass to 96.8
per cent for Barnsdall admix. These chemical analyses mean little
when considered alone, if the theory underlying the use of siliceous
admixtures is sound, since only the silica active at ordinary tempers-
tures is of value, and that must be finely divided to combine readily
with the free [ime of the cement.

A completely satisfactory method for determining active silica has
not been agreed upon. The method used in these experiments was
that suggested by Cowper (I8, p. 46—48), in which 0.6 gram of the
siliceous material was combined with 0.4 gram of hydrated lime,
placed in & test tube, and shaken at intervals of 12 hours. The
pozzuolanic activity was judged by inspecting the tubes at different
fimes after shalking and noting the increase in volume of the solid
matter. The results are shown in Table 32. Another method has
been suggested by Blount (72} who stated that normally the active
silica s regarded as that which can be extracted from the material
by a weak alkali such as 1 per cent caustic soda solution, but there iz
no fixed method. A third method (24) is based on the electric
resistance, measured to 0.1 ohm, of o lime water solution of known
gtrength fo which is added the siliceous material and the pozzuolanic
activity caleulated on a basis of decreased conductivity due to removal
O'fIi some of the lime as a result of chemically combining with active
silica,




68 TECHNICAL BULLETIN 358, U. 8. DEPT. OF AGRICULTURE

TapLE 32.—Pozzuolanic activity of the nine siliceous admizlures, compared by
volume increase

Barns- | Blast- Yol-
dall |furnacel Celite | Colloy I;‘;ﬁl Hay- canie

admix | slag dite ash

Fer centl Per cent| Per cent| Per cend| Per cent| Per cent) Per cent
31 103 192 244 83 2 3 1B

40 322
40 377
42 25 414 165

217

Of the nine siliceous admixtures tested, blast-furnace slag, trass,
and volcanic ash are the only ones that definitely increased resist-
ance. The effect of Haydite is still undetermined. It is not seen
how the pozzuolanic activity recorded in Table 32 or the fineness
tests of Table 29 could have been used to predict the relative effect
of the siliceous materials of this group on resistance of concrete to
sulphate action. Therefore, it appears that, regardless of the methods
used to determine the active properties of & pozzuolana, justification
- for its use to increase the resistance of a Portland-cement conerete
must depend upon careful experimentation.

Barnsdall admix has the appearance of pulverized chert and is de-
scribed by the producers as a “pure, finely ground, meta-colloidal
Tripolisilica.” This product was used in quantities varying from 3.75
to30percentandin1:3,1:2: 3,and1: 2: 4 concretes. Two aggregatds,
a combination of two cements of low resistance, and a resistant cement
were used in the tests. It isnot apparent from tests up to three years
(Table 31) that this material increased resistance; some of the data
seemed to indicate decreased resistance. The effect of § per cent and
less of the admixture on the 28-day strength of concrete was small, but
was slightly advantageous with the leaner mixes. The effect on the
strength at one year was inappreciable. Fifteen and thirty per cent of
the admixture decreased compressive strengths at 28 days and at 1 year.

Blast-furnace slag, finely ground, was used in proportions of 3
10, 20, and 40 per cent in cylinders stored in the laboratory in 1 per
cent solutions of sodium sulphate and in proportions of 10 and 40
per cent in eylinders exposed in Medicine Loke. Some of these cyl-
inders were cured in water at room tdmperatures and others in water
vapor at 155° F. This slag did not appreciably afiect the 28-day
strength of normally cured concrete. The data definitely indicate
that the strength increased at one and five years for cylinders con-
taining 10 and 40 per cent, the only ones of which long-time tests
were made. Resistance to the laboratory solutions incrensed with
quantity of slag used, the cylinders containing 40 per cent of slag
having o life 400 per cent longer than the check group. Stored in
Medicine Liake the normally cured cylinders containing 40 per cent
slag definitely increased in resistance and the cylinders containing
10 per cent slag increased slightly. Cylinders with 40 per cent slag
but with no air hardening showed little or no increased resistance,
nor did cylinders containing 10 per cent slag cured at 155° F. Cyl-
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CYLINDERS CONTAINING VARIOUS ADMIXTURES AFTER STORAGE FOR SEVEN YEARS IN MEDICINE LAKE
A, Caleiun ehloride udmixed as follows: Series 162, 164, ol 1466 4 per eent; series (63 and 165 -8 percent. Serfes 165 and 166 cured 48 hours In water vapor af 155° 1. B, Cal, same
treatment s in A, C, Series 172 noadmisture; 13 20.per cent dronite; 174 no adiixture hut cured 48 hours in water vapor nt 155% F.; 175 20 per cont Tronite, cured 48 hours
in water vapor st 155° F.p 176 20-per-cent Ironite, cured 4% hours in water vapor at W00% F. D, Series 578, 579, and 550 contained 1, 2, and per eent, respeetively, of ‘Pruscon
waterproofing paste.  Sories 581 and 382 contained 6 and 12 per cent respectively, of harigm ehloride
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CYLINDERS CONTAINING SILICEQUS ADMIXTURES AND CYLINDERS' SURFACE TREATED, AFTER STORAGE IN MEDICINE LAKE

A, Blasi-fornaee slag adimise-in the ollowimge pereentages, after five yearsinthe lake.  Series 157, 159, and 161 10 per eent; series 165 amd 1460 10 per cent. Series 160 and. 161 were

cured 45 Hours in water yapor at 1357 F. B, Serfes 891 comained no admizture. - Series 3t amd 391 contained 33 per cont trass and series 303 an<d 395 contnine:] 66 per cent trass,
After four and one-hall yeursin the lake. . C, Series 371 10 373 standard Portland cement series 3n4and 375 conerete and mortar, respeetively, surfaee treated with fnertol.  After
five s one-half years in the lnke. - 1), Series 549 1o 558, respeetively, surface-treated by dippingas follows, alter four and one-half years in the Inke; bailing water one-lalf min-

ute; pue coat linseed oil 707 F. one-hall minute: two coats finseed oil 707, one-half minuate, one coat linseed ofl 225° one-half minuie; twocoats linseed oil 2259 one-hall minute
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inders containing 40 per cent slag and cured at 155° tested 48 per
cent of normal at five years, this series making considerably the best
showing in Medicine Lake of any of the slag group. (PL 8.)

Celite, o dintomaceous earth, used in the proportions of 2 and 24
per cent, did not appreciably affect either strength or resistance of
hormally cured cylinders.

Colloy, probably benonite clay, used in proportions of 2 and 4
per cent, resulted in concrete wealer at one year than check cylin-
ders with no admixture. The effect of either quantity on strength
and resistance was negligible,

Fuel ash, used in proportions of 23, 5, and 10 per cent, apparently
had no pronounced effect on the compressive strength or resistance
of cylinders up to five years.

Haydite, a burned clay ground until 94 per cent passed a No. 300
sieve, was used both as a substitute for some of the cement and as
an addition to the batch, This product was substituted for 30 and
6C per cent of the cement in the cylinders of most series, but 30 per
cent was added to the cement {or one series. As used, this material
increased absorption and considerably reduced the 7 and 28 day
strengths, but between 7 and 28 days there was o piclk-up, so that
cylinders in which 30 per cent of the cement was substituted aver-
aged slightly stronger than the respective check cylinders and in
those having 60 per cent substitution the strength recoveries were
pronounced. The strongest and most resistant l-year cylinders were
those with the 30 per cent addition. (Table 31.) Tests with Hay-
dite are being continued in a2 number of new series not here reported.

Omicron is the trade name for a finely divided product which was
added in quantities up to 3¢ per cent. The effect on strength at
one year was mappreciable for 3.75 per cent, but for 7.5, 15, and 30
per cent was a shight reduction. The cylinders in which 15 and 30
per cent was used showed increased resistance at one year, but no
effect was indicated for 3.75 and 7.5 per cent. The only cylinders
exposed in Medicine Lake that were made with this material and
showed any compressive strength at three years were those containing
30 per cent admixture.

Trass, long used in hydraulic limes and cements, was imported
from Germany. Trass is described by Eckel (27) 0s an sncient vol-
canic mud composed of earthy or compact pumiceous dust with
Iragments of pumice, trachyte, carbonized wood, ete. This material,
finely powdered, was used both as an addition to the batch and as
& subsiitute for some of the cement, with surprisicgly similar effects
on the compressive sirength of the concrete for all periods up to five
years., The quantities added were equivalent to 33 and 68 per cent
of the weight of the cement, which by volume were almost exact]
50 and 100 per cent the volume of the cement; the quantities substi-
tuted replaced 25 and 40 per cent of the cement by weight. In both
cases and at all ages, 66 per cent of trass reduced the strength of the
concrete by ahout 25 per cent and 33 per cent reduced the strength
by about half as much. The different additions increased resistance
of the concrete about equally, with the result that cylinders contain-
ing trass averaged about 34 per cent of normal strength at five years,
as against 0 per cent at three years, as compared with the check group
without trass. While results were far from ideal, it was evident that
trass did definitely increase resistance of concrete under extremely
severe conditions of exposure. (Pl 9.)
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Volesnic ash from northwestern Nebraska was added to the mix
in quantities of 2.5, 5, 10, and 20 per cent for cylinders stored in 1
per cent solutions of sodium sulphate in the laboratory and 20 per
cent for cylinders stored in Medicine Lake. Twenty per cent ash
increased the resistence of the laboratory cylinders more than 500
per cent, but lesser quantities had very little effect. Twenty per
cent ash did not, however, incregse the resistance of the cylinders
exposed in Medicine Lake; on the contrary, it slightly reduced their
resistance. In all cases, this product reduced the compressive
strength of concrete at 7 and 28 days, loss of strength being in the
same proportion as quantity of admixture. The only long-time
strength data are 1 and 5 year tests of cylinders with 20 per cent
ash, which averaged 11 per cent stronger at one year and 7 per
cent weaker at five years than did normal check cylinders. This
might be interpreted in a number of ways, but has been assumed tc
indicate that 20 per cent of this voleanic ash had slight effect on
strength beyond one year. It is evident that more tests of this
product might profitably be made, as regards both its effect on. resist-
ance and its effect on long-fime strength.

HIGH-IRON PRODUCTS

Tronite is the trade name for finely ground iron and iron oxide,
equivalent to 83.33 per cent metallic iron, mixed with ammonium
chloride to hasten oxidation when used as a brush coat. Twenty
per cent of this material was added to the batch for cylinders tested
in Medicine Lake and 20 and 5 per cent to cylinders stored in the
laboratory in 1 per cent solutions of sodium sulphate. Speecial
water-vapor curing as temperatures of 100° and 155° F. was used for
some of the cylinders exposed in Medicine Lake. The effect of
Tronite on compressive strength of normally cured cylinders was
inappreciable at all ages up to 5 years. The effect on resistance was
benchicial, particularly for the cylinders cured at 100° and 155° which
had respective strength ratios of 87 and 94 per cent after five years in
Medicine Lake. (PL 8.)

Metalicron is @ trade product consisting of about 90 per cent
finely divided metallic iron and the balance a siliccous material
resembling cloy. Cylinders with 20 per cent admixture were shghtly
stronger at 7 and 28 days than the check eylinders, and those with
40 per cent were slightly weaker, although at one year the strengths
of all eylinders were essentially similar. At one year the cffect of
Metalicron on resistance, while positive, was not pronounced.

MISCELLANEOUS CHEMICAL COMPOUNDS AND MIXTURES

Barium chloride, among other things, was recommended by
Michaelis (32) as long ago as 1891 for increasing resistance of con-
crete in sen water. Six and 12 per cent of barium chloride disselved
in the mixing water reduced the strength of concrete at all ages up to
five years, but somewhat increased the resistance to sulpbhate. Cyl-
inders containing 12 per cent tested 87 per cent of normal strength
after one year in Medicine Lake, and not far from 50 per cent after
three years. All of the burium chloride eylinders tested in Medicine
Lalce, however, [niled before five years.

Cal is a material obtained by pulverizing the dried or undried
product resulting from a mixture of either quick lime or hydrated




TESTS OF CONCRETE EXPOSED TO SULPHATE WATERS 71

lime, celeium chioride, and water (61). Additions of 4 per cent of
this material were used in cylinders stored in the laboratory in 1 per
cent solutions of soditum sulphate, and 4 and 8 per cent additions
were used both in cylinders cured normally and in cylinders cured in
water vapor at 155° F. for Medicine Lake exposure tests. The
effect of 4 and 8 per cent of Cal on compressive strength was aot
very pronounced, although eylinders with the sdmixture generplly
tested slightly stronger than fthose of plain concrete. The cylinders
containing 4 per cent Cal tested 14 per cent weaker than the check
groups at one year, but stronger at five years. Additions of Cal
increased resistance, under the conditions of the tests, except in
cylinders without air hardening of one Medicine Lake series con-
taining 4 per cent. Cylinders conteining 4 and 8 per cent Cal when
cured at 155° F. had the high values of 82 and 93 per cent, respec-
tively, of normal strength at five years. (Pl 8.)

Caleivm chioride eqaivalent in weight to 4 and 8 per cent of the
cement was dissolved in the mixing water. Four per cent was added
for cylinders stored in the laboratory in 1 per cent solutions of sodium
sulphate, while 4 and 8 per cent were used in cylinders exposed in
Medicine Lake, some cured normally and some cared in water vapor
at 155° K. TFour per cent caleivm chloride had slight effect on
compressive strength at any age between 7 days and 5 years, but 8
per cent reduced the strength at all ages, the average reduction being
in excess of 20 per cent. The sulphate resistance of cylinders was
increased by the caleium chloride in all cases exceDt one Medicine
Lake series with 4 per cent and without air hardening. Cylinders
containing 4 and 8 per cent calcium chloride when cured at 155°
gave the high strength ratios of 84 and 82 per cent, respectively, at
five years. (Pl 8.)

Casein, or colcium caseinate, is & finely powdered milk derivative.
It was used a5 o concrete ndmixture in small quantities of 0.125, 0.25,
0.5, and 1 per cent of the weight of the cement. All quantities
decidedly reduced the 7 and 28 day strengths, with 1 per cent causing
reductions of move than 40 per cent. At 1 year, the effect on strength
was less pronounced than at 7 and 28 days, and 2 very slight tendency
toward increasing the resistance to sulphates was evident.

Eartherete is the trade name of a powdered mixture consisting
essentially of sodium chloride and potassium nitrate. Added ju
proportions of 0.27 and 1.06 per cent of the cement, it did not appre-
ciably increase the resistance of cylinders exposed in Medicine Lake.
As used, the effect on compressive strength was not pronounced at
7 days, 28 days, or 1 year.

Hydrated limes, both high-caleium and high-magnesium, behaved
so similarly that in this discussion they need not be considered sepsa-
rately. Five and ten per cent of these limes had slight effect on com-
pressive strengths at 7 and 28 days. The only long-time compression
tests made were at ages between 32 and 43 weeks, when all eylinders
conteining hydrated lime showed loss of strength exeept those with
5 per cent high-magnesium lime which tested about normal. The
effect on resistance of cylinders stored in the laboratory in 1 per cent
solutions of sodium sulphate was negative in all cases.

Sulphur used in the proportion of 10 per cont decroased compressive
strength at all ages from 7 days to 5 years, and very definitely
decreased the resistance of cylinders stored in Medicine Lake.
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WATER REPELLENTS

The group of water repellents includes three patented soap prepara-
tions, boiled linseed oil, automobile oil of medium viscosity, kerosene,
and water-gas tar. They very generally decreased absorption of
water by the concrete. Four of them, in some one or more of the
quantities used, reduced the sbsorption by more than one-third.
This effect of oils has long been known (89). However, it is not
evident from the results obtained with these water-repellents and also
with some of the other materials, that the absorption of concrete 1s
by itself of any value whatever as an index of sulphate resistance.

Alkagel A is the trade name of a colioidal paste of copper and iron
soaps together with paraffin, which smelled strongly of ammonia and
lost 81 per cent of its weight on drying. Alkagel A was added to
the mixing water in proportions of 1.5 and 3 per cent of the weight
of the cement in cylinders stored in the laboratory in 1 per cent
solations of sodium sulphate, while for cylinders exposed in Medicine
Lake 3 per cent was used in normally cured cylinders and in cylinders
cured in water vapor st 100° and 155° F. This product caused
decreases in compressive strength at all ages from 7 days to 5 years
except with one series which bad normal strength at 7 days. The
effect on sulphate resistance ranged from an inappreciable increase to
g decided decrease. Curing cylinders containing this paste at 100°
and 155° I. gave no positive results.

Medusa waterproofing is a powder consisting of 23 per cent soap
mixed with hydrated and carbonated lime and about 6 per cent mag-
nesia. Used in proportiens of 1, 2, and 4 per cent, it caused no
increase in sulphate resistance of cylinders stored in Medicine Lake,
though absorption by those cylinders decreased with increase in
quantity of admixture. The compressive strength was affected
inappreciably at seven days and was considerably reduced at one
year. _

Truscon waterproofing paste, concentrated, added to the mixing
water at rates of 1, 2, and 4 per cent of the weight of the cement,
did not appreciably increase the resistance of any of the cylinders in
which it was used, slthough absorption by the cylinders decreased
as the quantity of admixture was increased. The eflect on com-
pressive strength ranged from inappreciable and adverse at 7 and
28 days to adverse at 1 and 5 years. (Pl 8.)

Linseed oil, boiled, added in proportions of 0.5, 1, 2, and 4 per cent
of the weight of the cement, retarded hardening, as evidenced by the
7-dey tests. The cylinders with 2 and 4 per cent then tested only
67 and 39 per cent, respectively, of normal. At 28 days and 1 year,
the strengths of the lmseed-oil cylinders more nearly approached
normal, and at 1 year the cylinders with 4 per cent oil were less than
14 per cent weaker than the check cylinders. Absorption definitely
decreased as the quangity of linseed oil was increased, and the 1-year
tests of Medicine Lake cylinders indicated that resistance increased
with quantity of linsced oil used.

Automobile oil, with Society of Automotive Engineers viscosity
classification of 30, when used in quantities of 1, 2, 4, and § per cent
very markedly reduced absorption. However, the effect of this oil
on compressive strengths was not pronounced, oxcept at 7 and 28
days for eylinders containing 8 per cent and 1 year for cylinders
containing 4 and 8 per cent, which all averaged 19 per cent lower
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in strength than the check cylinders without oil. The effect on
resistance to sulphates was hardly appreciable at one ¥year, except on
the cylinders with 8 per cent oil which made the poorest showing.

Kerosene used in quantities of 1, 2, 4, end 8 per cenf appreciably
reduced absorption by the cylinders and somewhat reduced 7-day
strengths. In proportions under & per cent, kerosene had slight
effect on 28-day strengths but apparently reduced the strength at
one yesr. ‘The effect of Lerosene on resistance to sulphates was
ina Tpreciable at one year,

P

Water-gas tar, a thin liquid with 70 per cent soft. pitoh residue 2t 300°
C., when added with the mixing water in pronnrti ns equivalent to
5 and 20 per cent of the weight of the cement. greatly reduced com-
pressive strengths at 7 and 28 days. The resistance of cylinders.
stored in the laboratory in 1 per cent solutisns of sodium sulphate
was below normal for those with 5 per cent of wator gas tar, but very
definitely above normal for those with 20 per cegt.,

RECAPITULATION OF REJULTS WITH A MI. PURES

The 26 admixtures used did not, as a whole, increase the resistance
of concrete to sulphate attack enough to justify their use for this
purpose. A few, however, seemed to show definite possibilities,
particularly in conjunction with the relntively high curing tempera-
tures of 100° and 155° F., which are comparable to those used at
many plants making draintile and other concrete products. Tests
of cylinders from a number of the admixture series have not been
made for exposure periods beyond one year, but the results of the
l-year tests do not indicate that any of those admixtures will show
definitely beneficial results at five years. The admixtures which the
5-year tests indicate as holding most promise are the following:

Ironite, 20 per cent, used in cylinders cured at 155° and 100° F.,
which tested, respectively, 94 and S7 per cent of normal strength
after five years in Medicine Lake.

Cal, 4 and 8 per cent, used in eylinders cured at 155° ., which
tested, respectively, 82 and 93 per cent of normal strength after five
years in Medicine Lake.

Caleium chloride, 4 and 8 per cent, used in cylinders cured at 155°
K., which tested, respectively, S4 and 82 per cenb of normal strength
after five years in Mediecine Lale.

Blast-furnace slag, 40 per cent, used in cylinders cured at 155° F.,
which made an excellent showing in 1 per eent solutions of soditm
sulphate in the laboratory and after five years in Medicine Linke
showed 48 per cent of normal strength.

Trass additions of 33 and 66 per cent, which definitely inereased
the resistance of cylinders stored in Medicine Lake, although no
series avernged more than 42 per cent of normal strength. Sub-
stituted for 25 and 40 per cent of the cement, trass gave about the
sume resulis as the somewhat larger quantities added to the baich.

Voleanic ash, 20 per cent, which gnve cxcellent results in water
cured cylinders stored in the laboratory in 1 per cent solutions of
sodium sulphate, but failed to develop increased resistance under
the more severe exposure conditions of Medicine Lake except for
thie cylinders vapor-cured at 1006° F., which tested 43 per cent of
nornial strength st five yvears.
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Moler, a diatomaceous silica used to replace 33% per cent of the
cement, by mixing with the cement elinker before grinding, apparently
caused an increase in resistance although, under the conditions
tested, definite conclusions are not possible. (See special cement
X, Table 22.}

SURFACE TREATMENTS

Treating the surface of conerete to protect it against sulphate action
must be complete to be long effective. Even very slight disintegra-
tion destroys the bond between conerete and coating, and the action

rogresses at an increasing rate as the area of loosened coating becomes
arger, Coatings that are more or less water-tight therefore rarely
do more than somewhat retard early action. Compamtive]y few
tests of this type are bere reported, as experiments with only four
products were conducted. The results of these tests are given in
Table 33. The appearance of cylinders treated with two of these
substances, after some years in Medicine Lake, is shown in Plate 9.
The report by Lord (31) on experiments with surface-treated concrete
cylinders in Medicine Lalke is of interest in this connection.




water of Medicine Lake, S. Dak., as compared with similay, cylinders stored in tap water

[Unless otherwise nioted the firienass modulus of aggregate is 4.67 and the mix s 1 : 3. Each test result; with a faw excaptions is &n average of five cylinders made ofi different dairs.'
]Fibgureis in]parentheses, in compression: test columns, indicates per cent of normal strength based on parallel tests of ¢ylinders from the same batches, stored in tap water in tho -
akoratory ) ; -

TapLE 33.—Tests of 2 by 4 inch concrele cylinders given. various surface trealments, cured in water and air and exposed o the action of sulphate

oo Curing method Average compression tests (pounds per sqiiare ineh)
Ceimient Absorp- o

st labo- i Time i ] imens
Heries; rzitr%ry Cement Surface treatment or impregnation in - | Time Tiime §i°<§1u§§ Tank specimens Lake spec mens

: molst lnalr 7days|28days|1 year |5 years|  1year |3 years| & years

closet

. IHours Days | Per cent i . s
15A and WB1.. Ingrtol, first coat at 22 days, second at 26 24 0 35 6.7 (2,030 § 4,870 | 5,670 | 6,200 { 5,390 (87) | 3,310 {, 5,320 (86)

36 .5 | 1,430 2,970 (82) 0 0

on- 35 .3 | 3,130 2,480 541) 0 0
None. Dipped in boiling water 14 minute 35 .8 | 3,790 ,620 (25) [ 0
at 28 days and ¥4 minute at 31 days.

Boiled linseed oil at 70° F., dipped % 35 . 8 | 3,540 5,520 (91) 4,210 (65)
minute at 28 days. ) ) i

Boiled linseed oil at 70° F.; dipped 14 2 . 85 .8 13,730 6,970 | 5,730 (104) 2,930 (42)
minute at 28 days and 34 minute at 31

days.
Boiled linseed oil at 225° F,, dipped 14 35 .8 | 3,430 6,820 | 5,330 (89) 2,410 (35)
minute at 28 days. . .
.02 | Boiled linseed oil’ ot 225° F., dipped 14 35 . 8 | 3,760 5,650 (103) 1,940 (28)

gﬂnuto at 28 days and 14 minute at 31
ays,
.62 { None.._.. - 3, 570 3, 630" (69)
245 .02 | McEverlast specini paving coating, 1 .0 | 4,370 6,030 5,610 (93)
brush coat at 24 hotirs. . :
245 .62 McEverlast special paving coating, 1 . 8 | 4,340 5,710 (105)
brush coat at 21 days. :
237 .62 | Mome _. 24 < 6.0'1 3,700 4, 650 281)
237 .62 | McEverlast })enetmtion, 1 brush coat at 2,890 4,710 (83)
24 hours followed by 1 brush coat con-
crete cover coat at 48 hours.
237 .62 | McEverlast penetration, 1 brush coat at .1} 3,670 5, 550 (D7)
21 days followed by 1 brush coat « »n-
crete cover coat at 22 days.
237 . .62 | McEverlast paving special, 1 brush coat 3, 200 4,920 (88)
at.24 hours followed by 1 brush coat con-
crete cover coat at 48 hours.
237 .02 | MecEverlast paving special, 1 brush coat 4 3 5,250. (91)
at 21 .days followed by 1 brush coat con-
: ' crote cover coat at 22 days.
1203 19 .64 | None.. 3 2,14¢ (56;
1204 19 264 3 1,500 (48

1 B{andard Ottswa sand cylinders.
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The results of the study of surface treatments are very generally
summarized as follows:

Inertol appreciably retarded sulphate action on conecrete cylinders,
but at the end of five years this coating afforded only slight protection.

Boiled linseed oil, both one coat and two coats, whether applied
at room temperatures or heated to 225° F., appreciably retarded
action on concrete cylinders up to four years and apparently afforded
s slight measure of protection beyond about five years.

MecEverlast efforded some protection up to two years and indicated
& slight protection beyond about three years.

Sulphur impregnation afforded concrete no protection against dis-
Integration in Medicine Leke.

CONCLUSIONS

Detailed conclusions on the effect of many factors on resistance of
concrete to sulphate action sre incorporated in various sections of
this bulletin dealing with those factors.

The severity of action on concrete of pure solutions of either mag-
nesium or sodium sulphate increases with the strength of solution,
but &t & diminishing rate for strengths greater than 1 per cent.

The destructive action of magnesium sulphate does not differ greatly
from that of sodium sulphate in solutions of equal sirength, althofigh
the lstter averaged slightly more severe with most of the 35 Portland
gements used in these tests.

The 28-day strength is a falr index of resistance for conerete of
any given cement and given curing conditions, but may have no signif-
icance for comparing concretes made of cements from different mills
or when the concretes are cured under widely different conditions.

Under identical exposure conditions, conerete made of a highly resist-
ant Portland cement may last 10 times aslong as that made of & cement
of low resistance. Neither standard physical tests nor ordinary chemi-
cal analyses giveanyindication of the resistance of a cement to sulphate
action. Quaslities of the raw material associated with the geological for-
mations from which if comes may be factorsin the resistance of o cement.

Resistance of concrete is markedly increased by curing in water
vapor ab temperatures of 212° to 350° X., almost to the point of im-
munity to action for the inost favorable temperatures and curing
periods. Resistance is not increased, however, by raising the curing
temperatures until 212° is resched, exeept in connection with the use
of certain admixtures.

The admixtures Ironite, Cal, caleium chloride, blast-furnace slag,
trass, moler, and possibly volcamic ash have appreciably retarded
sulphate sction on concrete cured at room temperatures. Results
were outstanding, however, only as the relatively high curing tempera-
tures of 100° and 155° F. were used in conjunction with Ironite, and
155° with Cal and calcium chloride. Under these conditions, eylin-
ders had the highly satisfactory values of 82 to 94 per cent of normal
strengths after five years in Medicine Liake, 8. Dak.

Special cements other than alumins cements have not shown a
degree of resistance that would justify preference over the more re-
sistant of the Portland cements, except possibly an imported mason’s
cement containing 333 per cent diatomaceous silice (moler) mixed
with the cement clinker before grinding.

Each of the three slumins cements tested resisted sulphete action
to & degree that approached the ideal, but displayed definite indica-
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tons of instability when used in coneretes and mortars stored for long
periods in tep water at room temperatures.

RECOMMENDATIONS AND SUGGESTIONS

Some of the following recommendations apply to all types of con-
crete to be exposed to sulphate attack, and some are applicable only
to concrete pipe and other products similarly manufactured.

The resistance of a cement which is to be exposed to sulphate action
should be tested in accordance with the routine suggested on page 43.
Cements very low in resistance may then be rejected. Only cements
that are sbove the average in resistance shoulti be considered for use
where sulphates are known to be present.

With any given cement and any predetermined conditions of cur-
ing, care should be observed in all particulars to obtain the highest
practicable 28-day strength. That strength, although fallible for
comparing different concretes, has much value as an index of the
permesbility and sulphate resistance of the products of the same
cement and method of manufacture, particularly with rich mixes.

Congrete should be kept from intimate contact with sulphates unsil
it has had opportunity to dry and harden in air for the longest time
practiceble. Depending on the particular cement used, air hardenin
may greatly incresse resistance and, as a precautionary measure, shoul
be continued for 30 days if possible, and 96 days or longer is desirable.

To develop the highest resistence in draintile, sewer pipe, and other
products of concrete, they shouhl be steam cured when 12 to 24 hours
old at temperatures of 212° F. or higher for 48 hours or longer.

Aluming cement may be used advantagecusly for concrete structures
subject to extremely severe condifions of sulphate exposure if the
concrete will be continuously moist at temperatures generally below
60° I. and rarely exceeding 70° F. These moisture and temperature
conditions are about the average for draintile after instaliation.

The following results of the experiments suggest methods of in-
creasing the resistance of concrete to sulphate attack, but check tests
are too limited to justify basing definite recommendations on them.

Veory resistant concrete hes been made by using curing tempera-
tures of 100° and 155° F. in conjunction with sdditions of the commer-
cial high-ron product Ironite, and equally good results have followed
the use of curing temperatures of 155° in conjunction with additions
of calcium chloride and of the caleium chloride produet Cal. These
results appear to hold some promise, as it is now common practice
at many file plants to use curing temperatures between 100° and 155°.

Concrete containing certain quantities of one of the admixtures
Ironite, Cal, calcium chloride, trass, blast-furnace slag, and moler,
after curing in water vapor at rcom temperatures, when exposed in
Medicine Lake displayed resistance sufficiently increased to make
the use of those materials seem justifiable where conditions of sulphate
exposure are only moderatoly severe. These admixtures might have
some merit in sea-water construction.
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