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INTRODUCTION 

In the spring of 1919 the attention of the United States Departmentof Agriculture was called to a number of failures of concrete tile in theground in southwestern Minnesota. At a conference between variousinterested organizations the Bureau of Public Roads 2 agreed to inves-
I A report of progress of experiments conducted under cooperative agreement between the Bureau,)fAgrlcultural Engineering of the U. S. Department of Agriculture,the University ofMinnesota, and tbe I IvlslonofDrainage and Waters of the Department of Conservation, State ofMiimesota. In the files of the university this report Is Journal Series Paper No. 1100 of the Agricultural Experiment Station., Prior to the organization of the Bureau ofAgricultural Engineering in 1931, the work oftheU. S. Department of Agriculture in tbls Investigation was done by the Divioion of Agricultural Engineering of theBureau of Public. Roads. 
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tigate the situation. A systematic field stud3;" was begun in the fall 
of 1919 and covered 23 counties in Minnesota and 4 counties in north
ern Iowa. Tile failures were located and samples of drain water and 
soil water &nalyzed. The study revealed a marked correlation be
tween alkali ~ concentrations .and failures of concrete tile. A labora
tory was established at University Farm, St. Paul, Minn., in coopera
tion with the 1.\.gricultural Expe~iment Station and the Department of 
drainage and waters 4 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 calidd for an "in:vestigationof 
the causes of failure of agricultural draintile, the means of obviating 

, such fsHures, and mapping of areas where extra precautions are neces
sary." In July, 1921, a bulletin (57)5 based on many field examina
tions of draintile and on chemical analyses of 1,062 water samples and 
150 soil samples, clearly showed the cause of failure to be the presence 
of alkali in the subsoil, in the form of the sulphates of magnesium 
(MgSO,) and sodium (Na2S0,). In January, 1927, a. bulletin (35) 
was Pl1Xllished containing a map of Minnesota showing where extra 
precautions in using concrete tile had been found necessary. 

This bulletin is intended to furnish to engineers, tile manufacturers, 
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 e:>..-perimentnl specimens subjected to the action of artificial sulphate 
solutions in the laboratory, and the behavior of specimens installed 
under natural-field e:>.:posure conditions in Minnesota, North Dakota, 
and South Dakota. For this work more than fifty thousand 2 by 4 
inch cement-concrete and cement-mortar cylinders, 1,000 cement
mortar briquets, 3,000 specially made concrete draintile, and numer
ous miscellaneous specimens, hn,ve been made. The experiments, 
while originally planned to aid in the general inlproveruent of farm 
draintile, have a 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. 

EAULY STUDIES OF THE CONCRETE-ALKALI PROBLEM 

Since the invention of Portln,nd cement in 1824 many studies have 
been made and much research is still under way, looking toward 
solving the pro blem of deterioration of cement in c:ontact with sulphate 
waters. It is believed that the following brief historical review will 
be helpful to workers in this field. 

Among the many earlier European workers on this subject are 
Le Chatelier (30), in 1887, Michaelis (32) in 1891, and Fere.t (22, in 
1890. Bied (10) in 1909 reported the results of 6 years laboratory 
tests of the action of sulphate solutions on mortars containing artificial 
pozzuolanas. Poulsen in 1923 issued a report (43) in which he 

3 The word" alkali" is used throughout this bulletin in the sense In which It Is commonly nsed In arid 
and semiarid regions of the United States, and may mean anyone or more, singly or In combination, of the 
sulpbates, chlorides, and carbonates of sodium, magnesium, and calcium. In this sense sea water can be 
classed as "alkali" watar. 

'Now the Division of Drainage and Wafers of the Department of Conservation. 
I Italic numbers In parentheses refer to Literature Cited, p. 77. 
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describes a series. of fleld experiments started on a comprehensivesmile in 1896 by the Scandinavian Association of Manufacturers ofPortland Cement, to determine the jnfluence of various factors -onthe resistance of concrete exposed to sea water; Candlot (16) reviewedthe results and poncl:asions by Viennot and other French engineersbased largely on 40 years of investigations of experimental cubes"installed between 1856 and 1875 in the harbor of LaRochelle. Frenchengineers and chemists acknowledged the existence of the "alkali"problem three-quarters of a century ago. In fact, studies by boththe French and English are older than Portland cement, :for Vicatrecognized the problem as far back as 1812 in connection with workon limes and natural cements reported upon in 1818 (50). Antedating the work of Vicat by more than a half century, Smeaton (#):experimented 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 NorthAmerica until nearly the beginning of the present century, afterfailures of important structures in widely separated parts of thecountry had occurred. Very evident deterioration of maritimestructures along the North Atlantic seaboard, particularly in BostonHarbor, finally foeused the attention of engineers and chemists ofthe east.ern United States and resulted in an impressive series offield tests by the Aberthaw Construction Co. of Boston (2). Thigcompany, in 1909, made 24 concrete beams 16 feet long by 16 inchessquare and suspended them in Boston Harbor, in Charlestown NavyYard, with their tops above high water and their bottoms below lowwater, so that they were subjected to the chemical action of seawater, to the mechanical effect of alternate wetting and drying, andto frost.
More or l('ss contempomneous with the A.berthaw tests, but entirelyindependent and possibly antedating them in some phases, werestudies by the United States Bureau of Stundards reported by Bates,Phillips, and Wig eli) in 1912. That paper was based on observationsand chemical examinatil)ns of hollow test cylinders 3~ inches inoutside diameter and 10 inches long through which were passed·solutions of various kinds, and on compression tests of 8 by 16 inchcylinders installed in the open sea. These studies were fundamentalin nature, and the behavior of mortar and concrete specimens ofPortland, slai, iron-ore, und nRtural cements was observed.
About the ~time the Aberthaw tests in Boston Harbor were begun
the intere.st of engineers and chemists throughout the western United
States was uroused by disintegration of sections of the sewer systemof Great Falls, Mont., us reported upon by Tannatt and Burke C47}in 1908. The first failure noted in this sewer system occurred in a26 by 32 inch oval main shortly after its construction in 1890. This.failure occurred about the time that extensive reclamation development began in the West. Troubles that developed with concretestructures built bv the United States Reclamation Service in alkalisoils and waters ,,;ere reported by Jewett in 1908 (27). Also in 1908was issued the pamphlet by Headden (25) based chiefly on limitedchemieal work that followed observed failures of small draintile inwestern Colorado. In 1910 a bulletin by Burke and Pinckney (14),containing chemical analyses and observed physical effects of storingbriquettes in sulphate, carbonate, chloride, and other solutions, was 
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published. In 1915 the paper by Wig and Williams (5J,.) based on 

results of the first year's. tests of experimental tile installed in alkali 

soils in eight Western States was issued. Other reports on this work
_.uong the samefollowed in 1917 (55), 1922 (58), and 1926 (59). 

general line as the paper by Burke and Pinckney in 1910, but broader, 

was the bulletin by Steil;: (J,.6) published in 1917 and based on ex

tended tests of briquettes in many solutions of several strengths for 

periods of as much as 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 historical and bibliographic matter: (1) A 

bibliography of the United States Department of Agriculture issued 

in 1925 (28) and supplemented in 1931 e is the most complete compila

tion of references on this subject. (2) Atwood and Johnson (6), traue 

the history of cement in sea water and analyze results obtained by 

'Various investigatQrs. This paper cites 113 references. (3) A paper 

by Pagon (40), first published in 1915-16 is a comprehensive collection 

of the experiences and opinions of many workers, and has appended 

references to 145 printed articles. 

ORGANIZATIONS MAKING CONCRETE-ALKAU INVESTIGATIONS 

Although valuable reports on various ph~ses 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 broader and more 

fundamental in scope, for the most part, than much of the research 

pre'Jiously undertaken. Some such organizations, now active, are: 

The Bureau of Standards of the United States Department of Com

merce makes illvestigations 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 a comprehensive series of field and laboratory.tests of Port

land cement specimens e}.-posed to alkali. In addition to doing the 

laboratory work, this organization has periodically examined some 

2,000 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 a committee 

oon deterioration of concrete in alkali soils, to continue the concrete

:alkali investigations begun ill 1918 by the Calgary branch of the insti

tute and in 1919 by the University of Saskatchewan as field e}.-peri

ments carried on by exposing concrete blocks of known quality to 
Between 1921 and 1928 the work was financed by'Sulphate waters.

the National Research Council of Canada, the Canadian Pacific Rail

• UNITED STATES DEPARTMENT O¥ AGRICULTURE, BUREA.UOII' AGRICULTORA.L ENGINEERING. SUPPLE· 

KENTARY BIBLIOGRAPHY RELA.TlNG TO THE DELETERIOUS ACTION OF BOIL A.LKALIES ANU OTIIER CHEMICAL 

AGZNTS 0)1 CEMENT AND CONCRETE. 15 p, 1931. [MlmeogtBphad.j 
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way, the Canada Cement Co., the city of Winnepeg, the three prairieProvinces,a:.i~ the University of Saskatchewan, but in 1928 theNational Research Council of Canada took this over and it is nowcarried on tl~most exclusiyely in the chemical laboratory of th~ University of Saskatchewan.

The Burea,u of Public Roads has been conducting experiments withmortar and concrete cylinders surface treated or immersed in suchpreparat.ions as water-gas tar, coal tar, and paraffin. In this workthe physical effects of alkali action have been studied chemically andmicroscopically. 

GENERAL DESCRIPTION OF TESTS 
'I'EST SPECIMENS 

Most of the test specimens were cylinders 2 inches in diameter by4 indhes long, used partly because the 2-inch mameter roughly approxiru~tes the wall thickness of many of the tile used in public drains inMinnesota and other States of the Middle West. A small number ofstandard briquets and commercial draintile were also tested.The greater number of the test cylinders were made of concrete,.not merely mortar, although only pebbles small enough to pass a%-inch square opening were used. The aggregate met all standard,physical tests. It was separated into screen sizes and recombined,.as shown in Table 1, to produce a finel'ess modulus of 4.67. Themineralogical composition of a sample of the combined materials isrecorded in Table 2. Roughly, .about 75 per cent of the aggregate·may be classed as siliceous, 15 per cent argillaceous, and 10 per centcalcareous. The unit dry weight of the combined fine and coarse aggregate was 124 pounds per cubic foot. This was the highest unit weight.of dry-rodded material that could be obtained by any combinationof screen sizes, as was determined by repeated trials. 'l'he averageweight of the concrete c}Tlinders 24 hours after they were made, was·about 505 grams and variations of individual cylinders from this.average rarely exceeded 2 per cent. 

TABLE I.-Screen analysis of aggregate and quantity of each size used for 9-cylindel"batch of 2 by 4 inch laboratory standard cylinders 

I Total
Screen size Passing Retained conrser Requiredscreen on screen than for hatch

screen-------------------\------------
Per cent Per cent Per cent GrarTl8

~~.ni~~==================::===::::::::::::::==::::=::::::::=:=: o o
No. B__________ ••_•••__ ........_.••..••••_•• __ ._•••••••••• _.••. I~: ~ 43.7 43.7 1,543;
36.3 20.0 63.7 706.No. 16._............__......__ • ___ ...................__ ........
No. 30....__.........._..........__ .........__......._.__...... 

2·1. 4. 11.9 75.6 420,

12.5 11.0 B7.5No. 50._......_..........___..__ • __ ............................ 

420.

3.1 0.4 332-No. 100__ ..__......................._......_.................. 

96.9

.4. 2.7 99.6 110,

1---1---------TotaL __ •_____........___ .....__...._..._.........._...................___._. 467.0 3,53L
Fineness modulus_........._........................__._••__ ... ""'__ "_ ..__ ...... 
 4.67 ...._..__• 
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"TABLE 2.-Pet-rol'og~cal count of aggregate used in laboratory standard cyl'inders 

Portion of screen size 

Portion 
Component of entire Passing Passing Passing

sample %·u.cb; No.4; No. 10; Passing
retained retained retained No. 20 
on No.4 on No. 10 On No. 20 

--------------'1---------------
Per cent Per cent Per cent Per cent Per ctnt Sandstone__._.__ ._._._______________________________ 'Zl.6 33.0 30.0 22. 0 10.0 

Quartz______________________________________________ 15.4 3.0 4.0 33.5 63.0
Slate___________• ________________________ .___________ 13.0 12.5 18.0 10.8 4. 0 
Granite________________________•______ •• _____________ 11.9 15.0 15.5 6.2 1.0 
Rhyolite___________________-________________________ 10.8 12.5 13.0 7.0 5.0 
Limestone___________________________________________ 9.8 12.0 11.5 5.3 4.0 
CberL_______________________________________________ 4.4 7.0 4.0 1. 7 1.0 

b~~~~:::_....::::::::::::::::::::::::::::::::==:::::=:I-..!.!. ------5~O-~-----~~~~- ------~:~~ 
TotaL____________________________ .___________ 100.0 100.0 100.0 100.0 100.0 

! 
E. C. E. Lord, Bureau of Public Roads, U. S. Department of Agriculture. 

The cylinders with some exceptions were made in batches of nine. 
Each series consisted of five batches made on different days of the 
!same week, the order of making being changed daily so that for the 
week 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 
w.as mixed by hand at least lU minutes dry and 2 minutes after the 
water was added. After being mixed the materials were rodded in 
four layers in three 3-gang brass molds, 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 accordance with the American S00iety for Testing Ma.terials stand
ard specifications for draintile (5), which provide for oven drying at a 
temperature of not less than 230 0 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 fairly well represented very 
poorly graded aggregate characteristic of that used too frequently in 
smaH drain tile. The compressive strength of the mortar cylinders 
that were 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 like the others. Draintile of 5 and 6 
inches diameter were made at three commercial tile plants. 

EXPOSURE CONDITIONS 

It was origiL\l1lly planned to base most of the conclusions on results 
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 involv~ very great 
·expense. 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 ordinaryroom temperatures, in pure solutions of magnesium sulphate (MgSO()and sodium sulphate (Na2S04) ranging in strength from oue-fourth of1 per cent to 15 per cent. All solutions were held in covered 5-gallonearthenware jars;, lO.liters (2.6 gallons) in each. The solutions werechslnged at interv'als of on9 to lOur weeks . Never more than 20cylinders were stored in any jar.
Cylinders and draintile were stored in the alkali water of MedicineLake, 18 miles northw.est of Watertowr, S. Dak. This is a· 300 or 400
acre body of clear water, some 30 to 40 feet deep, with stretches of
:';1 gravel beach that afford excellent conditions for installing and
examining specimens. As in many othor lakes of the upper Mississippi River Basin, the water level of Medicine Lake has considerablyreceded during the last eight years. This increased. the salt concentration from 2.34 pel' cc-mt on April 29, 1924, to 7.42 per ceut onOctober 21,1931. Analyses of six water samples taken December 10,1923; F~bruary 14 and April 29, 1924; and February 18, July 1 andOiBtober 21, 1931, are averaged in Table 3 and show a total salt contentof 4.79 per cent, almost wholly magnesium and sodium sulphates.11edicine Lake freezes over, but all cylinders used in these experiments wore installed at depths well below that to which the waterfroze. 

TABLE 3.-A!'erage of 8iz analY8e8 1 of water from },[edicine Lake, S. Dak., 1923
to 1931 

Component Quantity! Reacting ,
value Component Quantity 

Par18perRadicalS: Par18 ptT
Nn_______________ ._ ______ million Per cent Anhydrous salts:4,313 11.50 miUionNaNO'_________________________CI1_______________________ Trace.1,030 3.48 NaOL__________________________ 1,053M~_______________________ 6,321 35.02 NaISO'_ ________________________ 12,041NO,______________________ Trace. .00 MgSO'__________________________ 31,298OL_______________________ 639 1.22 CaSO' __________________________ 2,82380._______________________ 35,108 48.08 CaCO'__________________________ 19400,_______________ ------- 117 .271 Ca(HCO')'___ ________________ 492HOO, _____________ .______ 370 .43 

Total ________________________ _-----
TotaL_________________ 47,901 100.00 I 47,901 

I Analyses by the water and be,erage laboratory, Bureau oC Chemistry and SoUs, U. S. Department ofAgriculture. 

Draintile of 5 and 6 inches diameter were installed 6 to 7 feet deepas part of a tile system in alkali soil in Lyon Oounty, southwesternMinnesota. About 50 feet of poorly made commercial6-inch concretetile had failed by disintegration at this location and were replaced in1919 after but eight months' service. Soil conditions are representedby the water analysis first shown in Table 4. Draintile of 5 and 6m.ches diameter were also buried 18 inches deep along the marginof an alkali slough in Oass Oounty in southeastern North Dakota.The analysis of soil water taken from the trench in which these tilewere installed is also shown in Table 4. 
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TABLE 4.-Analyses 1 of soil water samples taken at concrete draintile installations 

Lyon County, Cass County, Lyon County, Cass County, 
Minn. N.Dak. 	 Minn. N.Dak. 

Compunent Component

Rllact· React·
Quan· Quan·ing ing 	 Quantity Quantity".Ity tityvalue value 

Paris Paris 
Radicals: ~er per Parts Parts 

Na (calculat· mIl/ion Per cent million Per cent Anhydrous salts: per million per million 
ed) •••••••__ 716 4.42 27,362 48.18 9NaNO,___ •___

Ca.__________ 	 ---------------NaCL_____ ._193 1.37 570 1.15 	 3 5,533Mg___________ 	 Na'SO'_______3,793 44.21 200 .67 	 2,206 77,770NO,_________ 	 MgSO._______
01.___________ 0 .00 2 .00 MgCO,_______ 18,619 991 

2 	 .01 3,360 3.84 78SO,___________ 	 CaSO'________ ----------1~16816,349 48.36 54,203 45.70 -----. ---------cO'___________ 1 111 .52 	 CaCO'_______ 92
HCO,________ 476 1.11 ----iiiiu- .46 Ca(RCO,) • __ 632 ------------015 

TotaL_____ 21,6.30 100.00 86,396 100.00 TotnL _____ 21,630 86,386 

1 Analyses by the water and beverage laboratory, Bureau of Chemistry and Soils, U. S. Department 
ot Agriculture_ 

METHOD OF MEASURING ALKAU ACTION 

The principal physical effect of alkali action on Fortland-cement 
concrete is an increase of volume caused by chemical interchange 

resulting in the sul
phuric acid radical 
(803) of the sulphates 
combining wi th the 
free lime hydrate of 
the cement to form 
calcium sulphate. 
In the case of mag
nesium sulphate, mag
nesium hydrate is also 

o 	 formed as an amor-
OIZ:? 4 5 4) 7 8 9 10 II I?13 pb)l1svoluminous 

L,ength increase in thousanatlis ofan inch precipitate. Both of 
FIGURE I.-Relation between increase in length and loss in compres these secondary prod

sive strength oC concrete cylinders, 1: 3 mix, stored in 1 per cent solu
tions of sodium 8ulpbale. Each point is the average of 10 cylinders ucts occupy much 
made on 5 days, and the 126 points represent tests of Portland cements ;5reater volume thanfrom 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 deterioration of test cylinders. 

Round-head I-inch brass screws were set in neat cement in the ends 
of one-thiId of the cylinders in the series exposed in the laboratory and 
of those in a few series exposed in Medicine Lake. Measurements 
between screw heads were taken in recording chlJmges in the length of 
the cylinders. Both the amount and the rate Of 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 to 0.0001 
inch. The special mounting illustrated in Plate 1, C was devised to 
facilitate making the readings. Many readings made with this 
device by different observ~r.3 indicate an accuracy o:li'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
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PLATE 1 

B 


.,A, tl'hl'(l(1: stllndllnl {)Iht\\u .:-alld {'ylilllh·l'!-. tfl. r, (i unl'r ~I(lrm.w in I IWI' ('Pnt ~()llJt inJl~ of llIn~JWsitJlIl 
sulpilnlCt l'OI1)I)I1I'{'11 with two ('),IIIHIIII'S" frOll1 tlw ~nlllt'l(11 (II, '/1 !"lort'(1 ill tUSlilipd ,\nlpr. showing' 
jn('r;"HS(\ in YOhlllll' rllH' tn :o.ulpllllltl :H'liull. B. :\('ul ('{'JW"lll '2 hy I ill('}1 ('~'lilldl'r nne)' 10 )"C'UI'$ iu 
" Ill'r ('('nt ~olllti()J1 of III:lgIH'!"il1lrl slIlphnll- t'oUlJll1l'l)d "if h ('ylind,'r !"tOf{'d in tnp watl'r. ('ylindpl' 
from solution lind hut ;lS pt'l' ('flllt u( its orll!iJlnJ \'ululIH'. (" :'1H'('iul IIlOllntinl.!' for ~\IIW~ dinllJst't1 
to JJll'u:-::ur£l Illl1J!lh ('hUllJ!(\S of:! h~ I ir1l'h lPst l'yliwlprs 
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Figure 1. The compression tests were made on blank-end cylinders 
ir()m 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- 32 

es leaner than 1: 2, and 
 I/) 

to vary only moderately ~ 24 \ 
with water-cement ra- ~ 
tios between 0.44 and ~ 
0.73. Figure 2 shows 16 

the effect of' .the strength 
of sulphate solution up- I '2 ::l. 4. on the rate of increase Strength of sOlutions(percent)
in length of cylinders. 

FW(IRE 2.-Time required for mortar nnd concrete cylinders stored Because of the consist in magnesium sulphate solutions to increase in length 0.01 Inch. 
ency of the results plat Eaeh point is the avernge Cor 25 cylinders in five series. (Cements

A nud Bl mixed In equal portions) 
ted in Figures 1 and 2, 
the practice of rating relative resistance of the test cylinders on the 
basis 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 increase 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 a loss of strength considerably greater than t.he loss 
for the leaner mixes. The reason for this is discussed under" Quantity
of cement in mi"{." 

SULPHATE ACTION IN RELATION TO STRENGTH OF SOLUTION 

The destructive action of solutions of magnesium sulphate and 
sodium sulphate increases with the strength of the solution but at a 

100 diminishing rate. Fig
ures 2 and 3 show that+'c 

~ 90 1\ with magnesium sul
phatesolutions between L... \.' 0.25 und 0.5 per cent~80 strength, the rate of ac+=

f \ tion on the cylinders was 
.c 70 somewhut proportional 
'¢o .", 
c to the strength of 

~ 60 -r-- the solution. With 


r---;.~ stnmgths greuter than 
50 1 per cent the rate of 

o i '2 3 4 uctionincreasedlessrap_ 
'Strength of ~olutions (per- cent) idly, und cylinders in 4 

per cent solutions hud FIGURE 3.-Strength ratios oC mortar and concrete cylinders aCter 
storage for 15 weeks in magnesium sulphate solutions of dilTerent compressive strengths
strengths. Each point is the average for 25 cylinders in 5 series. 
(Cements A and lil mixed in equal portions) avemging 86 per cent 

of those in 1 per cent 
solutions. Tuble.5 and Figures 4 und 5 show similur 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 5 per cent solutions being in all cuses much less than five times 

161540-33-2 
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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. 

TABLE 5.-Condition of standard Ottawa sand briquets stored for various periods in 
80dium sUlphate and magnesium sulphate solutions of different strengths 

(Conditions were rated visually, from 0 indicating complete disintegration to 10 indicating no apparent
action of the solution up~n the briquet] 

Condition of briquets immersed in solution for time stated 

4 weeks 	 12 weeks
Lots 


tested 
 -.
Portland cement (num· Na,SO, MgSO, Na,90, MgSO,ber) 

1 per 5 per 15 per 1 per 5 per 15 per 1 per oper 15 per 1 per 5 per 15 per 
cent cent cent cent cent cent cent cent cent cent cent cent 

------------._---------
L __________________ 
C__________________ 	 4 10 10 10 10 10 10 10 10 10 10 10 10 
H __________________ 	 5 10 10 10 10 10 10 10 10 10 10 10 9 

5 10 10 10 10 10 10 10 10 10 10 10 9K2 ___ ______________ 4 10 10 10 10 10 10 10 10 10 10 10 9 
1 10 10 10 10 10 10 10 10 10 10 10 10

1. __________________ 
G___________________ 

5 10 10 10 10 10 10 10 10 10 10 10 9E ___________________ 
2 10 10 10 10 10 10 10 9 8 10 9 7F ___________________ 
1 10 10 10 10 10 10 10 10 9 10 10 9D __________________ 
6 10 10 9 10 10 9 9 7 6 10 9 a 
2 10 10 9 10 10 9 9 fi 3 10 9 2

M __________________ 
B L _________________ 11 10 8 8 10 9 7 7 5 2 9 6 3 
P ___________________ 
AA_________________ 

2 10 10 10 10 10 10 10 8 7 10 9 8 
11..___________________ 1 10 10 10 10 10 9 10 9 2 10 0 5 

7 9 5 5 10 9 3 3 2 1 2 
)611... and MEL_____ 5 10 9 10 9 8 6 4 0 

-	 -I- ! 11Average of61 8~lots________________ ~I1O.0 
f 

0.9 9.1 	 0.7 8.4 8.4 7.3 6.1 9.5 8.1 5.9 

Condition of briqu~ts immersed In solution for time stated 

20 weeks 	 26 weeksLots 

tested


Portland cement (num
ber) 
 Nn,SO, MgSO. Nn,SO. MgSO.I 

I 

I per 15 per 15 per 1 per 15 per 15 per 1 per .5 per 15 per 1 per 5 per 15 per 
cent ~ent cent ceot cent ceut cent cent cent cent cent cent 

L ___________•._____ 
4 10 10 8 10 9 8 10 10 8 10 8 7 

H __________________ 5 10 10 0 10 9 6 10 10 8 10 8 6 
K2 _________________ 

C___________________ 

5 10 8 8 10 9 6 10 7 6 10 8 4 
4 10 9 8 10 9 7 10 8 7 10 8 3 

G___________________ 
1.__________________ 

1 10 10 10 10 9 9 10 10 tl III 9 8 
E ___________________ [) 10 8 7 10 9 6 10 7 4 10 8 3 

2 ~ 7 6 10 8 4 8 2 0 10 5 0 
D __________________ 
F ___________________ 

1 10 10 0 JO 9 7 10 8 0 10 7 0 
1\>1._________________ 6 6 3 1 9 6 1 tI 1 0 8 4 0 
BL_________________ 2 7 2 0 P 6 0 5 0 0 9 4 0 
AA_________________ It 5 2 0 8 4 1 4 0 0 7 3 0 
P ___________________ 2 8 6 3 10 8 3 7 a 0 10 6 0 
A___________________ 1 10 1 0 10 8 0 10 0 0 10 7 0 

i 2 1 o 5 3 1 1 0 0 4 1 0
MA nod J,-!,13I.. _____ 5 7 4 6 3 5 1 0 6 4 0 

r---- o~ -	 --f-
Average of 61Jots_________ 7.3 5.3 :1.7 I 8.8 6.7 3.6 6.8 3.8 2.6 8.2 5.3 1.9 
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The curves in Figures 2 and 3 are of the same general type as those in 
Figures 4 and 5. The actual difference in rate of action probably was due 
to difference in the type of the specimens, though itis possible that part 
of the difference was only appar- 2Br-"r---r-------.....,..,
ent and was the result of using . 
dissimilar methods of rating the 24H~---,::!~----------fi 
cylinders and the briquets.

The general shape of the ]'20H~~---j;--"'~ 
curves in Figures 2,3, 4, and 5 ~ 16H'---f.""""-l 
is interpreted to mean that the ~ 
rate of disintegration is depend- ,&'2H'----t-----=:;:,......o;;;;;;;;::-:--t 
ent not only on the quantity of < 8 
salt present but also on the 
quantity and availability within 4·L...!~--5=---------~'5 
the specimen of those soluble Strength of solufions(percentJ
constituents of the cement that 

FIGURE 4.-Time required for standard Ottawa sandreact ,vith the sulphates. This briquets stored In sulphate solutions to deteriorate 
has great significancein the prac 50 per cent. (Visual rating, see Table 5.) Each 

point is the a "ernge for five briquets tical use of concrete which mav 
be subjected to the action of sUlphates, as it indicates that density of the 
concrete, to the greatest degree of impermeability obtainable, is a pri 
mary requisite of permanence. Itsuggests also that preca,utionary meas
ures very nearly identical must be to,ken for all really serious sulphate

exposure conditions, regard
28 less of the actual quantities'\ 0. 

~ 
24 	 of sulphates present. 
'20 ~ ~I ~_ For consistent test re

sults in any set of concrete16 ~/.~c> '"' -r-- 
12 

'" ~ E>-:...... C\"" 	 alkali laboratory experi
mentsitis essential that the

Na-ZS04 

~ 
,,-
~ 

~" strengths of all solutions be 
.......... 
 maintained reasonu.bly con

stant. Excessive vu.riu.tions 
of the time interval between 

cl'.. 
~24 "- I\. changes may greu.tly influ
'00 -"""'i". ence the rate of action. 
<t: 20 	 I"-.. ~,-...... 	 Continually changing soluD($ '\ ~ K'16 .¢E> 	 tions would be ideal, but ...... ::) there are pl'acticu.l difficul12 	 tS:s"'.7 ~e:-~ ~..... ties in such an arrangement. f---MgS04 ~ 8 	 The effect of varying the 

........... 

4 f'\,.' time interval between re


newals of 1 per cent solu
0 1 '2 3 4 5 6 7 8 9 10 tions of sodium sulphate is. 


Visual condition rating shown in Figure 6. Two 

FIGURE 5.-Condition ratings based on appearance ofstnndnrd types of cylinders were used, 


Ottawa sand briquets stored In sulphate solutions for 20 one made of NIinnesota sand
weeks, Each point is the average for 61 briquets 

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

ACTIONS OF SODIUM SULPHATE AND OF MAGNESIUM SULPHATE 
COMPARED 

The sodium and magnesium sulphl1tes did not differ greatly in 
their effect upon the concrete, although, with most of the cements 
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used, the actf~n of sodium. sulphate was slightly more severe for solu
tions of the same strength. This is shown by Figures 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 
equal strength. In Figure 5 each curve was constructed by averaging 

results obtained with 
14 brands of Portland 

65r---+-------~--~--------~~~ cement. The number 
of lots of each cement 

755 t_-+-----~ 	 tested ranged from 1x 
CIJ 	 to 11. 
~45t---r-----r-------~-----~ The results obtain

ed with different lots ~ 
:i 35 1----t----=-.'r-7 	 of the same cement 

have been reasonably 
consistent, and show· 2S~~lw-e~ek~----~Z~w~e~e~ks-.-----------4~w-·~ee~k~s 
that some standardTime interval between solution changes Portland cements 

FIGURE 6.-Relation between the time elapsing between renewal of have slightly greater 
solutions and the life of two types of concrete cylinders stored in 1 
per cent solutions of sodium sulphate. Each point is tbe average resistance to at t a c k 
for 10 cylinders made on five days. (Cements A and Bl mixed in by magnesium sulequal portions) 

phate than to attack 
by sodium sulphate, while for other cements the reverse is true. The 
Qrder 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 jn 1 per cent solutions of the sulphates. All the data show 
clearly that a cement relatively high in resistance to one of the two 
salts is likewise high in resistance to the other, and that a cemen/; 
low in resistance to one salt is low in resistance to the other. 

TABLE 6.-0rder of resistance to sulphate action of 14 standard Portland cements 

[For each sulphate this is the order of the sums of the condition ratings at 26 weeks for the 3 
solution strengths. as shown in Table 5) . 

Order of resistance 	 Order of resistance 
to- to-

Lots Lots 
Portland cement tested 	 Portland cement tested I

(number) Sodium sr::~:ii- (number) Sodium ¥agne
sulphRte SlUm sulsulphate pbate phate 

-----I------II------------I-~~----------
J ___________________ P __________________1 1 1 1 8 8 
0 __________________ E __________________ 
I ___________________ 	 .'1..'1. ________________

4 2 2 2 9 9 
K2______________ ___ D __________________ 5 3 3 2 10 10 
H __________________ 4 4 5 M __________________ n 11 12 
G __________________ BL ________________ 5 5 4 2 12 11 
F __________________ 5 6 0 .'1. __________________ 11 13 13 

1 7 7 	 7 14 14 

EFFECT OF SHALE IN AGGREGATE 

In some localitieR it 1S difficult to find deposits of sand and gravel 
entirely free of shale. The Minnel'lota Department of Highways 
permits 4 per cent of shale by volume in fine aggregate and 0.5 per 
cent in coarse aggregl'.te for I-course concrete. However, consider
able drain tile in which the sand contained much more than 4 per 

http:aggregl'.te
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STANDARD BRIQUETS AFTER 6 MONTHS IN 1 PER CENT SULPHATE SOLUTIONS 
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CYLINDERS CURED IN STEAM OR WATER VAPOR AFTER STORAGE IN MEDICI'~E LAKE 

.\, Cun"! in ,Iealll al 212" V nfll'r';", ~l'al" iu the Ink,' H. CUI'I',I ill wnll'1' \'IIJlOl' nl Iii,," "iH'I' jl" )"l'III'~ in the Ink('. f;"l'i,'~ !IS, lOll, IIl1d 101 were ols(1 ('l1l'ed ill stclllII nl 212", 
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'<lent. shale has been marketed in Minnesota j one plant actually usedsand containing 28 per cent shale and another plant 23 per cent.In experiments with tb,e aggregates from these two plants it wasfound that removal of all the shale reduced the absorption of waterby the concrete from 8.1 to 2.4 per cent in the one case and from 7.2to 2.7 per cent in the other. It is evident that satisfactory draintilacan not be manufactured from such aggregates.

To indicate what influence shale may have on alkali resistance,cylinders made of a sand containing 9 per ce:n.t shale by volume were
exposed,with cylinders of the same sand from which the shale had
beenremovedbyelutri

ation, to X, ~, 1, and 4 55

per cent solutions of ~..rl"33-Sundwith 9r3nule screened20-3O{F.M.,·!J.D)

magnesium sulphate. ~ &rit!34-Sume sand with shule removl!d.45The relative resistance 

:-1~-..6-_omf".W""""..,ha/'(iiM.<67}&rit!39-Sume moferiul with shule ~moved.of two types of cylin- ....,nNote: Percenl 01'shull' is by volume.
ders, with and without, ~ 35

shale, is shown in Fig- ~ 


~ ~~-----§~~-~----~-----ure 7. It is clear that
removing the 9per cent ~ ,5 Serip.<: 6
of shale did not mark- :.::i

edlyalter theresistance 15 

~~

of these specimens. :::::::.. Series 4

However, removing 9 SerIes 3

per cent of shale did re 5 

~ ~
, 

I
duce absorption by the 
 Strength of solutions (percent}aggregate from 3.1 to
1.6 per cent. This in FIGURE 7.-Etrcct of shale in aggregate on the liCe of mortar and concrete cylinders stored in solutions of magnesium sulphate. Eachdicates the desirability point is the average for five cylinders made on ditrerent days.(Cements.A and Bl mixed in equal portions)of low shale conbent for
any concrete subjected even to mild weathering agencies, irrespectiveof the influence of the shale on resistance to sulphates. 

QUANTITY OF WATER IN MIX 

Because in the manufacture of small concrete draintile it is commonpractice to remove the jackets immediately after tamping, an excessof mixing water is rarely used. On the contrary, there is a decidedtendency to use too little water. At one Minnesota plant as littleas 2.4 gallons of water per bag of cement was used regularly in making6~inch tile. For this reason the cylinders in practically all the experiments herein reported have been made of concrete and mortarhaving low water-cement ratios.
To determine the influence of variations in the quantity of wateron the resistUllce of dry-mixed concrete, the cylinders upon whichFigure 8 is based were made and stored in 1 per cent solutions ofmagnesium sulphate. Cylinders in these five series had relativeconsistencies of 0.75, 0.90, 1.0, 1.10, and 1.25, and water-cementratios of 0.44, 0.53, 0.59, 0.64, and 0.73, respectively. These watercement ratios were equivalent to 3.3, 4.0, 4.4, 4.8, and 5.5 gallonsof water per bag of cement.
Figure 8 shows that of this group of cylinders those with a relativeconsistency of 1.0, obtained with a water-cement ratio of 0.59, gavethe best strength and absorption results and were mo·st resistant todisintegration, 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 resistan~. The driest-~xed cylinders gave th.e poorest strength 
and absorptIOn results and had a life only 57 per cent of that o! the 

best series. After 
~001r-------~----~~--~~--~ these tests, it be

came the standard 
laboratory practice 
in mixing cylinders 
of this type to use a 
water-cement ratio 
of 0.59, which was 
later increased to 
0.62 to improve 
workability and pro
duce cylinders with 
smoother surfaces. 

QUANTITY OF 
CEMENT IN MIX

0.53 0.59 0.64 0.73 
Water- cement ratio The richer the mix 

FIGURE S.-Effect of water-cement ratio (A) on strength and absorption 
and (B) on liCe of concrete in 1 per cent solutions of magnesium sulphate. the more resistant is 
Each point is the average for five cylinders made on different days. concrete to sul(Cements A. and Bl mixed 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 action of 1 per cent solutions of magnesium sulphate. Enumer
a ted in the foregoing 
order, the relative re
sistances of the cylin
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. It is 
evident that only when 
the mix becomes as rich .,.................--1 
as 1:2 are outstanding SOOI--"'..'H-+-t----+---.,~EsflmOfedl-
results obtained, and " fests nor 

']' 400 , , complefedthe greatest value is not :: ~. ~'r.ealized until it becomes 
~300~H-+-t-~-~~-----------~.as rich as 1 : 1. 

Neat cement cylin ~ 200'~ r-if-';'~ .}
·ders, after 10 years' ex :1 i, ..! f ~ ':: ~ 

tOO ~ ,~. - jposure in 1 per cent 
magnesium sulphate B a L,..oV 
s01utions, to 20 30 40 50 60 10 80 90 tOOshowed an 

Per cent of cement in mix 
average ,decrease III FIGURE 9.-Effect of qUllDtity of cement In mix (A.) on strenrthaDA 

absorption and (B) on life of concrete cylinders stored ili 1 perleng.th. Because of the cent solutions of magnesium sulphate. Each point is the average
density of neat cement for five cylinders made on different days. (Cements' A and Bl 

mixed In equal portions) 
the sulphate action 
was confined largely to the surfaces of the cylinders, and progressed 
continuously though slowly. This caused the cement to swell and 
fall off in very thin layers while, as indicated by length changes, the 
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interiors of the cylinders were affected relatively little. An extreme 
example is illustrated in Plate I, B by the cylinder stored 10 years in a 
4 per cent solution. This cylinder had a calculated volume only 38 
per cent of its original volume, yet the measured length between 

,screw heads was only 0.0061 inch less 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 magnesium 
sulphate had 70 ,per cent of normal strength-the average for cylin~ers 
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 tllese 
4-year compression tests and from volume-chauge observations over a 
longer period, the life of the neltt cement cylinders has been estimated 
at 600 weeks for comparison 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. 

LENGTH OF TIME OF MIXING 

It is generally agreed that after the ingredients for concrete have 
been combined intimately and uniformly, continuing the mixing has 
small value. 

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 I, 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 1.2 in favor of the 5-minutemix. 

TABLE 7.-Effect of time of mixing on resistance of 2 by 4 inch concrete cylinders 
exposed in 1 per cent solutions of sodium sulphate (Na2S04) 

[Each test result Is average for five cylinders made on different day~l 

Stored in tap , Stored in Na,SOI water 

Time 
Fine- Water· Absorp- re

quJredSe- ness ce- tionMixing of materials Age Strength Age Strength Strength to inrles modu- ment at 21 when In com- when in com- ratio creaseIus ratio days broken pression broken pression (Il In 
length
0.010 
Inch 

Per Lb&.'per Lb&.per 

cent Week! .g. In. Week& &g. in. Percent Wuk! 


1 2, 910426 1~ minutes dry and -------- --------- --------- -------
1 minute wet ______ 4 4,2304.67 0.62 6.5 -----52- ---2,-500- -------{ 52 5,120 51 

----70~974 5,170 74 1,700 26 
1 2, 870 __427 l).i minutes drynnd -------- --------- ---- .. .. -------4. 4,3902 minutes wet ____- 4.67 .62 6.5 -------{ 52 52 ---3;2106,040 53 

82 5,850 82 1,530 26 ---~.79:0 
1 3,100428 1M minutes dry and { 

~------- --------- --------- , 

4 4, iOOIi minutes wet _____ 
4.67, .62 6.4 52 5,740 -----52- ---3;700- 66 

-------
00 5,380 90 2.080 39 87.1 

I Ratio of the strength of cylinders stored In sodium suIph ute to those of the same serIes stored in tup 
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 soJutions of mag
nesium sulphate is shown. in Table 8. The table compares cylinders 
from eight series cm:e,d iyear in water and from 10 series cured 6 
months in water witJ;l cylinders from the same series water cured 20 
days. None of the c&1inders had any hardening in air. 

:1 -

TABLE 8.-Injluenci> of tDng-tiine water curing on life of various types of Portland
cement mortar and concrete 2-bY-4-inch cylinders stored in 1 per cent solutions of 
magnesium 8ulphate " 

ILife in weeks of samples cured 
in distilled water for-

Genernl description 

20 days 6 months 1 year 

Slllld cylinders: 
Ottawa stlllldard sand________________________________________________ 12. 9 __________ 12.7 
Minnesota slllld, screened, 20-30______________________________________ 4.8 __________ 23. ~ 
Minnesota sand, screened, 20-30______________________________________ 10.8 __________ 27.9 
Minnesota slllld, screened, 20-30, shale removed_______________________ 10.8 __________ 23.1Minnesota slllld, pit ruIL_____________________________________________ 15.6 __________ 28.3 
Minnesota sand, special grading_____________________________________ 23.8 __________ 40.0 
Minnesota sand, screened, 20-30______________________________________ 8.5 __________ 20.7 
Minnesota slllld, special grading, shale removed______________________ 30.5 __________ 36.4 

r-----r-----r-----
Average_______________________________________________ -------------1==14=.7=1=--=--=-=--=--=-11===26=.=6 

Laboratory standard cylinders: 
Water-cement ratio, 0044______________________________________________ 17.3 29.3 _________ _ 
Water-cement ratio, 0.53______________________________________________ 19.5 22.4 __________ 
Water-cement ratio, 0.59______________________________________________ 27.7 28.6 __________ 

_____________________________________________________________ 330.0 
Mix 1:2_______________________________________________________________ 66.3 60.0 _________ _ 
;:~~~::~f~:~l~:Mix 1:1_ g:~:========================:==============:===== ~: ~ 318.7~ ~ ========::_________ _ 

MU 1:3_______________________________________________________________ 30.0 24.7 _________. 
Mix 1:4_______________________________________________________________ 11.4 13.1 __________ 
Mix 1:5___________________________________________________ ------------r-__ 9_.1_~ ----------

Average____________________________________________________________ 55.61 55.3 __________ 

The data in Table 8 show an average increase in the life of the 
mortar cylinders cured 1 year of 81 per cent over that of cylinders 
cured 20 days, but show slight change in the life of concrete cylinders 
cured 6 months. Just wby cylinders cured 1 year in water should 
show grea.tly 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 seemed to have been benefited least by long-time water curing, 
whether the curing period was 1 year or 6 months, and differences in 
cylinders probably account for the a.pparent discrepa.ncy in resistance 
after being water-cured 1 year and being water-cured 6 months. It 
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 

Vicat (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 incre.ased resistance to 
su.lphate attack. ;Burke (15) in 1925 concludl)d;'after an interesting 
series of experiments with carbon dioxide treatea briquets, that "It 
seems logical to assume that if good concrete is allowed to set in the 
presence of CO2 or pro:berly exposed thereafter, the surface would 
become very resistant to sulphate attack." 

A.ii' under ordinary conditions contains more or less carbon dioxide, 
and therefore it should follow that the resistance of concrete would. be 
appreciably increased by hardening the concrete in air at ordinary 
temperatures, whether storage were unMr room-dry conditions or out 
of doors. It should also follow that greater resistance would result 
from storage in the air of an occupied heated room than from storage 
out of aoors, because the CO2 content of the room air would generally 
be higher. In.creased resistance of concrete usull;lly does occur under 
these two conditions of air hardening, as is illustrated by the curves 
inFi~ure 10. Whether 
this.1s due entirely to 300 
carbonation of some of ./'
the lime is not known. 250 
Figure 10 is based on l"Oort!~ 
the behavior in 1 per 

r"cent solutions of so- co(lG
p

. 

dium sulphate, of three 

groups of cylinders for ~ 100 L': . 


t'd aIreach of which the air- ::i V"',... concrete - au 51 e . 
~ room aIrhardening p erio ds, 50 Mortor 

following 20 days in 
water, were 0, 2, 4, 8, 8 49 
and 49 weeks. One Period of curing (weeks)
group was air-hardened 

FIGURE to.-Effect of air curing, after 20 days' storage in water, on life out of doors, and two of concrete and Ottawa saud-mortar cylinders stored in 1 per cent 
groups, one of which solutions of sodium sulphate. Each point is the average for 10 

cylinders made on five days. (Cements A and Bl mixed in equalwas of standard Otta portions) 

wa sand, in the labora

tory. The concrete cylinders 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 A.pril11, when temperatures were about 

average and humidities somewhat above average. The average rela

tive resistances of cylinders from the three groups were 1, 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 
hardening in water for periods of 20,6, and 2 days, respectively. One 
group was exposed to 1 per cent solutions of sodium sulphate and two 
groups, one of which was of standard Ottawa sand, to 1 per cent 
solutions of magnesium sulphate. The concrete cylinders stored in 
magnesium sulphate were exposed to air in the laboratory 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 

161MO-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 air-hardened for 18 days had an average relative resistance very 
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FIGURE ll.-Incrense in length with age of 2·by-4·inch Portiand-cement mortar and concrete 
cy inders, 1: 3 mix, stored in sulphate solutions: A. Concrete cylinders in 1 per cent sodium sul· 
phate; B, concrete cylinders in 1 per cent magnesium sulphate; C, Ottawa sand·mortar cylinders 
in 1 per cent magnesium sUlphate. Curing conditions, rollowing 1 day in moist closet, were: For 
series 24, 28, and 33, 2 days tn distilled water and 18 days in aIr; for series 25, 29, and 34, 6 days 
in distilled water and 14 days in air; ror series 23, 30, and 35, 20 days in dlstil\ed water; ror series 21,
31, and 30, 2 days in \Vater vapor at 2120 F. and 18 days in air; for series 22, 32, and 37, 6 days in 
water vapor at· 2120 and 14 days in air. A length increase or 0.01 inch indicates 60 to 70 per cent 
loss in compre>isive strength. Each point is the average ror 5 or 10 cylinders made on five days. 
(Cements A and Bl mixed in equal portions) 

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

Comparing the effects of air hardening as shown by Figures 10 and 
11, it would appear that for the cements used in those experiments the 
most effective time for air hardening concrete that is to be subjected 

http:111-0.00
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to alkali action may be shortly after the final set of the cement andbefore, instead of after, curing in water.. The reason for this is notapparent, but tbe seeming fact may explain why commercial concreteof verv ordinars' quality, to which little or no water was applied whileit was curing, has frequently displayed a high degree of resistance tosulphate attack.

Different cements, however, may respond differently to the samevariations in method of curing. Available data on this are limitedto those obtained by comparative compression tests on cylinderse~'Posed for one year to the alkali water of ~fedicine Lake, as recordedin Table 9. Eight different cements were included in those tests, andthe compmison shown is thnt made between cylinders cured 20 daysin water with no air hardening following, and cylinders cured 20 daysin water and exposed for 35 days in air in the laboratory. Some ofthe cements were great.ly benefited by nil' hardening, wheren:3 othersgave slightly contrary results. Oements A and Bl were those usedfor the tests presented in Figures 10 and 11, and Table 9 shows thatcylinders of the SiLme cements, air hardened 35 days, averaged 47 percEmt stronger after one year in the lake than did similar cylinders notair hardened. This closely checks an average calculated value of 41per cent for the cylinders in Figure 10, air hardened 28 days and storedin a 1 per cent Eolution of sodium sulphate. 

TABLE g.-Effect of air hardening on alkali resistance of concrete cyUnders made ofcements from different mills, as determined by compression tests after one year inMedicine Lake, S. Dak. 

Results of compression tests 
Portland cement 1------;-1------1IncreaseWithout air hard- Hardened in air 35 in

ening days S~~~1~h------------,----1---.,----1---;----1 air hard·I Lots Cylinders Strength Cylinders StrengthBrand eningtested tested ratio tested ratio

-------_____
;'__- 1---1._----------
_-L •__ •____ •_____________________ •____• __ __ Number Number Per cent Number Per cent Per cent
BL__ •_______________ ._ •____•_____•___ •___ 6 60 24.0 60 3.1.7 
 48.8D _______• __ •____ •.•___.,_____ •_________. __ 6 60 48.2 DO 69.S 44.SH _______________•• __ • ____________________ _ 3 30 68.7 30 85.7 24.7
I ____________________.. _. __ .._._. __ ...__ .._ 3 30 84.3 30 93. i 
 11...K2__ ..__•___ • ___ •__ •__ •••. ________ . ____ . __ 3 30 95.0 30 101.7 7.1C ____________ •• ____ • ____ . ____ •___•____ •__ _ 3 3Q 92.7 30 93.7 1.1
G_______ •_____________________ •_____ •____ _ 3 92.3 30 87.3 -5.4
3 ~g l 98.7 91.3
30 -7.5 

The cements shown in Table 9 most benefited by nil' hardening werethose having the least resistance to the action of alkali. (Pp. 38 to44.) In fact, the order of recording the cements in Table 9, which isthe order of increased resistance caused b.y" nil' hardening, is veryclosely the order of Jeast alknli resistance. The table shows that even.after 35 dl1Ys of air hardening those cements of lowest alkali resistancestill made poor showings when compared with the more resistantcements. "Whether earlier air hardening of the more resistantcements would show results more like those obtained wit.h the cementsrepresented by Figures 10 and 11 can not be sta.ted definitely.The fun significance of these air-hardening experiments Cl).n not nowbe stated, but the following statement is conservative: For eachincrease 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 without 
air hardening, the degree of increase varying with different concretes 
and with temperature, humidity, and other conditions during storage. 
It has not been shmvn, however, that the life of concrete made of 
cements high in alkuli resistance is greatly influenced by air hardening. 

CURING IN WATER VAPOR 

It was learned from eA,])eriments begun in 1922 that concrete cured 
in steam over w",ter boiling at ,atmospheric pressure displayed re
markable resistance in the laboratory to solntions of magnesium and 
sodium sulphate (33,37). Some of the cylinders of these earlier series 
are still under observation, and their condition as indicated by length 
-changes is shown in Fi~mt3 11. For each of these groups, resistance 
to sulphate action was ill the same order as duration of time in steam, 
whereas for the water-cured groups the resistance was in the order of 
time in air, as (liscuseed in the preceding section. 

Following the earlier laboratory work there were made for e)..,])osure 
in Medicine Lake a total of 6,525 cylinders in 145 series, of which 15 
series were cured in water and air for comparison and 130 series ,vere 
,cured in water vapor at temperatures of 100°, 155°, 11:10°, 212°, 230°, 
:260°, 285°, 315°, and 350° F. for periods, at most temperatures, 
Tanging 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 a.t the higher tempel'l1turos, a.pparontly justify the following 
conclusions regarding alkali resistance of concrete. These conclusions 
arc also supported by the appearance of cylinders after eA'])osure for 
periods up to seven and one-half years in Medicine Lake, as shown 
in Plate 3. 
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TABLE 1O.-Tesl8 oj 2 by 4 inch concrete cylinders cured in water vapor at variou8 temperatures and exposed to the action oj sulphate water oj 
Medicine Lake, S. Dak., as compared with similar cylinders stored in tap water . 

[Unless otherwise noted tho fineness modulus of aggregate Is 4.67 nnd the mix Is 1: 3. Each tcst result, with a Cew oxcnptions, Is cn nver~ge of 6 cylinders made on different days. 
Figures In parentheses, indicate per ce~t of normal strength based on parallel tests oC cylinders from the mme btltches, stored in tap water] 

TEMPERA'l'URE, 100· F. ~ 
Curing method ~ 

Average compression tests (pounds per square Inch)Cement . 
Series .)aborn· 

tory Portland cement Water Absorp· ~ 
rntlo Time in Time In Tern· tlon at Tank specimensNo. Lake specimens c

moist Time In 
wa~er perature Time In 21 days 

closet vapor of water nir ~Iwater 
vapor 7 days 28 days I I year 5yenrs I 3 yenrsI year 5 years 

PerIfour. Dau. Hour. o ]i'. I87 II ~A Bnd ~Bl._••___•___ 3 • _______ Daus cent0.59 
____.do.______________• __ 66 100 25 I, 430 ~28l 0 0 

88 11 ___••do_. __•• ______ •••_._ 
.59 6 ________ 69 100 25 6.fl 3,730 4,120 5,110 5,470

89 11 0.7 3,500 4,320.59 12 4,060 5,4.,0 1,370 28 

91 11 ___ ._do___••••_•• _••••_•• .59 24 --- ..---- 48 100 25 6.7 4,080 4,220 5,240 6,270 
1,290 f25 0 0 "tf 

90 11 _____do_. __ • ___•_____• __ • ------_ .. 60 100 25 6.7 4,050 4,680 5,2iO fi,2oo 
0 0 ~ 

.59 48 1,630 31) 


93 11 -------- -------- 6.7 2,620 4,540 5,600 

92 11 •___.do_. __ ••• ___ •_______ --- .. ---- 24 100 25 6.8 3,510 1,060 0 0 o 

_____ do_______ ••_.____• __ .59 24 27 28 
5,010 '1.970 ,1,920 (38) 0 0 


94 II -------- -------- -------- 25 7.0 3,380 3,560 5,120 5,140

__._.do_. ________________ .69 72 0,400 3,780 (66) 0 0 ~ 


313 M __•____• _____ •_________ .59 24 -------- 48 100 24 6.8 3,810 3,150 t2) 0 0 t:::f
65 .60 4,000 5,640 5,010M .._____________ . ____ . __ 24 20 2,020 36l 0 0315 65 -------- -------- 35 5.0 3,150 3,950.60 24 6,050 5,680 2,250 37J.iA and 31!BL __________ -------- 48 100 53 6.2 0 0 81112 17 3,740 3,800 5,070
1113 _. ___ do____• ______ •_____• .64 24 27 -------- -------- -------- 10.0 1,650 

6,320 4,230 (71) 3,300 3,330 (53) o17 2,630 3,540 _____ do ___________•______ .64 72 2,790 1,790 (51) 01114 17 .64 
-------- -------- -------- 25 10.7 2,000 2,000 2,080 2,040 0 rn24 -------- 48 100 !!Ii 840 ~28) 0 010.1 2,270 2,700 3,040 3,050 630 21) 0 0 ~ 

TEMPERATURE, 155· F. ~ 
82 11 ~A nnd }~B1._._ ••_____ t;ij83 11 • ____ do _____ •________ • ___ QOO 3 09 155 25 ao 3,360 4,2 5,380 5,55084 11 • ___ .do_. __• ____________ • .66 6 66 155 ! 500 (U~ 0

.66 25 ao 3,840 4,7 5,700 5,620 r ·190 (0 
0 

85 11 ._.._do...________....___ 12 60 155 25 a7 4,440 4,9U 0 0 
86 11 _____ do__________ ••______ .w ~ g 1M 25 

5,250 5,020 1,030 (20) 0 048 ________ 24 155 ao 4,350 4, .1 ~ 
02 11 _____ do. _________________ .66 25 a7 0,460 5,830 1,220 (10 0 024 27 _,_••_. ________ _ 3,540 4,2 0,250 0,32093 11 _..__ do___ •____...._____ _ .66 28 a7 2,620 1,660·t5 0 0 t;ij

72 _______••_., __ •_______._ 4,54.50 5,400 3,780' 66)95 11 _____ do________._._.____ _ 25 5,690 I 0 0.66 24 1________ 48 1M ~o 3,380 3 fm 5,120 5,140 ~ 
97 lJ,8 _____ do _____ • _______••__ _ 25 3, 150 62~ 0 0 rn

.66 24[ _______• 48 1M a4 4,240 4:37, 0,510 5,51000 11,8 ____.do__________ •______ _ 1, 660.~30 0 

.50 24~ - _____ ._ 72 105 25 a3 3,900 4,n 5,690 I 5,970 1, 880j 33) 0 
0 

24 &4 4,400 04,8i 51 410 5,900 1,530(28)1 fjtandard Ottawa sand)ylindets. Q 0 
t.;:) 
1-'0 

/ 



;:-0:; 

~ 
TABLE lO.-Tests of 1:/ by 4 inch conC1"ete cylinders cured in water vapor at various temperatu.res and exposed to the action of sulphate water of t,J 

J'y[edicine Lake, S. Dak., as compared with similar cylinders slored in la1) water-Continued 

TEMPERATURE, 155· F.-ContiIiued ~ gCuring method I 1___. Average compression tests (pounds per squnre inch) 
Z 
H 
0cementl Wnter \ 	 A.hsorp·.ratio T" TI I Tem- tlOn at Tnnk spe('lmens Lake specimensSeriesllahora- PorLland cement 

I 	 :> 
tory 1m? 111 Time in me n perature Time in 21 days t1 
No. mOIst water water of water air \ 

, __ I~ =~------- \ 28dnys I_IY'::"'" 5yenrs I year I 3 years I fiyears q t:C 
___ 	 7days 

--,---1 	 t1 
PeT ~ 

HOUTS Dap HOUTS ·F. Daus cent 980 (18) 0 0 8 
and l-2Bl___________ 0.59 24 48 155 25 6.2 4,550 4,730 5,580 5,960 

1,270 (25) 0 0~A 	 5,180 5,180 5,630102 I 17 _____do__ ,,_________ ------ .59 24 72 155 24 6.1 4,910 	 3,910 (90) 2,740 (48) Z 
104 17 ____do______. ___________ 48 155 35 0.1 4,020 4,390 4,330 5,650 

1,750 (27)

174 _____ do __________________ 155 35 5.8 4,110
18 	 ,59 2"- 4,510 5,21.0 6,460 3, 820 (73~ CI.:l 

.59 24 6,110 4,240 (8348 	 800 (13) 01
179 18 _____do __________________ 	 6.0 4,070 4,530 5,100

24 48 155 	 35 0 _00
18 	 .59 -----_.- 3,950 6,050 5,680 2,250 (37) --------ii184 1>1.______________________ 	 35 5.9 3,150

.60 24 20 ------ .... ----- .. --	 6,810 5,430 (88) 3,920 3,690 (54)
313 65 ]vL_____________________ 48 155 53 6.0 4,460 4,010 6,170 	 q.60 24 	 3,580 770 (22) 0 0
314 65 	 9.8 2,660 3,080 3,58048 155 25.64 24 	 3,580 930 (2i) 0 017 MA and J-2BL..--------	 3,220 3,·190'107 _____ do__________________ 72 155 24 9.6 2,670 

'109 17 _____ do___ •_______________ .64 24 -------- 10.0 1,650 2,630 3,540 2,790 I, 790 (51~ 0 0 ;tJ 
.64 24 27 -------- -----_ .. - --------	 2,O·iO 8·10 (28 0 0

'112 17 	 25 10.7 2,000 2,000 2,980 
Ii _____ do___•______ --- --.... 	 ,64 72 - .. ------ -_ .._---- ---_... _-- 2,900 3,400 3,020 0 0 t:1

'113 	 25 10.1 2,73048 155 	 8QO t~ t';l• ____ do•.________ ---- -- --- .64 24 	 3,290 2,280 66 0
'115 17 ____.do___________________ 	 9.1 2,530 2,710 3,460

.64 24 48 155 53 a,no J,970 59) 0 I-d 
1129 17 
'127 17 	 52 9.0 2,700 3,120 3,320 

_____ do_ . _______ -- --- --- -- .64 24 72 155 	 8 

0 
TEMPERATURE, 100· F. I:<j 

5,320 I 6,870 I 1,730 (33) 0' 0 
6.61 2,650 \ 2,940 I 2,480 (41) 0 ~ 0.62\ 	 6.3 3,130 4,B90 6,060 6,430 01 ,...

351 I .62 	 ~I391 ~: 1-~-~d~~~~-~:====:=====1 ~ 1-----2ii-I----~:--I----:~-1 
I 	 :> 

0 q 
TEMPERATURE, 212· F. (COMBINED 17-< SOME SERIES WITH 155· E.) ~ 

1,110 1,250 I 1,250 2,810 I, 210 ~97) 1,340 2, 630 ~04) 
q 

HA and ~:&l___________ 0.59 3 69 212 25\ 7.9 	
3,130 '.,900 2,840 91) 2,930 4,120 70) ~ 77 11 	 25 7.2 2,260 3,040 __ . __do_____________ .----- .59 6 66 212 	 4,940 0,400 (90)

78 11 _____ do _________ • ________ 	 60 212 6.9 3,400 4,129 ",550 6,020 4,410 ~97)
0.59 12 	 94) 4,860 5,150 (89)

79 11 	 48 212 25\ 6.9 3,060 4,020 4,600 6,790 4,33025 _____do____ • ___ - --------- .59 24 	 5,340 6,OJO (89)
80 11 _____do __________________ 	 24 212 25 6.7 2,910 :l,850 4,630 6, 730 I 4, 410 (95)

.59 48 27 ________ 	 5,400 3,780 60) 0 081 1111 _____ do__________________ 	 28 0.7 2,629 4,540 5,600

.59 24 -------92 



"if' 

_____do__________________96 	 11 .59 24 ----_.. _- 48 212 25 6.5 3,770 4,410 4,560 5,720 4,300 (94) 4,930 (86) _____do __________________
98 11,8 	 .59 24 24 1M } 25 6.7 4,180 4,120 5,020 6,190 4,340 (87) 5,310 (86)--------{ 21224 

_____do_______•___________ 48 155 }100 11,8 	 .59 24 24 6.2 4,310 4,960 5,730 5,760 5,640 (97) 6,890 (102)24 212 

_____do__________________ 24 155 } 


-------- f 
101 11,8 	 .59 24 ----- ... -- 24 6.3 4,110 4,710 4,890 6,41l0 4,640 (95) 5,330 (82) t;ij48 212 

_____do__________________ 24 155 }103 17 	 .59 24 25 6.0 4,600 5,510 5,410 6,280 4,980 (94) 6, jl0 4,910 (78)-------- ~ 24 212 	 ~ _____do__________________ 48 	 rJl105 17 	 .59 24 -----... -- 155 } 24 6.0 4,820 5,070 4,910 6,720 5,220 (106) 6,000 6,680 (B5)24 212 
24 155_____do__________________ 	 C106 17 	 .59 24 -------- { 24 5.7 5,110 5,900 5,320 6,020 5, ~50 (99) 5,830 5, 720 (~5) _____de;__________________ 48 212 	 "'!296 61 	 .62 24 48 212 53 6.5 3,330 3,660 5,020 5,760 4,390 (88) 5,840 5,950 (103~A_______________________ 	 C297 63 B _______________________ .60 24 48 212 53 6.4 3,650 3,660 4,680 6,020 4,600 (98) 4,960 5,480 (91 C'Z~ 62 D _______________________ .62 24 48 212 53 6.9 3,700 3,830 4,580 6,440 4.480 (98) 4,840 5,600 (87)

299 33 C_______________________ .60 24 48 212 53 6.4 3,690 3,770 4,620 6,330 4,270 (92) 4,910 5,900 (93) Z 
C300 84 	 .67 24 48 212 53 6.6 3,880 4,540 4,940 6,110 4,890 (99) 5,690 5,810 (95) ~301 61 ~A and ~BL--------___E _____________________ -_ .62 24 48 2J2 53 6.5 3,690 3.6JO 4,500 4,840 4,480 (100) 5,160 5,300 (110) ~302 35 F _______________________ .60 24 48 212 53 6.2 t 3,540 3,530 4,550 5,040 4,450 (98) 4,660 4,640' (92) ..;]303 37 G _______________________ .60 24 48 212 53 6.0 3,550 3,900 5,060 4,890 4,920 (97) 6,920 5,470 (112) ~.304 39 R _______________________ .60 24 48 2J2 53 6.2 3,740 3,920 4,990 5,870 4,680 (94) 5,060 5,060 (86)


ao5 41 .60 24 48 212 53 6.1 3,730 3,840 4,860 5,380 4,410 191) 4,340 5,100 (95) 
 ~306 61 ~A and ~B1----------- .62 24 48 2J2 53 0.2 3,280 3,920 4,480 6,570 5,000 5,230 (80)L _______________________ 	 4,410 98l
307 40 J________________________ .60 24 48 212 53 6.9 3,420 4,150 6,090 5,850 4,190 (82 4,990 4,530 (77) ,~
308 42 Kl._____________________ .62 ..------- 48 2J2 53 6.4 2,650 3,240 4,680 5,310 3,480 (74) 4,440 4,580 (86)2424 .________ 	 C309 55 L _______________________ .62 48 212 53 6.5 3,260 4,2OU 4,950 5,800 4,910 (99) 4,910 4,960 (86)
310 60 .60 24 48 212 63 6.2 3,260 3,870 5,060 6,380 4,460 (88) 4,720 5,770 (90) 

rJl 
M ______________________ 	 l?:f311 65 M ______________________ .60 24 ... _------ 48 212 53 5.5 4,660 5,580 5,810 0,740 5,570 (96) 5,420 5,960 (88) t::I313 65 	 .60 24 20 -- ..----- -------- 35 5.9 3,150 3,950 6,050 5,680 2,250 (37) 0 0 
~A ~BLand _________352 74 _____do__________________ .62 24 -------- 12 212 54 6.9 2,450 2,910 5,230 6,070 4,240 (81) 3,850 0 ..;]

391 74 _____do__________________ .62 24 20 -- ... ----- -------- 35 6.3 3,130 4,890 6,060 0,430 2,480 (41) 0 0 C 
, 1584 	 139 _____do__________________ .62 24 20 212 35 6.3 3,740 5,150 5,790 6,270 3,350 (58) 0 0 

585 	 139 .62 24 .. ---_... -- 2I 212 55 6.4 2,770 2,860 5,430 6,610 5,370 (99) 0 0 rJl 
_____do__________________686- } 139 .62 24 {----ii- 1 	 -------------- ------------ g------- ..587 	 212 54 6.0 2,970 2,920 5,800 0,440 4,400 (76) 0 0 _____do __________________ 	 "d635- } 139 	 .64 24 48 212 53 0.3 3,960 4,330 4,250 6,600 4,370 (103) 5,950 6,550 (99)636 _____do__________________

640 139 _____do__________________ .64 24 20 -------- -------- 35 6.5 3,320 4,1:l70 5,800 6,070 4,530 (78) 0 0 
641 139 _____do_______ ,__________ .64 24 ... ---_... -- 48 212 53 6.9 3t S90 3,760 4,530 6,010 3,740 (83) 5,360 6,140 (102) ~ 
830 	 232 .62 24 20 ------_ ... -------- 35 5.9 3,230 4,720 6,360 3,950 (02) 0 0 ~ _____do__________________831 232 _____do__________________ .62 24 ... ------- % 212 55 6.9 3,020 2,880 5,740 4,210 (73) 2,280 --------_... -
832 232 _____do__________________ .62 24 ... ------- 1~ 212 55 7.4 2,590 2,400 5,890 4,610 (78) 4,330 --------_.. _
833 232 _____do__________________ .62 24 ..------- 3 212 56 7.2 2,890 3,130 6,350 4,510 (71) 2,840 --------_... _- ~ 
884 232 _____do__________________ .62 24 ----_..-- 0 212 55 7.0 ~,220 3,470 6,7M 4,970 (87) 6,270 --------_... _
835 	 232 _____do__________________ .62 24 12 212 65 7.1 3,570 3,580 5,070 5,250 (194) 5,970 --------_.... -- ~ 
836 	 232 .62 24 ... _--_ .. -- 24 212 64 7.2 3,960 4,190 5,750 5,770 (100) 6,510 ~ _____do__________________ 	 -----------
837 	 232 _____do__________________ .62 24 ----- ..-- 4S 212 53 6.6 4,360 4,670 4,800 4,620 (95) 4,770 --------_... -- rJl 

232 _____do__________________1 ----_ ..-- 4,210 (84) I --------- .. -838 	 232 .62 24 96 212 51 6.1 4,330 4,990 5,030 5,1905,060 ____________839 	 .62 24 ..---_.... - 192 212 47 6.1 5,180 6,050 5,130 4,550 (89) 

1 Standard ottawa sand cylinder. 	 • Minutes. ~ 
~ 

'" .-':'
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TABLE lO.-Tests oj S by 4 inch concrete cylinders cured in water vapor at various temperatures and exposed to the action oj sulphate water of 
Medicine Lake, S. Dak., as compared with similar cylinders stored in tap water-Continued c:'c 

TEMPERA'l'URE, 2120 F. (COMBINED IN SOME SERIES WITH 1550 F.)-Continued 

i 
~ 

Curing mtlthod I Average compression tests (pounds per square inch) c 
Cement Absorplabom· 	 WaterSeries Portland cement 	 tion at Tank specimens Lake specimensTerntory 	 ratio Time in Time in

No. 	 Time in perature Time in 2ldays
moist waterwater of water aircloset vapor vapor 7 days 28 days lyeer 5 years 1 year 3 years 5 years 

I 
t:D--	 ---------I-----------------

Per 
Flours Days Flours of. Davs cent 

17\ )-2A and )-2BL__________ 	 24 155}1108 O.M 24 -------- { 24 212 25 9.8 2, 590 2,910 2, 930 2,880 2,540 (87) 3,390 2, 580 (90) 

_____do___________________ 
 48 ISS} z 
_____do___________________ 24 ~ 

1110 17 	 .64 24 -------- { 24 212 24 9.5 2,600 3,160 2,940 2,590 2,720 (93) 3,160 2,360 (91) 

1111 17 	 .M 24 155} 24 9.7 2,510 3,130 2,630 3,020 2,450 (93) 2,820 2,320 (77) en-------- { 	 48 212 _____do___________________ _00t 112 17 	 .M 24 27 10.0 1,650 2,630 3,540 2,790 0 0 _____do___________________ -------- -------- --------	 I, 790 ~51~
1113 17 	 .M 72 --'------ -------- -------- 25 10.7 2,000 2,000 2,980 2,940 840 28 0 0 _____ do___________________1116 . 17 	 .64 24 -------- 48 212 25 10.3 2,220 2,470 2,500 3,250 2,430 (97) ---------- 2,460 (73) ~ 

_____ do_______ •___________
1128 17 	 .64. 24 24 155} 53 9.1 2,350 2,480 2,830 3,310 3,180 (112) ... -------- 2,040 (61) Ul-------- { 	 24 212 

_____do___________________
1130 17 	 .64 24 48 ISS} 52 9.1 2,750 2,720 3,080 (109) 1,740 (56)-------- t 	 2,830 I 3,130 ---------- t::I24 212 

_____do___________________ 	 l?:l
1131 17 	 .64 24 24 ISS} 52 9.2 2, 630 2,470 2,600 2, ~40 2,560 (98) 1,730 (59)--------	 48 212 --------- ~ 

TEMPERATURE, 2300 F. GAGE PRESSURE, 6.1 POUNDS PER SQUARE INCH @ 
\ . 

i74 )-2A and )-2B1___________353 	 0.62 24 12 235 54 7.3 1,900 2,750 4,780 3,970 2,480 (46)_____ do___________________ --------	 5,410 I 3, 800 ~79~
391 74 	 _____do___________________ .62 24 20 -------- -------- 35 6.3 3,130 4,890 6,060 6,430 2, 480 41 0 0 


_____do___________________ -------- -------- --------- ;
811 219 .62 24 20 35 5.5 3,620 4,9aO 6,350 0 0 0 

812 219 .62 24 ~ 230 55 ~·.O 2,060 2,170 5,53.0 5,120 
_____do___________________ --------	 0,160 t3l -----------
813 219 	 .62 24 ])-2 230 55 6.9 1,830 2,190 5,620 4,530 81 5,220 _____do___________ ______ ------ .. -	 ---------- -----------~~

814 219 	 .62 24 3 230 55 6.7 2, ]80 2,B20 6,020 6,100 _____do___________________ --------	 ---------- -----------4,860 81! e815 219 _____do___________________ .62 24 -------- 6 230 55 0.6 2, 390 2, 990 5,520 ---------- 5, &20 (96 6,070 -----------
820 222 .62 24 ]2 230 108 6.8 2,640 3,200 5,260 6,130 
_____do___________________ --------	 ---------- 4,990 t5 -----------
821 222 _____do___________________ .62 24 -------- 24 230 102 6.6 3,560 3,250 4,740 4,520 95 6,080 ------------ ~ 
829 225 _____do___________________ .62 24 -------- 48 230 87 6.9 3,900 4,650 4,640 ---------- 4,360 94 5,900 ------------ l?:l 

_____ do___________________ -------- -------855 232 .62 24 20 35 5.7 3,840 5,310 5,540 ---------- 4,0:;0 (73l 0 0 

869 232 _____do___________________ .62 24 -------- 96 230 46 6.1 4,480 4,600 4,480 ---------- 4,6IJO poa 5,330 -----------
870 232 	 .62 24 ---_ .._-- 192 230 42 6.2 3,830 4,450 3,360 --------- .. 3,560 106) 4,470 ---------- ... 



---- ----

TEM~ERATURE, 260° F. GA;GE PRESSURE, 20.7 POUNDS PER SQUARE INOH 
~A8nd354 ~Bl___________74 	 0.62391 74 _____do____• _____________ !l4 - ..------ 12 260 54 7.1 2,270 2,490 4,880 5.670

806 	 219 _" ___ do__________________ .62 24 20 -------- -------- 35 0.3 3,130 4,890 0,060 3,700q 4,160 3,320 (60) 
219 _____do___________________ .62 24 20 -------- -- .. ----- 35 ,5.8 3460 4,020 

6,430 2,480 41 0 0807 .62 	 6,110 1,620 (27
219 _____do_______••__ •_______ 24 -------- ~ 260 55 '7.4 	 0 0808 
219 

__• __do___________________ .62 	 260 
1:960 1,930 5,400 ---------- 5,050 --- .._-_ ...._-809 24 -------- 1~ 66 7.1 2,000 2,130 	 ~..62 	 0,400 ---------- 4,4,990610 ~85~91

810 219 _____d 0 ___________________ .62 
24 --- ..---- 3 260 55 7.2 2,1i0 2,460 5,000 ---- .... ---- 5,200 (102 

5,360 ------ ..----
818 222 

_____do__________________ 24 - ... ---- .. - 6 200 55 7.0 2,790 2,870 
5,540 ---_ ...._-..... _

819 222 _____do_______________ , ~__ .62 24 -------- 12 260 97 6.7 3,100 3,380 
5,380 ---------- 5,750 -- ..--- ....---f ~

225 
_____do___________________ .62 24 -------- 24 260 95 6.7 3,480 

5,560 ---------- 4,630
4, 940 ~92l83 5,840 -~---------....828 

232 
_____do__________________ .62 24 -------- 48 260 83 

3,810 4,626 ---------- 4,520 (9S 5,290 ----.... _----1155 .62 24 
6.6 3,720 3,881' 3,990 ---------- ~;~.

867 232 _____do":_. _______________ 20 ------_.. -------- 35 5.7 3,840 I 5,31l! 3, 700 ~951 4,760 -----------
232 

_____do___________________ .62 24 -------- 96 260 48 6.4 3,820 
5,540 ---------- 4,070 73 0 0868 3,810 3,460 ---------- 3,550 (103.62 24 -------- 192 260 44 6.6 3,269 3,690 3,420 ----- .. ---- 2,940 (86 3,400

3,830 
------------
------------ o 

TEMPERATURE, 285° F. GAGE PRESSURE, 38.5 POUNDS PER SQUARE INCH 
~A355 I and ~BL__________74 ______do_________________ 0.62 ! 24 -------- 121 285 54 7.2 2,260 2,870 I391 74 .62 	 4,340 5,250 3,870 ~89)430 97,98 K1_____________________• 24 20 -------- -------- 35 6.3 3,130 4,800 6,060 6,430 2,480 41) 

3,970 4,100 (S<
L _______________________ .64 12 285 	 0 o431 24 -------- 54 6.6 2,960 3,470 3,950 	 ~86,9\1 0 _______________________ .64 24 - .. _----- 12 285 54 6.1 3,650 	

4,830 5,000 4,210 (S~432 82,95 H"______________________ ,67 24 -- .... _- ..- 12 285 54 6.9 
4,150 4,470 5,330 5,440 5,440 (10l433 83 	 3,330 3,820 5,530 6,550.64 12 	 4,930 89 5,460

~ASOl and ~BL__________ 24 -------- 285 54 6.5 3,460 3,050 5,110219 .62 24 	 6,520 4,840 05 5,510 5,980
5,410 t81 

219 _____do___________________ 20 -------- .. _------ 35 5.8 3,740 	
::l'I:fl 

9: ~802 	 6,260 5,790 2,820 49
803 	 219 

_____do___________________ .62 24 -------- ~ 285 55 7.3 1,780 1,740 5,240 ------ .. ---
0 o 0

.62 	 5,570 (106 5,080
804 219 _____do_____________ •_____ 24 -------- 1~ 285 55 7.2 2,010 2,220 	 ----------~ 

219 _____do___________________ .62 24 -------- 3 285 55 7.3 2,420 
6,550 ---------- 5,560 (85i 5,980 ------- ...._805 	 2,500 5,560 - ...._--... --- 5,650 (102

222 
_____ do___________________ .62 24 -------- 6 285 55 6.8 	 5,700 ----------- ~816 	 .62 12 

3,080 3,370 5,860 ---------- 5,600 (06 6,72024 -------- 285 87 6.5 3,326 3,420 	 ----------~817 	 .62 24 -------- 24 ~S5 85 6.3 3,740 
4,940 ---------- 4,510 (91 5,350 ----------.827 225 	 4,160 4,540 ---------- 4,750 (105) ~

222 
=====~~======:::::::::::== .62 48 285 	 4,790 ----------855 	 232 _____uo_ .. ______ ..._...___... ___ 24 -------- 64 6.7 3,300 3,600

232 
_____do__________________ .62 24 20 -------- -------- 35 5.7 3,840 5,310 

3,200 ---------- 3,170 (09) 4,060 -----------o865 
232 

_____do__________________ .62 24 -------- 96 285 45 6.5 
5,540 ----------

4,100
4,070

(118
(73~ 0 g866 	 .62 192 285 41 

3,550 4,230 3,680 ---------- 4,626 ----------.24 --------	 6.5 3,540 4,300
-~ -~ ---

4,270 -------- .. - 4,530 (106 4,940 ---------_.
TEMPERATURE, 315° F. GAGE PRESSURE, OS.7 POUNDS PER SQUARE INOH ~

~A840 and ~BL__________232 	 0.62 24
232 _____do__________________ 20 -------- -------- 35 5.8 3,810841 	
232 

_____do __________________ .62 24 -------- % 315 55 6.9 
5,050 6,010 ---------- 3, 060 (51~ 0 0 ~

842 	 2,010 2,020 5,130 (90
232 

_____ do__________________ .62 24 -------- 1~ 315 55 6.8 2,400 2,640 
5,680 ---------- 5,740 -------_ .. _- ..843 .62 	 5,550 -- .. ------- 6,170

844 	 232 _____do__________________ 24 -------- 3 315 55 6.5 3,090 3,030 5,620 --_ .. _----- 5,390
5,220 (93

(97~ ---_ ..... _.. _--
232 

_____do______• ___________ .62 24 -------- 6 315 55 	 6,430 - .. - ..-- ....---- ~8-15 	 6.8 3,560 3,900
232 

_____do__________________ .62 24 -------- 12 315 55 0.5 3,410 3,780 
5,110 ---------- 5,100 (100 6,040 -----------846 	

232 
_____do__ "_______________ .62 24 -------- 24 315 54 6.8 

4,150 ---------- 4,340 (105 4,660 - .._-- ....... -_ ..- ~

847 	 3, ISO 3,750

232 
_____ do__________________ .62 24 -------- 48 315 	 3,440 ---------- 2, 770 (81~ 3,650 ----------- ..848 •.62 	

53 6.8 3,440 3,970 3,160 ---------- 3,240 p03 3,810 ~
849 232 _____ do__________________ 24 --- .. ---- 96 315 51 6.6 3,430 4,280 3,090 ---------- 3,620 117 4,310 

--_ ..-------
---

.62 24 - .. ------ 192 315 47 6.S 3,580 4,640 3,130 ----- .. ---- 4,470 (143 4,660-~ 

..
------------
_--------_ .. 

1Standard Ottawa sand cyllnd3IS. 	 t:-:lc.n 
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TABLE lO.-Tests of iii by 4 inch concrete cylinders cured in water vapor at various temperatures and exposed to the action of sulphate water of 
Medicine Lake, S. Dak., as compared with similar cylinders IItored in tap water-Continued 

~ 
O:l .i 

Cement 
SeriesIIBt~~~B' 

No. 
Portland cement 

TEMPERATURE, 350· F. GAGE PRESSURE, llO.8 POUNDS:..-ER SQUARE INOH 

Water 
ratio 

Ourlng method Average cumpression tests (pounds per square inch) 

Absorp· 
Time lnl' . ITime i ITern •. 1 Ition at I Tank speclmoist Time m wo.tern perature Time in 21 days mens Lake specimens 

closet water vapor of water air 
vapor 7 days 28 days 1 1 year 5 years 1 year I 3 years I 5 YCBr~ 

--'--i 1--1--1--1--1--1--1--1---1---1---1---1 1---1---
Per 

llours Daus !:lours • F. DaUB cent 
855 232 ~A and HBI_ ••••.•..•• 0.62 24 20 .. _------ ------- 35 D.7 3,840 5,310 5,540 4, 070 (73~ 0 0 
856 232 ••.••do.••____•___•___ •__ . (12 24 % 350 55 7.3 1,670 1,940 5,710 4,790 (84 6,750 -----------
857 232 ••.•_do__ ••••••_••..••___ .02 24 ~H 350 55 7.0 2,500 2,800 5,950 5, 35°l9O) 6,620 --_ ....------
858 232 •••__do__ ._ ••••• ___ ••••_. .~2 24 350 55 6.7 3,210 3,310 5,610 5,170 92 6,160 _______ .. w ___ 

859 232 " .•_do.•_-.••_••••• __•._ • '2 24 (I 350 55 6.8 3,110 3,5010 4,300 4,130 (96 4,990 -----------
860 232 ••..•do••.••••••_••._.•.. .62 24 12 350 55 6.7 3,280 3,470 3,880 ••••.•••. 3,760 (97 4,400 ------- .._--
861 232 ••.•.do••••_•••••••.••••. .62 24 24 350 54 6.8 3,830 3,840 4,700 , ••..••..•• 4,220 (90 5,040 ---_._-----
862 232 __••.do. ____•••••••••••.. .62 24 48 350 53 6.5 3,530 I 4,710 4,580 ••.•.•..•• 4,800 (105 5,910 -- ..- ... _-----
863 232 _____ <1J_ ... _... ~ ___ .. _~ ____'"' __ .62 24 96 360 61 6.3 4,140 4,320 4,670 •• _••._._. 4, 530 ~97 ':;,820 -- .._--- ..---
86~ 232 •••••do•.__••.__••.__ ••.• .62 24 192 350 47 6.2 3,770 4,200 5,000 '_'_""" 4,310 86) 5,520 -- .. _-_ .......... -
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TESTS OF CONCRETE EXPOSED TO SULPHATE WATERS 27 
. OQring in water vapor at temperatures ranging upward from 212° F.increases resistance to a remarkable degree. Full correlation ofresistance, curing temperatures, and length of curing periods mustawait later results, but for tests between 212° and 285° F. resistancehas been in the order of both temperature and length of curing period.Ouring in water vapor at temperatures between 100° and. 190° F.does not increase resistance; on the contrary, in some cases decreasedresistance follows. Exceptions to this occurred with cylinders containing certain admixtures as discussed on pages 59 to 74. 

ABSORPTION AND STRENGTH 

Those cylinders referred to in Table 10 that were cured continuouslyin water averaged lower in absorption than did the cylinders cured inwater vapor. For identical curing periods, absorption was nearlyconstant, regardless of temperature, although there was a tendencyfor absorption to decrease as duration of the curing period increased.The data in Tables 11, 12, and 13 do not indicate a general increaseof strength. of the fresh cements, with increase of temperatures above100° F., with the single exception of those cylinders cured at 155°.On the other hand, those cylinders referred to in Table 11 that weremade with the cements stored for one year, generally displayed atendency to increase in strength as the curing temperature wasincreased. The 10 fresh cements used in these tests were purchasedin the open market from warehouse stocks newly received, as indicatedby invoices, while the stored cements were lots of the same brandsthat had been kept in their original bags in a winter-heated dry roomand were not lumpy when tested. 

TABLE B.-Compression strength of concrete cylinders cured in water vapor attemperatures between 1000 and 8500 F. for different periods 
[All cyUnders were first cured 24. hours at room temperature In moist closet. Cylinders cured In watervapor were stored In air and tested dry In compression at seven days. Test results are, in all cases, theaverege for four or more cylinders. Italicized ligures indicate retrogression in strengtb) 

MADE WITH FRESH CEMENT 

Check cylinders cured Compression tests at 7 days, pounds perin water square incb 

I Compression
Portland tests, pounds Cylinders cured in water vapornt 100° F.Series Absorp. per squure Inchcement tion

(per
cent)
at 21 Aver·
days 7 days 28 days b~t'~ 6 hours 24 bours 96 bours '~W86

hours
'------------ ._--274. _____••••• _••__•••••• 1..•.__ •._. 5.9 4,240 5500 3,360 3,9iO 4,300 5,810 4,381)275. ___•••••_••••••••_.._ Kl._._•••• 5.8 4,010276.___•___._••__ ••__.•••• 6:340 3,550 3,770 4, i30 4,040 4,150H •••••_••• 6.1 3;«80 5,210 3,1l0 3,450 3,930 4, 610 3,780277••_••••_._._••_••••_•• C ••___ •••• 6.2 3,640 5,620 2,610278._ ••__ ••___• ___•__... 3,190 3, SIlO 4.1i0 3,440E ••_••_•••279 ••••__ ._••____• __ • ___• 5.9 3,560 5,700 2,900 2,900 3,670 4,110 3,400F •••_._••• 5.5 5,110 6,700 3,750 4,090 5,370280.____._••••_••••••• _•• 0 ••_.__.•_ 6.2 4,240 

5,040 4,560
281.__ ••••__••_._•••_•••• 5,2iG 2,980 3,BOO 4,260 4,280 3,830
282. __ ••••••••••••__._._ 

1'.1.__ ••••• 6.8 4,040 5,270 3.310 3,810 4,280 4,680 4,020P ••••••••• 5..5 4,420 6,590284. __•••••_••__• ___•••• 3,510 3,830 4,730 4,470 4,140D ••••••••• 5.5 4,470 6,050 3,670 4,150 4,900 6,090 4, i30
Average•••_ ••••• _. -------- ... -- .. 5.8 4,140 5,830 3,280 3,700 4,420 4,780 4,040 
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TABLE ll.-Compression strength of concrete cll!inders cured in water vapor at 
temperatures between 1000 and 8500 F. for different periods-Continued 

MADE WITH CEMENT STORED FOR o:r-."'E YEAR 

Check cylinders cured Compression tests at 7 days, ponnds per 
in water square inch 

Comprersion

tests, pounds Cylinders cured in water vapor at 1000 F.
PortlandSeries A~~g~P- per square inch cement 

(per
cent) 
I't21 
days 7 days 28 days 1M 16 hours 24 hours \l6 hours a~:~~~bours 1~ 

hours 

-------1----1--1-'--1-'------- 
~________._.____._____. L_________ 6_1 2,560 5,200 600 2, 370 £,150 3,4S0 2, 140 
20i______________________ KL_______208_____________________ H_________ 6.5 

6.5 
2,560 
2,910 

4, 510 
4,620 

980 
1,940 

1,870 
2, 010 

2, 260 
3,150 

2, 820 
5,000 

1,980 
2, 520 

209______________________ C.._______ 
-210..____________________ E_________ 
211______________________ F_________ 
212______________________ G _________ 

6.8 
6.3 
6_ 2 
6.3 

2,140
3,430 
3,590 
2, 930 

4, 520 
4, 890 
4, 900 
4,740 

830 
1,970 
2,450 
1,870 

J,31O
2,980 
e, -!f0 
2,260 

2, 280 
3,420 
3,640 
3,250 

£.1-10 
3,900 
3,890 
3,560 

1,640
3,070 
3,150 
2, i30 

213______________________ 2\L_______
-215••____________________ P _________ 

6.6 
6.1 

2,760
3,860 

4,510
4, 670 

2, 120 
2,8S0 

1i,080
2, 990 

3,210
4, 160 

3,430
S,78O 

2, 710 
3,440 

'217 _____________ •________ D_________ 6_ 3 3,360 5,220 1,690 2, 290 3,1SO 3,8S0 2,760 

A..erage. ____••___••..••_••..••_~ 3,010 4, 7SO 1, i30 2,260 .... 3,090 3,380 2, 610 

MADE WITH FRESH CE?>IENT 

Compression tests at 7 days, pounds per square Inch -

Cylinders cured In water vapor at Cylinders cured in steam at 2120 F.155° F.PortlandSeries cement 
!Aver: Aver

1M 6 24 \l6 a!:Z--for 1~ 6 24 \l6 age for 
hours hours hours hours .1 96 hours hours hours hours 172--96 

hours hours 

- --,..--.------ ---- 
-274. __ •• ___ •••.•_. __ L _______ 4,200 4,560 -1,090 5,4SO 4,580 3,7SO 3,790 4,410 4,740 4, ISO275_____ ..__________ Kl ______ 3,920 5,700 4,610 .\,.\60 4,170 3,310 3,410 4,440 -1,100 3,820276________.o R _______ ____ .o_ 3,710 4,490 4,770 5,690 4, 6iO 2,520 3,080 3,160 4,290 3,260C_______-277_________________ 3,020 3,710 4,490 5,350 4, 140 2,580 3,050 3,940 5,190 3,690278___ • __ • __________ E .._____ 3,2.40 3,930 4,790 5,550 4,380 2,740 11,680 4,230 4,590 3,560 

4, 330 5,3iO 5,£00 5,850 1i,190 3,790 4,050 .\,GIIO 5,130 4,260
279. _____________ • __ F . ______ 
280.. __ • ____________ G_______ 

3,550 4, 160 5,130 5,740 4,650 2,840 3,510 3,950 4, 370 3,670 
282_________________ P _______ 
281 _____________• ___ ]\11. _____ 3,480 4, 610 -1,-110 5,660 4,540 3,170 8,000 4,430 4,680 3,820 
284_________________ D ___ . ___ 3,570 4,820 .1,580 5,650 4,640 3,770 3,860 4,180 5,620 4,360 

3,860 4,960 6,070 6,420 5,330 3,800 4,000 4,610 5,530 4,490 
A't"erage. _______________ 3,690 4,430 4,810 5,590 4,630 3, 230 i 3, 440 4,140 4,820 3,910

1 

:MADE ·WiTH CRl\lENT STORED FOR ONE YEAR 

1,-170 2,290 2,850 2,030 
2,340~==::========::=::I j{i:===== -i;m- -i;8ixi- -2;aiii- -3;700--2;260- ~~ 1,5fO 2,320 3,420208_________________ H_______ 1,940 2, 140 2, 990 3,770 2,710 1,700209________________ • C________._____ _______ _______ _______ _______ 1,200 1,950 2,560 4,360 2,640 

1,610 2, 100 3,930 2, 210210_________________ E _______ 2,500 3,090 3,600 4,160 3,340 1,860 2,090 2, 760 4,380 2,770
211._____________.__ F _______ 2, 130 2, 470 3,080 4,8iO 3,140 2,070 2, 520 3,340 4, 610 3,130212_________________ 0 _____________________ ._._________________ 1,600 2,200 2,870 3,780 2,610
213_________________ 1\[__ ____ 2, 310 2, 630 3,120 4, 120 3,020 1,580 1,980 2,480 4,590 2,660215________.________ P __________________________________________ 2, 270 

2,850 3,750 4,830 3,420
217_________________ , D _______ 1,850 2,230 3,520 4,230 2,960 2,120 2,690 2,920 3,650 2,840 

A't"erage..______________ IJ, 990 12, 380 13,100 14,140 12,900 1,800 2,090 2,740 4,030 2,660 

J _"-verages for 6 cements ani),. 



'TESTS OF CONCRETE EXPOSED TO SULPHATE WATERS 29' 
TABLE n.-Compression strength of concrete cylinders cured in water vapor attemperatures between 1000 and 8500 F. for different periods-Continued 

MADE WITH FRESH CEMENT 

Compression tests at 7 days, pounds per square Inch 

Cylinders cured in steam at 2600 F. Cylinders cured in
Portland steam at 3150 F.Series cement 

Aver·
17\l h h h age for. hours 6 ours 24 ours 96 17\l hours 17!!-96 hours 6 ours 24 hoursI hours--------�----;1'-- ~----I---------274______________________ I - -_.-_-.-_-__--__-1 3,160 3,630 4,010 3,690 3,610, 2,970 4,070 3, £1,02i5______________________ K 1 2,710 3,040 4,550 11,880276______________________ H ________ .' 2,450 3,530 I 2,860 3,84Q S,Soo2,820 3,440 3,780 3,120277______________________ C _________ j' 2,260 2,680 

2,290 I' 3,430 4,2iO4,240 4, i60 3,490 2,220 3,590 3,960278___ • __________________ E_________ 2,390 2,070 4,090 4,440 3,470 2,160 4,030 4,950'279______________________ F -_-_-_-_-_-_-_-_-_"; 3,470 4,120 5,310 4,350280_____________________ O 2,760 2,020 
4,310 3,320 4,230 .,loo4,260 £,050 3,000 2, no e,I,OO281______________________ M ________, 2,340 2. 840 3,7iO 5,240 

2, 820'
282______________________ P ______.__ 3,040 3,940 5,330 

3,550 2,650 3, i60 4,470
284______________________ D---------

4,750 4,270 3,050 4,170 4,540

L 
3,180 4,120 4,890 3,660 3,960 3,250 4, 190 3,010

Average_.- ____________________1 2,780 3,310 4,390 4,0/;0 3,630 2.750 3, i70 3,870' 

MADE WITH CEMENT STORED FOR ONE YEAR-.
206 _____• ______________.. L _________
20i_______... __ ... ___________ KL_______ 1, ISO 1,370 2,570 2,030 2,010 830 3,080208 ______________________ R _________ 1,290 2,100 2,910 4,040 2,580 1,140 1,000'2,4SO 3,940209________• _____________ C_. _______ 1,520 2,260 3,300 4,070 2,790 1,710 2.650 4,810210 ______________________ E _________ 1,230 2, 130 3,220 3,800 2,590 1,160 2,390 3,860211. _____________________ F ___ ..____ 1,340 2,250 3,770 4,900 3,060 1,610 2,910 I 4,120212_____________________ G_________ 1,950 2, 610 3,660 5,540 3,440 1,830 3,470. 5,450213______________ • ___ • ___ ?f. _____._ 1,930 2,510 3,730 £,950 2,7SO 1,700 2,990 3,6201,260 2, 120 3,350 4,610 2,830 1,750 ~, 730 4,870215___•.___• __ .._.___.•_ P._-.----- 2,470 2,9SO 4,250 5,070 3,690 I,GOO 3,360 8,080217. __ • ____• __________.._ D _________ 

1,520 2,080 3,100 3,040 2,410 1,980 2,420 4, 170
Average___________ .. _-._------- 1,570 I 2,240 3,390 4,090 2,820 1,530 I 2,740 ~ 

_MADE WITH FRESH CEMENT 

Compression tests at 7 days, pounds per square inch 

Cyllnders cured in
Series Portland steam at 3150 F_ Cylinders cured in steam at 350° F.

cement 
A \'erage Average96 hours ror IM-96 17\l hours 6 hours 24 hours 96 hours for 17!!-95hours hours------/----1----1------------1·---1---274..________________ 1_________


275_______________._ Xl________ 3,460 3,440 3,150 3,520 4,610 4,610 3,971}
276_________________ R _________ 3590 3,400 2, 910 3,600 3,7SO 4,720 3,750
2i7____________ •____ C_________ 3;710 3,430 2,060 4,320 4,570 4,180

278 ________...______ E _________ 9,880 3,410 2,200 3,880 4,340 4,860
279_________________ F _________ 4,910 4,010 3'::2,100 4,460 5,330 4,.!/0 4' (J8()"280_________________ G_________ 4, 430 4,020 3,200 4,230 4. 850 6,230 ~ 63(}'281 _________________ 1\1________ 3,750 2.920 2,660 2,970 4.110 4,850 3,600282______• __________ P---_.----

4,070 3,740 2, 870 4, ISO 4,490 5,170 4, 18()'284_________________ D ________ 4,900 4,170 3,020 4,040 4,930 5,630 4,41(}t,780 3,310 3,llO 3,310 4, 330 4,520 3,820 
3,950 3,590 2, 730 3,850 4,530

A verage______ -------.---- ~-
4,920 4,011}· 

MADE WITH CEMENT STORED FOR ONE YEAR 
206 _________________ L _________

207______.._________ RI________ £,000 2,210 1,250 2,540 3,020 
 2, 756208 _________________ R _________ 3,760 1,450 4,200 I2,830 2,910 4,110 4,320 3,200209_________________ C_________ 4,566 3,430 1,730 2,850 4,790 8.940 3,330210_________• _______ E _________ 4,050 2,860 1.460 2, 520 3,760 3,800 2,SSO211_________________ F _________ 4,980 3,400 1,440 2,860 4,880 4,091) 3.321)212_________________ G _______.. 6,StO ,4,020 1,340 3,470 5,090 4,$60 3,IiOO213_________________ M ________ 4,310 3,150 2, 070 2, 820 4,050 5,340 3,570215________________ ~,610 3,460 1,4SO 2,810 4,390 4,530 3,300P..------- 3,340 4,710 4, 710 3,BOO
217_________________ D _________ 4,990 3,260 2,680

_. £,700 2,820 2,040 2,600 3,370!' 4,260 3,070"
A verage._____ -----.._---..- ~"

4,210 3,140 1,690 2,870 4,220 I 4,350 3,280' 
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TABLE 12.-'-Compressive strength per square inch and absorption in 21 days oj 
concrete cylinders cured in water vapor Jor periods oj three-Jourths oj an hour 
to 8 days at various temperatures 

[All cylinders were first cured 24 hours in moist closet at room temperatures, and fol1owin~ curing in water 
vapor were stored In dry air until tested. Each test result is averago for 4 or more cylinders. Cement 
used was equal parts brands A and Bl] 

Oheck: cylinders cured in % hour 1~ hourswater 

Temperature of Compression Compression Oompressionwater vapor 
Absorp Absorp

tion tion 

7 days 128 days 7 days 28 days 7 days 28 days 

-----~-----I-----------------
Pounds Pounds Per ant Pounds Pound. Pound. Pounds 

3,270 2, 630 2, 460 
3,550 2,1140 3,240 

212___________________ 
230___________________ 3,230 4,720 6.9 3,0:10 2,880 2,500 2,400 
260 _________________ _ 3,730 5,100 7.0 2,060 2,170 1,830 2,100 
285 __________________ _ 3,640 4,960 7.4 1,960 1,930 2,000 2.130 
315__________________ _ 3,700 5,7SO 7.3 1,7SO 1,740 2, 010 2,2:10 
350__________________ _ 3,810 5,050 6.9 2,010 2,020 2,400 2,640 

3,840 5,310 7.3 1,670 1,940 2,500 2,800 
....verage_______ _ 5.8 3,670 5,150 7.1 2,080 2,110 2,240 2,400 

~----.-3-h-o-ur-s-----I----~6-1-'o-u-r-s------
Temperature of water vapor Compression Compression 

A~fg~P- At~~P- 1-----;----1 A~fg~P- 1----.---- 
7 days 28 days 7 days 28 days 

----------·)----1----)·---)----------------
OF. Per cent Per ant Pound. Pounde Per cent Pound. Pounds100_________. ___________________ ----________________ 3,200 _________ _3,080 

~155_______ ....______ _____________________________•• 3,730 _________ _3,380 

212______________________•______ 
)----)----)----)---1------------
230_____________________________ 7.4 7.2 2,800 3,130 7.0 3,220 3,470 
260_________________•___________ 6.9 6.7 2,1SO 2,320 0.6 2,300 2,900 

7.1 7.2 2,170 2,460 7.0 2, iOO 2,870285_____________•_______________ 7.2 7.3 2,420 2,500 6.8 3,080 3,370
315_____ ... _. __ ... __ ... ,. _______ ......___ 6.S 6.5 3,090 3,030 6.8 3,560350_.___________________________ g:m7.0 6.7 3,210 3,310 6.8 a,lIO-------------.A verage __________________ ~-7.1 6.9 2,660 2,810 6.8 3,630 3,360 

12 hours 24 hours 2 days 

Temperature of water Compression Compression Compressionvapor 

7 days 28 days 7 days 28 days 7 days 28 days 

--------)--- -------------------------- ---- 
~F. Per cent Pound. Pounds Per cent Pounds Pounds Pound. Pound.100___________________ 


155___________________ 
...._------- 3,470 ---------- ---------- 4,280 4,2:10 
--._------ 4,020 ---------- ---------- 4,420 4,460 


212___________________ 

230___________________ 
 7.1 3,570 3,580 7.2 3,960 4,100 4,3110 4,670 
260___________________ 6.8 2,640 3,200 6.6 a,560 a,250 3,900 4,650 
285___________. _______ 6.7 3,100 3,380 6.7 3,4SO a,810 3,720 3,880 
315___________________ 6.5 a,32O 3,420 6.3 3,740 4,160 3,300 3,600 
350____ •______________ 6.5 3,410 3,780 0.8 3,1SO 3,750 3,440 3,970 

6.7 3,280 3,470 6.8 3,530 4,7103,830 I 3,840 


A vcrage ________ 
 0.7 3,340 3,470 0.7 3,630 3,830 a,710 4,250 
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TABLE I2.-Compressive strength per square inch and absorption in 21 days of 
concrete cylinders cured in water vapor for periods of three-fourths of an hour 
to 8 days at various temperatures-Oontinued 

2 days 4 days 8 days 

Temperature of water vapor Compression Compression 

7 days 28 days 9 days 28 days 

----------1----------------------
OF. Per cent Per cent Pound8 Pound. Per cent Pounds Pound810(1-________________________________________________ 4,870 ____________________ 

155 ________________________________________________ _ 4,720 ______,.____________ 5,280 
4,820 

212_____________________________ 
230_____________________________ 6.6 6.1 4,330 4,990 6.1 5,1SO 6,050 
200_____________________________ 6.9 6.1 4,4SO 4,600 6.2 3,830 4,450 
285 _____________________________ 6.6 6.4 3,820 3,810 6.6 3,260 3,600 
315_____________________________ 6.7 6.5 3,740 4,230 6.5 3,540 4,300 

6.8 6.6 3,430 4,280 6.8 3,580 4,640 
350____ ---- ----- ------ -- ________1 6.5 6.3 4,140. 4,320 6.2 3,770 4,200 

A veragc ________________ .. _ 6.7 6.3 3,990 4,·370 6.4 3,860 4,570 
1 

TABLE I3.-Compressive strength in pounds per square inch of concrete cylinders 
cured for 12 to 32 days in water vapor at different temperatures 

Temperature of water 12 14 16 I 18 20 22 24 26 28 30 32 
vapor days days days days days days days days days days days 

----- --I- -
100° F _________________ 
155° F _________________ 4,760 4,910 4,610 4,760 4,460 4,200 5,380 4,950 5,100 4,610 4,530 
212° F _________________ 5,100 4,600 5,210 4,500 4,740 4,850 5,000 4,730 5,020 4,960 4,550 

4,670 4,550 5,080 4,580 4,530 4,840 4,430 4,600 4,200 4,500 4,860 
1---Average _________ 4,870 4, i20 4,970 4,640 4,580 4,660 4,940 4,760 4,800 4,690 4,650 

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° F., for the 24 and 96 hour curing periods. While strengths of the 
steam-cm·ed cylinders averaged lower than 28-day strengths of the 
water-cured check cylinders, the data in Tables 11 to 13 reveal that 
individually, in some one or more of the high temperatures, cylinders 
made of each of the cements either exceeded, or approached 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 arc somewhat contrary to those reported a 
number of years ago by Wig (53), whose report was based on tests 
made in 1907 and 1908 in the structural materials laboratory of the 
United States Geological Survey at St. Louis, Mo., in which it was 
found that: 

A compressive strength considerably (in some cases over 100 per cent) in excess 
of that obtained normally after Rtiing for six .months may be obtained in two days 
by using steam under pressure for curing the mortar or concrete. 

Woodworth (00) 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 concrete is influenced 
by both the cement and the sand, since in the manufacture of sand
lime brick strengths upward of 8,500 pounds per square inch have 
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been obtained. by using steam pressures of 125 to 150 pound.s per 
square inch (42). It is evident, therefore, that Portland-cement. 
concrete c1ll"ed at these high temperatures could ,reasonably be' 
expected to be stronger than that normally cured, particularly at less 

ages, if conditions were 
~oo~----~----~----~~----~~ 	 such that the free lime 

hydrate of the cement 
could combine readily 
with the silica of the 
sand which is active at 
these high tempera
tures. That some con
cretes cured at high 
temperatures do not 
develop strengthsinex
cess of the strength of-----	 concrete cured normal~olo------ll~~------zJI-z--~:zt6o::::::t::;~31S 350 
ly may indicate thatOegrlles Fahrenheit 
the active silica in the 


FIGURE 12.-Strengtb, at 7 days, o( concrete cylinders made o( fresh sand is not sufficient 

cements cured in water vapor at temperatures shown for 1M to 96 
hours. (Based on Table U) 	 to bring this about. 

Cylinders of all the 
cements, both fresh and stored, showed retrogression of strength for 
some time period at some of the temperatures, particularly for the 4
day (96 hours) period at temperatures of 2600 and 3150 F. Such re
trogression 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
bi.lr of other workers. 

$OO~----~-----T----~------~~(9\\ 48, 56, 60.) The 
folloWing e).-planation 
of this phenomenon 

.c_ 

.... .c 
~g~OO~-----+------4---~~------+---;has been suggested by .,.
'-II>

-+-'-Thorvaldson and Vig ~III 

fusson (48) as a result .~ f 3,500......:::...----+------4------,1,.~__;_---:::l-:----i 
II>of an interesting series on .,

L."O 
...of physical and chem

enD. 

o.cicalexperimentsatthe g 8.2,500 i------::.l:---...-;-----\------t----::;;.-""--t----I 
University of Sas u

katchewan under the 
auspices of a research ~0~OLO------'5L5------2~12~·~:Z~6~O====..3~'5==3=~~. 
committee of the En Degrees Fahrenheitgineering Institute of 
Canada. FlGUitE l3.-Strength, at 7 days, o( concrete cylinders, made o( cements 

stored (or 1 year, cured In water vapor at temperatures shown for 
It seems probable that 1~ to 96 hours. (Based on Table 11) 

the first action, causing a 
loss in tensile strength, is due ~o a change in the tricalcium aluminate of the cement 
and that this change is the primary causel)f the increase in the sulphate resistance 
of the mortar. The second change, causing an increase in tensile strength, could 
then probably be due to hydration of the silicates, speederl up by the action of 
steam or possibly partly due to the formation of stable cementing substances 
from the aluminate. 

Regardless of whatever physical or chemical changes in Portland 
cement .follow curing in water vapor at temperatures of 212 0 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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PHOTOMICROGRAPHS OF NEAT C.E'ME'NT BRIQUE'TS SHOWING PHYSICAL 
CHANGE'S RE'SULTING FROM DIFFERENT COI\OITIONS OF CURING 

AJ ("urril1~ finy~ in \\!It(\r:tt (nUll} tNlIJtt'n~ttJn'~ B. Pun'd I.IH,ur" ill ~fi1aHl fit :U.j.° V'. ('. CurNl 
2·t 11tJ1J~ fn ~tt·arl1l1l :U.'"."':, I Y ;i.i(l, 
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CYLINDERS MADE OF TwO DIFFERENT LOTS OF STANDARD PORTLAND CEMENT AFTER STORAGE IN MEDICINE LAKE FOR THREE YEARS 
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of specimens. Within 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 as it does 

when water-cured, although the rate of gain is somewhat retarded, 

the retardation depending on temperatures and duration of curing 

period. This statement is based on a study of the 7 and 28 day and 

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 

the cylinders cured !l,t s.oOOIT"Iy":;::l""'''''/~~
'" 	 ;:::::---;-'------, 
155° were stronger in all ~ ,r ~~~~ 


cases than those cured ~f{~~"""~~'-=--~~..... ~I ----~~~~~
"CIX) ~~1It::::at either 100° or 212.0. N24,OOO L~' 


All temperatures In 1;.E 
 V 
these steam-curing tests ~ ~ 

were those to which ., g"3J)OOt-HL.--+---+-----_---I

specimens were actually t; ~ 

subjected during curing ~ ] 
 1 

and, it 	will be noted, .;;; ~ 


. I b "''''-c,<>nOOt--tf-t---t----+----__-t
are conslderab y a 	 Iove ~_L#' 


those of 100° to 135° F. E 


ordinarily used at COffi- 8 
mercial tile plants man u

1.000 3 S 12 '24facturing tIsteam-cured" 	 48 
Period of curing in moist closet (hours)products. The maxi 6966 60 48 24 

mum temperature of Period of curing in steam chamber (hours) 

350° is no greater, how FIGURE H.-Strength of concrete cylinders as affected by tbe time 


of tbeir transfer from moist closet to steam chamber. Tbe totalever, than has been uscd curing period of 72 hours was followed by 2li days In air. Eacb 
point Is the average for five cylinders made on different days and in the manufacture of tested room·dry. (Cements A and Dl mi.~ed In equal portions) 

sand-lime brick, and is 

therefore within the limit of practical application. A previous pub

lication (37) gives more complete details about certain phases of 

concrete cured at high temperatures. 


RESULTS 	WITH VAPOR.CURED CONCRETE 

Concrete cured 12 to 24 hours in water vapor at temperatures 
!i

between 100° and. 350° F., then stored in dry air at room temperatures, 
had a 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 wa,ter 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 continuously water cured 
at room temperatures. 

16154~33-5 
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Variations in curing temperatures between the limits of 100° and 
350° F. had no pronounced effect on strength, although specimens 
made with fresh cements were consistently somewhat stronger when 
cured at 155° than at the other temperatures. Specimens made 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°, lind 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 continued 
to increase in strength at a rate not 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 temperatures of 100°, 
155°, and 212° F. was 12. to 24 hours after 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 
similar 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 
at higher temperatures or after longer curing periods. This phenom
enon occurred most frequently and generally was of greatest magni
tude in those groups of cylinders cured 96 hours at 260° and 315° F., 
with the result that tests were more uniform at 100°, 155°, 212°, and 
350° than at either 260° or 315°. 

With some exceptions the cements that lost most in strength during 
storage, as indicated by tests of cylinders following curing at all 
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. Between 212° and 285°, increased resistance 
followed increase of curing temperature. At a temperature of 212°, 
increased resistance followed lengthening of the curing period up to 
six days. Data for longer 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 in water vapor at high temperatures 
is not a criterion of resistance to sulphate waters. 
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TABLE 14.-Tests of 3 by .4 inch concrete cylinders made from Portland cements from different mills after exposure for various periods in 
11fedicine 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 ] :3. Each test result, wlth a few exceptions, Is an average of 5 cylinders made on dl1Ierent days.
Figures In parentheses, In compression test columns, indicate per cent of normal strength hased on para\lei tests of cylinders Crom the same hatches, stored fu tap water In thelaboratory] ~ 

I Curing metbod Averag~ compression testa (pounds per square inch) ~ 
Cement 

laho- Absorp-Series Portland cement Water ~ 
ratory ratio tion at Tank specimens Lake specimensTime inNo. Time in Time in 21 days bmoist water air ocloset 

7 days 28 days 1 year 5 years 1 year 3 years 5 years 

Hours nal/8 ])a1/8 Per centHA and HBL______________172 18 _____ do________________________ 0.59 24 20 35 5.6 2,870 4,190 5,300 5,400 4,370 (82) o177 18 ---------_____ do________________________ .59 24 20 35 5.9 2,520 4,~OO 4,930 6,120256 61 3,670 t) --------0- o I 
- ____do________________________ .59 24 20 35 5.8 2,780 3,950 5,200 6,520 1,480 28) o391 t974 _____ do________________________ .62 24 20 35 6.3 3,130 4,890 6,060 6,430 2,480 41) 0 o434 74 ~.66 24 20 35554 129 _____do________________________ 0.4 2,590 4,030 5,050 5,830 4, 870 ~96) 0 o 
_____ do_____________________'___ .64 24 20 35 0.3 3,570 4,760 5,980 6,820 3,530 59) 0 o583 139 ~ _____do ___________________ •____ .62 24 20 35 6.3 3,810 4,950 6,420 7,820 3, 650 ~57) 0 o r:Jl640 139 _____ do__________ •__ •_. ________ .64 24 20 35 6.5 3,320 4,470 5,800 6,070 4,530 78l 0 o t9715 176 - ____ do_____________________ •__ .62 24 35 5.6 3,830 5,100 6,420 --_ .._----- 4,550 (71 0 o l:I771 204 _____ do_____________________ •__ .62 24 2020 35 5. 9 3,450 4,440 5,870 0 0 o776 

I 
204 _. ___ do________________________ .62 24 20 35 6.2 3,400 4,420 6,48ll 0 0 o 1-:3801 219 ---------

_____ do_________•_________ •____ .62 24 20 35 5.8 3,740 6,260 5,790 ---------- 2,820 (49) 0 o o806 219 _____ do________________________ .62 24 20 35 5.8 3,450 4,620 6,110 ---------- 1,620 (27) 0 o811 219 _. ___ do_________________ •______ .62 24 20 35 5.5 3,620 4,930 6,350 ---------- 0 0 o r:Jl822 225 _____ do_________________ •______ .62 24 20 35 5.3 3,220 5,230 6,250 3,800 (61) 0 q---------- o830 232 _____ do________________________ .62 24 20 35 5.9 3,230 4,720 6,360 __________ 3,950 (62) 0 o840 232 _____do_____ •_______________•__ .62 24 20 35 5.8 3,810 5,050 6,010 --- ...._---- 3,060 (51) 0 o ~ 855 232 -____ do____________________ ••__ .62 24 20 35 5.7 3,840 5,310 5,540 --- .. ------ 4, 070 ~73) 0 o976 237 BI._____________________ •____ .62 24 20 35 6.0 3,700 4,590 5,71'0 ---------- 4,650 \81) 0 o258 62 BI. ______________ •___________ .59 24 20 35 5.8 2,960 3,790 4,580 5,780 800 ~17) 0 o ~ 655 156 B 1________________ • __________ .62 24 20 35 6.4 3,670 5,070 5,800 ---------- 2,870 50) 0 o t!:I665 156 .62 24 20
670 161 B 1_ • __ •______________________ ---------- 5.9 3,500 5,020 5,820 ---------- 3, 860 ~66) 0 o.62 24 20 6.2---------- 3,550 5,4iO 7,100 - ..-------- 3,050 43) 0 o675 161 .62 24 20 35 5.8 3,490 5,320 6,450 ---------- 3,870 0 o ~t)690 166 ~i:::::::::::::::::::::::::::B I. __________________________ .62 24 20 ---------- 6.4 2,830 4,580 6,150695 166 _62 24 ---------- 3,810 62) 0 o 
699 170 B L ___ • ___ •__________________ 20 35 0.8 2,960 4,340 6,510 ---------- 4,210 65) 0 o ~ 
709 B I. _____ • __ ••___ •____________ .62 24 20 35 5.8 3,660 5,580 6,250 ---------- 3,130 0 o tl:jt)170 .62 24 20BL••_••______• ___ • _________ • - ..-------- 5.8 4,020 4,910 6,940 --- .._-_ .. _- 2,930 42) 0 o r:Jl730 178 
735 178 B I. ______ • ____ •______________ .62 24 20 ---------- 5.6 3,400 4,610 5,780 ---------- 2,580 45) 0 o.62 24 20 35 5.6 3,820 4,660 5;450750 183 BI. _________ • ___• _____ •____ ._ ---------- 5,360 (98) 0 o 

BL •__ • _____________________ • .62 24 20 ---------- 5.9 3,810 5,340 5,740 ---------- 1,790 (31) 0 o755 183 5,650 __________.62 24 20 35 5_7 1 3,500 5,190 5,430 (96) 0 o ~ 
C1 



TABLE 14.-Tests of 2 by 4 inch concrete cylinders made from Portland cements from different mill8 after exp08ure for variou8 period8 in ~ 
Medicine Lake, S. Dak~, as compared with similar cylinder8 storeain tap water-Continued 

11..verage compression tests (pounds per square inch)Curing method ~ 
Cement Absorp· 

o 
laba Water tion at Tank specimens Lake specimensPortland cement 

Tim~ in ITime in ITime in 21 days I---..,----;---,--~
Beriesl ratory ratio 

No. mOIst water alr
closet 7 days 28 days 1 1year 5 years 1 year 1 3 years I 5 years 

; 
~ --1---1 1-1---1---1---1---1---1---1---1----

Houra Daua Daua Per ant 
.f64 109 Portland B2_________________ _ 7,070 5,940 920 0 

.465 110 _____ do______________________ __ 20 35 5.5 ~~ ~~ 6,910 6,070 4,850 70 o 0
0.64 24 20 35 5.8 ~m ~~ 5, 950 ~84~ 

.64 24 
466 111 Portland B3_________________ _ .64 24 20 35 5.7 ~m ~~ 5,860 5,790 3,960 68 o 0 
257 65 A __________________________ __ 5,490 6,440 3,190 58 00.59 24 20 35 5.. !! ~m ~~ 

657 158 11..__________________________ __ .62 24 20 35 6.5 ~~ ~~ 4,020 
 o o 0 
667 158 11.. ___________________________ _ 6,280 o 0.62 24 20 6.0 ~~ ~~ 790 (l3~
672 163 11.. __________________________ __ .62 24 20 6.0 ~~ ~~ 6,070 1,880 (31 o 0 

677 163 11.. __________________________ __ 6,070 1; 630 (27 o 0 

692 158 11.. ___________________________ _ 5,760 ~ (12) o 0


5.9 ~~ ~~ Q1.62 24 2020 ________ 36 __ 
~ 

.62 24 5.6 ~~ ~~ 
697 168 11.. __________________________ __ 20 35 5.9 ~m ~~ 5,820 1,670 (29 o 0.62 24700. 171 11.. __________________________ __ 5.8 ~~ ~~ 6,190 1,830 (30 o 0.62 24 352020 ________ __ ~710 171 11.. __________________________ __ 5,260 1.940 (37 o 0 

731 179 11.. __________________________ __ 5.7 ~~ ~m 6,430 810 (l3l


.62 24 20 _______ __ 5.6 ~~ ~~ l o 0 

S" 

.62 24736 1711 11..__________________________ __ .62 .24 ::0 35 5.8 ~~ ~~ 5,~ 2,620 (62 o 0 ?l 
761 184 11.. ___________________________ _ 20 ________ __ o 0.62 24 5.8 ~~ ~~ 6,~ t::I766 184 11.. __________________________ __ 5,850 ________ __ 2, 310 !38). o 0.62 24 20 34 5.7 ~~ ~m 4, 420 76~ I!l369 86,99 L ___________________________ _ .64 24 20 35 6.1 ,~ ~m 6,110 6,650 4,470 73 2,~ 0 

703 174 I ___________________________ __ 6,240 89 
 4,150 __________ __

.62 24 20 S5 6.2 ~~ 7,040 5, ___________ _~ 

713 174 I _____________________ ______ _ 5.7 ~ ~m 6,330 5,800 92 ~ ~ .62 24 20 ~m 6, 740 ___________ _734 182 1.__________________________ __ 5,940 6,230 (105'.62 24 20 6.0· ~~ ~~ 6,180 __________ __739 182 1.___________________________ _ 5,810 6,030 (119'.62 24 20 35 5.8 ~~ ~~ 6, 130 __________ __ ~ 754 187 1.___________________________ _ ,~ 6,770 5,950 88'.62 24 20 0.2 ~~ 6,810 __________ __
759 187 L ___________________________ _ .62 24 20 -------35- 5.7 ~~ ~~ 6,210 6,040 97 

5,370 __________ __761 199 1.__________________________ __ 6,900 91.62 24 20 35 6.0 ~~ ~~ 7,560 
.64 24 20 35 6.4 ~~,~ 5,720 7,350 4,600 80 2, ~ 1,450 (20)

1,740 ___________ •
6,~ 5,490 87.62 24 20 35 6.5 ~~ ~m 4,410 __________ ••159 20 ,________ __ 5,980 5,700 97~~668 l~b ~~=:::::=====================.K2_________________________ __ .02 24 6.0 ~m ~~20 __________ 6,800 _______ 1 __ 

2, 600673 164 K2_______-------------------- .62 24 6.0 ~~ ~~ 5..~ 186 2,710 ------------__________ __
678 164 K2____oo ___________________ __ .62 24 35 5.9 ~m ~~ 6,270 5,640 902020 ________ __ 5,060 ___• _______•693 169 D _________________________ __ .62 24 6.2 ~~ ~m 5,740 5,460 96'

6, 350 ________ __ 4,610 _____••__• __698 169 K2_________________________ __ 35 6.2 ~~ ~~ 6,580 (104' 

373 98 Kl. ________________________ __ 7,050 6,520 o 0
.62 24 20 

.64 24 20 35 6.1 ~~ ~m 3,400 148 I364 81 E .._________________________ _ ,~ 7,320 7,540 2,910 40' o 0.62 24 20 35·· 5.8 ~m 
404 103 Boo_________________________ __ .62 24 20 35 6.0 ~~ ~~ 5,470 6,310 3,160 58' 1,230 0 

413 105 Q2__________________________ _ .62 24 20 35 5.7 ~~ ~~ 6,~ 6,360 4,300 06' o 0 

401 100 Q!___________________________ 6.4 ~~ ~m 6,110 6,960 o 0 o 0
.62 24 20 35 


.64 24 20 35 6.1 ~~
,~ 6,540 6,700 810 (12) o 0 
370 87,88 P -----------------c-- ------



,~h 84 	 LL _________: _______________ _ .M ~ 200_" ___________________ "_____" 	 35 &8 ~~ ~~ 5,770 6,230 3,170 (55 2iio34 0 ___ ••______________________ _ .00 ~ 20 35 &1 ~~ ~~ 5,980 0,800 5,090 
, 0

387 82, 95 	 (85 4.390 4. l!9O'(63),.* 	 C ___________________________ _ .~ ~ 20 35 &8·IIM 165 	 ~m 0,270 7.760 4,790 (70 2,280 0
'11M C •__________________________ _ .00 ~ 20 35 &6 t~ ~~ 6,220 5,910 (95: 3,250' __ •_______ _
165 C _______________________ _ .00 ~ &5 ,m ~~ 6,590 6,200 (95 4,820 ________"__
,889 160 	 0 ___________________________ _ .00 ~ ~ c::::::= &8 ,~ &W 5,900 

5,120 ________ , __
«1,74 160 	 0 ___________________________ _ .00 ~ 20 35 &5 ,00 

6,190 (105 5,820 __________ _6811 165 	 C___________________________ _ .00 ~ 20 1 _________ _ 
&~ 7,030 5,610 (80' ~

'694 	 &3 L~ &~ 7,390 5,670 (77, '0/
385 

165 B ___________________________ _ .00 ~ 20 35 &5 ,~ &~ 6,780 _________ _ 5,910 (87 !::: ::::::::=:=
6li6 157 

H ___________________________ _ .~ ~ 20 35 &1 ,~ ~m 6,280 7,250 3,~ (59 ~ 0 ~83 
B __ _________________________ _ .~ ~ 35 &5157 	

2020 _________ _ L~ ~~ 5,670 4,510(80: o 01\66 	 B ___________________________ _ .~ ~ 20 _________ _ &0 L~ ~m 6,040 5,490 (83) o671 162 H ____________________ _ .02 ~ &7 ,~ ~~ 6,260 5,550 (89) 4,140 __________ _0 ~676 162 B __ _________________________ _ .~ ~ 85 &5 ,~ 5,830 3,900 ___________ _691 167 	
2020 _________ _ ~m 5,870 (101)H ___ • _____________________ _ .~ ~ 	 &9 2,~ ,~ 5,040 4,150 (82) o

o696 167 	 610 0D _______• _______ •__________ _ .~ ~ 20 35 ,~259 3a. 	 .00 ~ 
&6 ~~ 5,510 2,~ 0

368 85,94 
D ____._._.- _________________ _ .M 

20 35 &4 ,~ ~~ 5,900 6,230 ~: ~gg (~goi) o 0
701 172 D __ •______.. _____ •• ____ •____ _ ~ 20 35 &4 ,~ ~W 5,730 0,770 2,986 (52 o 0 

~
.~ ~ 35 &1711 172 	 D _______ • ___ .'._______ . ____• __ 2020 _________ _ ~~ ~~ 6,170 5,700 (93 2,170 0 ~')D.____________ • _____________ _ .~ ~ 	 &8 ,~ &~ 7,050 4,980 (71 2,070 _______,.: __ _732 ISO D ___________________________ _ .~ ~ 20 &9 &~ 0,620 4,700 (72 o
737 ISO D _________________________ • __ .~ 'W 0 ~
~ 20 35 &2 ,~ &m 5,580 4,760752 185 	 D _______________________ .~ ~ 20 &8 ~~ 

(85 1,100 0
'757 185 	 -------35- &~ 6,090 3,850 (63 o 0 Li!l,
763 196 	

B B _________________________ _ .~ ~ 20 &7 ~~ &~ 6,160 4,860 (79 3,490 _______. ,___ _

F__________________________ _ .~ ~ 20 35 6,360 ________ __
361 SO 	 .~ 

&9 ~~ &~ 2,830
o 

(44 o 0 ~X ___________________________ _ M 20 35 &3 2,~ ~m 6,300 5,730769 201 	 o 0
576 133 AA _________________________ _ .~ ~ 20 35 &3 ,~ ~~ 4,440 (69) o 0

765 197 AA_________________________ _ .~ M 20 35 &0 ,~ ~~ 4,820g::~ ----ii:52O'\________ __ o 

(59) o 0
3,440
402 	 R ___________________________ _ .60 ~ 20 35 &8 ,~ &00 o ~101 V ___________________________ _ .~ M 20 ,~ 	

0
415 107 	 .~ 

35 &3 ~~ 6,290 5,900 2,440 (39) o 0M 20 35 &5 2,~ ,~ 5,920555 128 	 y ------------------- --------  .04 M 20 35 &0 5,500 2,940 (50) o 0 o
8

657 128 	 My ----------------------------__________________________ _ .73 M 20 35 &4 'W ~~ 5,480 0,610 3,510 (64) o 0
313 	 2,~ ~200 4,690 5,500 1,800 (38) o65 G___________________________ _ .60 M 20 35 &9 ,~ L~ 6,~ 5,~ 2,250 (37) 

0 tJJ·366 77,96 G____________________________ .04 ~ 	 o 0rm 134 	
20 35 &0 ~~ ~~ 5,900 6,690 I, 930 (~3) G 0,m702 173 	 G___________________________ _ .~ ~ 20 35 &3 &~ 0,730 7,320 0,140 (91) 3, ~ 1,300 (18)G___________________________ • .~ M 20 35 &1 ,~ 	 3,270 ___________ _712 173 	 &~ 6,510 5,290 (81) ~\

G___________________________ _ .~ M &7 ,~ ~m 0,120 5,830 (96) 5,660 __________ .. _
733 181 G____________________________ .~ ~ ~ c::::::: &0 4,150 ___________ _
~~ &~ 5,710738 181 	 G___________________________ _ .~ ~ 35 &9 ,~ 
O,~ (100) 

5,170 ________.-- 753 186 	
2020 •_________ _ &~ O,~ 5,960 (95)G ___________________________ _ .~ M &9 ,~ 	 5,070 ___________ _768 186 	 &~ 6,290 5,890 (94) ~OL_______________________ • __ .~ M 20 35 &6 ,~ 	 7, ~ ___________ _363 	 ~~ 5,930 5,800 (98)89 02___________________ •______ _ .~ M 20

468 113 	 .04 
35 &9 ~~ &m 0,730 6,430 670 (10) o 0DC_________________________ _ ~ 20 35 &3 2,~ ,~ 6,000767 198 	 T ___________________________ _ .~ M 20 35 &2 ,~ &~ 6,000 

5,260 5,590 (93) 5,580 3, 500 (67)
405 104 	 W __________________________ _ .~ M 20 35 &4 5,330 (80l 2,390 

o
o 
o -- ..--- .. -----

o
o
o 

o
o 
o416 lOS 	 2,~ ~~ 5,530 5,860 280 (5U ___________________________ _ .~ ~ 20 35 &8 ,~ &~ 6,51() 5,240 1,490 (23414 106 	 .~ ~ 20 35 &1 ,~ ~m 6,430 5,900 2,490362 79 .~ 	 (39M 20 35 &1 6,970 


575 132 .~ M 20 35 &0 
&~ 0,630 5,720 4,410 (67) 1,860


403 102 	 .~ M 20 35 &9 ,~ 
~~ 6,500 4,000 (57) 900 

~~ &~ 6,490 6,510 4,970 (77) 2,210r_~:=================::=======1 	
,m 
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PORTLAND CEMENTS FROM DIFFERENT MILLS 

RESISTANCE TO SULPHATE ACTION 

. Standard Portland cements from different manufacturing plants may 
differ greatly in sulphate resistance, as is well illustrated by the 
photographs of Plate 5 supported by the data given in Table 14. 
This fact was reported in 1926 (34) and subsequently (36,38). The 
reason for this is pot clear. Behavior in sUlphate waters of concrete 
and mortars made of Portland cements from 35 mills has been ob
served. Each of these cements was tested under four distinct expo
sure conditions as follows: (1) Half of one of the standard 7-day ten
sile strength briquets was stored in the laboratory in a 1 per cent solu
tion of sodium sulphate, and its condition at six months was rated 
according to its appearance; (2) the companion half of the briquet 

u 
Cement index 

FIGURE I5.-Resistance to action of sulphate waters by cylinders and briquets made of standard 
Portland cements from 35 mills, as determined under different conditions of exposure (100 per
cent normal represents: For cylinders, a strength ratio of 1.00; for briquets, a visual rating of 10).
Note the general reliability of the briquet rating'.! by apPilarance after six months In 1 per cent 
solutions of Na,SO, as compared with the change o[ volume and compression tests of the cylin· 
ders similerly exposed 

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 was rated accorrling to its appearance; (3) cylinders that had 
not been air hardened were stored in the laboratory in 1 per cent solu
tions of sodium sulphate and their condition was rated by compression 
tests at one year and by length changes; (4) after five weeks of air 
hardening, cylinders were stored in Medicine Lake and their condition 
was rated by compression tests at one year. 

The results of these tests. are given in Table 15 and compared 
graphically in Figure 15. The vulues 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 
J'esisted .sulphate action under one condition of eJ..'])osure ordinarily 
:were resistant to action under the three other conditions. 

Based on numerous repeat tests, the assumption that resistance of 
a cement is a characteristic fully as constant as any other property, 
seems 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 e)..-perimElllts are given in Table 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 17.6 

TABLE l5.-Sulphate resistance of 85 standard Portland cements under different 
exposure conditions listed in order of resistance as indicated by life of cylinders 

[Excepting only E, F, M, and L, the same lots of cements were used Jor all tests] 

Cylinders Briquets rated Cylinders Medi· Briquets ratedMedi· 

cine
stored in 1 per visually at 6 stored In 1 per cine visually at 6 

cent Na,SO. months cent NS2S0. monthsLake, Lake, 
Port· S.Dak., Port· S.Dak., 1---- 
land cylin· land cylin· I 

cement Strength ders I
MgSO. cement Strength ders Na,SO. MgSO,strength NBISO. 	 strengthLire I mtios 1 per 1 per Life I ratios 1 per 1 perratios at 	 mtiosatat 1 year cent cent at 1 year cent cent1 year 	 1 year 

Week.! 	 Weeki Percen!Percen! IL ...._. 266.0 94.7 101.6 10.0 10.0 M ••••• 77.6 60.0 37.0 1.0 8.0 
C •••••• 257.0 85.0 87.0 10.0 10.0 V ••_•.• 75.0 61.0 50.0 6.1 7.0 
R •••••• 246.0 97.0 94.0 10.0 10.0 S•••••• 72.3 62. 0 58.0 10.0 10.0 
D ..._. 222.5 90.0 90.0 10.0 10.0 B1. •._. 70.0 21.3 6Q.8 2.2 4.9
1___... 220.0 79.0 ------- 10.0 10.0 E2•••__ 65.9 32. 5 no 4.0 7.0
Nl.___ 	 W.___ .211.8 86.0 57.0 	 62.0 47.0 23.0 0 7.0----...-- --------G...__._ 	 R.___ ••209.0 88.0 91.0 10.0 10.0 58.9 45.0 39.0 0 7.0
02. ___• 	 I159.7 87.0 93.0 10.0 10.0 BB•••• 55.7 21.0 44..0 -------E ••••_ 152.6 81.0 40.0 7.0 10.0 AA•••_ 51.3 37.0 59.0 4.0 ""iii~ii 
CC._•• 150.9 66.01 so. 0 51.0 0 4.0--.----- -------- Y•..••• ------- ---------K...••• 137.1 52. 0 69.0 01.•••_ 49.6 38.0 10.0 0 13.0 
Z •••••• 127: 9 87.0 no 10.0 10.0 48.7 33.0 12. 0 0 3.0P """ XL••_. 118.1 83.0 48.0 9.0 10.0 L •••._. 41.6 0 51. a ..._.., ......... 
F •••••• 115.1 so. 0 10.0 10.0 A ••••__ 36.9 0 35.710 3.5N2•.•_. 95.3 81.0 67.0 10.0 10.0 T ••••.• 30.0 a 5.0 a 5.0
Q2.__• 91.6 70.0 10.G E3••_•. 29.2 a 68.0 a 4.0
D ••__• 66.0 I 6.,0 I91.6 50.0 86.0 4.0 8.7 QL••• 27.0 0 o a 3.0 
U_••__ 86.1 64.0 39.0! 2.6 6.0 , 	 I j 

I Time required to Increase O.Ollnch in length. 

TABLE 16.-Chemical analyse.s of Portland cements used 

[Chemical analyses by the Division or Tests, Bureau or Public Roads, <;. S. D<pactment of .~griculture. 
except for cements CO, X, and BB, which were analyzed by Bureau of Standards, 1;. S. Department or 
Commerce. Only one lot of each cement analyzed] 

I. Alumi·. Magne· Sl!lphu· Loss I 
Portland cement I	SI!ICa Iron na Lime si. nc Il!l' on igni.! Total 

(SIO,) (Fe.O,) (Al,O,) (eaOl (MgO) h[sdO~~e tion 

Per ctnt Per Ct1ll~ Per cent;::: Per centlper crot Per cent 
L •••••_••••••__............._......... 21.71 3.39 6.53 62. 50 1. 59 .1. 77 1. 84 99.33 
0 ••_ ••_•••._•••••__•••••••••••••••_. 22.43 3.205.03 62.54 3.75 1.91 1.20 100.06 
R_•••_•••••_ •••.•_................. 
D ...._ ........_...._ .....__._... 
1._••••_••_._••_._•.•.._._••••__._. 
NL_••_.___ • _____••••••_••_••••.•_. 

21. 13 
21.45 
20.47 
22. 85 

2. 73 
2. 65 
3.58 
4. 27 

8.89 
6.45 
6.24 
4.93 

62. 40 
62.50 
61.82 
61.70 

.49 
2. 97 
3.94 
1.92 

1.78 
1.82 
1. 85 
1.25 

1. 29 
1. 95 
1.95 
3.10 

98.71 
90.79 
99.85 

100.02 
G••___•••__•••_••••••_ ••••_._.... 20.82 3. 10 7.52 62. 75 1. 12 1.64 2.10 99.05 
02___•••_••.••••••._••••••••••__•• 
E_._•••••__••••_••••••_•••••••_...... 
CO_._.__••••_.__••_•••••••••••••••_ x..__......... _ ... _ ....__......_... 

24.87 
21. 93 
22. 30 
22.00 

2. 39 
3.42 
2. 90 
2. 70 

4.57 
6.31 
6.10 
5.50 

61.30 
62. 29 
64. 70 
61. 90 

1.26 
3.44 
.70 

4.60 

1.58 3.60 
1.33 1.22 
1.70 j 1.10 
1. SO 1.00 

99.57 
99.94 
99•. 50 
99.50 

Z••_ •••__••__••••_•••____._........ 2L 05 2. 98 5.42 62. 55 4.20 1.51 2. 35 100.06 

Avemge_••••••••••••_........ 21.92 3.11 6.12 62.41 2.50 1.00 j 1.89 f"99:6:i 
...---i== r-- 

• Throoghout this discussion of cements from different mllls, the arrangement oUhe material in all tahles 
and figures is that of snlphate resistance as detennined hy the time required ror 2 hy 4 Inch cylinders ro 
Increase In length 0.01 inch, recOrded as the "I\fe" In the second column or Tahle IS. 
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TABLE 16.-Chemical analyses of Portland cements used-Continued 

'I' M SulPhU'1 LSilica Iron .0. unll- Lime - apIe- ric an- ass. Total
Portland cement (510,) (Fe.O,) (A'tO) (OaO) (rJIgaO) hydride o~i:Ful-

- , (SO,) 

-----------1------------ --- 
p., cent p., cent p., ant Per cent p., cent Per cent Per cent Per centXL__________________________________ 2. 8222. 90 5.88 63. 70 0.94 1.72 1.95 99.91 

F ____________________________________ 21.55 2.89 8.51 60.64 1. 85 1. 94 2.09 99.47 
N2___________________________________
Q2__________________.______ .__________
D____________________________________
U ___________________________________M___________________________________ 

21.74
22.45 
21.12 
22.40 
21.80 

3.10
2.33 
2.48 
3.22 
2.57 

6.38
5.92 
6.82 
6.83 
7.69 

63.06
62.70 
61. 24 
62. 65 
62.05 

1.99
1. 79 
5.24 
1.34 
2. 46 

1. 76
1.87 
2.01 
1. 221 
2.16 

1.47
2.70
1. 90 
2.15 
1.18 

99. ro
99.76 

100.81 
99.81 
99.91 

V ____________________________________
5_____________________________________ 
BL __________________________________ 
B2__________________________________
W ____________________________________ 

21. ro 
21.52 
20.53 
22. 40
21.15 

2. 80 
3.30 
2.14 
2. 42
2. 70 

6.30 
5.63 
9.61 
6.48
7.40 

62.08 
61. 40 
63.06 
63.05
63.35 

1.21 
5.00 
1.56 
1. 76
1.77 

1.80 3.70 99.39 
1.34 1.53 99.72 
1.72 tli.26 99.88 
1. 49 2. 20 99.80
1.37 2.25 99.99 

Average_______________________ 21. 76 2.73 6.95 62.42 2.24 1.70 2. 03 99.83 

R .. 21.70 2.70 6.li9 64.19 1.27 1.66 1.55 ~ 
BB.____ ._____________________________ 21. 30 2.70 7.20 64.80 .90 1. 80 1. 30 100.10 

AA__________________________________ 20.65 3.64 8.86 62.51 1. 75 1. 49 1.04 99.94
y___________________________________ 21.55 3.10 6.45 62.65 1. 64 1.48 2.65 99.82 
OL __________________________________• 21.60 3.46 5.04 62.75 2.68 1.68 2.75 99.96 
P ____________________________________ 22. ro 3.06 6.39 62.95 1. 30 1.56 2.25 100.01
L____________________________________ 22.22 3.20 8.06 62.-30 .59 1.47 1.46 99.60 
A __________________________________ ._ 22.66 2.51 8.12 6l. 87 1. 05 1. 72 1.60 99.53 
T .._________......_____________ ..___ 20.73 2: 85 6.23 61. 16 4. 95 1.61 2.06 99.59 
133__________________________________ 20.97 4. 19 6.71 63.43 1.45 1. 65 1.54 99.94 
QL__________________________________ 21.28 3.14 7.72 .61.33 2.65 1.53 1.90 99.55 

1---1---1----------------
Average________________________ 21.59 3. 14 7.03 62. 75 1.84 1. 60 1.83 99.79 

General average________________ 21.76 2.99 6.69 62.52 2.20 1.66 1.92 99.74 

0 
A ViclIt method,final .0f___1 Gillmore method, final set____ ~ 

iniii.1 set____ inifial s~L___ "" 
8~-

"'L "'''' 6 
"'0" 06- , 
E 2
i= 

.. 
~ ~ ~ ~0 

I C H K2 J HI G 02 E CC X Z KI I' HZ lIZ 0 U .. v 5 81 ez W R 88 M Y 01 P LilT II] III 

!l~ ~!I~ ~ I! I~ ~! Iiii~~ ~ iiiJ
1 I C H IC2 J HI G Oi! E CC X Z KI I' HZ lIZ 0 U .. V S III 8Z W R BII AA Y 01 .. LilT III {II 
:100- sieve_____C 200- sieve___U 

35 

2 

15 

5 + rr10 (' 
ICH~J~GOi!ECCXZ~'~QZDU .. VS.8ZWR.MV~ .. LATD. 

c-nt index 

FIGURE l6.-Results of standard tests of 35 cements: A, Time of set; B, tellSUe strength; 0, flnene53. The 
order of the cements, from the lelt, is that of the lUe of cylinders in 1 per cent solutions of sodium sul
phate. (Table 15) 
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Examination of the data fails to di~close any trends that appear 
sufficiently significant to account for differences in resistance displayed 
by the ceme~ts. Perhaps ~he nearest approach to a .trend is -PdicRr.ed 
by the cheIDlcal analyses ill the quantIties of alUIDlna and IrOT\ 'con
sidered together. Long ago Le Chatelier (30) advanced the theory 
that cements low in alumina and high in iron resist sea water best. 
Analyses in Table 16 support this conclusion when conside:ted generally, 
but show many exceptions for individual cements. 

COMPOUNDS IN THE CEMENTS 

The',lctual composition of hydrated Portland cement is a subject 
outside the scope of this bulletin. Itwas deemed worth while, thou~h, 
to calculate the compounds recorded in Table 18, after an adaptation 
by Bogue (13) of a 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 (49), 
followmg a carefully conducted series of tests in which he used a few 
commercial cements and a number of specially prepared laboratory 
cements made of pure raw materi,!11s, stated among other conclusions 
that-

The higher the lime content of the cement (i.e. the higher the percentage of 
tricalcium silicate), the aluminum remaining the same, the lower is the resistance 
to the action of the sulphates. 

This did not consistently hold for the 35 commercial cements of 
Table 18. 

TABLE 17.-Finene88 of seven Portland cements differing widely in resi8tance to 
SUlphate waters 

[:Analyses other than No. 200 sieve were made hy Bureau of Standards, U. S. Department of Commerce] 

Life in 1 Retained Retained Greater Greater Greater Greater 
Portland cement per cent hy No. by No. than 60 than 40 than 20 than 10 

Na,SO. 200 sieve 325 sieve mJcrons microns microns microns 

----------i------I---1·------------
Wetb Per cent Ptr ctnl Pa unt Per ctnl Ptr ctnt Per ctnlL ______________________________ _ 25.3 __________ __________ __________ 83.5

266 15.3C______________________________ _ 17.2 __________ __________ __________ 81.8 
H _____________________________ 257 9.1 
XL ____________________________ 246 15.9 25.4 33.8 47.9 66.0 84.1 

118 16.2 24. 7 34.7 48.1 65.7 83.0D ______________________________ 28.1 __________ __________ __________ 84.1
92 17.9 
70 17.0 17.4 32.3 46.9 63.4 BO.8

B1____________________________ _ 
A.._____________________________ _ 211.7 __________ __________ __________ 83.8

37 18.2 

RAW MATERIALS 

Whether or not the degree of resistance of a commercial standard 
Portland cement is influenced by the constitution of the raw materials 
is difficult to determine, because many factors are involved in manu
facturing the cements. However, there does appear to be a tendency 
for cements from adjacent plants, or from plants known to use 
similar raw materials, to behave alike in concrete exposed to sulphate 
action. 
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TABLE 18.-Calculated compounds (in per cent) of the Portland cements for which 
chemical analyses are shown in Table 16 

[For bases of these calculations refer to Paper No. 21 of tbe Portland Cem~nt .Association fellowship at tbe 
U. B. Bureau of Btandards, Department of Commerce] 

111ni•Group and Portland, Free FreetlOn CaSoI 4CaOAl,o. 3CaOAl.O. 3Ca0810. 2Ca08iO.cement MgO CaO Fe.O.loss 

Group 1: 
L •................ 1.84 1.59 0.35 3.0 10.3 11.5 33.3 37.4 
C ••.••••••.••••••• 1.20 3.75 .14 3.2 9.7 7.9 39.6 34.5 
R ••••••••••••••••• 1.29 .49 .35 3.2 8.3 18.9 22.5 43.6 
K2•••••••••••••••• 1.95 2. 97 .46 3.1 8.1 12.6 37.1 33.6 
L ..•.............. 1.95 3. iii' 3.1 10.9 10.4 43.6 25.8 
N1•••••••••••••••• 3.10 1.92 2.1 13.0 5.6 35.2 38.0 
G .•••••••••••••••• 2.10 1.12 .92 2.8 9.4 14. 7 33.7 34.4 
02.••••••••••••••• 3.60 1.26 .52 2.7 7.3 8.1 19.5 56.7 
E .•••••••••••••••• 1.22 3.44 2.3 10.4 10.9 35.6 36.0 
CC••••••••••••••• 1.10 .70 2.9 8.8 11.2 43.8 3LO 
X .••••••••••••.••• 1.00 4.60 :~ 3.1 8.2 10.0 38.7 34.0 

f'I) 

Z•••••••••••••••••• 2.35 4.20 I> 2.6 9.1 9.3 49.5 23.0 
1

r 
Average•.••••••• 1.89 2.50 .46 2.8 9.5 10.11 36.0 35.7 

Gr°'f1~~•••••••••••••• 1.95 .94 <I> 2.9 8.6 11.8 36.6 38.1 
F ••••••••••••••••• 2.09 L85 .64 3.3 8.8 17.6 13.4 5L 7 
N2•••••••••••••••• 1.47 1.99 .29 3.0 9.4 11.7 37.8 33.9 
Q2•••••••••••••••• 2. 70 1.79 1.12 3.2 7.1 11.7 31.4 40.1 
D ••••••••••••••••• 1.00 5.24 .88 3.4 7.5 13.9 30.0 38.0 
U .••••••••••••••.. 2.15 1.34 <I> 2.1 9.8 12. 6 30.6 41.2 
M_••••••••••••••• 1.18 2.46 Trace. 3.7 7.8 16.0 25.2 43.6 
V ••••••••••••••••• 3.70 1.21 (I) 3.1 8.5 11.9 37.8 33.2 
B•••••••••••••••••• 1.53 5.00 (I> 2.3 10.0 9.3 39.8 21.9 
Bl.••••••••••••••• 1.26 1.56 .38 2.9 6.3 22.0 26.6 38.9 
B2•••••••••••••••• 2.20 1. 76 (I> 2.5 7.4 13.1 35.0 37.9 
'V ••••.••••••••.••• 2.25 1.77 (I> 2.3 8.2 15.0 39.5 30.9 

Average.•••••••• 2.03 2.24 .55 2.9 8.3 13.9 32.0 37.5 

Group 3: 
R ••••••••••••••••• 1.55 1.27 (I) 2.8 8.2 12.9 43.3 ,29.6 
BB•••••.•••.••••• 1.30 .110 3.1 8.2 14.5 44.4 27.7 
AA••••••••••••••• 1.04 1.75 ~:l 2.5 11.1 17.3 28.4 37.8 
Y ••••••••••••••••• 2.65 1.64 (I> 2.5 9.4 11.8 36.7 35.0.!01_•••.•.••••••••• 2.75 ,2.68 .52 2.9 10.5 7.5 45.4 27.8 
P'.'.'••'.'.'.'." 2.25 1.30 2.6 !!.3 11.7 33.f 39.4(Il
L •••••.•••••.••••• 1.46 .59 (I 2.5 9.7 15.9 22.9 46.5 
A•••••••••••••.••• 1.60 1.05 .52 2.9 7.6 17.2 14.4 M.2 
T ••••••••••••••••• 2.06 4.95 1.60 2.. 7 8.7 11.7 34. 2 I 33.7 
B3•••••••••••••••• 1.54 1.45 2.8 12.7 10.7 42. 9 27.8(Il
Ql.••••••••••••.•• 1.00 2.65 (I 2.6 9.5 15.1 27.1 40.6 

Average••••••••• 1.83 184 .88 2.7 9.5 13.3 33.9 36.4 

General average, 1.92 2.20 .58 2.8 9.1 12.7 34.0 36.5 

I No data. 

The 35 cements of Table 15 came from plants located in 15 States 
of the United States, mostly in the upper Missis<;ippi River basin 
and the far West, and from two Canadian Provinces. N early all the 
highly resistant cements came from the relativelY sma.tl flIea in 
IJlmois, Iowa, Kansas, and Missouri indicated by cross-hatching in 
Figure 17, whereas none of the low-resistance cements came from this 
area. Of the 10 cements tested from plants within this area, 6 
were among the 7 most resistant of the 35, and all 10 were among 
the 14 most resistant. It may be significant or merely coincidental 
that 9 of these 10 cements came from plants using raw materials from 
the Carboniferous geological system. It has 1l0t been possible to 
obtain complete in.formation on the geological origin of all raw mate
rials used at each plant, but apparently limestone from the Oarbon
iferous system was used at not more than 13 of the 35 plants and 
shale from the same system at possibly 10 plants. 
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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 RESISTANCE 

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

One-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 sulphate 
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 renewed com
pletely every 4 weeks. It 
is desirable that the tem
perature of the solutions be 
maintained as near 70° F. 
as practicable. Earthen
ware jars, covered to reduce 
evaporation, are satisfac
tory and convenient con
taine:ls. 

Briquets made of highly 
resistant cements andstored 
under the conditions pre
scnbad will show little or 
no vi:;ible action in either 
solution in Jess than 16 
weeks excepting, perhaps, FIGURE 17.-Portland cements from 10 ml1Js in the cross
a slight rounding of the ~:tt;~:~t3~~.::~~rsnu';~a ~etf! r~:: resistant to sulphate 

edges. Briquets 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 cutlined 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 fall
ing well below average will be more convincing. 

The feasibility of speeding up this 16-week test by increasing the 
strength of the solution, by keeping the solution at higher tempera
tures, by using Jeaner mixes, and in numerous other ways, has been 
tried without satisfactorily consistent results. A more accelerated 
test of 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 greatly 
in resistance to the action of sulphate waters. Under identical expo
sure conditions, concrete and mortar made of resistant cements may 
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last 10 times as l.ong as that made .of cements .of l.ow resistance. The 
reason f.or this is n.ot kn.own. 

Results .of standard physical tests give n.o indicati.on .of the resist
ance .of a cement to :sulphates, n.or d.o .ordinary chemical analyses. 
Differences in the raw materials ass.ociated with the geol.ogical f.orma
ti.ons fr.om which they CQme may be factQrs. 

With P.ortland cements differing s.o greatly in resistance t.o sulphate 
acti.on, certainly the first c.onsiderati.on fQr all c.oncrete that is to be s.o 
subjected sh.ould be the cement itseif, and, regardless .of all .other 
precautiQns, the use .of any cement .of IQW resistance sh.ould be av.oided. 
Until a mQre accelerated test .of equal reliability is devel.oped, the 
16-week test .outlined .on page 43 herein is rec.ommended. 

SPECIAL CEMENTS OTHER THAN ALUMINA CEMENTS 

The alkali resistance .of 14 special cements was investigated. 
Cylinders .of 10 .of these cements were stQred bQth in labQratQry SQlu
ti.ons and in Medicine Lake, while cylinders .of the .other 4 were 
tested under either .one .or the .other .of these cQnditiQns. FQr CQm
parisQn, cylinders made .of 7 PQrtland cements were tested with this 
grQUp. Standard physical tests .of the special cements are recQrded 
in Table 19, and chemical analyses .of seven .of them in Table 20. 
Table 21 shQWS the resistance .of these special cements and .of SQme 
c.ompaniQn PQrtland cements under three eXPQsure cQnditiQns. 
There fQllQWS a general descriptiQn .of essential characteristics .of these 
special cements tQgether with a summarized aCCQunt .of behaviQr, 
based .on the data in Table 21 and in Table 22. Plate 6 shQWS 
phQtQgraphs .of several .of the Medicine Lake series. 

TABLE 19.-Standard phY8ical te8t8 of 14 8pecial cement8 

Tensile strength oCTime of set Fineness briquets 

Nor- Spe.malSpecial Vlcat Gillmore Sound- Re- Re- con- eiflc 
cements ness gravtalned tained slst

eneyby by ity 3 7 28 
No. No. days days d9.YsInl- Ini-Final Final 200 300Ual tial sieve sieve 

----'---

Per Per Lb,. per Lb,. per LIn. ptr 
X ________ H.M. H.M. H.M. H.M. ctnt· ctm ,q. in. aq. in • •q. In.Q.K_____
B ________ 4 0 9 45 5 45 10 30 4.0 19.5 38.75 2.81 290 384 577 ___ do_____3 0 Ii 50 3 40 6 15 5.5 14.5 24.75 3.13 225 ~n 381R ________ ___do_____
L 3 20 4 40 3 10 4 45 3.2 37.4 28.00 281 423 466 ________ ___do____ -----

1 40 3 40 2 35 3 50 _ do_____ .4 1.1 33.00 325 362 371.A2_______ __
4 40 18 30 5 30 7.7 29.1 24.25 3.14 122 184 324.A3_______ -------- ___ do_____5 20 8 35 5 35 9 5 8.0 15.5 23.25 3.18 127 208 330Al. ______ ___do_____
5 10 6 40 5 50 7 5 12.0 17.9 24.25 3.12 145 206 319C ________ ___ do_____3 15 /'; 45 3 55 6 10 10.2 19.3 24.50 3.16 210 276 388.0________ ___do_____

D ________ 3 40 6 15 4 45 6 30 6.4 14.5 33.00 167 213 305 ___do_____ -----
1 0 3 5 1 40 3 35 1.9 28.1 28.25 372 430 465E ________ ___do_____ ------

F ________ 3 10 4 40 3 0 4 30 6.4 51.1 26.00 --_ ... _- 293 325 3Il6 ___do_____
L ________ I 25 3 30 2 35 5 10 4.5 39.3 28.75 305 403 446 ___do_____ -----

9 17 20 36 11.4 20.2 33.50 99 109 136 
~K __ _____ ___ do_____

4 5 7 45 4 15 7 5 7.4 18.8 27.00 Tiii" 201 263 

http:c.onsiderati.on
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CYLINDC:HS MADE:: OF SPECIAL CEMENTS OTHER THAN HIGH ALUMINA, AFTER STORAGE IN MEDICINE. LI'.KE 
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~('rit'S 7HJ~ wix I' 1.1 tH~ st'ri('S 720 nnd 721. IIlh 1: I.~~. !'-l'ril'o.; j:!2. IIIh 1: 2 S2; Rl'rit's 72:l Illix t; ·I.i(t C, A filiI' t W() iltHl Olll'~hllir yen!":;, ~l'rit:s iii!, in:i find 705, $lulIdnrd Portinnd 
(~l\fllt:"l1t s fmm d ilfl'r('nl 111 i lis; Sl'l'il'!{ 7liU, 71;2 utili ;(}-t NJit'l'illll'{'IIHl l1tS f1'olll I Ill' :.;anlt' mill!", rl'spt'('tivcly. )), ~\ fhlr two Hnd one-lUlU Ylil1l'S~ :4l"'ics 'iUi Hnt! 70U, stnndnrd Porlinnd 
['llllhmt-s [r'UII.1 dUfi,!l't'ut InJl1:{; :'mrit~s itillund 7f)~, !'\J)('('ial {'!'IJ)IIII[S (rulll tlw !:iIHIW lIlill!", rt's)JL'ctirely 
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CYLINDERS MADE OF HIGH ALUMINA CEMENTS AFTER STORAGE IN MEDICINE LAKE 

.\. 	()tta\\~l ~and HlIJrtar (.~ IInd('", Il:tllh, Hf ailllilinn ('l'llU'llt ..\('1 :1(1(11' :.pr('J) yl'Uf"!" iu tlw l:tk(l. ~l'rips J 12 (0 Hll. nl~IJI1('ti\"(1IYt slorrd in di~tillC'd WUll'r ~j dAYS, in lIloi$l air 72 hours, 
ill \\aH'r VUplll"at JIIf1 F. fllr .,,, hnllr~. ill \\:11('1" yaplI!':11 15:1'; F fOl' ·1,"- IHHII'S. HTld in Mt'HIIl 1\1 !!l:!'l for ·IS hOllrs. B. l\lml(1 of ululllirm ('l'llIeJlt Ar2 Ufll'l' SIX nod n hnH yenrs in. tho 
h'kc- C. 01101":\ ...and IlUirtar Pslind(lr' marlt' nfnlumin:1 ('('IIWIII .. \{';{ nfl('r ~i\ yt'nr:-: in till' !jlkl'. ~\I hl'S r(Jr~(lrif\~ '2jli to :?stl. rC'l"pl'('l in')Y, Wl1rt1 .1:2, 1::1. l~a, 1:·1, nllll J:5. ,Dr .i\lntlc 
of ahWlll1f1 ('[1I1WJII .\t·;l nflPr ... 1\ ~ (I:U':-. til Ilw l:lkl' . "'nU'f nHlOs (',I' !"i(lrit':-> aHO til -IUO, I'lI~Pl'('1 in'ly. '\"t'n' n '·1, tUi:l, O.JiH, O.';:i, aJ1ll O.~~ 
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TABLE 20.-'chemical analyse8 1 of 7 special cementa 

J 
Sulphu·Magne·Silica Iron Alumina Lime ricanhy. Loss onSpecial cement sla Total(SiO,) (FetO,) (AltO.) (CaO) <!ride Ignition(MgO) (SO,) 

X ____________________ Per cent Per cent Per celll Per cent Per cent Per cent Per celll Percent 
B ____________________ 35.85 3.66 6.14 48.60 1.01 1.53 3.20 99.99 
A2___________________ 21.40 3.03 5.82 62.29 1.86 1.08 2.58 99.86 
C ____________________ 22.37 3.43 5.95 62. 51 2.57 1.73 1.36 99.92 
D ____________________ 21.16 3.26 11.01 58.45 1.77 1.87 2.47 99.99 
L ____________________ 20.50 2.04 5.86 64.35 1.01 2.37 3.40 100.03 
K ____________________ 21.60 3.95 11.45 51.20 .53 4.12 6.85 99.70 

21.70 .61 7.01 60.00 6.67 1.46 2.14 99.59 
~ 

1 Analyses by the Division of Tests, Dureau of Public Ronds, U. S. Department of Agriculture. 

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

Stored in 1 per 
cent solution of Stored In tap water 
Na,SO. Strength 

ratio at 
Cement 1---....,...---11 year In 1----,----

MedlStrength cine Lake LengthLife ratio at Age Increase1 year 

WeEk! Per celll Per cent Weeki InchSpecial X ___________________________________________ _ 
(I) 106 100 260 0.0016 

Portland F .,_________________________________________ 
Special D____________________________________________ 

235.0 95 105 235 .0015 
115.1 80 115 .0007 
208.0 84 86 208 .0011~~i~nfC-c:::=============:=::::::::::::===::====: 150.9 66 80 151 .0006 

Special L____________________________________________ 198.0 90 83 198 .0029 
Portlllnd L__________________________________________ (') 93 91 ---------- ---------

90 ------i98~~~ 1~=====:::==:=====:=:::::::::::::::=:::=::::: ----i97~5- -------8i 87 -.0007 
75 ---------- ---------~~:~ti=========:===::::==:::::::::::==::::=::::: :::::::::= :::::::::: 51Special C___________ .________________________________ 163.5 85 ---------- ---------
93 164 .0001Portland F ,_________________________________________ .115.1 80 115 .0007 
74 156 .0012

Special 0____________________________________________ 156.0 66 
Portland X__________________________________________ 137.1 52 69 137 .0010 
Special D____________________________________________ 125.9 97 00 126 .0006 
Special E____________________________________________ 121.6 72 60 122 .0021 
Portland AA________________________________________ 33.4 0 0 33 .0003Special F ____________________________________________ 110.3 • 60 

58 110 .0009 
Portland BD________________________________________ 55.7 21 44 56 -.0003 
~ special L, H Portland A, and H Portland DL____ 80.3 53 80 -.0026Special K ________ .___________________________________ 25.0 0 ---------- ---------- .....-------

1 Life not yet determined. Strength ratio at 5 year~, 94 per cent. 
• Cylinders with Portland cement F were made 25 months before the cylinders with special cements D 

and C, and direct comparisions of resistance are therefore not satisfactory. 
, Not yet determined. 
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TABLE 22.-Tests of 2 by 4- 'inch cylinders made of special cements other than high 
alumina and exposed to the action of sulphate water 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. Eaeh test result, with 
B few exceptions, Is an average of 5 cylinders made on different days. Figures in parentheses indicate 
per cent of normal strength based on parallel tests ilf cylinders from the same batches, stored in tap 
water] 

I:uring~method ! 1_A._ve_r_ag_e_C_O_m_il_res_s_io,n;-in_t~_~_(_P_oun_d_s_p_er_sq_UBr_e 

"O.B d 
Cement Tank specimens Lake specimens:3 E~ ~ -a = 

f .:: ~ .E .S :3 1--..,.--,---,--11------,---,---

~ eO Q ~ ~ ~ ~ ~ ~ ~ ~ ~ 
~~ ~ ~~::~~:; ~ ~: 

---1--1-----1---- ----------1----1--1---

Per 
Hu. DaU3 DaUB cent 

573 130 SpecialB____ 0.62 
714175 SpeciaID ____ .64 
574 131 Special 0__ __ .62 
764 191 SpeciaIE ____ .62 
765 197 Portland AA_ .60 
762 200 Special F _____ .62 

24 
24 
24 
24 
24 
24 

20 
20 
20 
20 
20 
20 

356.34,1404,8005,6108,270 5,880 (105l 3,710 610(7) 
355.65,0806,0406,250---- 5,620(90 0 0 
35 6.63,490 4, 580 6,100 7, 220 5,680 (93) 3,360 1,130 (16) 
35 ~.84,4805,2805,990 _____ 3,570(60) 0 0 
35 5.83,750 5, 430 4, 820 _____ 0 0 0 
35 5.65,390 6, 610 6, 660 _____ 3,830 (58) 0 0 

763 196 Portland BB_ .62 
768 193 Special G ____ .62 
769201 PortlandX__ .62 

1467 112 Special X ____ .64 
• 719 177 _____do_______ .44 

1720-721 177 _____do_______ .64 
'722 1i7 _____do _______ .61 
• 723 177 _____do_______ .90 

II 724 1i7 _____do_______ .42 
11725-726 li7 ____.do. ______ .51 

• '727 177 _____do_______ .70 
u 728 177 _____do_______ 1.08 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

20 
20 
20 
20 
2D 
20 
20 
20 
20 
20 
20 
20 

35 5.94,0305, 6W 6, 360 _____ 2,830 (44! 0 0 
35 5.92,910 4, 410 5, 930 _____ 4,410 (74 810 0 
356.33,0504,9606,440 _____ 4,440(69 0 0 
35. ___ 2, 830 4, 390 4, 820 

1 

4' 35014,830 (100) 3,570 2, 640 (61)
3510.73,9405, 2(l() 5, 660 _____ 4,940 (87l4,52O _________ _ 
35 8.03,000 4, 400 5,100 _____ 4,340 (85 3,730 __________ 
35 6.62,690 4, 0204, 220 _____ 3,710 (88l3, 500 __________ 
35 8.2 860 1,5302,230 _____ 1,700 (76 2101 0 
35 9.54,280 5, 900 6, 080 _____ 6,070 (91) 6,220 __________ 
35 9.42,450 4, 080 4, 240 _____ 3,960 (93) 3,760 __________ 
3513.31,200 2, 370 3, 050 _____ 2,150 (70) 1,400 __________ 
351.1. S 320 700 990 _____ 0 0 0 

767 19~ Portland CO_ 
766 192 Special R____ 

760 190 Special L____ 
761 199 Portland L__ 

.62 

.62 

.64 

.62 

24 
24 

24 
24 

20 
20 

20 
20 

35 
35 

35 
35 

6.23, 'J40 5, 640 6, 650 
6.06,3606,480 7, 570 ----

4.74,9205,5705,780 ____ 
6.ll4,l60 4, &10 7, 560 _____ 

5,330 (SO 2, 390 
6, 520 (8615'160 __________ 

4,810 (83 2,590 
6,900 (91 5,370 

243-247 28 SpeciaIAL__ 
'248-2.,0 10 Special A3___ 

5.16 127 Special A2___ 
555 128 Portland Y __ 
558 127 SpeciaIA2___ 
557 128 Portland Y __ 

'.161 127 Special_<l.2___ 
'5fJO 128 Portland Y __ 
'563 127 Special A2___ 
'562 128 Portland Y __ 

.62 

.63 

.64 

.64 

.73 

.73 

.62 

.62 

.71 

.71 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

20 
20 
20 
20 
20 
20 

'20 
'20 
, 20 
, 20 

356.22,9103,7705,3705,960 4,030(75 0 
35 9.51,4302, 730 3, 750 3, 620 3, 2S0 (S7) 800 
35 6.03,200 4,7205,950 7, 080 5,330 (901 0 
35 6.03,780 4, 670 5,480 6, 610 3,510 (64 0 
35 6.62,2804,4805,2906,070 3,080(5S 0 
35 6.42,760 4, 250 4, 690 5, 550 I, SOO (38 0 
35 7. 9 3, 260 4, 720 5, 860 5, 770 6,090 (104) 4,120 
35 8.23,550 5, WO 6,120 6,140 5,270 (86l4, 010 
35 P.1 2, 290 4, 520 4, 960 6,100 3,960 (80 1,140 
35 9. 22,7204,290 5, 450 5, SlO 3,920 (72) 900 

0 
O. 
0 
0 
0 
0 
0 
0 
0 
0 

• I 1 

I Mix 1 : 1.88. 
• Mix 1 : 0.94. 
, Mix 1 : 2.S2. 
• j\Iix 1 : 4.70. 

, Standard Ottawa sand cylinders. 
'Mix 1 : 2.25 (fineness modulus=3.10) • 
, Time in damp sand. 

Special cement X is an imported mason's cement containing about 
33}~ per cent diatomaceous 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 mL'{es. The results 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 material added. is without cementaceous properties by 
itself, the concrete under all 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 are impossible. However considered, special cement 
X made an excellent showing in 1 per cent solutions of sodium sulphate 
and did reasonably well in Medicine Lake. 
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Special cement B is reground Portland cement F, and special ce
ment °is the Same as B with a carborundum preparation added during 
regrinding. No test exactly parallel 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 that of special cement 0, although neither 
displayed greater resistance than that of the more resistant Portlands. 

The five special cements, D, E, F, H, and! have been developed 
in recent years to meet demands for high-early-strength concrete. 
The last four of these have been tested parallel with companion Port
land cements il, BB, 00, and 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 I. 

Special cements AI, A2, and A3 are standard Portland cements, 
from different mills, to which tannic aCId treated with gypsum was 
added dlUing grinding. Portland cement Y is the same cement as 
specill:i cement A2 without the gypsum. Results of tests at one year 
are slIghtly more favorable for the treated cement, but after three 
years no difference between the treated and untreated cement was 
apparent. 

Special 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 a natural cement somewhat higher in almnina 
and S03 and lower in lime than normal Portland cement. Its use 
with 50 per cent Portland cement is recommended. Used in tbis man
ner, it produced a concrete of slIghtly 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 
Po~tland 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 increased resistance to sulphate action in a 
degree warranting preference over the more resistant of the Portland 
cements. 

ALUMINA CEMENTS 

Almnina cements, according to Bied (11) were discovered by him 
in 1908. "in seeking a binder wbich would not be attacked either by 
sea water or by SUlphated waters". In the United States, Spackman 
(45) in 1910 reported upon the almninates, their properties and pos
sibirities in cement manufacture, basing bis report on experiments 
begun in 1902 and resulting, in November, 1908, in the making of 
1,000 pounds of calcium. almninate 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 alumina cements, althougl;; there is no question that they 
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were first manufactured and utilized commercially by the French. 
Because they possessed the property of early hardening, although 
setting no more quickly than standard Portland 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 
drain tile laboratory at UniyersityFarm. These cylinders were ex
posed when 8 weeks old to the sulphate water of Medicine Lake, in 
which cylinders of one of the French alumina. cements were already 
exposed. 

CHEMICAL. COMPOSITION 

The raw materials of which alumina cements are made are bauxite 
and limestone, or balLute and lime, and these cementa are essentiallv 
calcium aluminates very low in silica (7, 20, 45), whereas standard 
Portland cements are essentially calcium silicates low in alumina. 
The chemical composition of the three alumina cements used in these 

i. 	 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, 
silicum, aluminum, andiron average approximately 63, 22,7, and 3 per 
cent in the Portland cements as compared with 38, 8, 42, and 11 per 
cent in the high-alumina cements. As evidenced by these analyses, 
the three alumina cements are strikin~ly similar in composition and 
have consistently behaved similarly ill the various tests to whICh 
subjected. 

TABLE 23.-Chemil1al analyse8 of 8 brand8 of alumina; cements compared with 
average for 35 Portland cement8 

Alumina cements 
Portland 

Radical 	 cements 1------;----;------,.- 
(average) Acl Ac2 Ac3 Average 

--------------11---------------
Ptr rent Per cent Per cmt 	 Per cent Per centSilica (SIO,) _________ •___ .___________________________ 21. i6 9.42 8.91 4.71 7.68

Iron (Fe,O') ____________________________ .------------ 2.99 11.02 8.44 10.96 11.14
Alumina (AI,O,)_____________ ________________________ 6.69 40.60 41.59 42;72 41.64 
I.lme (CaO)_________________________________________ ~2. 52 35.23 40.92 39.06 38.40 
Magnesia (MgO)____________________________________ 2.20 .50 .35 .06 .50 
Sulphurlo anhydride (RO,)__________________________ 1.66 Trace. ________ __ .35 .12LOSR on Ignltlon_ ____________________________________ 1.92 .15 .08 1.84 .69 

TotaL________________________________________ 99.7t 99.92 100.29 100.30 100.17 

EXPOSURE CONDITIONS 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 cylinder$, 
draintHe of alumina cement Ac3 were manufactured at two commercial 
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 Ac1 and Ac3 were buried below frost in 
two soils free of acids and alkalies, as Were the check draintile of Ac3 
cement. Curing temperatures .to which the alumina specimens were 
subjected were normal except that cylinders of the cementAcl were 
cured also in water vapor at 100°, 155°, and 212° F. 

UNUSUAL PROPERTms REVEALED BY LONG-TIME TESTS 

It became evident during the WOI'k with alumina cements, that 
thee,e cements had other prope:::ties besides early hardening that were 
not common to stand- 9P00 r--r-""1"""''''''''''
ard. Portlandce
ments. For instance, 8,000
check cylinders stored I 

L.;...Ip" Jif-e
in tap water frequent

ly expanded nearly as l\ 

much as cylinders in 
 ,~
sulphate solutions in 
the same room, there ~-

~by largely nullifying 
the value of such tests 
as an index of sul
phate action on alum C 

ina cements. In Fig- 5 
ures 18 and 19 the .008 r-""-""""T"-~~~~-:r--r-.....,-.,......,
length in<{reaees of :2 
alumina concrete and .~ .006 
mortal' cylinders
stored in tap water :g .0041--+-+----i>-+-~~+--+-_+___I,___t 
are shown in compar- E00'2 
ison with those of .~. 
standard Portland ce • .J::. 

ment cylinders stored .;Qo 
~-.oo,"...-t-+--!--I--l--t--l--!f---+--Iin the same tank. The 

compression tests of 
~OMOL--~~Z--~3--~~'-5~-6~~7~~8~~9~IOthese alumina-cement 

cylinders; shown in Age (years) 
the same figures, re FIGURE IS.-Strength anil. length changes 01 standard laboratory 

cylinders made 01 alumina cements: .A., Oylinders of alumina cement vealed that all these .A.c3 stored in neutral soll, in Medicine Lllke, In tap water, and in
alumina cements lost sodium suIphste solution; D, cylinders of alumIna cement Acl stored 

in neutral soil, in Medicino Lake, in tap water, and in sodium suIstrength with age as phato solution; 0, cylinders olalumlns cement .A.c2 stored in Medi
they increased in vol cine Lake and in tap water: D, length changes in cylinders of alumina 

cements stored in tap water compared with range of length changes 
ume but, contrary to of Portland cement cylinders made in 98 serles from 35 brands. 

Each point for the alumina cements is .the average for 5 to 35 cylinwhat would: be ex ders 
pected, while alumina 
cement Ac3 increased most iil ~'Olume it showed the least loss of 
strength. 

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 lostst.rength with age; there was instead a very de:finite 
tendency towficdincrease in strength. DiffereL.ce in behavior of the 
laboratory cylinder" stored 'in tap water and of the cy.iinders buried in 
damp soils out-of-door'3 could be attributed either to dissimilar tem

http:DiffereL.ce


..... 
(\ 
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; peratures or to the only obvious alternative, some deleterious effects 
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 aiumina-cement cylinders in the highly mineralized but 
relatively cool water of Medicine Lake invariably had 5-year strengths 
exceeding those of the cylinders in the comparatively warm laboratory 
solutions in which the salt content was much lower. 

Cylinders of alumina cement Acl were sUbjected to air hardening in 
the laboratory for periods of 0, 2, 4, 8, and 49 weeks without appreci
ably different effects on compressive strength at any period up to five 

years, as shown in Fig
~~o N$/!;,8~B~ I I l'\5o~~i\ ,. I ure 20. The effect of 
'2E5,000 ~.-li"'"_i"· H,"~ air hardening on vol

~i4POO :~.L~ ~~d.l}.i-,:I-;: ~~~~:... ~:~~~~~:ci:bie~~= 

~L '0 /=:. r-I""<II.... •,. i I - cept for the 4.9-week 
.~ ~~oo _I \"0 ~ . d . h k dl 
~-g n~ ~ ~ I peno whic mar-e y 
D.il'ZPOO °o~ N--,~'II:!"""';-1-1.--+ reduced expansion. 
8~ A I B C I ~~ With very evidently 

Co) 1,000......................... 5 nee:ative reactions to
o 50 50 ~ mildly high room tem()Age years pe10atures for three al
.010.--r-,-.....,.--r--r--r-,........,.-"'T"'-, umina cements, it is 

~ .008l--+-l--+--l--+-....lrL-+---I---+--I mteresting to note the 
=- _ Ac ~ J effect produced by cur
~ .006 I -..,. ingcylindersofcement
:B ~4..cl in ,vater ·vapor at 
.~ .004 / . .Ac.J~"'::~A-c-2-.'-..o temperatures of 100°, 
~ .OOZ ~-r;' 155°, and 212° F., as 
'go .J "::.~,;.:1o•.....~ shown by Figure 20. 
QI 0 Y' .....,- Porf/and These d!1ta reveal that 
..j. j,'" 0 in the cylinders stored 

-.0020 1 Z :3 4 5 6 7 a 9 10 in tap water the great-
Ane (years) est increases of volume 

5 followed curing at 100° 
FJGURE 19.-Strengt.hand length changes of mortar cylinders made 

of alumina cements and standord Ottawa sond: A, Cylindpr~ of and very slight to neg
alumina cement Ac3 stored in neutral soil. in Medicine Lake, in tap ative increases folwater, and In sodium sulphate solution; E, cylinders of alumina ce
ment Aclstorcd in neutral soil, in Medicine Lake, and in tap water; lowed curing at 155° 
C. cylinders of alumina cement At:! stored in ~fedicine .Lnke nod 
in tap water; D, cylinders of aluminn cements compared with tbo<~ and 212°. The c.ylin
ofa brond ofstandnrd Portland cement. Eaeh pOint is the avera!;" ders cured at 155° befor 5 to 10 cylinders made on 5 ditTerent days 

haved essentiallv 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 leas, although the cylinder', cured at 155° and 212° most 
nearly maintained their 28-day strengths for 5 years. 

With cylinders of the alumina cement Ac3, 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 
le'ls satisfactory. Conclusions as summarized are: 
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FIGURE 2O.-CompressiYe strengths and length changes o( cylinders 
o( alumina cement AcI stored in Ulp water. as influenced by vnry
ing the curing conditions: A, Concrete cylinders hardened in air 
(or the number o( weeks indicated, after 20 iInys curing in woter; B, 
concrete cylinders cured 48 hours in water yapor at temperntures
indicated; 0, mortnr cylinders cured 48 hours in water yapor at tem
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FIGURE2I.-Compresslve strengths and length changes o( cylinders o( 
alumlnn cemCllt Ac3 stored In tap water: A, Oonerete cylinders with 
water-cemeutmtios BSsbown; B, neat cement cylinders nnd concrete 
cylinders o( mi.tes as shown; C, nent cement cylinders and mortar 
cyllnders o( mixes lIS shown. Each point is the average (or five 
cyllnders made on ditrercnt dnys 
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Merucine Lake water was resisted remarkably well by the three 
alumina cements. This is cleadY shown by the compression tests up 
to five years and by appearances up to seven and one-half years. 
(Table .24 and pI. 7.) Resistance was so pronounced that for 34 of the 
53 series of aiumina 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 series 142, 147, and 156, without air 
hardening previous to ex-posure, 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 254-255, 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 mbe, 
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 rears than 
at 1 year and were showing evidence of considerable deterioration) but 
tested only 16 per cent weaker at 5 years than at 1 year. 



TABLE 24.-Tesls of 2 by .4 inch cylinders made of high alumi)1a cements cured in waleI' and water vapor and exposed to the action of sulphate 
waters of Medicine Lake, S. Dak., as compared wilh similar cylinders stored in tap water 

:(Un1tJl!S otherwise noted the fineness mocll1ll1s or n~grogntc Is 4.07 and the lulx 151::1. Elich lost reslllt., with II row Ilxceptlolls, Is lin nnrngo or 5 cylinders modo 011 dllToreDt dill's; 
Figures In pnrentheses,in compresslon·test co umns, Indlcnte per cent or lIormnl strength bnsed on pnrnlicl tests of cylinders rrom Ihe slime hnlch..s, stored in top woler in tho 
lnborntory] ~ 

_,._....-.-,-r.,,-'...__ ,______~.__ .,~.,_.. _"____...__ UI 
."_~.__ 

~ 
UI 

Ouring mothod Avornge compression tests (pounds por squnre Inch) 

Ab· ~ 
Cement I 'I'Olll- sorp·Series I Inborn· Cement I'Vater I'I'lme Thne 'I'ank specimens I,lIke specimens C'l'imo pern· 'l~lmetory No. rntlo In in tton at 0in ture of In 21 daysmoist water Zwater wllter nlrcioset vapor Cvopor 7 days 28doys 1 yenr 5 years 1 year 3 yenrs 5 years 

---,--- --- ---.--------------------- ~ 
!foura Dova !four.1 0p. DOV8 Percent ~ 

137 14 A1uOIhm AoL................ 0.04 24 -...._--..-- 48 155 25 0.2 3,250 3,550 2,830 2,8,';0 3,400 (120) 4,510 4,WO (151) 


138 14 _••••do••••__.............._••• .04 24 ........ { 24 155} 25 6.2 3,150 3,670 2,800 2,510 3,320 (116) 4,960 (198) t<J 

24 212 

139 14 ••••_do••••_•••_••••••••••_•••• .64 24 -- ..... -_ .. - 72 155 24 6.1 3,100 3,840 2,040 2,460 3,790 (144) 4,560 (185) ~ 
140 14 ••• _.do••••••••_••••••••_•••••• .04 24 48 155} 24 0.1 3,100 3,890 2,730 2,570 3,790 (139) 5,640 (100) 0......-.{ 24 212 UI 

24 t<J141 14 •••••do•••••_•••••••••••••••••• .IH 24 155} 24 0.1 3,300 3,800 3,020 2,700 3,070 (121) 4,020 (182) -_" .. _ .. _00 48 212 t::l 
147 14 •••••do._••_._••••• _•••••• _•••• .02 2·\ 27 ---.. oo_-- ---_ ....... - .. ------ 0.3 4,560 4,890 4,560 3,460 5,220 t4} 10,410 4,460 129 

148 14 •__••do••••••••••_••••••••••••• .02 72 --- .. - ...... .. ---- ... -- 25 7.0 5,020 4,810 5,310 3,710 5,960 112 10,300 0,230 168 ~ 
140 14 ._•••do....___•••••• _•••••••••• .02 24 48 100 25 6.5 5,370 5,510 5,240 2,050 5, ·150 164 15,300 5,330 201 0 
150 14 •••••do............____ •••••___ .02 24 48 1M 25 0.2 3,360 3,870 2,IHO 3,400 14,060 3,000 140 

00 .. ---- .. 

- .. -----
151 14 •__..do••••• _..._ •••• _•••••••• .02 24 -_ ..... - ...... 48 212 25 0.1 3,300 3,750 2,840 2,000 3,050 (129 14,110 4,000 154 UI 
152 14 •••••do..._........_••••••• ____ .02 24 20 :1-14 0.3 4,570 1i,IHO 5,100 3,780 5,040 (90 6,240 105 c:l------- .. ..... ----- t"'153 14 •••• •do........................ .62 24 20 ----- 56 0.5 4,830 '\,010 5,120 3,nOO 0,720 182
...... ----"'-"''' I'd0,280 r23154 14 •••••do••••••••_........." .,•• .02 24 20 28 6.5 4,760 4,850 1i,450 3,380 5.020 103 0,460 191 
155 14 .....do•• _ ••••_•••••••••••••••• .62 24 20 ..... _- 14 n.1i 4,250 4,960 4,570 3,500 1i,770 126 6,420 179 

- .. -- ..--- -......--~ ... 
-------- ......

156 14 .....do•••••_•••••••__......__ • .62 24 20 6.3 4,710 4,860 4,350 3,160 4,960 113 4,300 139 
132 14 •••••do••••••••••••••••••••, ••• .65 24 48 ----iss' 8.1 2, 250 2,910 2,760 2,830 2, 700 101) 'i2~ii3ii' 2,940 104 ~ 

t<J 
{ 24 IS5} 25/133 14 •••••do...............__••••••• .05 24 25 8.0 2,280 2,680 2,080 2,090 2,900(130) 13,140 2,840 (JOO)
24 212 

134 14 •••••do•••_"_'••••••••••_••••• .05 24 72 155 24 8.0 2,470 2,850 2,440 2,040 2,840 (116) 13,120 3,900 (117) 
48 ~ 

135 14 •••••do........................ .65 24 ......., { 155} ~4 7.8 2,620 2,960 2,650 2,910 2,500 (98) 12,030 3,340 (115) 103
24 212 
136 14 ...._do._••_.................. .05 24 ........{ 24 155} 2·1 7.8 2,550 2,930 2,030 2,650 2,580 (U8) 13,170 3,030 (114) !;I:I48 212 
142 14 •••••do•••••••••••••••••••••••• .03 24 27 .... _-,..--- --_ .... _-- 8.7 2,910 3,600 3,500 2,240 C1l---.... -- .. 4,000 t3} 3,040 t2) 

t<J 

143 14 •.••_do.......__ ._••• _••••••••• .03 72 .............. -- ----- ...... ___ --00-- 25 0.3 4,220 4,430 4,220 2,160 4,310 102 5,880 272~
144 14 •••••do•••••_••••••_••••••••••• .03 24 48 100 25 9.1 4,320 4,040 3,750 1,880 4,400 120 4,120 219 

1 2-year tests. c:n 
~ 
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TABLE 24.-Tests oj 1] by 4. inch cylinders 1th."de of high (elumina cements cured in waler and water vapor a1,d exposed to the action oj 8t1lphate ~ 
waterg oj Medicine Lake, S. Dak., as compared with similar cylinders storell in lap water-Continued 

Curing method Avcrage compression tests (pounds p~r square Inch) ~ 
Series 

Cement 
labora· 

tory No. 
Cement ",Yater 

ratio 'l'imo 
in 

moist 
closct 

Tlmo 
in 

wntcr 

(l'lmo 
In 

wnter 
vnpor 

Tem· 
perno 

turo or 
water 
vapor 

(l'lmo 
In 
nlr 

;\.b· 
sorp· 

tion nt 
21 days 

7 <I0ys 

Tank specimens 

2StlIIYS i yonr 5 yenrs 

Lako speclmons 

1 yenr 3yollrs 5 yours 

o 
~ 

~ 
--

145 
146 

208-212 
"276 

'277-278 
,. 270 
2' 280 

, 286 
287-288 

• 280 
1290 

306 
397 
398 
309 
400 

'429 

435 

436 

14 
14 
25 
27 
27 
27 
27 
27 
27 
27 
27 

70,71 
70,71 
70,71 
70,71 
70,71 
70,71 

70, 7J, 74 

70,71,74 

Alumina Acl_•••••••••••••••• 
.....do.••_._•• _....._......... 
Alumina 11.03................. 

•••••do........................ 
.....do........................ 
•••••do••_ .................... 
.....do........................ 
.....do........_............... 
.....do........................ 
.....do........................ 
.....do........................ 
.....do........................ 
.....do.....__................. 
.....do........................ 
.....do....__~ __.............. 
__•••do........................ 
__...do....___.................JAlumina Ac3, 5 por ccut...... }I]'ortiand A, 47.5 per cont..... 
Portland lll, 47.5 per cont.... 

{"-I.IUminr. Ac3, 10 per cont..... }
Portland A, 45 per ccnt...... 
Portland llI, 45 por cont..... 

O. Ck1 
.03 
.51 
.44 
.59 
.73 
.00 
.44 
.53 
.07 
.81 
.44 
.53 
.50 
.73 
.88 
.35 

.66 

.66 

---
IIOUTS 

24 
24 
24 
24 
24 
24 
2·1 
24 
24 
24 
24 
24 
24 
24 
2-1 
24 
24 

2·1 

24 

------f---
Dav~ HOIlTS OF, 

.. ..... --'"' .. 48 155 

........ -~ ~ .. 48 212 
20 ........ M .. '.." • ................ 
20 ........... "' .. -................. 
~>Q .............. .. "' ........... 
20 .~ ......... -.........."' .... 
20 ......"'-_.... ................. 
20 ............... ........ ~ ...... 
20 .. --"' ......... .............
20 -_ ............. ........ -_ ... 
20 ................ -------
20 --- .....",,," .. ..... --....... 
20 .._------ .............. 
20 ------_.. ............ 
20 ....... _--- .......---"' .. 
20 -...... -_ .... _....--...... 
20 ~ --......... ................ 
20 ...... ~ ....... ~--"' ........ 

20 " ~ -,. ~ ~ .... .".-.. ........... 

--- ---
Dovs Percent 

25 8.1 
25 7.8 
35 4.9 
35 0.3 
35 8.3 
35 10,2 
35 11.8 
35 5.1 
35 4, ° 
35 0.3 
35 5.8 
35 5.6 
35 4,0 
35 5.3 
35 6.3 
35 7.6 
35 0.7 

a5 0.3 

35 0.2 

--- ---..-- --
2,200 2,760 2,780 
2,500 2,870 2,500 
6,700 6,780 0,260 
6,210 7,680 0,490 
5,050 4,830 5,110 
3,380 3,000 3,250 
2,100 1,020 1,680 
7,400 0,820 8,680 
7,680 0,020 8~ 160 
6,5GO 5,680 0,200 
4,640 4,840 4,150 
6,300 5,700 0,110 
0,060 7,120 8,100 
0,800 7,210 8,0:10 
6,950 5,710 0,4-10 
6,140 4,230 3,480 
0,400 8,420 JO,.J40 

2,030 3,880 5,400 

2,260 a,700 4,820 

-"
2,030 
2,400 
7,770 
0,300 
3,0'10 
2,380 
1,130 
8,100 
0,880 
4,000 
2.520 
4,640 
7,(HO 
0,280 
3,700 
2,550 
0,020 

5,070 

6,·120 

2,020 (94 .............. 
3,010 P20 

"7~2.jO'7,420 118 
8, 000 ~12'J 7,370 
5,560 lOll 5,350 
3,730 115 3,35g

700 (42 
S, 400 post 8,0$0 
8,210 101 0,710 
6,100 (08 5,460

l:m'lill 
4,080 
6,640 

7,580 g., 8,600 
7,300 86 8,300 
5,400 84 6,600 
a,700 (lOll 2,050 
0,330 (80 10,100 

4,100 (75) 0 

2,720 (56) 0 

"or3,960 105 
8,950 115 
7,970 125 
5,690 156 
3,830 1610 

8,210 101 
7,830 114 
6,310 154 
4,770 180 
6,920 H7 
7,710 no 
0,780 r685,700 156 
3,200 125 
8,510 129 

0 

0 

td g 
~ 
~ 
Co:>
eJt 
00 

~ 
00 

~ 
~ 
;j 

~ 

( 

437 

438 
252-253 

1291 
'254-255 

11292 

70,71,74 

70,71 
58 
58 
58 
58 

{AlUmina Ao3, 20 p~r cont..... }
Portland A, 40 per cont...... 
Portland 1lI, 40 per cont..... 
Alumina Ac:l............. ___ • 
Alumina An2................. 

.....do........................ 

.....do................. __••'" 
.....do........................ 

.66 

.60 

.53 

.70 

.tlO 

.00 

2·\ 

24 
24 
24 
24 
24 

20 

20 
20 
20 
~'O 
20 

.............. ~ ........ ~ ......... 

........... ., .... .._.... ~ ...... 

................. .. ~  .,. ........ 

................. .... , .. >- ..... 

_ ....... 4 ...... .......... ,. .. ......._.."' .... ~ ........ ~ ..

3.~ 

:15 
:15 
:15 
35 
:lfi 

7.0 

0.8 
0.4 
0.5 
0.3 

12.3 

1,360 

7,080 
7,730 
4,360 
5,010 
2,130 

2,830 

7,700 
7,230 
'1,630 
·1,850 
l,b20 

3,0·10 

7,820 
7,·180 
2, U10 
2,020 
1,130 

3,000 

0,-1-10 
'1,030 
2,1110 
2.020 
1,230 

3,320 (01) 

7,220 (Il2) 
7,010 (V·j) 
4, :170 (150) 
·1,3·10 (1-10) 

020 (81)--- .. 

0 

8,130 
7,2:10 
3,3aO 
:1,600 

° 

0 

7,810 p2117,340 182 
3,410 i150 
3,170 157 

° 

.... o 

~ 
~ 

1 Standard Ottawa sand cylindCl'll. J Mix I; 2. 'lI'[lx 1 ;·1. 'Mlxl :5. 
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Solutions of 1 per cent sodium sulphate, in which cylinders of Acl 
and Ac3 cements were stored in the laboratory, afforded a test of 
alumina cement much more severe than did 1vIedicine Lake water 
which contained several times as much sulphate. (Table 3.) It 
becomes evident, however, by comparing the strength curves of 
cylinders stored in so
lutions of sodium sul _ '2~00~,-,.-,....,...., 

phate with the curves .l: 

.~ '2,QOOI-h-ho"'f-f-Iof those in tap water 

(figs. 18 and 19), that ~ 


III g. 1,600only about one-half 

the loss in strength of 

the cylinders in the 

solutions was directly 

attributable to sul


£ 2,800phate action, the re '00 . 


maining loss being due C I ]V

:...,..~ 2~OO l to temperature concli 1;; 

I--~~ 
tions of the laborat'lrv QI 2.000 - ~~ 
as discussed on pag"e > 

j ? 
.~ 1,60050. It appears, there \\i-QI 

fore, that alumina L. ~ ~ ~200cement cylinders nor o t;" 
umally weaken in tap 800 

water in the labora \tory and that this 400 
\weakening is consider D 

oably accelerated when 0 5

sulphate action is in

troduced. 


FIGURE 22.-Breaking tests up to five years oC 5 and 6 inch concrete Draintile of 5 and drnintile made of alumina and Portland cements, exposed in MedI
6 inch diameters made cine Luke, S. Dak., in a neutral soil, nnd hI alkali soils: A and B, Tile 

oC alumina cement Ac3 and Wisconsin aggregate; 0, tile oC aluminaof Ac3 cement at two cement Ac3 and Minnesota aggregate; D and B, Portland cement 
~1 and Wisconsin aggregate; 1<" Portland cement B and Minnesotacommercial plan ts aggregate. Eacb point is thl) nverage Cor 5 to 10 tile 

were tested for resist

ance under field-exposure conditions in comparison with Portland

cement tile that were essentially similar except that they were mixed 

1: 3 whereas the alumina-cement tile were mi..xed 1:4. General condi
tions of ex-posure 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 a much higher degree of 
resistance for the tile of alumina cement than for those of Portland 
cement, fully supporting the results obtained infield tests of cylinders. 
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TABLE 25.-Tests Up to 5 year8 oj drain tile made oj alumina and Portland cement8 and subjected to various conditions oj exp08ure ~ 
~ 

[The neutrnl Minnesota and Wisconsin soils were very low In soluble salts, containing, respectively, but 0.04 and 0.05 per cent) 

WISOONSIN AGGREGATE ~ 
Location and exposure conditions 	 Strongth and absorption tests ~ .... 

C 
Salt content I I Tile I l.to 4 months 1 year 3 years 5 years 

Mix tested ~ 
Instn11atlon ~ 

Lake andIReacting 
5011 values Strength IAbsorp-1 Strength IAbsorp-1 Strength IAbsorp-1 Strength IAbsorp 

tion tion tion· tlon ~ waters SO. 
,____,__' ___1___' ___, ____,___,____,___, ____, ___ ~ 

~ 
Paris per P0U71d& Ponnd. I Ponnds Ponnd& 

Alumina cement Ac3: 1 million Per cenl Nnmberlpet !In. II. Percent per lin. II. Percenl per lin. II. Percenl per 1i1l.11. Per cen l2lSteck pile (2 months) ______________________________________________________________ 1:4 8 1,540 0.3 _____________________________________________________ _ 
Stock pile (3 months) _____________________________________________________________ _ 1:4 5 1,500 8.5 _____________________________________________________ _
Neutral 5011, 'Vlsconsln ____________________________________________________________ 1:,1 5 __________ ________ __________ ________ 1,850 7.0 1,800 8.3 '" c:n 

1:4 5 __________ ________ __________ ________ 2, OSO 7.0 2,220 7.0 S'JMedicine Lake, S. Dak________________________________________ 47,001 48.08 
Portland cement M:' 1:3 8 1,210 0.2 ______________________________________________________ ~ 

1:3 5 1,480 0.1 ______________________________________________________ ~~~~~ ~n~ g~~~~~k:::::::::::::::::::::::::::=:::::::::::: :::::::::: ::::::::::
Neutral 5011, Wlsconsln___________________________________________________________ _ 1:3 5 __________ ________ __________ ________ 2,350 7.4 2,570 7.7 ?J 
Medicine Lake, S. Dak________________________________________ 47,001 48. OS 1:3 5 __________ ________ 1,830 7.4 2,070 6.8 0 ________ 1::1 

Alumina cemeut .-I.c3: I 	 t;jStock pile (1 mouth) ______________________________________________________________ _ 	 1:4 10 1,310 9.0 ______________________________________________________
Neutral soil, l\1!nnesota ___________________________________________________________ _ 1:4 5 __________ ________ 1,920 9.1 1,780 9.1 1,740 D. 0 
Alkali soll~ North Dakota_____________________________________ 86,386 45.70 1:4 5 __________ ________ __________ ________ 1,760 8.4 1,750 8.1 ~ 
Medicine Lake, S. Dak_________... ______________________________ 47,001 48. OS 	 1:4 5 __________ ________ 1,030 8.0 1,080 7.5 1,830 8.0 

Portland cement M: • 	 1 3 10 1,620 0.4 ______________________________________________ ,_______ _ ~ Stock pile (3 months) _____________________________________________________________ _ 

Neutral soil, l\lInnesota____________________________________________________________ 1 3 5 __________ ________ 2,120 0.4 1,020 7. I) 2,080 8.1


1 3 6 __________ ________ __________ ________ 0 ________ 0 _______ _ > 
Alkali soll~ North Dakota______________________________________ 86,386 45.70 
Medicine Lake, S. Dak________________________________________ 47,001 48.08 1 3 5 __________ ________ 1,130 0.5 0 ________ 0 _______ _ m 

g c .... 

MINNESOTA AGGREGATE 
~ 

~ Aiumlna cement Ac3:' __________1 _ 	 t;jStock pile (1 mouth) ___________________________________________I _________ 	 1 4 10 1,180 I lOA '__________ '________ '__________ 1________1__________1-------
14 5
Neutral soli, Mlnnesota___________________________________________________________ _ __________ ________ 1,270 0.4 1,460 0.1 1,470 0.1 


Alkali soli, MlnuesotB.._________________________________________ 21,630 48.36 1 4 5 
 _______ .__ ________ __________ ________ 1,680 0.0 1,570 0.6 
Alkali 501I~ North Dakota______________________________________ 80,386 45.70 1 4 1,230 8.2 1,200 8.8 

Medicine Lake, S. Dak________________________________________ 47,001 48.08 1 4 gC:::::::I::::::::I----i~350-r---ii~i- 1,360 8.4 1,320 9.2 




Portland cement Bl: •
Stock pile (4 monthS) __.________________________________________/__________ ,___ ._ •• __ _ 
Neutral soil, Mlnnesota _____________ •____________________ •_____ •______________ •••__ 1 3 10 1 

Alkali soil, Mlnnesota •• ________________________________________ 21,630 48.36 
 1 3 5 ••_•••_••• ___ ••__• I, 540 0.0 1,480 8.6 1,500 8.0 

Alkali solllNorth Dakota_____________________________________ • 86,386 45.70 
 1 3 5 ._._••_••___•• _•••••••••_••••••_. __• 1,200 8.6 710 0.5 

1 3 5 ___•__ ••••••••••••_•••_._•••_•••••_ 0 ••_••_.. 010 I I, 260 1 . ,-·-····--·/··-·····,··········,········,-·-······-1-·...... 
Medicine ake, S. Dak________________________________________ 47,901 48.08 1 3 5 ._._•••••••••_.... 0 ._••_... 0 ••_..... 0 

~ 
I Tile 6-inch) cured 24 hours moist room, 72 hours water vapor at 120° F., 8 weeks olr. rJl 
• Tile 5-lnCh! cured 24 hours moist room, 48 bours water vapor at 120° F., 4 weeks air. ~ I THe 5-lnch cw:ed 24 hours moist room, sprinkled 24 hours, 3 weeks air. 
• Tile 5-lnch cured 24 hours moist room, 48 hours water vapor at 120° F., 4 weeks air. o
I Tile 6-inch cured 24 hours moist room, sprinkled 2 weeks, 8 weeks air. "!I• Tile 5-lnch sprinkled 24 hours In moist room, 2 weeks air. 

a o g 
~ 
~ 
'"tl o 
~ 
t::I 

8 o 

i 
rJl 

i 
~ 

CJ1 
'f 
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MIXTURES OF ALUMINA AND PORTLAND CEMENTS 

Alumina and Portland cements were mL'(ed in various proportions 
to indicate the possibility of developing combinations relatively hi~h 
in resistance and lower in cost than alumina cement. Results of dif
ferent phases of this work are recorded in Tables 24, 26, 27, and 14. 
The data for series 434 in Table 14 and series 435 to 438 in Table 24 
give little encouragement to this endeavor. All the cylinders 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 Portland or 
alumina cement was used. At three years all cylinders in these 
series except those of 100 per cent alumina cement had failed com
pletely. 

TABLE 26.-Effect of combining alumina cement AcS and Portland cement on 
compres8ive strength of concrete cylinders, normally cured and slored in lap waler 

[Ench test is the average of·1 or 5 cylindcrs made on 2 and 5 days] 

-------,-----,--"--,-------------------
Averago of compression tests Cement !AbSOrP'

(---,.---1 Water tion 1-----.---.----.-----.---.----Scries No. 
Alun1l- 1'ort- ratio at 21 

1 day 3 days 7 days 28 days 1 year 5 ycars na lund days 

-------1---------------------------
Lbs. per Lbs. per Lbs. per Lb •. per Lb •. per Lbs. per 

Per cenl sq. in. sq. in. aq. in. sq. ill. .q. in. sq. in.38L________________ Per cent Per cent 0 100 
~M m ~~ ~~ ~ru ~~ 
• M MO 1,570 2,360 3, MO '1,720 
· M 420 1,.160 2, 2iO 3, 610 5, 540 85~=========:::===:==384__________________ 1&15 ' gg .65 300 520 1,530 3, 100 5,600

385__________________ 20 80 .66 r.iJO 650 1,220 2,751l 4,070
386__________________ 25 75 .95 ,HO 440 620 1,240 1,750387__________________ 35 65 .81 1,370 1,150 1,400 2,090 2,350

388__________________ 50 50 .75 2,300 1,700 1,410 1,760 2,720
389__________________ 75 25 .69 4,510 4,870 4,120 3,680 3,970
390__________________ 100 0 50 ~_ ~m ~~ ~~ ~~ 
434._________________ 0 100 : 66 ----ii~.t _____________.__ 2,590 4,680 5,050 ---5~830 
435__________________ 5 05 •fl6 0.3 _______. ________ 2, 630 3,880 5,400 5,970436______ .___________ 10 1)0 .66 6.2 ________ ________ 2,260 3,760 4,820 5,420 
431-_________________ 20 80 .66 7.0 ________ ________ J,360 2,830 3,640 3,060 
438__________________ 100 0 .66 5.8 ________ ________ 7,080 7,790 7,820 6,440 

TABLE 27.-Effect of length changes of combining alumina cement AcS and Portland 
cement in concrete cylinders normally cured and slored in tap water 

[Each test is the a\'cragc for 5 cylindcrs mode on 5 duys) 

Cemcnt Lcngth incrcose at age I 

Series 
Portland 1.-I.IUmlna 6 weeks 8 weeks 129 weeks ~ 

-----------------------1-----::-----
Per etnt Per cent Inch Inch Inch Inch434_______________________________________ _ 

-0.0017 -0.0020 -0.0007 +0.0006 
436_______________________________________ _ 95 5 -.0018 -.0021 -.0003 +.0008 
437 _______________________________________ _ 

435 _______________________________________ _ 100 o 
00 10 -.0020 -.0023 -.0008 -.0002 

438_______________________________________ _ 80 20 -.0026 -.0029 -.0006 +.0002 
o 100 -.0016 -.0019 +-0018 +.0028 

I Initial readings modo at end of thrce weeks. 

CONCLUSION REGARDING ALUMINA-CEMENT CONCRETE AND MORTAR 

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

~1i:ring special ingredients with Portland-cement concrete to 
increase resistance to sulphate attn.ck, alt110ugh long advocated and 
practiced, has been from the flrst a matter of extended controversy. 
That early opinions rega:rding admb:tures were divergen t is not difficult 
to comp:rehend, for there is a great range in the :resistance of Portland 
cements from different lIlills as well as decided variations in the 
resistance of concrete due solely to variations of curing conditions, 
as has been discussed. Therefore, these factors had to be carefully 
weighed in compflling the behavior of concretes with and without 
admixtures, otherwise the :results might be so contradictory as to he 
valueless or even misleading. Random comparisons based on exami
nations of field structures are likely to be deceiving, since e::,:posure 
conditions are not identical for any two structures and may vary 
greatly even for different parts of the same structure. 'With the hope 
of sOl11('what :reducing the doubts about the ctl'ect on SlLll)hate resist
ance of some of the more common types of admixtures,~the series of 
EL"\."})eriments here reporteel upon were outlined, although it was mani
festly impracticable to test more than a very few of the large num
ber of products that ha.ve been suggested. 

In these e:\l)erimen ts with admixtures 26 products were used, 
including 9 siliceous materials, natural and artificial; 2 high-i:ron 
products; 8 miscellaneous' chemical compounds and mixtures; and 
7 water-repellents, including 3 soap preparations, an organic oil, a 
mineral oil, kerosene, :wd water-gas tal'. The essential chemical 
composition of each admixture is TCcorded in Table 28, and the results 
of fineness tests of the siliceous materials are given in Table 29. 
There follows 11 brief description of the noteworthy characteristics of 
the materials of each group find a summary of the observed effects on 
compressive strength and particularly on allmli resistance of concrete. 
(Tfibles 30 and 31, and pIs. 8 find 9.) Numerolls workers have reported 
~n these and similar products lIsed in concrete for other specific pur
poses (3, 4, 26, 29, 52). 



TABLE 28.-Essential chemical composition of admixtures 0) 
o 

[Analyses by the Division of Tests, Bureau of Public Roads, U. S. Department of Agriculture, except as noted. Ali vnlues are given in per cent) 

Alum· I Sui· ~ inn Mng'lc b lonrbonisul h I phuric IsodiumlcnlciumlBarium Loss on Sillca I(AhO.) IMetalliCI LimeAdmixture nesia '(b)on dioxide (~) ur anhy· oxide chloride chloride Soaps lignitlon (SiQ.) and iron (CaD) (MgO) (CO.) drlde (Na.O) (CIlCh) (BaCh)iron (SO,)(Fe.O,) 
1___1___1___1___ 1___1___1___1___1___1_-__ 1___1___1___ ISillceous materials: 

Barnsdall admix ___ •_______•__•••_••_••_•••_••••__ ••••• 96.80 1.W ____. ___1________ -·------1-··--··- -"-'--- ---.--...........------..-----.- -"-"-' .--.... 1. 50Blast·furnace slag_ ••__ •_____..... __ . _•••_••__••_._ •••.__ 33.37 moo
Celite......._•••••._••__ ._••___•__ ••___•__••_••_._...... 86.40 ~ 
&00Colloy______....____ .._______________.•___._.___________ 65.70 moo ==:==:=: .-=~~~....~~~~. :::::::: :::::::: ==:~=~~: :::::::: :::::::: :::::::: :::::::: :::::::: g: ~ t:Fuel ash ______ . _________•__________.____________________ 44.50 2.80 1.14 12.70 ••___ ._. .18 O. OS ________________________ •• _••___ 4.55KOOHaydite______________________________________ •_____.___ 64.35 ~ nwOmicron ,_.___ •______•____•_____ ._______________________ 64.25 ":3mwTruss____________________________________________._••_.. 55.60 .ro =:===:::I:::i~~~: ::=~~~5l~~~~~~ ~~~~~~~~ ~~~~~~~ ~~~~~~~~ :::~~~~: ~~~~~~~~ ~~~~~~~~ ~~~~~~~~ ~~~~!~~~ Z
Volcanic asb ...._.___. ____••_. __ ._.___ ••._.•____________ 72.45 mM CA>High-iron products: Ironlte '.___._••_.___•••___...______•._.___ •_____ •______. 5.25 CI. 

~oo:Metalicron ,_••_______.•___ ._ •• _______.•__ ._•••_._•••____ 10.00 ~: ~ t=:==::t:::::=I:=:=:=:=I::=::==:I:=:=:=:=I::=:::=:I:==::=::1::=::===1:::=::==1::::::::1:=::=:=: 
Miscellaneous chemicnl compounds and mIxtures: d 

~:r~~.C.~I_O:!~~.~~~~~~~~~.~~~~_~~~_~=:=:====:===:======= ---i~58- -"'~7id====:=== --46~92'1--T2i' :===:=== :==:===: =:::::=:1'--,.)--' =:::=:==I"'2i~2- ___~:~.I:=:=::=: --'27~44 UJ 

l:j 
l?=Jl~~R~F(~i~;=~~=~~~~~~~:~~~:~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~ ~~~~~~~~ ~~~~.~~~~ ~~~~I~~~~ ~~~~~~~~ ~~~~~~~~ ~~~~~~~~ ~~~~~~~~ ~~~~~~J::~~~~: ~~~~~~~~ ~~~~~~~~ ~~~~~~~~ 


Hydrated lime (high MgO} ___•___••__._._..._.__ ••___•• 1.49 .80 •__ ..••• 44.27 28.20 : __ ••••• 23.95 ••••••,. 1.59 ••••••_. ' ___ "" "_"'_' ••__ ._.. .57 
Sulphur (certified product) '. __ ••_•..•._._.•._. _______________•• _. __ ._••.__ •__•••_._____ ._._•• __ ••____ ._ •• _••• _. 100.00 _••_._•••_._._,. ____ ......_.____ ••__ ._•• __ "'_._ ~ 

Water repellents:Alkagel A 10.____ ._••_ ••_._...... _•••_._ •••__ •••_. ____...._. __••• __• __ • ____ • __________ • __ ••_. ____ • __________•••_. _______ • __ ••___________________ • _____ • ___••_. ___ ••___ • __ 

Medusa waterproofing "_.__.•_.___._..._____._._.__ • __ •••.._•••••_•....••••_••_ ••.•.••• _. __ ••.••••._•.••,.___•••••••••••••••___ ••••••_. _•••.••••_...... 23.0 ._••_••• ~ 
Truscon waterproofing paste " •••_._•••_••••••_•••_.•...•.•...••••_._._.•_.__•__ ••••••.•••••••••••••_._. _••••____•___. ____ •______••_____ •______ •••_.____ 21.5 _______ _
Linseed 011 ,_._______•• ___•••••_. __••___• ____ •____._._._____ •__ • __ •_________• ____ •__ ._. __ •___•____ ._.__ •• ___••_____________• ___________ •_____ •________•___•_____• _._. ___ _ 
Automobile 011 •_______••_. __ ._••••__. __ •••••__ ••••••____ •___._•• _••••_•• _._. ___••••••••• __ •••••_ •__•___• ___ •______ •__._. _•._._._ ••_._._. _._. ___•._._.____• __._.______•__ 
Kerosene • __ •••••••••__• __ . ___ ...___ ._._._.__••_______•__._•••_•••••.__ . ____._••••••_._. ___•__ • _. ____ ._ ••_. __ ._ • __ •••_____•••_. _. ___•__ •__________ •_______••••__•___••_ i'Vater·gas tar ".- ••----------..-----.-.-••.•-.•---.----- ------.- -------- ---•••-- ..-----. --.-•• -- ---..--T------.....---- -------- .------. -.-.-.. ----.---. ---.-.-- ..------ d 

I Also small amounts of lime, magnesia, and alkali salts. • Unaccounted balance consisted ofn mixture ofsodium chloride and potassium nitrate. ~ 
, Trace. • Not analyzed . 
• Iron and iron oxide equivalent to 83.33 per cent metallic Iron; munganese nnd mun- 10 Lost 80.87 per cent on drying; residue consisted of copper und Iron soaps with par

ganese oxide eqnal to 0.56 per cent metallic manganese. a1lin; ammonill present. ~ 
• About 90 per cent metallio iron; balance siliceous material resembling ciIlY. II Soap about 23 per cent; balance was partly hydrated and cnrbonated lime witb about 
• Analysis by manufacturer. 6 per cent magnesia. 
• None. " Water about 78 per cent; considerahle free ullllllonia . 

I Calcium caseinate (milk product). II Thin liquid with 70.09 per cent soft-pitch residue lit 300· C. 
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TABLE 29.-Finene88 tests of the nine siliceous admixture8 for which chemical 
analyses are shown in Table 28 

[Analyses otber tban tbose of the 200 and 300 sieves were made by the Bureau of Standards, U. S. Depart· 
ment of Co=erce)I 

Retained Retained Grenter Greater Greater Greater 
Admixture by No. by No. than 00 tban 40 tbnn 20 tban 10 

200 sieve 300 sieve microns microns microns microns 

Per cent Per cent Per cent Per cent Per cent Per cent Barnsdall admix ___________________ 0.2 0.5 ••__________ (') 3S.2 (21) 66.0
Blast furnace slag _________________ _
CeJite_____. _______________________ 12.7 19.4 32.81 5S.0 76.9 84.0 

1.9 2.9Colloy____________________________ 
10.5 18.1 --2o:s-,fi9i" --"40:ii(41r --7i:7-(21)- --83:8"(10)Fuel asb __________________________ _ 
3.4 5.4 (') t 14. 1 30. 2 55. 2 

Omlcron__________________________ _ 
Haydite___________________________ _ 

3.1 6.0 11.8 I 27.5 (38) 52.3 (21) 68.0 
2.8 4.4 ____________1 (I) 33.5 (22) 85.4Trass______________________________ 

28.3 32.8 33.0 45.0 (40) 69.7 79.2Volcanic ash ______________________ _ 0.4 11.3 ._.--..,--- ..-. ------------ ----.------- -----.----

t Note by the Bureau of Standards: Fractionations were made in nn air elutriator calibrated for Portland 
cement which, has a density of about 3.1. ,\s the density of the admLxtures dltrers from this value the 
limiting sizes cif each fraction will also dltrer from tbe nominal sizes listed above, which are for Portland 
cement. 1'vIlcroscoplc measurements of the lImiting sizes of separntion Wllre made in some cases. The 
values obtained have been placed in parentheses after the per cent residue in the table. Tbese values are 
a.,.ernges of measurements on about 40 particles. No measurements were made on the samples of blast 
furnace slag and powdered (uel ash because tbe particles were very Irregular in size and shape. When 
tbe residue was less than 10 per cent tbe results obtained were not reliable because tbe material remaining 
in tbe bulb was not su1hclent for proper agitation. 

I Less tban 10 per cent. 

TABLE 30.-Effect of admixtures on resistance of 2 by 4 inch concrete cylinders ex
posed in the laboratory to the action of solutions of sodium sulphate (Na2SO.) 

[Cemcnts.-\ and Bl mixed In equal portions. Eacb test result Is tbe average for 5 or more cylinders made 
on 5 days) 

J IStored in tap water IStored in 1 pcr cent solutions of 
J I Na,SO.

I 	 Time 
Fine- Water- Absorp-	 re~i~ , General description ness cement tion at 	 Per- quired

moduli ratios 21 days 	 cent· to in-Age BreakIng Age BreakIng age of creasetested strengths tested strengtbs -, 	 normal in 
strengtb lenl!th 

O.OlD 
Incb 

Lbs. per Lbs. per 
Per cent Weeks sq. in. Weeks sq. in. Per cent Weeki 

{ObeCk cyl!nders } 	 1 3,200 }51 witbout admix- 4.67 0.59 5.1 4 4,760 46 1,860 34 43.4 
ture. 40 5,490 (100) 

1 2,990ers per cent Alka- }52 	 4.67 .90 5.7 ~ 4,150 34 1,000 28 31.0gel. 34 5,660 (lOO) 
1 3,300 

~ 3 per cent AlkngeL 4.67 .63 5.9 4 4,070 28 1,610 35 25.0 
28 4,660 (lOO) 1 

{CbeCk cyl!nders } 	 1 3,43(1 
61 witbout admlx- 4. 67 .59 5.5 4 4,290 38 1,970 32 35.4 

tnre. 38 6,130 (100) ,
1 3,370eper cent blast62 	 furnace slag. } 4. 67 .60 5.4 4 4,920 ·13 1,900 30 40.0 

43 6,440 (100) 1 
1 3,110eo per cent blnst- }63 	 4.67 .02 5.6 4 4,710 59 1,410 23 55.7furnace slag. 	 }59 6,200 (IOO) 
1 3,460{2O per cent blnst- }64 	 4.67 .05 5.6 4 4,000 70 1,720 26 67.1furnace slag. 	 }70 0,650 (IOO) 

1 3,230
eo per cent blnst· } 4.67 4 4,340 49 3,890 54
65 	 .71 5.6furnace slag. 49 182 2,230 30 178.6 

182 7,350 100 
tbeck cyl!nders } 1 

{ 7,170 ~100~ } 
46 	 without admix· 4.67 .59 5.6 4 48 1,570 27 44.7 

ture. 48 5,8S0 (100){ t:l 
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TABLE .30.-Effect of admixtures on resistance of 2 by 4 inch concrete cylinders ex
posed in the laboratory to the action of solutions of sodium sulphate (Na 2S04)-Con. 

[Cements A and Bl mixed in equal portions. Each test result is the average for 5 or more cylinders made 
on 5 days] 

Stored.in tap water Stored in 1 per cent solutions of
Na,SOI 

IT:!e
Fine- Water- Ahsorp

Se- General description neSs cement tion at Per- . quired 
ries moduli ratios 21 days Age Breaking Age Breaking cent- to in

tested strengtbs tested strengths :;r~!l crr:e 

strength length 
0.010 
inch 

----- Per cent !week{ ~~~.~~50 }weeksl L~~i. ~~~ Per ~rntl Weeks 
50 4 per cent caL ____ 4.67 	 0.59 6.2 64: 4,200 62 1,510 26\ 59.0 

5,840 (100) ! 

46 

49 

56 

57 

{ 
Check cylinders

without admix
ture. } 

}{4 per cent calcium 
chloride. 

{ 
Check CYlinderS}

without admix
ture. 

{ 
5 per cent hydrat· }

ed lime, high cal· 
cium. 

4.67 

4.67 

4.67 

4. 67 

.59 

.61 

.59 

.61 

5.6 
48 

7.0 {i
69 

{1
5.8 4 

40 
{I

6. 0 4 
33 

~::J9:z8 II 
5, 880 (100) 

~: ~~g II 
4, 790 (100) 

3,370 l 
4,590 

6,630 (100) }l 
3,520
4, 510 

5, 1lS0 (100) 

48 

69 

40 

33 

l,ii70 

2,480 

1,630 

1,760 

27 

521 

25 

31 

44.7 

66.0 

37.1 

30.3 

58 

59 

60 

46 

{ 
10 per cent hy· }

(Ira ted lime, 4.67 
high calcium. 

ed lime, high 4. 67{ 
s per cent hydrat· r 

magnesium. 

ed lime, high 4. 67{ 
10 per cent hydlat· 

magnesium. 

without admix 4.67{ 
Cheek CYlinderS} 

ture. 

.63 

.61 

.63 

.50 

{I
0.7 4 

29 

5. 9 4
{I 

34 

0.3 4
{I 

32 

5.6 4
{I 

48 

2,860 } 
4,440 

5,640 (100) 

4, 620
3,170 } 

6, 490 (100) } 

4,980 
3,050 

5,000 (100) 

4,620
3,090 } 

5,880 (100) 

29 

3·1 

32 

48 

1,540 

1,670 

1,570 
I, 

27 

27 

33 

27 

26.3 

30.9 

29.3 

44.7 

47 

48 

41 

5 per cent ironlte __ 

20 per ccnt ironite_ 

{ 
Check cylinders } 

without admL~· 
ture. 

4.67 

4.67 

4.67 

.59 

.61 

.59 

{
5.8 

. 

{6. 2 

{5.9 

I 
4 

54 
I
4 

61 
I 
4 

44 

3,040 }
4,910 

5,850 (100) 1 
3,030}
4, 130 . 

5,380 (100) ~ 
2, 690 i}
4, 540 i 

5,840 (109) .. 

M 

01 

H 

1,560 

J,590 

1,410 ! 

27 

30 I 
24 

50.7 

58.0 

40.6 

42 

43 

{2M per cent vol
canic ash. 

{5 per cent volcunlc 
ash. 

} 

} 

4.67 

4.67 

.61 

.63 

6.4 

6. 2 

{ 

{ 

I
4 

32 
1

3i 

2,370}
4,420 

4,990 (100) 
2,440 l 

5, 480 1i~~ I 

32 

33 

1,440 I 
1,730 

29 

32 

28.6 

30.0 

44 

45 

51 

54 

55 

{10 per cent vol
cnuic nsh. 

{20 per cent vol
cnnic ash. 

{ 
Cheek cylinders

without admix
tures. 

{5 per cent water
gas tar. 

{20 per cent water
gas tar. 

} 

} 

} 
} 

} 

4.67 

4.67 

4.67 

4.67 

4.67 

.65 

.74 

.59 

,55 

.51 I 

{ 
I 2,050 } 

0.3 4 3,630 49 
49 5,240 (l00) I 

{ 
] I, 780 '}

7.0 4 3,290152 
52 5,050 (100) I 

{ 
I 3,200 I}5.1 4 4, 760 46 

46 5,409 (100) 

4. 7 {! ~: ~~ l 31 
31 \4, 520 (100) I 

{ ! ~',1ljOo 1 69 
5.7 69 2,270 (100) f 

----~~~~J----::-
I,S60 I 34 

1,590 I 
1,140 50 

45.6 

1267.2 

43.4 

28.1 

65.8 

1 Estimated. 
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Ce-	

AdmL~ture Ouring method Aver~ge compression tests (pounds per square incb)
ment Portland I . I I'Series IlabOr- cement Water 	 TIme Time T!me Tem- Absorp- Tank specimenspera- Time tion at 	 Lake speciIhensatory ratio Amount Ingredient
No. 	 mi~st in w~~er t~~e in 21 days


closet water vapor water air 
 7 days 28 days 1 year 5 yearsl 1 year 13 years 1 5 years
--~------------Percent

0.59 ---------
None_______________ flOUTS Days I:TOUTS 	 • P .. Days Per cent182 18 MAandMBl. 	 20 _______ _______

183 18 
_____ do_______ 

.63 3 Alkagel A __________ 24 35 6.0 2,800 4,010 5,780 5,790 4,450 (77) I 2,100 0

184 18 

_____ do. ______ .59 None______________ 2-1 20 ------- ------- 35 5.3 2,260 3,560 4,570 4,670 3, 520 (7i} I 2,140 0

185 18 

_! ___do ________ Alkagel A__________ 24 ------- 48 155 35 0.0 4,070 4,530 5,100 6,110 4, 240 (83 1 4,700 800 (13

18 

_____ do________ .63 3 	 48 155186 .63 3 
_____ do______________ 24 ------- 35 5.0 3,280 3,940 4,570 5,050 3,300 (72 I 3, 900 I, 090 (22~


554 129 
_____ do________ 

.64 ---------
None_______________ 24 ------- 48 100 35 5.4 3,120 3,730 3,820 4,420 3, 550 03l I 3, 060 a


581 	 129 
_____do________ 24 20 ------~ ------- 35 0.3 3,570 4,760 5,980 0,820 3, 530 ~50 0_____do________ .62 0 Barlnm chlorldo___ 24 	 0

582 	 129 .62 12 
_____ do______________ 20 ------- ------- 35 6.5 3,530 4,570 5,870 6,220 3,730 64) 0 0


225 
_____do ________ .02 ---------

None______________ 24 20 ------- ------- 35 0.7 3,240 4,460 5,100 6,050
822 	
225 

_____do______. _ 24 35 5.3 3,220 5,230 
4, 420 ~871 2,800 0

823 	
225 

_____do________ .62 3.75 Barnsdall admix___ 24 
20 ------- ------- 0,250 3,800 01 0 0 

so 
824 .64 7.5 

_____d0 ______________ 20 ------- ------- 35 5.2 3,440 4,660 7,090 3,050 (43 0 0
825 225 

_____do________ _____ do______________ 24 20 ------- ------- • 35 5.5 2,070 5,070 0,480 3, 000 ~40 0 0 ~
626 

_____ do________ .72 15 _____ do______________ 24 20 ------- ------- 35 0.0 3,060 4,400 5,350 2,130 40) () 0225 .70
263 

_____do________ 30 	 24
.64 ---------

None_______________ 20 ------- ------- 35 6.8 2,310 3,700 5,410 1,450 (27) 0'981 	 0 ~
'982 263 

_____ du________ Barnsdall admLc__ 
24 27 ------- -- .. ---- 28 5.9 5,440 7,100 5,030 (71S -- ------ ------------ o_____do _______ .67 4 _____ do ______________ 24 27 ----- .. - ------- 28 6. ] 5,630 6,610 4,590 (60 ________ ------ ______

• 983 263 _____ do________ .69 6 _____ do______________ 24 27 ------- ------- 28 6.0 5,140 6,050 4, 060 ________ - ______ "____
• 984 263 I.____________ .71 8 _______________ 24 	 28 6.1 5,560 5,950 3,800 64Nou~2985 274 	

27 ------- ------- ________ -----------______dJ________ .64 ---------	 24 27 .------ ------- 28 5.9 5,330 7,190 7'170(lOO~ - _______ ------ ______2986 274 .67 4 Ba~ .lsdnIladmix____
274 

_____do________ 	 24 28____ "Jo______________ 27 ------- --.---- 6.0 5,370 7,800 

(67~ 	

~2987 	 6,170 F8.60 	 5,460 71 -------- ----------- 
274 

_____do ________ 6 _____do ______________ 24 27 .------ --.---- 28 6.1 5,480 7,680 ________ - ___________
• 988 .71 8 24 	 6,610 (9a

.80 ---------
None_______________ 27 ------- ------- 28 6.3 5,310 7,080 ________ -- __________ ~'989 263 MAandMBl. 	 1, 570 ~Z3

263 
_____ do________ 	 24 27 ------- -._---- 28 6.2 4,850 5,540 ________ --__________1990 .82 Barnsdall admix___ 	 630 11 ____________________

j 991 263 _____ do________ _____ do______ _______ 24 27 --._--. ---.--- 28 6.6 5,010 5,770 l ~,
~ 

263 
_____do________ .83 6

4 
_____ do______________ 24 27 ------- ------- 28 6.4 4,770 5,340 980 (18) ________ -- __________'902 	 .84 8L ____________ None_______________ 24 27 ------- --..--. 28 6.2 4,660 6,0501993 274 .80 --.---- --	 570 (9l -------- ----------. _____ do________ 24 28 3,970 (60 ________ - ___________1994 274 .82 4 Barnsdall admix___ 

27 ------- ------- 6.5 3,980 6,010 4, 650 _____ "__ - ___________ ~
1995 274 	

_____do________ 
.83 6 •__ ~_d 0 ______________ 24 27 ------- ------. 28 6.4 4,740 6,540 4,850 8l_____ do________ _____ do______________ 24 27 ------- ------- 28 6.8 4,440 5,000 

~71 

'996 274 .84 8 24 28 	 4,260 (71 ____________________.94 _________ None______________ 27 ----.-- ------- 6.6 4,500 6,010 	 ~'997 263 MA.and MBL 	 2,840 (65 ____________________24 27 ------- ------- 28 6.7 3,640 4,370 	 UllI z.year tests.
• Special hlgh-slIica aggregate, 1 : 3 mix; 2 by 4 Inch c&Ilndcrs cured In damp sand.
I Special hlgh-sllios aggregate, 1 : 2 : 3 mix; 2 by 4 Inc cyIlnders cured in damp sand.
'Special hlgh-alIios aggregate, 1:2: 4 mix; 4 by 8 Inch oyllnders cured in damp sand. 	 Ct.>

C/.:I 

~ 



..'~ 

TABLE 31.-Tel1t8 of e by 4 inch concrete cylinders containing various admixtures, cured by different proce8ses and exp08ed to action of sulphate ~ .j 
waters of Medicine Lake, S. Dak., as compared with similar cylinders stored in tap water-Continued I.) 

Admixture Curing method Avorage compression tests (pounds per square inch) 

~ 
Ce


ment Tem-I IAbsorp-1 Tank specimens Lako specimens
Portland WaterSeries labor cement ratio T.!me 1Time Time pera- Time tIon at 
atory ~ Amount Ingredient m~nist In w~er t~fe in 21 days
No. 

closet water vapor water air 7 days 128 days 11 year 15 years 1 year 3 years I 5 years 

. vapor ~ 
IDaUB Hour. ~--:;:- DaU8 ;er cem'--'---'-

, 998 263 4 IBarnsdall admLL-__ 24 27 _______ _______ 28 6.8 3,570 4,640~Aand~B1_ ~% 2,760 (58) 

'999 263 .00 1,510 (33)
___._do____• __ • 6 _____ do______________ 24 27 _______ _______ 28 6.9 4,020 4,510 

_____ do_.___ • __ 8 _____ do______________ 24 27 _______ _______ 28 6.9 3,610 4,650 
'1,001 274 L ______..__ ._ .94 _____ None______________ 24 27 _______ _______ 28 6.6 3,370 4,880 4,300 (89) 
'I,002 274 .% 4 Barnsdall adnlix..__ 24 27 _______ _______ 28 6.6 3,480 4,730 

'1,000 263 .m 830 (18) 

_____do __•__• __ i4, 080 (80~ ___._do_.___ • __ 6 _____do______________ 24 27 _______ _______ 28 6.6 a,660 4,360 

_____ do_____••_ 8 _____ do______________ 24 27 _______ _______ 28 6.7 3,570 4,780


'1,003 274 .96 3,950 (91 <:0:1 
'1,004 274 .m 5,020(105 Q1 

157 18 Y.!Aand~Bl. .74 40 Blast furnace slag__ 24 20 _______ _______ ______ 6.6 2,420 3,960 6,030 -ii~200- 4,230 (70) -i2~34ii- -----------0 S'J _. ___ do__ ••• __ 10 _____do_____________ 24 20 _______ _______ 35 6.0 2,880 4,180 6,4401fi8 18 .63 6,250 5,170 (95) 13,930 0 

169 18 .n 5,600 1 5,220 090 (12) 


__• __do_______ 40 _____do_____________ 24 20 _______ _______ 35 6.7 2,410 4,190 6,610 
___ ••do____ • __ 5,500 i9S) ~ 160 18 .03 10 _____ do_____________ 24 48 155 35 6.4 3,850 4,010 5,300 4,000 4,800 91) 13,540 0 ____.do___• __ _161 18 .n 40 _____ do_____________ 24 48 155 36 6.11 3,800 4,020 5,450 6,710 4,830 80) 1 5,940 2,760 (48) 


172 18 ____.do__ ._. __ .W _____ None_______________ 24 20 _______ _______ 35 5.6 2,810 4,190 5,300 5,400 4,370 82) 12,050 0 !1l 

_____do____• __ 4 CaL_______________ 24 20 ______• _______ ______ 6.7 3,200 4,150 4,860167 18 .W 5,600 1 1,380 0 \:::13,\)10 (80l 

168 18 •••__ do__ • __ ._ .60 8 _____ do_____________ 24 20 _______ _______ 35 6.8 3,180 4,290 6,670 0,370 4,020 (83 1 3, 090 1, 570 (25) t;;l 

169 18 
 __ ._.do. ___• __ 4 _____ do______'-______ 24 20 _______ _______ 35 5.8 3,250 4,280 4,560.W 5,580 4,800(105 1 3,620 1,090 (2Ol_____do. ___• __170 18 .60 8 _____ do_____________ 24 48 150 35 6.0 4,990 4,670 5,030 6,900 5,010(100) 1 6,200 5,540 (93 _____do_____._ ~ 171 18 .W 4 _____do_____________ 24 48 165' 35 6.0 4,560 4,690 5,140 6,730 4,980 (97) 1 5, 500 4, 090 (82 

172 18 .W 6,400 12,050 0
_.___do. __._._ _________ None_______________ 24 20 ______ • _______ 36 5.6 2,810 4, 190 5,300 _____00______ _ 4,370 (82l
162 18 .63 4 Calcium chlorlde___ 24 20 _______ _______ ______ 5.7 2,870 4,330 5,530 6,130 3,910 (71 1 1,710 0 ~ _.___ do____ • __ 8 _____ do_____________ 24 20 ____.__ _______ 35 7.1 2,200 3,010 4,280163 18 .m 4,220 3,550 (83 1 3, 130 I, 940 (25l 
164 18 _.___do. ___ • __ .63 4 _____ do_____________ 24 20 _______ _______ 35 69 2,940 4,000 5,450 6,790 1 6, 240 2, 200 38 > _____do. _____ _ 6,050 i9a)
165 18 .m 8 _" ___do_____________ 24 48 155 35 7.1 3,800 3,940 4,600 4,620 3,360 12) 1 3, 800 3, 770 )82 _.___do_______;'60 18 .63 4 _____ do_____________ 24 48 155 30 5.8 4,840 4,920 4,990 6,970 4,460 80) 1 5,840 4,900 (84) _____ do ______ _
172 18 .W _________ None_______________ 2·1 20 _______ _______ 36 6.6 2,870 4,190 6,300 5,·160 4,370 82) 12,050 0 ~ _____do_______ __________do_____________ 24 20 _______ _______ 35 6.8 4,930 6,680 6,4201181 294 .~ 3,540 (55) _____do______ •

1182 294 l1! Casein_____________ 24 20 _______ _______ 35 6.3 4,300 6,030 6,620 3,170 (48.~ _____ do_______ ~ 
1183 294 ~ H _____do_____________ 24 20 _______ _______ 36 7.0 4,020 6,060 5,720 3,250 (57 

1184 294 .~ Y.! _____ do_____________ 24 20 _______ _______ 35 6.7 3,870 4,760 5,480 3,440 (03
. _ .._do_______ 

~____ do_______ 1 _____ do_____________ 24 20 _______ _______ 35 7.9 2,490 3,680 4,2901185 294 ,~ 2,000 (62Q2__________ _
412 105 2).2 Celito______________ 24 20 _______ _______ 35 6.4 3,530 5,050 6,670 -ii~280-.60 3,760 (50 _____do______ _ _________ None_____________._1 24 20 ___ • _______.__ 35 5.7 3,520 5,300 6,500 oo 1-----------0 e 
413 105 .~ 6,350 4,300 (00: 0 

______________do_____________ 24 20 _______ _______ 35 6.3 3,810 4,950 6,420583 139 y'!Aflnd Y.!Bl. .02 7,820 3,050 (67) o 0 _____do ______ _ 

_____do_______ 6,290 (80l
634 139 ,94 2 Celfte______________ 24 20 _______ _______ 35 6.1 3,260 5,340 6,180 6,390 o 0 

635-636 139 .94 _________ Nono_______________ 24 ·~B 212 53 0.3 3,960 4,330 4,250 6,000 4,370(103 5, 960 6, 530 (99) 



637-638 139 _____ do_______ •&I 2 CeIlte________ •____ • 24 ____ .__ 48 212 53 6.2 4,100 4,730 6,300 6,010 4,410 (83! 6,020 6,250 (90)639 139 •____ do __ ••_._ .64 2 Colloy. _____ .______ 24 20 ________• ___ ._ 35 0.5 .3,630 4,010 5,2liO 5, BOO 4,630 (88 o o640 139 _____ do_______ .64 _•• ______ None__________ ••• __ 2-l 20 ___ ._••••_._.. 35 0.5 "3,320 4,470 5, BOO 6,070 o o&II 139 •____do ___ •• __ •&I _. __ •_________ do __ ••_________ 24 48 212 53 	 4, 630 ~786.0 3, li90 3,700 4,630 0,010 3,740 83 5,300 6,140(102)642-643 139 _____ do_______ .04 2 Colloy____________ • 24 _______ 48 212 53 6.8 3,870 4, 100 4,420 6,270 3,BOO 86) 5,510 5,~0 (03)776 204 _____ do_______ .02 _________ None_______________ 24 20 _______ _______ 35 0.2 3,400 4,420 6,480 o o o777 204 •____ do_______ .04 2 Colloy_____________ 2·1 20 ___ ..________ • 35 0.4 3,100 4,640 5,270 o o o ~ 778 204 _____ do ____ ,.. .65 4 _____ do_____________ 24 20 _______ .______ 35 0.4 3,21!0 4,540 6,110 OJ. o o715 176 •____ do_______ .62 _________ None_______________ 24 20 •• _____ _______ :15 5.0 3,830 5,100 6,420 4,550 (71) o o716 170 _____ do_______ 02 .27 Enrtbcrelo_________ 24 20 _______ .._____ 35 	 ~ 5.0 4,400 5,100 5,780 	 o o717 176 _____ do_______ .02 1.00 •____ do_____________ 24 20 _____ •_______ • 35 	 4,630 (8010.8 0,530 5,120 6,050 ~,890 (70 o o
718 170 _____do_______ .62 .27 ____ .do_____________ 2·1 48 155 53 5.6 5,210 5,550 5, 370 ,_______ 5,150 (96 o o554 120 _____do________ .64 __•______ Nono.___________ .__ 2·1 2() _______ _______ 35 	 ~ 0.3 3,570 4, 700 5, 980 0, 820 3,530 (59 o o564-565 120 _____ do••______ .02 2H Fuel nsh___________ 24 20 ________._. __ • a5 0.3 3,580 5,100 6,710 7,410 o o (")500 120 ____do....____ .64 5 _____ do..____________ 24 20 _______ _______ 35 	 2,840 (42l 

6.4 3,300 4,700 5,850 7,260 2,670 (46 o o507-508 120 _____do________ .67 10 __• __ do________ ._____ 2{ 20 _______ _______ 35 0.3 3,390 5,080 6,570 0,370 3,000 (56 o o'lIS0 205 A____________ .77 _________ Nono _________ ••_.__ 2·1 27 ___________________ _ 	 1,870 (44 __________________ __
8.2 2,410 3,790 4,29061187 205 _____do________ 1.13 43 TInydlte..__________ 24 27 ____________________ 	 3,370 (63 __________________ __9.0 1,080 3,070 5,330 , 1188 205 _____ do_______ • 2.05 150 _____ do______________ 24 27 __ ._.______•_______• 10.2 090 1,760 4,400 3,170 172 -------- ----------- "1189 200 Special F ..___ .77 _________ None..________ .____ 2·1 27 ___________________ _ 	 4,930 82 __________________ __8.3 4,750 5,540 6,04061190 200 _____do_.._____ 1.]3 -13 TIaydite..__________ 24 27 __________________ __ 	 4,920 82 __________________ __8.2 3,340 4,140 5,080 II 1191 2<J0 ___ ..do_______ 2.05 150 _____do______________ 2·1 27 ___________________ _ 	 2,990 90 ___________________ _

11.2 1,200' 2,600 4,5001192 204 y'!A and ~ml_ .02 _________ Nono________ .______ 24 27 . _________________ __ 	 4,790 173 ___________________ " 5.7 4,880 6,000 6,500'1193 204 _____ do..______ .90 43 TInydlte____________ 24 27 ___ •_______________ _ 	 5,470 86 ___________________ _0.1 3,100 4,740 0,370 , 	1194 204 _____ do________ 1. 02 150 _____ do______________ 2·1 27 __________________ __ 6.5 1,530 2,020 5,260 1______ _ 3,920 75 ___________________ _ 

1105 294 _____do..______ .71 30 _____do______________ 2-1 27 _________________ __ 6,750 (01 __________________ __ 
 e

5.8 4,390 5,840 7,450 •____ __ o172 18 _____ do________ .50 None_______________ 2-l 20 _______ _______ 35 	 4,370 (82 ________ 05.0 2,870 4, 190 5,390 '15' 400173 18 _____do________ .01 20 Ironito_____________ 24 20 _______ _______ 35 5.9 2,950 3, 980 4, 890 5, BOO 5,020(102 ________ I, 500 {27~
Ii4 18 _____do________ .59 •__ .._.__ None_______________ 24 48 155 35 0.1 4,020 4, 390 4, 330 5, 650 3,910 (90 ________ 2,740 48 ~ 
175 18 _____do________ .01 20 Ironlte_____________ 24 48 155 35 6.1 3,880 4,440 5,510 5,630 4,630 (84 ________ 5,280 04 
176 18 _____ do________ •01 ~O _____do______________ 24 48 100 35 0.1 3,080 4, 220 5, 250 5, 770 5,190 f09 -------- 5,020 (87 to31141 287 _____do_.._____ .62 _________ Neno_______________ 24 20 _______ _______ .35 	 4,440 02 ___________________ _5.6 4,500 5,400 7,160 	 o

1142 287 _____ do________ ,62 I Kerosene___________ 24 20 _______ _______ 35 	 3,230 52 __________________ __5.3 3,OaO 6,790 6,1001143 287 _____ do________ ."2 2 _____do______________ 2-1 20 _______ _______ 35 	 3,850 05 ___________________ _5.1 3,790 5,740 5,9401144 287 _____do________ .62 " _____do______________ 24 20 ________ ._____ 35 	 3,350 (50 ___________________ _4.4 3,890 5,530 5,9301145 287 _____do________ .02 8 _____ do______________ 24 20 _______ _______ 35 	 2,070 148 __________________ __ ~ 4.8 3,740 4,870 5,5201150 204 _____ do________ .02 _________ Nono_______________ 24 20 _______ _______ 35 	 2,250 38 ___________________ _5.0 4,070 5,400 5,9001157 294 _____ do..______ •02 ~ Linseed oi1.._______ 24 20 _______ _______ 35 	 3,330 55 __________________ __4.5 3,010 5,700 6,1001158 204 _____ do________ .02 1 _____do______________ 24 20 _______ _______ 35 	 4,190 178 ___________________ _ ~ 3.6 4,240 5,470 5,3501159 204 _____do________ .62 2 _____do______________ 24 20 ______ • _______ 35 	 5,050 80 ___________________ _3.5 3,120 4,550 5,5001190 I 204 ____ .do..______ .02 4 _____ do______________ 24 20 _______ _______ 35 	 4, 1!60 07) ___________________ _ ~ 3. I 1,820 3,070 5,100709 201 X____________ .62 _________ None_______________ 2-1 20 _______ _______ 35 0.3 3,050 4,960 6,440 4,440 (00) 0 0
770 I 201 X____________ .62 2 Mmiusn wnterproof· 2-1 20 --_____ _______ 35 5.0 3,220 4,750 5,030 3,020 (51) 0 0

Ing.
779 201 X____________ .02 _____do______________ 2·1 20 _______ _______ 35 	 ~ 

5.2 3,030 4,600 5,480 25,70 (50) o o ~ I Special hlgh·silica aggregnte, 1 : 2 : 3 mix; 2 by -I Inch cylinders cur.dln damp snnd. 
I Speeln! hlgb'sillcn nggregnte, 1 : 2 : 4 mix; 4 by Blnrb cylinders cured In damp sand. 	 fg
I Mix 1 : 2~; speciul aggregale-fineness modulus 2.95. 

I Mix 1 : 3~; special aggregate-fineness modulus 2.95. 

I Mix 1 : 0; special aggregate-fineness modulus 2.05. 

'Mix) :4}~. 
 ~ , ?,fIx 1 : 7}f. Ct 
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1'ABLE 31.-7'ests (JJ 2 by 4 inch c(Jncreie cylinilets c(J7J,taining various admixtures, cured by different processes and exposed to action 0/ sUlphate ~ 
O:Jwaters of Medicine Lake, S. Dak., as compared with similar cylinders stored in tap water-Continued 

AdmIxture CurIng melhod Avorngo compression lesls (pounds por squnre lnch)
Ceo 

mont Tew· ~ Absorp· Tnnk spoclmons I,nko speclmeDslalla· Portland Wntor Time 'l'hnc pern·Series 'rime 'rhne tion atruto· cement ratio in in tureAmounl Ingredient In in 21 dnysry moist wnler orwator 1I1r 7 days 23 dnys 1 yenr 5 yeurs 1 yeur 3 yeurs 5 years
No. closet vnpor wnter ~ "fillor --Per cent lIouu Days fInltrs °li". Dova Per cent ~ 

7SO 201 X .•••••.••_.• 0.65 4 l\I.edus,~ watcrproor· 24 20 ---'"'--" "' .. - .. _-- 35 4.0 2,780 4,700 5,340 ....- ... -_ .. 2, leO (41) 0 0 t:dmg. 

I1106 204 ~Aand H]}L .62 ........ - ......-- Nonc••••••••••••_•• 24 20 ..------ ......- ...... a5 5.4 4,750 6,380 6,740 ........--- 4, 460 ~06) ......-- .. - .. .... ----- .. ---
1107 204 •••••do.•••• _•• .64 20 MetnllcroD__ •• _•••• 24 20 ....... - .. -- ~ .... ---.. 30 5.3 5,000 0,480 6,730 .. _- ....-- 5,200 77 _.. - .. ------ .. _____ do________ ._.___
1108 20·1 ••••• •••••••• .67 40 2·1 20 .... __ .... -_ .... ,.. ..- ~5 5.4 4,650 5,800 0,880 ------- 4,870 (71 .. -- ...... _- .... __ ..... - .. ---_____ dodo________ N ono_______________
1190 204 .62 2·1 ..- ...... -- 48 165 5:1 5.5 5,100 5,000 0,120 6,580 (91 .. --------- .. _____do _______ Motllllcroll_________1200 204 .64 20 24 ... " ....-- 48 ]55 53 5.6 5,520 4,970 0,030 ---",-", .. - .. _.....-----287 _____do________ 5,300 roNono_ •____________ :1,370 471140 .62 ---_ .. --- .. OiL_______________ 2{ 20 .. - .. .... -., 35 5.3 1,280 5,060 7,200 -- ... ---- --_ .. _-_ ........ _____ do________
1147 .62 _____do _____________ 2·\ ~O ..·~---I 35 2.8 4,580 5,260 7,260 .. ............ 3,010 41 .....
287 1 .. -..... -_ .. ---------__ ._do________1148 287 .62 2 24 20 35 2, ·1 4,460 5,000 6,520 ... _-,. ..... 4, -150 68 ----------_ .. C» 

_____ do________ _____do_____________
1149 237 _____ do__. _____ .62 _____do___________•• 2'1. 20 ----_ .. - -... ---_.. 35 2.0 4,180 5r 530 5,860 -_ .... --- 3, 0·10 ~07 _.. --- ....... -_ .... _--_ ........ ~oo 
'" 1150 287 .62 8 24 20 ... ------ _.. o._- .... :15 1.8 3,300 4,720 0,010 ................ 2,OUO 35) 
_____do________ " None______________ -----------0

771 204 .62 - ................ 24 20 --- ........ .... - ... ., .. - 35 5.0 3, ~50 4,4-10 5,870 ........ _-- 0 0 
_____ do________ Omicron ___________772 3.75 24 20 .. _-_ ..... - --- 35 0.1 a,510 4,480 6,010 .. _.. _.... - 0 0 0 ~ 204 ____ .do________ .65 _____do_____________ ..... - .. 
773 204 _____do________ .60 7.5 _____do _____________ 24 20 .. -.. -- .... .. ---- .... 35 0.5 .,240 4,710 5,370 - ............ 0 0 0 rJl
774 2Q.1 _____do_______• .74 15.0 _____ do _____________ 24 20 .. _--_ ..... ....- ...... - 35 7.6 3,130 4,300 5,510 ......--- .. :1,.[.10 (02l 0 0 
775 204 .86 :10.0 24 20 ... - .. -_ .... ......_--- 35 0.0 3 050 4,220 4,080 ¥_----- 4, 4:10 ~80 3,870 ---...._-- ........ 
_____do________ None______________10 203 19 ___ do________ .64 -_ .._--_ .... Sulphur____________ 24 20 ---_ .. - .. -- .......... 35 9.9 1: 420 2240 3,850 3,740 2,140 56 0 0 ~ 
_~10204 10 24 20 .. _---- .... ,. ........ 35 U.7 1,160 1: 260 1,870 2,010 0 0 0
10 _____ do________ .67 None ______________ 
391 74 .62 ---- ...._-- 2{ 20 -----_ .. -.. -.., .. -- as o.a a,130 4,81l(1 O,OIJO 6,430 2,480 (41 0 0 _____ do________ Truss______________ ~ 302 74 _____ do________ .76 33 ____ .do_____________ 24 20 -.--.. -- .. - ..... - .. - 35 7.3 2,710 3,8aO 5,7UO 5,020 5, (HO (87 2,810 1,760 (31l 


" 39211 74 .86 3a _____ do______________ 2·1 20 ... _..... --- -- .. _--- a5 7.1 2,4:10 3,450 at 2(j~ 5,510 ·1,170 (711 2,000 
_____ <lo________ I, 300 ~2a 
30a 74 _____do________ . na 06 _____ do______________ 24 20 .............. .............. a5 n.1 1,030 3, :J5U 4,60(, 6.100 4,400 t 3,510 2,140 42l 


i 
~ 1130311 74 1__ .__________ J.OO 60 _____do_____________ 24 20 ----_ ..- .... __ .. _- a5 8.4 1,0140 2,670 4,270 4.740 a,6UO 80 2,1l5() 1,8ao 30 


304 86 1.____________ .78 33 2-1 20 .. - ... __ .... ,,-- ... _- a5 0.8 3 330 4,600 0,620 7,lbO (',:\00 SO 2,0·\0 1,20() (18) 
____ .do______________ 
" 39411 86 .87 33 _____ do_____________ 24 20 ----_ .. - ---........ 35 0.7 3:000 3,850 6,170 5,·110 4.140 i!l7 J,080 0
L ____________305 86 L ____________ .95 60 _____ do _____________ 24 20 ......._.... .. - ......_.. 35 7.6 ., 7'0 3,770 0,0110 4,070 4,Mlil 71 2,570 2,110 fl2l 

II 395a 80 1.00 60 NOlle ______________ 24 20 ........ .. .. _---"' .. a5 7.3 ii' 280 3,380 4,000 4,1)90 a,lil0 1\);ll 1,020 32 


5M 120 HA Rn\l ~fil11. _04 .. _.. _--_ .... 24 20 ...- ... 
~-

-- .. ,...-- ...... 35 0.3 3:570 4,700 5,080 6,820 !l,530 em 0 0 
____ .do________
578 120 .62 1 r.rruscon.... _.. _..... _... ___ 24 20 ..........- .. .... - .... - .. 35 4.7 3,370 4,700 6,3:!O. O,4IiO 3,750 70) II 0 
_____do________ _____do ________ . ____ 

570 120 _____do________ .02 2 _____do______ ..______ 24 20 .....- .... - --........... 35 4.1 3,370 4,580 4,980 5,3GO a, 2$0 no~ () 0 

580 120 .62 4 2·1 20 35 3.7 3,020 3,080 4,630 5,230 2, ·120 52 .0--~Nono_______________ .. -..... .. _- .... -. 
177 18 .50 -_ ... - ... -- ..... 24 20 -"' .. - .....- .............. 36 5.9 2,520 4,200 4,030 6,120 1'1,91~ I 0 


.74 20 Volcanlo IIsh _______ 24 20 35 0.8 1,000 a,210 5,450 5,670 2,060 fi.I 0178 18 ====:~~::::::::I_____do________ Nono_____._--______ -" ......... ......_--- ".•m "I 11,97U I I
t!';l
179 18 .59 ... __ ........-- 24 -- .. -_ .. - ~ 

48 HiS 35 5.8 4, UO 4,510 6,210 0,460 :1,820 73 12,380 
_____ do_______ 1,750(27jVolcanic ush _______180 18 .74 20 24 .. - .... __ .. 48 165 35 7.0 a,240 3,340 4,440 O,50U 3,600 i81 1·1,510 1,760 (32 _____<10________ _____ do__________ •• __ 24 _______
181 18 .74 20 48 100 a5 7.3 2,710 2, 82(LJi, 130 5.670 4,200 84 1:1,500 2,430 (43 

10 Standard Ottawa sl1nd cylinders. \I Mix 1 :4. u M~x 1: 0. 
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fu preparing the mi."C for the test specimens, all admi."Ctures were 
added. to the batch except as otherwise noted, the proportions of the 
admixtures being calculated on a basis of their weight added to that 
of the cement in the mix. 

SILICEOUS MATERIALS 

Finely divided sili~as of volcanic origin, diatomaceous earths, 
ground burned clays, ground blast-furnace slags, and similar sub
stances, because of their pozzuolanic properties, have been used and 
recommended by engineers of continental Europe, for concrete ex
posed to sea water, and in recent yeal:S have been favorably con
sidered by a number of English cement chemists and engineers (12,19). 
Engineers of the United States and Canada, however, have never 
generally accepted as a proven fact the practical value of siliceous 
admi....tures. As is well known, the use of a pozzuolana is based on 
the theorv that active silica of the admixture will slowlv combine 
with free lime of the set cement to form relatively insoluble comu 

pounds of calcium silicate. 
The chemical composition of the siliceous admixtures tested 

differs greatly in silica (Si02) 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 
admi...tures is sound, since only the silica active at ordinary tempera
tures is of value, and that must be finely divided to combine readily 
with the free lime of the cement. 

A completely satisfactory m12thod for determining active silica has 
not been agreed upon. The method used in these eXlleriments was 
that suggested by Cowper (18, p. 4.6-49), in which 0.6 gram of the 
siliceous material was combined with 0.4 gram of hydrated lime, 
placed in a test tube, and shaken at intervals of 12 hours. The 
pozzuolanic activity was judged by inspecting the tubes at different 
times after shaking and noting the increase in volume of the solid 
matter. The results are shown in Table 32. Another method has 
been suggested by Blount (12) who stated that normally the active 
.silica is regarded as that which can be extracted from the material 
by a weak alkali such as 1 per cent caustic soda solution, but there is 
no fixed method. A third method (24) is based on the electric 
resistance, measured to 0.1 ohm, of a lime water solution of lmown 
.Btren~th to which is added the siliceous material and the pozzuolanic 
actiVIty calculated on a basis of decreased conductivity due to removal 
of some of the lime as a result of chemically combining with active 
silica. 
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TABLE 32.-Pozzuolanic activity of the nine siliceous admixtures, compared by 
volume increase 

Barns- BJast- F I H ~ 0 I Vol-Days dall furnace Celite Colloy ue !lY- m - Trass canle 
admix slag osh dJ te crou osh 

--------I-p-er-c-en-J!P-er-ce-n! ~ Per cent Per cent Per ce >Ip;-,;;;;j Per cent Per cent 
L___________________________ 31 103 192 244 83 22 300 31 IS 
2____________________________3___________________________ 40

40 
232
267 

223
338 

322
377 

117
133 

53
88 

684
940 

80
107 

3&
60 

4____________________________ 42 285 346 414 150 105 932 133 85 
5____________________________ 50 322 369 432 147 119 924 143 lID 
6____________________________ 60 340 338 469 150 133 876 170 127 
7____________________________ 60 304 365 524 1$ 122 924 170 lIS 
8____________________________ 50 322 323 450 167 105 90l 179 118 
9____________________________ 60 336 392 460 171 135 872 186 135 
10___________________________ 60 340 377 469 184 152 874 188 135 
11___________________________ 60 327 368 469 179 152 876 206 14l> 
12___________________________ 60 324 350 450 201 140 829 198 13l> 
13___________________________ 
14___________________________ 

60 
60 

324 
322 

342 
346 

450 
450 

217 
217 

156 
156 

812 
748 

197 
206 

15()
148 

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. J'herefore, it appears that, regardless of the methods 
used to determine the active properties of a pozzuolana, justification 
for its use to increase the resistance of a Portland-cement concrete 
must depend upon careful e:..-perimentation. 

Barnsdall admL'C has the appearance of pulverized chert and is de
scribed by the producers as a "pure, finely ground, meta-colloidal 
Tripoli silica.!' This product was used in quantities varying from 3.75 
to 30 per cent and in 1: 3,1 : 2: 3, and 1. : 2: 4 concretes. Two aggregates, 
a combination of two cements of low resistance, and a resistant cement 
were used in the tests. It is not appa.rent 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 8 per cent and 
less of the admixture on the 28-day strength of concrete w'as 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 at1 year. 

Blast-furnace slag,finely ~round, was used in proportions of 5 
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 cylinders eA'})osed in Medicine Lake. Some of these cyl
inders were cured in water at room temperatures and others in water 
vapor at 155 0 F. This slag did not appreciably affect the 28-day 
strength of normally cured concrete. The data definitely indicate 
that the strength increasecl 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 increased with 
quantity of sIng used, the cylinders contnining 40 per cent of slag 
having a life 400 per cent longer than the check group. Stored in 
Medicine Lake the normally cured cylinders containing 40 per cent 
slag dermitely increased in resistance and the cylinders containing 
10 per cent sIng increased slightly. Oylinders 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 1550 F. Oyl
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CYLINDERS CONTAINING VARIOUS ADMIXTURES AFTER STORAGE FOR SEVEN YEARS IN MEDICINE LAKE 

.\. cal{'huH t'h]oridp udmi\('" a~ fullnw:<: ~~l'ri(IS 1Ii2, iii I, and IHll ., Pl'!" (,lIJlt; "'l'ril's W:i and l().i'i S IWI" ('('nt. .~l·ril·:\ lti;l and lIiH (,lJred ·IS ht"I1'~ ill Wnll'l" VHpnr lit 1550 F. B, Cttl, S!1I11(' 
In'~ltnW'nt :,-... in A. C', ~(Iril'~ 17!! Ull uthni\.lul'l'; l'j~{ :W pt')' ('('Ill irnnitp; 17·1 nu ndmhttln\ hut ('IlI'l'd 'I~ hOUfS in wnll'l" VUPOI' HI 155Q F.; li.i ~o Jlt.II' ('l'lIt ironile, ('IlI'pd ,I~ hOllr~ 
in wnt('r, npllr nt 1.');1° ,,',: lifi ~o p(lr {'l'OI IrollHf', ('lJtl'd ·IS h{)nr~ in wflt('r nlflOr III 100° ,.". D, ~l\l'h.\s 5iS, fj'jU, nnd 5~O ('ontnirwd I, :!, nnd ,I flL'1' {'t'llt! l't~!'J1N'1 h'l"YJ of 'I','wwoll 
,\at(lrpronnn~ pa<.,ll'. ~t'ri(l~ ;.~I awl :l.....'2: {'IIUL:lhH'd Ii nud 1'2: (ll'r ('\'111 rt'sPl'(" in')). of hnrilllJl ('hlorid(l 
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CYLINDERS CONTAINING SILICEOUS ADMIXTURES AND CYLINDERS' SURFACE TREATED. AFTER STORAGE IN MEDICINE LAKE 

.\. 	Bl:\... t~rtll'n WI' ~1a~ all lI11\t"1 in t Iw [ollo\\ il1J.! pp)'t'l~nt:ll..wS. afi('I' 11\ I' )'(':\r~ in t lw Inkt', ~t\ri(\s l~j7, l~iB. HIlIl 1111 111 pl"!" ('{'nt; t'1~f'hIS l.1li nlld llin If) Ill'" l''i.'I1l, ~{'ri(\'~ HiO 11Ilel 1111 W(lon' 
('lIrt'd .", hour-. in W:lll\t' Y:1]);11' at 1.i.1C' F n. ~t'rit':' :ml ('ont:lil1l'tI uo ndtlthlUft'. ~l'rir's :itJ:? nutl ;{Ht {'ont:li1wtl aa IU'I' {'('ut t mss and ~f'rit'S an:, HI1'1 au:') ('otllnilH':1 fiG p(lr ('l'llt t nl~S• 
. \CI(lr fOil I' and otw.lmH Yl\ar~ til t hr Ink(· C, ~t'ri(l!" :rn In :rj":\ stnndnrd 1'01'1 innd ('I'II1(,lIt t'prit':-;' :ri',1 nud air, ('OI\('rNt' and THOrlUr, J'l'sPl·('tin'ty, SlIl'ftH'(l II'{'all'd wi1 It IIWl'lol. Aflpr 
tin'nnd OlW.}l:I1f )'(\'H'~ in till' hk(l. Il. ~('rit·s ;'"lHI In .·,,:;:t fl'''Pl1('lin'lr. surf:n'l'·trt'ntpll hy di)Jpil1~:ls follows. urter fnur nnll OI1L'~hnH )'{'nrl" ill till' Inkl'; boiling Wfltl'r OIw-hnH min
U1t'~ HIW ('oat lin!"p('d oil 711" V olll,.)tnir lIlilllH(,; t wo l'():ll~ litl~l\t'd nil 70", nrw-hnlf lIlil111It'. (jilt;' ('0:1\ lin..:el'rl oil :!~;;o tuw-lmlf milllllt'; two ('oats lin<;,'NI oil ~:!.iu ollc-hair milltll~ 
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inders containing 40 per cent slag and cured at 1550 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. (PI. 9.)Celite, a diatomaceous earth, used in the proportions of 2 and 2~per cent, did not appreciably affect either strength or resistance ofnormally cured cylinders.

Colloy, probably benonite clay, used in proportions of 2 and 4per cent, resulted in concrete weaker at one year than check cylinders with no admixture. The effect of either quantity on strength.and resistance was negligible.
Fuel ash, used in proportions of 2}~, 5, and 10 per cent, apparentlyhad no pronounced effect on the compressive strength or resistanceof cylinders up to five years.

Haydite, u burned clay ground until 94 per cent passed a No. 300
sieve, wus used both as a substitute for some of the cement and as
an addition to the batch. This product was substituted for 30 and
60 per cent of the cement in the cylinders of most series, but 30 per
-cent was added to the cement for one series. As used, this material
increased absorption and considerably reduced the 7 and 28 daystrengths, but between 7 and 28 days there was a pick-Up, so that-cylinders in which 30 per cent of the cement was substituted averaged 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 I-year cylinders were
those with the 30 per cent addition. (Table 3l.) Tests with Hay
elite are being continued in u number of new series not here reported.
Omicron is the trade name for a finely divided product which was
added in quantities up to 30 per cent. The effect on strength at
one year was inappreciable for 3.75 per cent, but for 7.5, 15, and 30
per cent was a slight 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 cylinderse}.])osed in Medicine Lake that w~re made with this material andshowed any compressive strength ut three years were those containing30 per cent admixture.
Trass, long used in hydraulic limes and cements, was importedfrom Germany. Truss is described by Eckel (21) as un ancient vol.canic mud composed of earthy or compact pumiceous dust wi thfragments of pumice, trachyte, carbonized wood, etc. This material,finely powdered, was used both as an addition to the batch and asa substitute for some of the cement, with surprisingly similar effectson the compressive strength of the concrete for all periods up to fiveyears. The quantities added were equivalent to 33 and 66 per centof the weight of the cement, "'hich by volume were almost exactly50 and 100 per cent the volume of the cement; the quantities SubstItuted replaced 25 and 40 per cent of the cement by weight. In bothcases and fLt all ages, 66 per cent of trass reduced the strength of theconcrete by about 25 per cent and 33 per cent reduced the strengthby about half as much. The clitrerent additions increased resistanceof the concrete about equally, with the result thl'Lt cylinders containing 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 groupwithout trllSS. . While results were far from ideal, it was evident thattrass did definitely increase resistance of concrete under extremelysevere conditions of exposure. (PI. 9.) 
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Volcanic ash from northwestern Nebraska was added. to the mix 
in quantities of 2.5, 5, 10, and 20 pel' cent for cylinders stored in 1 
pel' cent solutions of sodium sulphate in the laboratory and" 20 per 
cent for cylinders stored in Medicine Lake. Twenty pel' cent ash 
increased the resistance of the laboratory cylinders more than 500 
per cent, but lesser quantities had very little effect. Twenty per 
cent ash did not, however, increase 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-tinle 
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 to 
indicate that 20 per cent of this volcanic 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-time strength. 

HIGH-IUON PRODUCTS 

Ironite is the trade name for finely ground iron ond iron oxide, 
equivalent to 83.33 per cent metallic iron, mixed with ammonium 
chloride to hasten ox-idation when used as a brush coat. Twenty 
per cent of this material was added to the batch for cylinders tested 
in Medicine Luke and 20 and 5 per cent to cylinders stored in the 
laboratory in 1 per cent solutions of SOdilIDl sulphate. Special 
wa.ter-vapor curing at temperatures of 1000 and 155 0 F. was used for 
some of the cylinders ex-posed in :Medicine Lake. The effect of 
Ironite on compressive strength of normally cured cylinders was 
inappreciable at all ages up to 5 years. The effect on resista.nce was 
beneficial, particularly for the cylinders cured at 100 0 a.nd 15.50 which 
had respective strength ratios of 87 and 94 pel' cent after five years in 
Medicine Lake. (PI. S.) 

1fetolicron is a trncle product consisting of about 90 pel' cent 
finely divided metallic iron and the baln.nce a siliceous material 
resembling clay. Cylinders with 20 per cent admi.xture were slightly 
stronger at 7 and 28 days than the check cylinders, and those with 
40 per cent were slightly weaker, although at one year the strengths 
of all cylinders were essentially similar. At one year the effect of 
Metalicron on resistance, while positive, was not pronounced. 

MISCELI.ANEOUS CHEMICAL COMPOUNDS AND MIXTURES 

Barium chloride, among other things, was recommended by 
:Michuelis (32) us lOD~ ago as 1891 for increasing resistance of con
crete in sea water. SL'C and 12 per cent of barium chloride dissolved 
in the mixing water reduced the strength of concrete at Illl ages up to 
five years, but somewhat increased the resistance to sulphate. Oyl
inders containing 12 pel' cent tested 87 pel' cent of normal strength 
after one year in Medicine La,ke, find not far from 50 pel' cent after 
three yeo,rs. All of the bu,rium chloride cylinders tested in Medicine 
Lake, however, failed before five years. 

Cal is a material obtained by pulverizing the dried or undried 
product resulting from a mixture of either quick lime 01' hydrated 
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lime, calcium chloride, 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 sodium sulphate, and 4 and 8 per cent additions 
were used both in cylinders cured normally and in cylinders cured in 
water vapor at 1550 F. for Medicine Lake exposure tests. The 
effect of 4 and 8 per cent of Cal on compressive strength was not 
very pronounced, although cylinders with the admixture generlJ.lly 
tested slightly stronger than those of plain concrete. The cylinders 
containing 4 per cent Cal tested 14 per cent weaker than the check 
~oups at one year, but stronger at five years. Additions of Cal 
mcreased resistance, under the conditions of the tests, except in 
cylinders without air hardening of one Medicine Lake series con
taining 4 per cent. Cylinders containing 4 and 8 per cent Cal when 
cured at 1550 F. had the high values of 82 and 93 per cent, respec
tively, of normal strength at five years. (PI. 8.) 

Calcium chloride equivalent in weight to 4 and 8 pel' 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 e:\."]Josed in 
Medicine Lake, some cured normally and some cured in water vapor 
at 1550 F. Four per cent calcium 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 sulphu.te resistance of cylinders was 
increased by the calcium chloride in all cases except one :Medicine 
Lake series with 4 per cent and without air hardening. Oylinders 
containing 4 and 8 per cent calcium chloride when cured at 1550 

gave the high strength ratios of 84 and 82 per cent, respectively, at 
five years. (PI. 8.) 

Oasein, or calcium caseinate, is a finely powdered milk derivative. 
It was used as a concrete admixture 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 more than 40 per cent. At 1 year, the effect on strength 
was less pronounced than at 7 and 28 days, and a very slight tendency 
toward increasing the resistance to sulphates was evident. 

Earthcrete is the trade nume of a powdered mi.xture consisting 
essentially of soclium chloride and potussium nitrate. Added in 
proportions of 0.27 and 1.06 per cent of the cement, it did not appre
ciably increase the resistance of cylinders e:\.-posed in Medicine Lake. 
As used, the effeet on compressive strength was not pronounced at 
7 days, 28 days, or 1 ye/u·. 

Hydrlliedlimes, both high-calcium and high-mngnesium, behaved 
so sinlilarly that in this discussion they need not be considered sepa
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 weel;:s, when all cylinders 
containing hydrated lime showed loss of strength except those with 
5 per cent high-magnesium lime. which tested about norm Ill. The 
effect on resistance of cylinders stored in the laboratory in } per cent 
solutions of sodium sulphate was negative jn all cases. 

Sulphur used jn the proportion of 10 per cent decreased compressive 
strength at all ages fTom 7 days to 5 years, and very definitely 
decreased the resistance of cylinders stored in ~rcdicine Lake. 

http:sulphu.te
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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 absorption by more than one-third. 
This effect of oils has long been lmown (39). 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 is 
by itself of any value whatever as an index of sulphate resistance. 

Alkagel A is the trade name of a colloidal paste of copper and iron 
soaps together with paraffin, which smelled strongly of ammonia and 
lost 81 per cent of its weight· on ch·ying. Alkagel A wns added to 
the mi.xing water in proportions of 1.5 and 3 per 'cent of the weight 
of the cement in cylinders stored in the laboratory in 1 pel' cent 
solutions 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 at 1000 and 1550 F. This product caused 
decreases in compressive strength at all ages from 7 days to 5 years 
except with on0 series which had normal strength at 7 days. The 
effect on sulphate resistance ranged from an inappreciable increase to 
a decided de~rease. Ouring cylinders containing this paste at 100 0 

and 1550 F. 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 proportions 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 
in.appreciably at seven days and was considerably reduced at one 
year. 

Truscon waterproofing paste, concentrated, added to the mixing 
water at rates of I, 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, although absorption by the cylinders decreased 
as the quantity of admi.xture was increased. The effect on com
pressive strength ranged from inappreciable and adverse at 7 and 
28 days to adverse at 1 find 5 years. (PI. 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-day tests. The cylinders with 2 and 4 per cent then tested only 
67 find 39 per cent, respectively, of normfil. At 28 days and 1 yeUl', 
the strengths of the linseed-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 quaIl,tity of linseed oj! was increased, find the I-year 
tests of 'Medicine Lake cylinders indicated that resistl111ce increased 
with quantity of linseed oil used. 

Automobile oil, with Society of Automotive Engineers viscosity 
classification of 30, when used in q lIantities of 1, 2, 4, and 8 per cent 
very llln.rkedly reduced absorption. However, the effect of this oil 
on compressive strengths was not pronotmced, except at 7 and 28 
days for cylinders containing 8 per cent aml 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, and 8 per cent appreciably 
reduced absorption by the cylinders and somewhat reduced 7-day 
strengths. In proportions under 8 per cent, kerosene had slight 
effect on 28-day strengths but apparently reduced the strength at 
one year. The effect of kerosene on resistance tQ sulphates was 
inappreciable at one year. 

Water-gas tar, a thin liquid with 70 per cent sofi, pit{~h residue at 300~ 
C., when added with the mbdng water in pro~,\orti;ns equivalent to 
5 and 20 per cent of the weight of the cement, t!:rcatly reduced com
pressive strengths at 7 and 28 days. The 1,:.'slst.mce of cylinders 
stored in the laboratory ill 1 per cent solutio.tls of sodium sulphate 
was below normal for those with 5 per cent of W~l,t!.>.l' gas tar, but very 
definitely above normal for those with 20 per N'nt" 

RECAPITULATION OF RESULTS WITH X,l];U'. t'URES 

The 26 admL"'(tmes used did 1).ot, as a whole, increase the resistance 
of concrete to sulphate attack enough to justify their use for this 
purpose. .A. few, however, seemed to shol\' definite possibilities, 
particularly in conjunction with the relatively high cming tempera
tures of 1000 und 1550 F., which are comparable to those used at 
many plants making dl'aintile and other conCl'ete products. Tests 
of cylinders from n number of the admixture series hnve not been 
made for exposure periods beyond one year, but the results of the 
I-year tests do not illdicate that any of those admixtmes will show 
definitely beneficial results nt five years. The admL"'(tures which the 
5-year tests indicate as holding most promise are the following: 

Ironite, 20 per cent, used in cylinders cured at 155 0 and 1000 F .• 
which tested, respectively, 94 and 87 per cent of normal strength 
after five years in :Medicine Lake. 

Cal, 4 and 8 per cent, used in cylinders cll1'ed nt 1550 F., ·which 
tested, -respectively, 82 and 93 per cent of normal strength after five 
yeal's in ~'fedicine Lake. 

Calcium chloride, 4 and 8 per cent, used in cylinders cured nt 155 0 

F., which tested, respectively, 84 nnd 82 per cent of norma] strength 
after £lye yetLrs in nIedicine Lake. 

Blast-furnace slag, 40 per cent, used in cylinders cmed nt 1550 F.,. 
which made an excellent showing in 1 per cent solutions of sodium 
sulphate in the laboratory and after five yenrs in :Medicine Lake 
showed 48 pel' cent of normal strength. 

Tmss ndditions of 33 nnd 66 per cent, which definitely incrcnsed 
the resistance of cylinders stored in Medicine Lake, although no 
se~'ies averaged more than 42 per cent of normal strengt,h. Sub
stltuted for 25 and 40 pel' cent of the cement, truss gnve nbout the 
same results as the somewhl.Lt larger q1luntities added to the batch. 

Volcanic ash, 20 per cent, 'which gnve excellent results in WI"Lter
cured c}rlinders stored in the Inborutory in 1 pel' cent solutions of 
sodium sulphate, but, fniled to develop increased l'esistance uncleI' 
the more severe exposure conditions of :Medicille Lnke except for 
the cylinders vnpor-cured at 1000 F., which tested 43 pel' cent of 
normal strength at five years. 

http:somewhl.Lt
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Moler, a diatomaceous silica used to replace 33Ya per cent of the 
cement by mi.-nng wi.th the cement clinker bAfore grinding, apparently 
caused an increase in resistance although, lmder the conditions 
tested, definite conclusions are not possible. (See special cement 
X, Table 22.) 

SURFACE TREAT~NTS 

Treating the surface of concrete to protect it against sulphate action 
must be complete to be long effective. Even very slight disintegra
tion destroys the bond between concrete and coating, and the action 
progresses at an increasing rate as the area of loosened coating becomes 
larger. Coatings that are more or less water-tight therefore rarely 
do more than somewhat retard early action. Comparatively few 
tests of this type are here reported, as eA-periments with only four 
products were conducted. The results of these tests are given in 
Table 33. The appearance of cylinders treated wi.th two of these 
substances, after some years in :Medicine J.Jake, is s110·wn in Plate 9. 
The report by Lord (31) on eA-periments with surface-treated concrete 
cylinders in Medicine Lake is of interest in this connection. 



TABLE aa.-Tests of {13 by 4 inch concrete cylinders given various sur/ace treatments, cured in water and air and exposed t6 the action of sulphate 
water of Medicine Lake, S. Dak., as compared with similqr., cylinders stored in tap water 

[Unless otherwlee noted the fineness modulus of aggregate Is 4.07 and the mix Is 1 : 3. Eaoh test result, with a few exceptions is fm average of five oylinders made onditlerent days.
Figures in parentheses, in compresslou test columns, Indicates per cent of normal strength bosed on parallel tests of cylinders from the Bame batches, stored in tap water in tilo '. ~ 
laboratory) Il'j 

Icementl. Curing method . Average compression tests (pounds per sqllllre.llich) .~ 
labo. W t .' Ahsorp· rJl

Series ratory Cement ra~i~r Surface treatment or ImpregnatIOn Tllme Time TI tion at 'rank specimens Lake specimens
N 	 . n In me 21 days 0 

o. 	 • moist water In air 7 days /28 days 1 ye.ar 5 years 1 year '3 Yoars] 5 years I>jcloset . 
. Hours Davs DagJ' Per cent --------'. . C 

374 74 MAandMBL_ 0.62 Inertol,firstcoatat22days,secondat20 24 20 35 0.72,9304,8705,5706,200 5,390(97) 3,310. '0,320(86) ~ 
~ C74 _.___ do•• ______ . ti4 ._____ dO _______________________.____ ••••.•••• 24 20 35 10.5 1,430 2,790 3,640 3,740 2,970 (82) 0 0!;tl 

391 
1375 

74 _____ do________• .021 Nono__________• __ ".______________________ 24 20 35 0.3 3,130 4,890 6,000 6,430 2,480 (41) 0 0 Il'j 
549 129 _____ do_________ .62 Nono. Dipped In boiling water Mminute 24 20 35 5.8 3,790 4,770 6,550 7,750 1,620 (25) 0 0 1':3 

at 28 days and M minute at 31 days. Il'j 
550 1291----.do--------- 621 Boiled .lInseed oil at 70° F., dipped M 24 20 35 5.8 3,540 4,960 6,640 6,520 5,520 (91) 5,220 4,210 (65)

minute at 28 days. . Il'j 
551 129 ____.do_____ .... .62 Balled linseed all at 70° F., dipped M 24 20 35 5.8 3,730 5,200 5,520 6,970 5,730 (104) 5,560 2,930 (42) ~ 

minute at 28 days and M minute at 31 I'd 
~ 0

552 	 .621 Boilcd linseed all at 225° F., clipped J.1! 2<1 20 35 5.8 3,430 4,080 5,970 6,820 5,330 (89) 5,260 2,410 (35) rJl1291-----do--------
minute at 28 days. . 	 Il'j129 _____ do_______ __553 	 .02 Boiled linseed oil at 225° F., dipped M 24 20 36 5.8 3,750 4,960 5,510 0,830 5,650 (103) 5,050 1,940 (28) 1;:; 
minute at 28 days and }1 minute at 31 
days. ~ 

5M 129 ____.do__ • _____ • .62 None _____________ .._______.._______ ...___ 24 20 ll5 0.3 3,570 4,700 5,980 6,820 3,530 (59) 0 0 0 
2<15 _____ do___. ____ _ 

brush coat at 24 hours. 111 
934 	 .02 McEverlast speciai paving coating, 1 24 ___ ..__ 55 4.0 4,370 5,270 6,030 .._____ 5,610 (93) 3,020 ...._____.._ 

935 245 _____ dO_________ ., .62 McEverlost special paving coating, 1 'l4 20 35 5.8 4,340 5,640 5,440 ..__... 5,710 (105) 0 0 . d 
brush coat at 21 days. I t<237 _____do_______ __976 	 .02 None __ ....__..........__ ......._. ______ • 24 20 I 35 . 6.0 3,700 4,590 5,750 .._____ 4,650 (81) 0 o::g
237 _____ do________ _977 	 .62 lIfcEverlost penetration, 1 hrush coat at 24 _______ 55 2.7 2,890 4,180 5,660 .._.... 4,710 (83) 4,780 ....______ .. .... 
24 hours followed by 1 brush coat con· :> 
crete caver coat at 48 hours. ~ 237 L ___ do_________ 
21 days followed by 1 brush coat , In- ..d 
crete cover coat at 22 days. <j 

~78 	 .62 I McEverlost penetration, 1 brush coat at 24 20 35 2.1 3,670 4,650 5,740 ....___ 5,550 (97) 3,120 __ ..._....._ t9 

979 237 L____ do.._____ __ .62 I McEverlast paving special, 1 brush coat 24\'______ • 55 4.5 3,200 4,410 5,620 _______ 4,920 (88) 3,770 _..____..___ ~ 
at 2<1 hours followed by 1 brush coat con- ~ 
crete cover coat at 48 hours. I!i:l237 L __ .do_______ __980 	 .62 I McEverlost paving special, 1 hrush coat 24 20 35 2.0 3,410 4,450 5,780 __..__ . 5,250 (91) 3,450 ------..---- !;tI 
at 21 days followed by 1 brush coat con- 111 
crete cover coat at 22 days.

1293! 19 !___ ..dO_____ ..__ ! •64! None______..________..___ ....._.......__ _ 
 24 20 35 9.91 1,420 2, 240 1 3, 850 1 3,740 2,14(1 (56) o o
1294 19 _____ do..__ .. ___ .64 _Sulphur impregnated _________....... ____ __ 
 24 20 35 U.9 1,350 2, 210 3, 130 2,610 1,500 (48) o o 

--1 
I Standard Ottawa sand cylinders. CJl 
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The results of the study of surface treatments are very generally 
summarized as follows: 

Inertol appreciably retarded sulphate action on concrete 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 te:n;tperatures or heated to 2250 F., appreciably retarded 
action on concrete cylinders up to four years and apparently afforded 
a 'slight measure of protection beyond about five years. 

McEverlast afforded some protection up to two years and indicated 
a slight protection beyond about three years. 

Sulphur impregnation afforded concrete no protection against dis
integration in Medicine Lake. 

CONCLUSIONS 

Detailed conclusions on t.he effect of many factors on resistance of 
concrete to sulphate action are 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 at a 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 strength, although 
the latter averaged slightly more severe with most of the 35 Portland 
cements used in these tests. 

The 2S-day strength is a fsir index of resistance for concrete 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, concrete made of a highly resist
ant Portland cement may last 10 times as long as that made of a cement 
of low resistance. Neither standard physical tests nor ordinary chemi
cal analyses give anyindication of the resistance of a cement to sulphate 
action. Qualities of the raw material associated with the geologicalfor.. 
mations from which it comes may be factors in the resistance of a cement. 

Resistance of concrete is markedly increased by curing in water 
vapor at temperatures of 212,0 to 3500 F., almost to the point of im
munity to action for the most favorable temperatures and curing 
periods. Resistance is not increased, however, by raising the curing 
temperatures untii212° is reached, except in connection with the use 
of certain admixtures. 

The admixtures Irouite, Oal, calcium chloride, blast-furnace slag, 
trass, moler, and possibly volcaruc ash have appreciably retarded 
sulphate action on concrete cured at room temperatures. Results 
were outstanding, however, only as the relatively high curing tempera
tures of 1000 and 1550 F. were used in conjunction with Irouite, and 
1550 with Oal and calcium chloride. Under these conditions, cylin
ders had the highly satisfactory values of 82 to 94 per cent of normal 
strengths after five years in Medicine Lake, S. Dale 

Special cements other than alumina cements hfwe not shown a 
degree of resistance that would justify prefel"ence over the more re
sistant 01 the Portland cements, except possibly an imported milson's 
cement containing 33}' per cent diatomaceous silica (moler) mi:'\:ed 
with the cement clinker before grinding. 

Each of the three alumina cements tested resisted sulpha.te ,action 
to a degree that approached the ideal, but displayed definite indica

.,~: 

http:sulpha.te
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tions of instability when used in concretes and mortars stored for long 
periods in tap 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 eJ..-posed 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 above the average in resistance should 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 
permeability and sulphate resistance of the products of the same 
cement and method of manufacture, particulady with rich mixes. 

Concrete should be kept from intimate contact with sulphates until 
it has had opportunity to dry and harden in air for the longest time 
practicable. Depending on the particular cement used, air hardening 
may greatly incre11lse resistance and, as a precautionary measure, should 
be continued for 30 days if possible, and 90 days or longer is desirable. 

To develop the highest resist{l~nce in draintile, sewer pipe, and other 
products of concrete, they should be steam cured when 12 to 24 hours 
old at temperatures ('I 2120 F. or higher for 48 hours or longer. 

Alumina cement may be used advantageously for concrete structures 
subject to extremely severe conditions of sulphate exposure if the 
concrete will be continuously moist at temperatures generally below 
600 F. and rarely exceeding 'tOO F. These moisture and temperature 
conditions are about the average for draintile after installation. 

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

Very resistant concrete has been made by using curing tempera
tures of 1000 and 1550 F. in conjunction with additions of the commer
cial high-iron product !ronite, and equally good results have followed 
the use of curing temperatures of 1550 in conjunction with additions 
of calcium chloride and of the calcium chloride product Cal. These 
results appear to hold some promise, as it is now commDn practice 
at many tile plants to use curing temperatures between 1000 and 1550 

• 

COllcrete containing certain quantities of one of the admixtures 
!ronite, Cal, calcium chloride, trass, blast-furnace slag, and moler, 
after curing in water vapor at room temperatures, when exposed in 
Medicine Lake displayed resistance sufficiently increased to make 
the use of those materials seem justifiable where conditions of sulphate 
e).1>osure are only moderately severe. These admixtures might have 
some merit in sea-water construction. 
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