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FOREWORD

The investigation of portland blast-furnace slag cements authorized
on 12 May 1955 by the Office, Chief of Engineers, and carried out by the
Concrete Division of the USAE Waterways Experiment Station, had yielded
results early in 1956 that appeared sufficiently conclusive to merit con-
sideration being given to the possibility of taking action thereon.
Accordingly, they were summarized and reviewed at a conferen:e in May 1956
and, with the addition of certain data developed later, published in
December 1956 as Technical Report 6-L4Li5. As was indicated in Technical
Report 6-h45, some phases of the original program were incomplete and a
supplementary program was almost wholly incomplete. S8ince the preparaticn
of TR 6-h45, additional data have been developed as the original program
has been continued, and certain of the previous results have been reana-
lyzed. This report presents and discusses these additional data.

This investigation was carried on through fiscal year 1963 as a part
of item CW 601 "Research in Mass Concrete” of the Civil Works Investigaticn
Program of the Corps of Engineers. Since that date the work has been a
part of item CW 614, now item ES 614, "Research on Properties of Cemen-
titious Materials," of the Engineering Studies Program of tke Corps of
Engineers. Two other investigations, conducted by the Ohio River Division
Laboratories and the Missouri River Division Laboratory of the Corps of
Engineers, are also summarized herein as Appendixes A and B.

The work at the Concrete Division of the Waterways Experiment Stati-n
was under the general direction of Mr. Thomas B. Kennedy. This report w:s
prepared by Mr. Bryant Mather. Directors of the Waterways Experiment
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Station during the course of this work were (ol. Andrew P. Rollins, Jr.,
CE, Col. Edmund H. Lang, CE, Col. Alex G. Sutton, Jr., CE, and Col. John R.
Oswait, Jr., CE; Mr. J. B. Tiffany was Technical Director.
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SUMMARY

During the review of the first report of this series, additional
questions relating to the performance of portland blast-furnace slag
cements were raised. These concerned in particular the effects of
interrupted or abbreviated moist-curing of portland blast-furnace slag
cement concrete, and the effects of this cement on corrosion of rein-
forcing steel. Also, certain phases of the basic investigation were
then incomplete, and during their completion additional questions were
raised, particularly regarding sulfate resistance of portland blast-
furnace slag cement concrete and resistance of such concrete to scaling
" vhen exposed to severe natural weathering. This report describes the
studies made to answer these questions, and presents data from the studies
that were incomplete at the time of publicaiion of the first report.
Summaries of insestigations of portland blast-furnace slag cements mude
by the Ohio River Division Laboratories and the Missouri River Division

Laboratory in connection with actual construction projects are included
as Appendixes A and B.
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From the study of the effects of continuation of moist-curing,
for different lengths of time, no indications were found to suggest that
concrete made with portland blast-furnace slag cements is more adversely
affected by early termination of moist-curing than is concrete made with
type II portland cement. This conclusior is based on tests at ages of
from 7 days to 1 yr of concrete made with eight portland blagt-furnace
slag cements and one type II portland cement.
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Tests for bond-to-steel indicated a similar relation of bond stress
to slip at ages of both 28 and 90 days for the concrete made with the
portland blast-furnace slag cements and the type II portland cement;
similarly the relation between bond stress at both ages to produce a given

slip showed 2 normal relation to the campressive strengths of these con-
cretes at these ages.

No indications were found from the tests of corrosion of steel to

suggest that embedded steel in concrete made with the two portiand blagt-
furnace slag cements having the highest content of sulfide sulfur of ali
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the test :ements suffered a greater degree of corrosion than did steel in
concrete made with type II portland cement. The amount of corrosion
observed at all ages in all exposures, including five years exposure to
alternate immersion in warm sea water at St. Augustine, Florida, was
significantly less on steel embedded in concrete made with both portland
blast-furnace slag cements than on steel embedded in concrete made with
the reference type II portland cement.

Exposure of concrete specimens made with portland blast-furnace
slag cenents, blends of a portland blast-furnace slag cement and a natural
cement, and with type II portland cement to seven years of severe natural
weathering at Treat Island, Maine, ha: caused only 5 of the 108 specimens
to deteriorate to such an extent that iheir relative dynamic Young's
moduli of elasticity are lower than at the time of installation. One of
these represents concrete made with the 75:25 blend with natural cement;
the other four are of concrete made with the T70:30 blend. However, all
specimens suffered scaling on their top surfaces.

No basis was fcund for establishing different requirements for
curing concrete made with portland blast-furnace slag cement from those
applicable to concrete made with types I and II portland cement. No basis
was found for restricting the use of portland blast-furnace slag cement
in reinforced concrete construction or where exposed to severe natural
weathering. Additional studies of the mechanism and factors involved
in sulfate attack and the prevention of sulfate attack would be desirable
for the purpose of establishing more clearly the applicability of the
various physical and chemical procedures that have been employed to
elucidate these phenomena.
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INVESTIGATION OF PORTLAND-BLAST FURNACE SIAG CEMENTS
| ?_%;i' SUPPLEMENTARY DATA
’ W PART I: INTRODUCTION
] ;:?:’:
g;} Purpose and Scope of Supplementary Tests
,a:q?
o8 1. The first report of this series (published in December 1956)
g’ describes the basic investigation to which the tests reported herein are

fuge

supplementary.
2. During the review of the first report, additional questions

relating to the performance of portland blast-furnace slag cements were
raised. These concerned in particular the effects of interrupted or
abbreviated moist-curing of portland blast-furnace slag cement concrete,
and the effects of this cement on corrosion of reinforcing steel. Also,
certain phases of the basic investigation were then incomplete, and during
their completion additional questions were raised, particularly regarding
sulfate resistance of portland blast-furnace slag cement concrete and
resistance of such concrete to scaling when exposed to natural weathering.
This report describes the investigations made to answer these additional
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( questions and gives the results of these investigations as well as the
results of those studies which were incomplete when the first report was
published. It also summarizes three investigations of portland blast-
, furnace slag cements made by the Ohio River Division Laboratories, CE,
1:“ and the Missouri River Division Laboratory, CE, in connection with actual
3‘:% construction projects (Appendixes A and B).
3%%
s Revisions and Corrections to the First Repcrt

5
35

3. Certain errors in the first report should be corrected as
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follows:
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a. Page 1, paragraph 2: The following statement is made:
"In the past few years a number of portland-cement companies
have begun the manufacture of portland blast-furnace slag
cement." This statement might be less ambiguons as follows:
"In the past few years, iie manufacture of portland
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blast-furnace slag cement has been begun by a number of
portland cement companies that had not previously made it."
Portland blast-fuinace slag cement has been made by the
Green Bag Cement Division of the Pittsburgh Coke and Chemical
Co. since 1938.

Page 1, paragraph 3, first sentence gives data on producers
of type IS cement. Since there was one producer of type IS-A,
this sentence should be revised to read: ...by six manufac-
turers at seven mills and experimentally by a seventh company.
Page 7, tabulation at top of page: In columm 6, line 3,
after "CoS" insert an asterisk; in columa 7, line 2, after
"a'CoS" add ", melilite."

Page 11, tabulation in center of page: The values given in
columns 3 and 5 under the heading "background" are actually
values for net peak height obtained by subtracting background
from total observed peak height. The values for background
and net peak height are:

Portland-Cement Clinker PB-FS Cement
Serial Back-~ Net Peak Back- Net Peak
No. ground Height ground Height
34 160 700 160 550
340 170 665 150 575
339 210 740 200 460
P2 - 200 580 180 k1o
345 220 670 170 k20
337 180 750 160 385
338 170 690 230 kos
336 150 960 160 koo

Page 25, tabulation, column 2, last line: For "0.008" read
"00080'"

Page 27, paragraph 44, first sentence: Delete that part of
line 1 following "that," all of line 2, and all of line 3
through "however."

Table 4, heading of column 1: For "Proportions" read
"Determinations."

Table 14, title: Delete "Reduction."

4. 1In paragraph 7 on page 3 of the first report it is stated that
the ratio F II seems more closely related to hydraulic activity then the
Values for F II may be added to the tabulation at top of page 5

as follows:
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1.70
1.7
1.8
1.57

Slag
Serial No.
340
341
342
345

FII

_521
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Slag
Serial No.
336
337
338
339
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PART IT: EFFECTS OF EARLY TERMINATION OF MOIST-CURING

Purpose of Tests

*
5. The Corps of Engineers Standard Practice for Concretel which

was in force at the time this investigation was undertaken (1955) provided
that "the normal lh-day curing period prescribed for concrete containing
type II portland cement as the sole cementing medium shall be increased to
21 days vwhen & cement-replacement material is used but need not be
increased when a blend of type II portland with either natural cement or
slag cement is used." No provision relating to portland Llast-furnace
slag cement was included because it was presumably believed that the use
of portland blast-furnace slag cement might be considered (a) comparable
to the case where portland cement is used with granulated blast-furnace
slag as a cement-replacement material, or (b) comparable to the use of
elther portland cement or a blend of portland cement and slag cement.

The tests described in Part I of this report were undertaken to develop
data on whether concrete made with the portland blast-furnace slag cements
tested was or was not significantly more adversely affected by premature
termination of moist-curing than was concrete made with the reference

type II portland cement. Based in part on informal consideration of the
results of the work covered in this report, the Corps of Engineers 1962
Standard Guide Specifications for Concrete2 included a provision in

paragraph 15a for 14 days minimum moist-curing for concrete made using
elther type II or type V portland cement or portland blast-furnace slag

cement.

Scope of Tests

6. Concrete mixtures containing 3/h-in. aggregate were prepared of
the same materials and to the same proportions as those used in the basic
program, and used for molding 3- by 6-in. cylinders and 3-1/?- by

* Ralsed numerals refer to similarly numbered entries in the Literature
Cited which follows the text of this report.
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h-1/2- by 16-in. beams. These specimens were moist-cured in the molds
to an age of 3 days. Thereafter, half of the specimens were stored
immersed in limewater until they were tested. The other half of the
specimens were stored at 50 + 5 percent relative humidity until they
vere either tested at 7 days age or until they reached an age of 28 days;
then those that were to be tested at ages greater than 28 days were stored
in laboratory air until tested. Cylinders were tested for compressive
strength at ages of 7, 28, and 90 days, and 1 yr, and for Young's modulus
of elasticity in compression a. 28 days and 1 yr. Beams were tested for
flexural strength (modulus of rupture) at 7, 28, and 90 days, and 1 yr,
and portions cf the beams brcken in flexure at the 90-day age were tested
for abrasion resistance. The test methods used were those used in thne
basic program.3

Materials, Mixtures, and Test Specimens

Materials used

7. The reference type II portland used in these tests (RC-376)
was similar to that used in the basic program (RC-330), as the com-
parison of data in table 1 indicates. The aggregates also were similar
to those used in the basic investigation. Since results of tests on the

aggregate were not given in the first report, they are presented in table 2
of this report.

Proportioning of
concrete mixtures

8. The nine concrete mixtures used were proportioned to have a
cement content of approximately 5.5 bags pe: cu yd, a slump of approxi-
mately 2-1/2 in., an air content of approximately 6.0 percent, and a
remolding effort of between 24 and 45 drops. The actual average properties
wvere: slump, between 2-1ﬂ+ and 2-3/’4 in.; air content, between 5.7 and 6.2
percent; and remolding effort, between 28 and 32 drops. As indicated in
the following tabulation, the bleeding of the freshly mixed concrete in

these supplementary tests was similar to that of the mixtures used in the
basic investigation.




Bleeding, %
Original Supplementary

Cement Type and Serial No. Tests Tests
Portland type II:
4 330, 376 3.0 2.2 3
} Portland blast-furnace slag: i
337 (type IS k.1 ka i
, 338 (type Is 3.1 2.2 ;
; 339 (type IS 3.5 4.4 ;
J 340 (type IS 5.2 4.9 .

; 341 (type Is 3.8 3.6

' 345 (type IS 4.1 3.2

~ 342 (type IS-A) 2.1 3.0

c 336 (experimental, high Mg0) 1.9 1.8

Concrete specimens

9. From each mixture, six rounds of test specimens were made, on
gsix different days. In each round, eight cylinders for compressive
strength tests and eight beams for flexural strength tests were made.
One specimen of each type from each round for each type of curing was f

tested at each age.
Test Results {

Compressive and flexural
strength and modulus of elasticity |

10. The results of the tests for compressive and flexural strength,
and modulus of elasticity are glven in table 3.
Abrasion resistance

11. To provide specimens for this test, the halves of the beams
that had been broken in the flexural strength tests at 28 days and
1 yr ag: were agaln broken in half. The two end pieces were dried in

air for 7 days, and two 2-in.-square areas on each of the two molded

side faces were subjected to abrasion as described in paragraph 20
of the first report. Since six specimens for each type of curing were
tested for each cement at each age, there were 96 sq in. of abrasion

e =

test area per test condition. Results expressed as loss in grams per
square foot are given on following page, together with results for the

GO-day specimens tested in the basic investigation for comparsion.
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Abrasion Loss, g/sq ft

Cement Moist-Cured Until 32;81:&1 Moist-Cured 3 d
Serial No. 28 4 ys* days 28 days 3065 7
"330-376 "‘1’2? 1% 100 129 Eg“”

337 153 124 116 288 194
338 165 101 156 273 184
339 177 17 142 288 21k
340 189 122 130 23 158
3 174 1n7 133 266 153
3ks 174 131 126 212 158
342 192 133 138 237 158
336 150 115 120 240 16k

¥ From table 7 of first report.

Discussion of Results

12. The test results reveal that, almost without exception, the
specimens that received no moist-curing after 3 days age showed lower
campressive and flexural strength, lower modulus of elasticity, and higher
abrasion losses than comparable specimens that received additional moist-

curing after 3 days age.

Compressive strength

13. The compressive strength relations are shown graphically in two
ways. Fig. 1 shows strength gain curves from ages of 7 to 365 days for

L

?

:

COMPRESSIVE STRENGTM, PS|

MOIST-CURED UNTIL

TESTED

MOIST-CURING TERMI~
NATED AFTER

30AYS

Fig. 1. Increase in
compressive strength
of concrete moist-
cured continuously
until tested and
moist-cured for

3 days only

o)
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each concrete in each test condition. A tendency for the relative reduc-
tion in strength due to early termination of moist-curing to increase
vith increasing age is indicated. Pig. 2 compares tiie ratio of strength

COMPRESSIVE STRENGTH,PSI (MOIST=-CURED 3 DAYS)

COMPRESSIVE STRENGTH,PS! (MOIST-CURED UNTIL TESTED)

Fig. 2. Relative compressive strength of concrete
moist-cured continuously and moist-cured
for 3 days only

of continuously moist-cured specimens to that of comparable specimens
vhose curing was terminated at 3 days for each age. Lines are drawn
for the ratios for the reference type II cement concrete at each age.
A tendency for thesc lines to depart farther from the line of equality
with increasing age is indicated. It is also indicated that, in general,
the compressive strength of the portland blast-furnace slag cement
concretes was not more severely affected by early termination of
moist-curing than was that of the reference portland cement concrete.
Plexural strength

1. The flexural strength relations are shown in figs. 3 and 4,
vhich are similar in construction to figs. 1 and 2. Fig. 3 indicates
a general tendency, the reverse of thet shown by fig. 1 for compressive
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strength, for the refuction of flexural strength due to early termination H
of moist-curing to decrease with increasing age. Fig. & also shovs a ?
reverse tendency to that showm by fig. 2 for compressive strength, i.e.,
the lines for the ratios for the reference type II cement concrete tend
€0 depart less far fram the line of equality for flexural strength vith
increasing ag:. In general, it is also indicated that the flexura’
strength of the portland blast-furnace slag cement concretes may be
slightly more severely affected by early terminmation of moist-curing
than was that of the reference portland cement concrete.
Modulus of elasticity

15. At 28 days age all the concretes that had been moist-cured
continuously had signhificantly higher moduli than those vhose moist-
curing had been terminated at 3 days. Between 28 and 365 duys age, all
the concretes that had contimmous moist-curing showed increases in modulus
of elasticity; those which had nct received continuous moist-curing
showed, in general, no increase in moiulus and in a2 number of cases
showed a decrease. The genersl relation is similar to that for compressive o
strengths (fig. 1}); however, the separation of the two groups is more
sharply defined at both ages (fig. 5).
Abrasion resistance

16. The abrasion resistance results are shown in fig. 6. Tt will
be noted from these results that the early termination of moist-curing
did not adverseiy affect the abrasion resistarnce of the referemce type II .
portland cement concrete, but did adversely affect that of all the con- ‘ i
cretes made with portland blast-furnace slag cement. In these supplemen- :
tary tests, the abrasion loss of the reference type II portland cement
concrete was lower than that of any portland blast-furnace slag cement
concrete at both ages and for both curing conditions. None of the portland
blast-furnace slag cements made concrete that was consistently either
more or less abrasicn-resistant than did the others when the results of
tests of specimens representing the two ages and curing conditions were
compared.
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17. A mmber cf publications in the literuinre, one of which was
cited in paragraph 27 of the first report, refe: to the possible barmful
effects of constituents derived fom the blast-furnace slag constituent of
portland blast-furnace slag cerents, usually the sulfide sulfur, on steel.
The following references were provided subsequenit to the preparation of
the first report through the courtesy of Mr. W. J. McCocy of the Lehigh
Portlandi Cement Co. 5

a. F. L. Brady: "Concretes in which breeze and furnace
clinker aggregates are used, cause rusting of steel
reinforcement; the degree increases with increasing $ con-
tent even though the aggregates are not acid. 7The sub-
stitution of sard for the finer part of coal residue aggre-
gates reduces rasting as a result of reduction of accessible
S compounds. The only clinker vhich wvhen used in 1:6
concrete did not cause the rusting of steel in six weeks
under moist conditions was a well-fused clinker, low in S,
of wmsually high quality from which all fines were removed
and replaced by sand. WUhen the fine agpregate was not
removed corrosion occurred. It is thought that the investi-
gation proves the undesirability of using coal residues
as aggregates in concrete reinforced or in contact with
steel.”

b. A.F. 0tten:5 "Pe in concrete contg. boiler slag is
subject to electrochem. corrosion. Elements constructed
of Pe, HoO and cement contg. slag had E approx. 0.3 v.
and i p.2-0.15 ma. Reinforced concrete that is to be
subjected to moisture should not e made from boiler
slags.”

c. Chemical Week:® "Japan's Construction Ministry last week
predicted that a new cement process, developed by the
ministry's Dr. Toru Mori, will produce cement ’superior
to Portland cement in many ways - and from $1.45 to $2.75
cheaper than Portland.' The process could benefit Japan's
iron and steel producers by utilizing the slag they now
dispose of at a high trucking cost.

"Called No. 2 blast-furnace cement, the product is
made by mixing limestone and blast-furnace slag. Mori
succeeded in doing this (where others before him bhad failec)
by devising a method of pulverizing the materials separately,
later blending them in 50-50 and 40-60 proportioms.
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*fhe finished cement is s2id to be highly water-
resistant, able to withsiand tewperatures up to 400 C.
Becauze it is more corrosive thun ordinary cements, it's
not suited to steel-concrete building construction.”

Jour.ofc«-e:tce:? “A newv cement described here as "supe-

rior to the cunventional Portland cement in many ways,’
has been develsped by a government scientist.

“Eamed *¥o. 2 Blast Purnace Cement,’ this item is
said to de extraoniinarily chesp, water resistant once it
forms, anG able o withstand tempexatures up to some
N0 degrees Centigrade.

"It takes aprroximately half an hour longer to
bharden than ordinary cement, vhich makes it easier to
handle in general construction work.

"Uses Limestone and Slag

"The cement is a mixture of limestone and blast
furnace slag,-obtained from ircn and steel processing.
Many similar kinds of cement have been produced since the
end of the Pacific War but bad to be discarded because of
noor performance and quality.

"“The inventor is Dr. Toru Mori of the Ministry of
Construction Resecrch Institute. He succeeded in mamu-
facturing the cement after two years of research to modify
the past methods of mixing the two raw materiais. He
eventually came up with a method of pulverizing the lime-~
stone and ciag separately and then mixing them in propor-
tions of 50 to 50, and also 4G to 60 percent.

"The cost of making this new cement, according to
the Construction Ministry, is between $1.45 and $2.75
lower than an average of $17.50 per ton required for pro-
ducing Portland Cement. Moreover, the iron and steel
industries are expected to benefit from this new-type
cement's production because it will use slag which they
have so far had to dispose of at a high trucking cost.

"A Construction Ministry official told The Journal
of Commerce that an estimated $8 million will be saved by
utilization of the slag produced by the iron-steel manu-
facturers at the rate of 500 kilograms to a ton of pig
iron.

"Production Under Way

"Various iron and steel and cement manufacturers are
reported to have already commenced or are soon to start
production of this new-type cement. Comnstruction companies,
especially in the Osaka-Koge area, are also looking forward
to the new product.

"Building experts agree that the new material is
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strongly resistant to hea* and water, making it ideal for
fireproof mortared block houses, river and hartor embank-
n=uts, ani dams. But it is not suited, Ministry officials
say, for :all buildings of a ferroconcrete structure, °’

because it corrodes iron faster than ordinary cement. ;

“Some of the new cement will in all probability be
exported to the Chinese Coommist mainland, for constru-
tion of a dam there, it is also reported.”

Purpose of Tests

18. No specifications for concrete construction in the United States
are known vhich prohibit the use of portland blast-furnace slag cement in
reinforced or prestressed concrete; however, the specifications for the
product limit the sulfide sulfur content to 2 zaximm of 2.0 percent. The
tests described in the following paragraphs were undertaken to develop data
on wvhether or not concrete wade with portland blast-furnace slag cements of
high sulfide sulfur content would manifest significantly reduced bond to
steel or significantly greater corrosion of embedded steel than concrete
made with the reference type II portland cement.

wew wy

Scope of Tests

19. The two portland blast-furnace slag cements of highest sulfide
sulfur content of those used in this investigation were selected for these
tests. They were:

Sulfide Sulfur Content, % i
Portland Blast-Furnace

Cement Slag Constituent Slag Cement
338 1.68 0.73
329 1.51 0.67

The reference portland cement (376), the aggregates, and the concrete mix-
tures were the same as those used in the investigation of the effects of
early termination of moist-curing. Pour specimens were made with each of
the three cements in each of six rounds; each specimen was a 6-in.

cube and contained one No. 6 steel bar embedded vertically. These
specimens were tested for strength of bond to steel in accordance with
method CRD-C 21;-57,3 half at an age of 28 days, and the remainder at

an age of 90 days. Additional specimens, 8-3/% by 8-3/4 by 12 in.,

were made, each containing four pieces of completely embedded steel for
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corrosion-resistance tests. Two of the pieces of steel were 10 in. long
and 50 located as to have a minimum of 1 iz. of cover, and two were 6 in.
long with approximately 3 in. of cover. A irtal of 45 of these specimens
were made with each cement; 30 were moist-cured at the laboratory, and the
remaining 15 were removed from moist-curing after 1k days and later
jnstalled on the Waterways Experiment Station (WES) sea-water exposure rack
at St. Avgustine, Florida. Half of the 30 laboratory-stored specimens
of each cement were broken open for inspection at an age of 90 days, the
remainder at 1 yr. The specimens exposed at St. Augustine were brought
back to the laboratory to be broken and inspected in groups of 6, 6, and 3
of each cement after 2, 4, and 5 years of exposure, respectively.

Test Results

Bond ‘o steel

20. The nominal average bond stresses for the 12 specimens tested
for each concrete at each age were calculated at five increments of slip
at the loaded end of the bar. The results, also shown graphically in
fig. 7, were as follows:

200 — T | Y

Fig. 7. Stress-~
slip curves for
concrete tested
at 28 and 90
days age

400 |

A

NOMINAL AVERAGE BOND STRESS, PSI
¥
\
L

0 1 1 | - 1 1
” 18 24 32 40
AVERAGE SLIP, LOADED END, IN. X10*
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Nominal Average Bond Stress, psi

Slip, in. 2B S )
x 104 '37'3"'%3 : 339 376 2 3%3: 339 5

8 30 290 290 360 290 320 i
’ 16 53 460 130 570 480 190 3
i 2l 680 610 5k0 750 640 620 ;
[ 32 810 T30 610 910 800 710 f
ho 90 840 680 1050 920 800
F 21. fThe relation between bond stress at a slip of 0.004 in. and

compressive strength of specimens of comparable concrete at 28 and 90 days
is shown in fig. 8. The bond strength-compressive strength relation
i indicates a slightly higher relative

; o000 K v ’ i bond strength for concrete made with
] , cement 339 or the reference type II
g fiad 8 ’:: 1 portland cement. The increase of
x 4, bond strength with age parallels the
ém i ::t 1 increase of compressive strength.
y a Corrosion of steel
| ,:’};'/‘{4 ) 22. The corrosion-resistance '!
§ g ":" %, test specimens were broken in com-
T ., - 1 pression so that the four pieces of
o _ . embedded steel could be removed and
%o D e 0 W% ™ examined. Rust was found mainly on
Fig. 8. Relation of bond stress to the lower surfaces of the bars where

compressive strength of concrete bleeding water had accumilated in an ; '
underside void. It was also observed ' .
that the 10-in. bars originally positioned to be 1 in. below the top
surface and 1 in. in from one side, with 1 in. of cover at each end,
had settled during consolidation so that the average depth from the
top surface of the specimen to the bar was 2.4 in. The 6-in. bars orig-
inally positioned to be 3 in. above the bottom and 3 in. from one |
side, with 3 in. of cover at each end, had also settled so that they
were, on the average, 1.6 in., above the bottom. Rusting and corrosion
of the surfaces of the steel bars were classified by size and number
of spots (table 4). In size the rusted areas were classified as
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"pinpoints" (nominal 1/32-in. circles), 1/16-, 1/8-, 1/4-, 1/2-, and
3/%-in. spots. The pinpoints were regarded as having unit area; the
1/16-in. spots an area of 4; the 1/8-in. spots, 16; end the 1/l4-in.
spots, 64, etec.

Petrographic examination

23. The 18 specimens brought back from St. Augustine at the
2-year age were examined petrographically as described in the follow-
ing paragraphs.

24. Petrographic examination was made of the fragments which
remained after the prisms had been split and the rust spots on the
steel bars counted. The specimens contained 3/&-1n. meximum size lime-
stone (VICK-3 G-1(12)) and natural sand (WES-1 S-8(3)). The concrete
mixtures had been proportioned to have cement contents of 5.5 bags
per cubic yard, air content of 6.0 + 0.5 percent, and slump of
2-1/2 + 1/2 in.

25. The pieces of reinforcing steel and the fragments of con-
crete were examined visually and with a stereomicroscope. Thin sections
were made from concrete representing each cement, and these thin sections
were examined with a petrographic microscope.

26. The evidence for alkali reaction with the chert in the
fine aggregate (natural sand) was clearest in the sections containing
pPlain portland cement, and appeared as cloudiness of paste near chert,
peripheral cracking around chert, and "tensile" cracking in chert.

The paste of the portland blast-furnace slag cements was typically

dark, cloudy at high magnification, and low in Ca(OH)2 at two years,
with abundant unhydrated slag and little cement clinker to be found.
There was, however, some very suspicious-looking cracking in chert in
sections made from both portland blast-furnace slag cements. The mortar-
coarse aggregate bond in all specimens was good. An attempt was made

to correlate the areas of rust on the bars with areas where the bond

between steel and concrete was poor or lacking; it appeared, however,
that the location-of the rust spots was independent of the nature of
the bond. The results of the examination are tabulated on the follow-
ing page.
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Condition of Steel

Condition of Concrete

Color of Paste

Slight to moderate
rusting. More
rust on the long
pieces of steel
than on the short
pieces.

Virtually unaffected.

Cement 376 (Type IT)

ble sulfoaluminate. Negli-
gible alkali-aggregate reac-
tion. The paste nearer the
outer surfaces was carbonated
and/or leached with second-
ary enrichment of calcium

Negligi- Light gray (N 7).

Scattered thin
areas of paste
(1/16 to 1/8 in.)
at or near the
outer surfaces
were cream

hydroxide. There were tiny colored.
aragonite crystals either
filling or partially filling

voids near outer surfaces.
Cements 338 and 339 (Type IS)

As reported for 376, with
ing. More rust abundant unhydrated slag,
on long pieces of typical dark slag cement
steel than on paste.

short pieces.

White (N 9). Some
of the bluish
areas did not fade
completely after
exposure to air;
they were light
bluish-gray (5 B
7/1). Scattered
thin areas (1/16
to 1/8 in.) at or
near the outer
surfaces were
cream colored.

Virtually no rust-

Discussion of Results

27. Tt will be noted (from table 4) that the total amount of
corrosion in both exposures at all ages was greatest for the concrete
made with the reference type II cement, less for the concrete made with
the portland blast-furnace slag cement of lower sulfide sulfur content,
and least with the portland blast-furnace slag cement of higher sulfide
sulfur content. The amount of corrosion exhibited by the bars in the
reference concrete increased betweer 90 and 365 days, but there was no
increase in corrosion for the bars of portland blast-furnace slag cement
concrete. It is concluded that, under the conditions of these tests,
the presence of sulfide sulfur in the portland blast-furnace slag cements
did not cause corrosion of embedded reinforcing steel.

28. Two articles in the literature support these results. Ost and
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l&on:t’ore8 compared performance of steel prestressing wire in concretes

made with three type I portland cements and five portland blast-furnace
slag cements and found that after omne year, there was little if any
relation between sulfide content of cement and corrosion, no more
carrosion being found when portland blast-furnace slag cement was used
than when type I portland cement was used. The portland blast-furnace SO
slag cements used in the work reported by Ost and Monfore had sulfide
sulfur contents ranging from 0.24 to 0.82 percent.
29. Lea and Wza:l;kins9 summarized results through 1960 of a study
begun ir 1929, and found that (a) the primary cause of deterioration
of reinforced concrete piles was corrosion of the reinforcement; (b) the
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cement content and thickness of cover were of major importance in determin-
ing durability; and (c) with a normal mixture and 2-in. cover, cracking
occurred in concretes made with portland cements by 10 years but when
portland blast-furnace slag cement; high-alumina cement, or portland-
trass (pozzolan) cements were used, no cracking occurred.
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30. Paragraphs 37-U42 of the first report describe the two kinds
of performance tests for sulfate resistance that were used in the basic
program and discuss the results obtained. One test,10 using mortars to
which additional calcium sulfate was added during mixing, gave a clear
separation of the cements apparently as a function of the amount of tri-
calcium aluminate in the portland cement clinker component. The other
test, involving storage of concrete cylinders in sulfate solution, had
yielded no significant results. The possibility was suggested that the
mortar test with added sulfate permitted sulféte reaction at such an
early age that the activity of the silica in the slag had not become
effective in improving sulfate resistance. Additional data have been
developed from both of these types of tests and also from a third, the
lean mortar bar test.ll Additional data on the properties of the materials
as related to sulfate resistance have also been developed. These
additionsl data are discussed in the following paragraphs.

Tests of High-C3A Portland Cement and Slag Blends

Sulfate resistance of
two high-caA portland cements

31. Two portland cements of high calculated tricalcium aluminate
content were selected for the investigation of the effect of granulated
blast-furnace slag in reducing sulfate attack. Results of tests for

properties of these cements are as follows:

, Cement
Test 332 334
810, % 19.4 21.1
A1203, % 7.0 (6.98) 6.3 (6.27)
Feg0s, % 2.5 (2,53) 1.9 (1.88)
Ca0, % 63.7 63.6
{Continued)
20

S e 3 A e s woetakes Cmds s

.o

ommran S

IS |




%
’L g Cement
, % Test 332 33k l
l § Mgo, % 2.7 2.9
' i Na0, % 0.37 0.13
t £ K0, % 0.95 0.16
% Total as Ja0, % 1.00 0.24
% c.s, % 55 18
; C.S, % 1k 2l
; E cA, 4 14 (14.3) 13 (13.5)
% C\AF, % 8 6
é S.A,a.p.cmn'/g 3290 3550
i % Comp. str, psi
j 3 day 2510 1700
P B 7 day 3735 2840
: % 32. Cement 332 had 0.8 percent more C3A than cement 334 when C3A
‘ § was calculated from chemical analysis. When the c3p. content was calculated
) %; using the procedure* given by Swayze,]'2 their relative positions were

low alkali content,0.2l$ Na0 equivalent.

given in table 5.

reversed with cement 332 indicated tc have 9.9 percent and cement 334
indicated to have 10.2 percent. X-ray diffraction studies of samples

of these cements indicated that the peak at 2.70 angstrom units, character-
istic of crystalline C3A, had nearly twice the intensity for cement 332
(195 counts per sec) as for cement 334 (100 counts per sec). Cement 332
also had a high alkali content, 1.00% Na20 equivalent, and cement 334 a

33. These two cemenis were subjected to both the lean mortar bar
test and the mortar bar test with added sulfate. The latter test was

run on two occasions, nearly & year apart. A summary of the results is

34. Thre expansion shown by mortars containing cement 334 was

-~
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* As given in Amer. Jour. Science, vol 244, 1946: 1If A1203/Fe203 ratio is
1.6 or higher and the clinker contains sufficient MgO or alkalies to
lower the invariant temperature to 1300 C or below, the ferrite phase
will be CgAoF and 1.276 x wt of Fep03 = "t of Alp03 in CgAoF. Total
Al203 - Al503 in CEASF = residual Alp03. Residual AlpO3 x 2.65 = CaA.
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30 days and after 60 days, but cement 332 mortars showed a greater
expansion in the intermediate period from adout 30 to 60 dsys age.
These relations are shown in fig. 9, and are summarized as follows:

L] R4 L} ] N § ¥
r o
[ — w 332 (4% C,A) A
o —  COMNT 336 (3% C,A) |
. TEST QREF ")u-
- ® m‘wnt't"&rq 1
o B oEmEm = |
- MOTE: B BARS GRONE . *® -
2 4
£l ]
& o} J Pig. 9. Camparison of results
£ or sulfate resistance tests on
R 1 two hi@-c3lt portland cements
2o -
-3
i os] -
’ ®
e ' -
: al
asf H » 4
L ¥ A s
o2} Az ~©
o 1€ 21 28 % " e 3ee
AGE , DAYS
Cements
Test 332 33k
C3A, chemical analysis, % 14.3 13.5
C3A chemical analysm, 9, (Swayze) 9.9 10.2
C3A, X-ray, cps, 2.70 A 195 100
Na20 equivalent, % 1.00 0.24
Expansion, %, at: 28 days, added sulfate test 1 124 142
added sulfate test 2 105 130
lean mortar bar test 27 51
35 days, lean mortar bar test 117 93

(Continued)

22

e a AR IR ok} e




wwmmmmmﬁ

S

'y

é
£
B
|

C O msmeag

Test = o
Expansion, $, at: k2 days, lean mortar ber test
70 days, lesn mortar bar test

8k days, added sulfste test 1

added sulfate test 2

196 days, added sulifate test 1

added sulfete test 2

364 dsys, added sulfate test 1

added sulfate test 2
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Effects of blending slags
vith the high-CjA portland cements

35. Two granmlated blast-furnace slags were used to replace 40 per-
ceunt by absolute volume of each of the two cements; then the two types of
mortar bar tests were made. Both of the slags were found by microscope
examination to contain more than 90 percent glass. Slag 216(k) bad a sur-
face area (air permeability) of 4270 sq cm/g, and slag 296, 3495 sq cm/g-

36. Lean mortar bar test results. The results of the lean mortar
bar tests are shown graphically in fig. 10, and are summarized as follows:

“ ¥ R b 1]
LEGEND
os} ——CEMENT 22 1
" Cement 126
% TEST TEMMMATEDR
%04 i
[
g
g
Zo» .
Q
]
F 4
€0
] -

BARS WYTH 0% SLAG

4 21 28 ‘. n2 196 384
AGE, DAYS N

Fig. 10. Effects of two slags in reducing
expansions of lean mortar bars made with
two high-c3A portland cements
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3n 3
15k 109%(110, 9 M A8
129, 12,
73
196 - 10k%(120, A8 52
125, 8k,
87)x=
36k - — (81, T, 68(73, 71,

7, 53y= 65, 63)=

#* Test terminated vhen average expansion exceeded 0.100 percent.
¥¥ TValues in parentheses are expansions measured on the four bars
at end of test.
37. These results suggest that the slags were effectiwve in greatly
reducing the expansion due to sulfate attack. They also suggest that:

a. Both slags were less effective in reducing expansion in
mortars made with cement 332 than those made with 334.

b. Slag 296 was less effective in reducing expansion in
mortars made with both cements than was slag 216(h).

38. Added-sulfate mortar bar test results. fThe slags were also used
to replace 40 percent of the two cements in mortars vith added sulfate.
The results of these tests are summarized in the following tabulation; the
relations between the results are shown graphically in fig. 11.
Expansion, percent x 1()3

ke Ba. a6

s o

Cement 332 Cement 334
Age, days _ Slag 206 _Slag 216(4)  _Slag 206 _Slag 216(h)

7 48 ) 57 55

1k o) 83 79 86

21 9% 111 99 108

28 117 133 115 126

56 205 153 169 191

84 222 155 228 228

1ne 221 155 303 238

140 222 156 329 242
252 223 156 331 248 i
364 224(238, =34, 157(159, 156, 333(326,  2ho(261, 260, ’;
229, 215, 157, 156) 324, 341, 264, 238, ‘

212, 216)* 355, 338} 240, 239)

¥ Values in parentheses arer expansions meansured on the four bars
at end of test.
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39. In these tests the slag o —rr T v T
again reduced the expansion, but
by a msuch less marked amomnt thean e
in the lean mortar bar tests and,
again, slag 296 was less effective es
with both cements than was slag
216(k). However, in these tests §-
the expansion of bars containing £
slags and cement 332 was le:- than
that of bars containing slags and
cement 33%. It is difficult to .
decide whether the slags were less
effective with cement 334 (the re- o
verse of the camparsble conclusion
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from the lean mortar date), or °
4 whether the difference is in the
3 lative & or rate of _ Fig. 11. Effects of two slags in

reducing expansions of added sulfate
; tion of the two cements to the two narbarharsndevithtmhigh—(!f

sets of test conditions. Relative portland cement
reaction rates may be estimated by the strength gains showm in fig. 12. It
will be recalled that no conclusion was reached from the performance of the
cements without slag as to wvhich ce-
ment had lower sulfate resistance.
k0. Discussion of results.
It is believed that there are impor-
tant differences both between the
two cements and between the two
testing procedures employed. These
differences appear to be related to
the following:

a. Cement 332 showed
a rapid expansion
] . between 30 and 60
7 2 days age in both
Act,ons tests, which was

suppressed by slag
Fig. 12. Relative strength gain rates in the lean mortar

of two high-c3A portland cement bar tests, and
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39. 1In these tests the slag o
again redaced the expansion, but
by a much less marked smomt then  es
in the lean mortar bar tests and,
again, slag 296 was less effective e
with both cements then was slag
216(k). However, in these tests iu
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decide whether the slags were less
effective with cement 33% (the re- o
ve-ze of the camparable conclusion

from the lean mortar date), or °
E whether the difference is in the
3 lative & or rate of _ Fig. 11. Effects of two slags in

reducing expansions of added sulfate
tion of the two cements to the two norhrhrsmdevithﬁohi@-C:;A

sets of test conditions. Relative portland cement

reaction rates may be estimated by the strength gains shomm in fig. 12. It

will be recalled that no conclusion was reached from the performance of the
cements without slag as to which ce-

_ ment had lower sulfate resistance.
: k0. Discussion of results.
5'( It is believed that there are impor-
§ tant differences both between the
,* two cements and between the two
X
2 testing procedures employed. These
41 differences appear to be related to

é g the following:

g T i} a. Cement 332 showed

L a rapid expansion

£ , , B between 30 and 60

‘ 3 7 28 days age in both

£ Ace o tests, which was

5 suppressed by slag

?; Fig. 12. Relative strength gain rates in the lean mortar

£ of two high-c3A portland cement bar tests, and
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pertiaily svppressed by slag in the added-sulfate mortar
ber tests. (ement 33% showed no such interwedizte period
of rapid expansion.

0. Cement 33% showed steady progressive expansion untii, in
the case of the added-sulfate mortar var tests, a maximmm
w2s reached and a relatively constant length maintained.

c. The lean mortar bar test results were characierized by can-
timous expansion until either the bars broke or the tes;
was termipat-~d,

d. The added-sulfate mortar bar test resulis were characterized :
by increasing expansion until a moximm was attained, aftexr 4
wvhich a relatively constant length weas seintained.

S b, e

1. It is believed that the "leveling off” indicated in the results
of the added-sulfate mortar bar tests was produced by the effective
termiration of the production of the expansive rezaction product due to
the chemical reaction having came to an end through the effective exhans-
tion of the available supply of one reactant. The reaction product was
either high-sulfate calcium sulfoaluminate (3 CaO.Al203.3 Cas0,, .31 nzo) or
low-sulfate calcium sulfoaluminate (3 cao.u203.casoh.12 1120), presumably,
in normal circumstances, wholly or predominately the former. Since lhe
S0, content of the mortars was brought to a constant value of 7 percent by

3
weight of the cement, it follows that there was enough SO. in the mortar

to combine with 7.87 percent ch by weight of cement to fzm high-sulfate

calcium sulfoaluminate or to combine with 23.62 percent C3A by weight of

cement to form low-sulfate calcium sulfoaluminate. :
42, From fig. 9 (page 22) it appears that cement 334 mortar yielded

materially more expansive reaction product than cement 332. This cannot

be interpreted to mean that cement 334 contained materially more -':3A than

did cement 332, since (a) chemical data indicated essentially id:atical

03A contents, (b) X-ray diffraction data suggested that 332 had nore C3A

than 334, and (c) the so3

product would cease before all the 03A in either cement was reacted to

form high-sulfate calcium sulfoaluminate. It is therefore suggested that

vhile the "leveling off" does indicate the effective exhaustion of the

supply of one reactant (the sulfate ion) the amount of erpansion indicated

e

R
-

content was such that the production of reaction

at the point of leveling off may be a function of che relative age

(strength) of the mortar at the time the major expansion occurred as well
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as ¢:. function of the amount of reactants available. Referring again to
tig. 9, it is suggested that these relations may actually indicate that ce-
ment 332 is materially less sulfate-resistant (and contains materially more
sulfate-reactive csp) than cement 33%, in spite of the wmifors indication
rT higher ultimate expansion by bars made with cement 334. This suggestion
is based on the following considerations: The rapid reaction and expansion
of all bars made with cement 332 between the ages of 30 and 60 days may have
s0 weakennd the physical structure and mechanical centimuity of thesez bars
as to make them incapable of large additional linear axial elongation; thus
further reactio and formation of further expansive reaction product re-
sulted in lateral swelling without significant increase in length. Bars
made with cement 334, that did not undergo such a rapid reaction and expan-
sion between 30 and 60 days age, showed greater ultimate expansion, even
though a lower amount of reaction product was formed, because they had not
been weakened between the ages of 30 and 60 days and hence could continue
to exhibit such linear expansion as the reaction product could produce.

43. fThe lean mortar bar testing procedure, which indicates an ulti-
mate expansion for all bars with slag of only 20 percent or less of that of
bars without slag, is regarded as giving more "realistic" indications of
the quantitative magnitude of the reduction in expansion to be expected
from the use of slags such as these with high-c3A cements. This opinion is
based on the fact that in this procedure, as in natural sulfate exposures,
the cement (or cement and slag) has an opportunity to hydrate to a consider-
able degree before the sulfate becomes available in the interior of the
paste to react and produce sulfoaluminate. The test using added sulfate
appears to give excellent quantitative indications with portland cewents

alone, perhaps because the effects of the reaction with sulfate are not
materially modified by initiation of the reaction at a very early age.

b, A summary of selected test results is given in table 6. From
the foregoing discussion and the selected Aata in table 6, the following
conclusions appear indicated:

a. Cement 334 showed higher ultimate expansion than cement 332
in both tests.

b. Both slags reduced the expansion of both cements.

c. Cement 332 is probably the less resistant to sulfate attack
in spite of its lower ultimate expansion, since both slags
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in both tests were less effective, either absolutely or
proportionately, in reducing its expansion.
d. The lean mortar bar test is regarded as giving a more real-
istic indication of the amount by which a slag will reduce

sulfate expansion.

Tests of Portland Blast-Furnace Slag Cements

k5. The data on blends of two slags with each of two portland
cements of high tricalcium aluminate content tested by both the lean
mortar bar method and the added suifate mortar bar method, given in the
preceding czction, are regarded as providing a basis for discussion of
the results «f these tests on portland blast-furnace slag cements as
given below.
Scope of tests

46. The nine portland cements and three blends of portland and
natural cements studied in the basic investigation have been subjected
to test for sulfate resistance in three ways: (1) tesis of mortar bars
with added sulfate; (2) sulfate exposure of lean mortar bars; (3) sulfate
exposure of concrete cylinders. Table 12 of the first report gives
results or the mortar bar tests with added sulfate to an age of 140 days
(these data were also plotted in fig. 10, and discussed in paragraphs 37
through 41 of that report). The lean mortar bar tests were initiated
subsequent to the preparation of the first report. The sulfate exposure
of concrete cylinders is mentioned in paragraph 40 of the first report.
Results of mortar bar tests

7. Mortar bars with added sulfate. The expansion of these
specimens to an age of 1 yr is given in table 7 and plotied in fig. 13.
The results of the original tests show, as indicated in table 7, good
concordance of results for individual specimens for all cements except 3ll.
A retest of cement 341 gave the results shown in table 7. It is concluded
that one round of the original tests was probably made with some other
cement inadvertently substituted for cement 34l. Results of petrographic

examination of the bars after they were 1 yr old are given in table 8.
48, ZLean mortar bars, The nine cement and three cement blends
vere wlso tested by the lean mortar bar method.ll The amounts of water

used per betch, the flow values obtained, and the weights of the bars
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fig. 13. Expansion of added-sulfate mortar bars

made with portland cement, or portland blast-furnace

siag cement, or portland blast-furnace slag cement
and natural cement

were as follows:

Weight, g

Water Flow Bar Bar Bar Bar

Cement ml §) 1 2 3 l
330 218 108 387.8 389.2 395.1 396.1
336 207 109 390.6 395.3 397.7 39k.h
337 21 110 395.0 394.6 396.0 398.6
338 210 110 393.3 392.2 L400.0 401.8

(Continued)
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. 7 Weight, g
, % Water Flow Bar Bar Bar Bar
' o Cement ml % 1 2 3 L
A
’

339 221 110 392.8 396.7 397.7 395.0
340 218 104 288.9 385.6 396.7 393.2
341 216 107 39k.8 399.1 396.2 396.2
342 216 108 381.1 378.4 1383.0 385.7

345 210 111 386.0 287.4 389.7 395.2
80-20 216 109 386.1 378.0 389.9 396.2
5 75-25 21k 111 379.5 378.4 394.6 392.5
1 70-30 212 104 385.5 381.9 390.3 390.0

49, Two bars were made per batch; two batches, made on different
days, represented each condition. The 24 bars from round 1 were
stored in one metal container, and those from round 2 in a similar
container. Both containers were filled with a 5.0% (0.352M) solution
of cp anhydrous Naesoh. The solution level was maintained by adding

L
5
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water. The bars were measured each week. The expansion data for

. sy

the two bars of each cement and blend in one container so deviated

from the data for the two companion bars in the other container that

in approximately 1 yr these differences had in some cases become very

large. The solutions then in the two containers were tested and found

to be as follows:

A A et A SRR A 4 A & A B T1E

<

y

% SO3 Na20

5 Solution ppm  moles/liter ppm  moles/liter*
Container 1 20,750  0.260 20,200  0.326
Container 2 506  0.006k4 850  0.0137

* Required moles/liter of Na,0 was 0.352

50. The expansion of the bars in the two containers are indicated
by the following tabulation and illustrated in figs. J4 and 15.

Expansion of Bars, thousandths of %

91 days 182 days 364 days
Bar Bar Bar Bar Bar Bar Bar Bar Bar Bar Bar Bar
Cement i 2 3 L 1 2 3 Y 1 2 3 Y

330 4o 38 30 29 111 106 61 60 315 311 129 122

x
¥

o S R s K
O SIRENS S s A e o P e

i 336 13 13 12 12 18 18 16 17 25 2k 14 16
£ 337 3 34 28 26 by 43 36 34 75 70 39 37
i 338 20 21 1h 16 26 28 20 =22 54 59 20 25
& (Continued)
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Expansion of Bars, thousandths of %

91 days 182 days 364 days
Bar Bar Bar Bar Bar Bar Bar Bar Bar Bar Bar Bar
Cement 1 2 3 4 1 2 3 L 1 2 3 h

339 46 k6 30 30 116 120 39 36 371% Loz k2 ko
340 Y2 Lo 30 26 72 69 3% 35 171 160 Ly 43
%1 1 32 36 37 142 120 96 104 h5ox  301%* 212 224
3h2 34 36 28 28 by 48 35 34 72 78 37 38

345 3 3% 35 33 70 73 53 52 289 294 89 87
80-20 29 28 27 27 39 43 37 37 137 180 43 43
75-25 30 20 26 27 43 43 37 38 160 174 43 L4

+ 28 25 27 -- L2 38 38 -- 135 ks 46

¥* Reading at 294 days, after which bars broke.
¥* Reading at 280 deys, after which bars broke.
+ Broke at 56 days (expansion 0.024%).

Fig. 16 compares the expansions for two cements in the two environmeats.

400 I~
H Fig. 16. Comparison of expansions
g 3001 of bars made with two cements
} ; stored in solutions of differing
2 / concentration
z - ’
F 200 // K
x /
w / .
/’ - ’ /'/-
100 |- S B
ST
PPt
"”?}‘_ﬂ o’
0 SR 1 ! Il
] 0 20 30 40 50
AGE, WEEKS

51. The sulfate concentration of the solution in container 2 was
increased to that specified for the test, and the bars were observed
for an additional period of 1 yr. The results are indicated in the
following tabulation and these data for six of the mortars are shown

in fig. 17.
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Expansion, %
364 days 728 days
Cement Bar 1 Bar 2 Bar 3 Bar 4 Bar 3 Bar 4
330 315 311 129 122 326 327
336 25 24 14 16 19 21
337 75 70 39 37 48 7
338 Sk 59 20 25 28 31
339 371% Lo2% 42 ko 9o** 90%*
340 171 160 Ll 43 208t 301
3h1 k50% 391+t 212 224 537% 629%%
3h2 72 78 37 38 53 59
345 289 294 89 87 2 271
80-20 137 180 43 43 gg§ $6§
75-25 160 17k 43 4y 92 90
70-30 - 135 ks 46 170 198

¥ 294 days after which bars broke.
*¥ 6588 days after which bars broke.
t 6Lk days after which bars broke.
tt 280 days after which bars broke.

Pig. 17. Effect of
additional storage
after 1 yr in weaker

sulfate solution

Comparison of results
of mortar bar tests

52, For the purposes of
comparing results of the two types
of mortar bar tests, the average

expansion at 364 days in the added-

sulfate test (using round 1 data
from the original test for ce-
ment 341) and average expansion
at 364 days or when the bars were
broken for bars 1 and 2 in the
lean mortar bar tests are
tabulated on the following page.

+ U457 days after which bars broke.
¥ U476 days after which bars broke.
§ 534 days after which bars broke.
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ion at 1 yr, percent X 103

Cement Lean Mortar Added Sulfate

330 313 136 t
337 T2 162 ’
338 56 172
339 386 436 !
340 166 690 g
3k1 420 T8 i
345 292 295 ‘
3k2 75 203 .
336 2k 89

80-20 158 25

75-25 167 216

T0-30 135 200

53. With only a single exception (cement 340), the evaluation of
the relative sulfate resistance of the eight portland blast-farnace slag
ments was the same, ranked from the results of the test to 1 yr,
whether determined by the added-sulfate or by the lean mortar bar method,

o as indicated below. . i

- W e 2 e S W

Lean Mortar Bars Added-Sulfate Mortar Bars
Expansion at 1 yr, Expansion at 1 yr,
Cement % x 105 Cement % x 105

341 420 341 748 |

339 386 3k0 690

345 292 339 436

340 166 345 295

342 75 342 203

337 T2 338 172

338 56 337 162

336 2k 336 89
.! '
: 5k. The fact that the relative positions of cements 337 and 338

are reversed is not regarded as significant. However, the difference in

clearly second and by the other, just as clearly fourth. Another anomaly
is the position of the reference type II portland (330) relative to the
portland blast-furnace slag cements. In the lean mortar bar test,

i
!
i the position of cement 340 is considered significant; by one method it is
}
'
H

expansion of the reference portland cemeni; was 0.313% which puts it
between the second and third place among the portland blast-furnace ‘
slag cements; in the added-sulfate test its expansion of 0.136% puts

3
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it between seventh and eighth place.

55. The data on the blends of cement 339 with natural cemert shown
in the tabulation at top of page 3% suggest that the natural cement is an
effective diluent for the expansion-producing characteristics of cement
339. Pig. 18 suggestc that a 50 percent reduction in expansion would be
obtained by between 18 and 25 perceat replacement of cement 339 by natural
cement depending on whether the estimate was based on lean mortar var data

or added-sulfate mortar bar data, 500 - ; ;
respectively. LEGEND
o BARS
56. The additional sxpansion q Jariwa
\ MORTAR BARS
during a second year of sure of 400f \% 1 AND 2 AT | YEAR i
uring ¥ expo 4{ Qgé "gimoanrlvtnn
lean mortar bars 3 and %, which had \% & v LEAN-MORTAR BARS
£ YEARS
low expansion at 1 yr due to defi- " A \AQ‘-‘
= | \G, o
cient sulfate concentration in their o e N .
- e N
exposure, yielded an apparently anom- z \":\: \‘0\
- Q)
alous result in which the total ex- 2 <\ \\Q\
o 200} 4
pansion was inversely proportional b N *';
N
to the percentage of cement 339 that A~ ~
was included.
100 i~ v -
57. 1In addition to comparisons v
baged on total expansion at 1 yr, com- 6 o O
parisons may be made between the ce- 0 L &1
100 80 5 70

ments based on the age at which they PERCENTAGE OF CEMENT 339 USED

manifested the greatest expansion

rate. In the lean mortar bar test

Fig. 18. Effect of blending natural
cement with cement 339 on expansion

there vas little difference, since in sulfate-resistance tests

the shape of the curves (e.g. fig. 14) suggests an expansive reaction that
began at approximately the same time and same rate for all bars, and then
subsided at varying rates proportional to the expansive potential and the
ultimate expansion of the cement. In the test with added sulfate, however,
all bars having an expansion at 1 yr greater than 0.1 percent manifested a
period of accelerated expansion followed by a plateau in which little ad-
ditional expsnsion was recorded. Cement 338 is unique in that it had begun
its rapidly expanding phase by the time it reached an age of 7 days and had
achieved 90 percent of its ultimate (364 days) expansion before 21 days

35




age. Cement 341 (round 1 data) did rot ccmplete its expansion until 168 i
days. The period during vhickh the average expansions passed 90 percent
of their ultimate is indicated below:

Age, days, at Which 90% of

Cement Ultimate Expansion wvas Passed
338 1h-23
337, 339, 342 56-8k
340, 345 84-112
336, 341 1%0-168

Tests of concrete cylinders

58. The 3- by 6-in. concrete cylinders stored in water and in
sulfate solution were tested for length change at 365 days age with the
following results:

Expansion of Concrete Cylinders,

Net Change
365 days, percent X 105 Due to
Cement Water Sulfate Sulfate
330 -20 +9 +29
337 -9 +1 +10
338 -33 +13 +16 :
339 -ko +9 +h9 ! i
3ko -23 -k +19 z
3k =42 +3 +45
345 -20 -9 +11 }
342 -19 -4 +15 i
336 -L8 -2 +16 i
80-20 5 -2 -7 :
75-25 5 <k -9 |
70-30 -1 +13 +14 ‘

59. These results suggest that the storage in sulfate caused some
expansion in all of the specimens except the 80-20 and 75-25 blends, but
in no case was the magnitude of the expansion as great as 0.05 percent. |
Four of the concretes, those with cements 338, 339, 341, and 336, showed '
net expansions of between 0.045 and 0.049 percent.

Relation of Performance Test Results tc¢ Composition

Introduction
60. The reportlo on the study of the added-sulfate mortar bar test

includes the following observations and conclusions:
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61.

2. Chemicael lirmitatioms in current specifications appear
adeguate for the selection of portizmd cements that will
produce sulfate-resisting concrete.

b. Such limitztions make no allowence for improved portland
cements that may have sulfate-resisting qualities without
camplying with the chemical Iimitations.

c. The added-sulfate test gives significant results in
28 days that are reproducible between laboratories and
that discriminate between cements.

d. There is a good general relation between C3A content of
the cements and expansion of mortars but it is recognized
that there are some other factors that infiuence sulfate
resistance. ’

e. The ITS report’> is quoted: "The fact that there are
several striking exceptions to the relation between
sulfate resistance and the C A content indicates that
there is some unrecognized factor in the cement composition
or in the manufacture of the cements that affects sulfate
resistance.”

In the discussion on pages 6-8 of MP 6—20111' it was pointed

out that the literature indicates that:

a. The mechanism of sulfate attack is predomirantly that of
the reaction of sulfates with hydrated calcium aluminates
to form the more insoluble calcium sulfoaluminate with an
accompanving increase in volume.

b. The sulfate resistance of a cement is increased by rapid
cooling of the clinker which, presumably, causes part of
the potential C3A content to be poorly crystallized or
included in the "glass" phase of the clinker. When C3A is
in the glass, it is much less susceptible to attack by
sulfate. The expansion for one clinker of 11 percent
calculated C,A was reduced from 0.08 percent to 0.01
percent by rapid cooling of the clinker.

1o

C3A content of a cement may be estimated from chemical
analysis, microscope examination, and X-ray diffraction.
Calculations from chemical analysis permit no separation

of well crystallized, poorly crystallized, or uncrystallized
C3A. Microscope examination differentiates C3A present

in crystals large enough to exhibit characteristic shape
and behavior on etching from that rot in such form. X-ray
diffraction should discriminate degrees of crystallinity.

X-ray diffraction techniques

62,

In view of the circumstances cited above, an attempt was made to

develop data by the use of X-ray diffraction that could be employed to
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3 relzie compociiion znd pariformence fest reculis. To 2pply X-rey €ifirec-
tion tecimigues Lo the shudy of &he cgg in =z cament, or fo the sziundy of the
preconce, mabure, and guentity of aumy comstibtuent im z cememE, it ic npeces-
szry £o ectzblish thet z given interatomic specing (&, in angsirom units)
vorresponding Lo 2 given angle (degrees, 29) is charzcteristic of the sub-

} stznce wder study, and then to z29dly ome or more of several fteckmiguss to

eyziunzie the intensity of X-ray diffraciion apparatus.

53. In ths case of C 4, there is 2 spacing 2t 2.700 engstron wnits
that may bDe Lzksn zs diagno;tic. Tnis spzcing was reported for pure Csé
in vol 5 of HES Circulzr 539,15 and was determined using tungsten 2s zn

*

internal standard, the rzsuliz being corrected on the basis of the
recisely kmomm lattice constant of tungcsisn. TFhe cumulative maxiram

error in these values is descrived at 35 in the last significent figure.

e . s
N
%
x
&
"

There are four principzl proncedurss for evaluating intensity

) of X-ray diffraction by z given sample vhen exposed at the selected angle;
two of these involve determining the pezk neight in counts per second,

two involve determining the integrated area under the peak. Each pair

of procedures includes one in which the height or area is faken from the

zutomatically recorded chzart znd one in which the height or area is deter-
mined from electronically scaled measurements of intensity.

65. e results given in the tabulation on page 25 of the first
report for “Counts/sec 2.70 R peak” were obtained by electronic scaling
in triplicate a2t each of three locations on the surface of a sample.
Background was calculated from a straight line drawn between 20 and 40
deg 26 and subtracted from the mean of nine scalings to give the value
reported for each cement.

66. The work veing done by the X-ray diffraction group at the Port-
land Cement Association Research Laboratories includes determinations of in-
tegratod areas under peaks as automatically drawn on the recorder charts.
Th-ooretically, a more desirable procedure would be to obtain electronically
sealed intensily values at the angle corresponding to the peak apex and at
craller and larger angles, plot a trace from these values, and determine the
integrated area under the plotted trace. Such a procedure would be rather

o)
difficult for th: 2,700 A peak of C_A in cement because of the interference
<

[N,




T

po
?

§ e

B T A o D (DA PR TSy, 40 ™ 0T B L P T T 80 DT HAecdy 1

e
Y

LA
s

A%

N5

%

aia
£
i

¥ .

T e,
DS
S

vy
3,

,.,.,
T
LR A
SR
PN

PN

R

WS

of nezks due o ofhwer compoments zt rather closely loczisd amgular positions
o]
ot sameifat less zmd somesdiet wore then thel corresponding €0 2.700 A.

Diffraction dztz om portland
blzst-fuwrneee slzg comsnis

6T. As cstated zbove, the Y-raoy diffraction resuitz for the poriland
blast-furnzce slag cemenis given in the first report wers based on
electroniczlly sczled pezk heighis. Automatical’y rescorded chzris for
the portlamd cement clinkers corresponding fo these cements are avail-
atle. These charts wsrs examined to discover whether zrea inforration
would contribute to 2 betier evaluation of the CB’A story on these clinkers.

68. Diffraction charts of 21l of the portland blast-furnace slizg
cement clinkers with enough C3,- to scale--that is, 211 but cement 336--had
veen rum at the fastest paper speed in the region 28 to 37 deg 26, at
kS %vp, 16 ma, using copper radiation filtersd through two layers of
nickel foil, takeoff =zngle b deg, 3 deg leam slit, MK Soller siit, 0.1
detector slit, range 3, time constant C. (If such a procedure were to be
repeated, the 0.2 detector slit would be used.) The regions from 29.50
to 30.50 26 and from 32.75 to 34.25 26 were traced and sunerposed, using
the scales of the chart paper as guides to align each tracing. This
gave superposed tracings of the C3S peak at 2.97 A and the C3A and
aluminoferrite peaks at 2.70 and 2.65 A The curves were examined to see
vhether they rcontained information that might explain the anomalies of the
positions of 339 which was second or third in expansion but fifth in
scaled C3A intensity; of 342 vhich was fifth in expansion and third in
scaled C3A intensity; and of 345 vhich was third or fourth in expansion
with a scaled C3A intensity like that of 335. The C3A curves and the CBS
curves vere compared by eye with respect to area and to sharpness, assuming
that more area meant more of the substance and a sharper peak meant better
crystallization. Boguelé concluded that "ecrystalline C3A is less resistant
to sultate attack than a glass rich in C3A, but crystalline C,;AF is more
resistant than a glass rich in CuAF. Hence in high A/F clinkers, sulfate
resistivity is benefited by rapid cooling (high glass), whereas in low A/F
clinkers, sulfate resistivity is benefited by slow cooling (low glass."
The Al 0 /Fe O ratios of all the clinkers are shown in table 9. The slag

patterns were rcexamined, but no new light was produced. Averages,
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COUNTS PER SECONO

COUNTS PER SECOND

. - . o
rzin 2lumdnoferrite and zlwdineis pezks, znd the 03§ peaks =zt 2.97 A

were corputed from the values for 2@ rezd from the charis (iazble 10).

Dicscuscion of resulis

69. The five cements that had clinker confents in the range fro= 55

io 60 percent mey be caspared on ibhe assiwzpiion that expansion results were

effected equally by the slag content.

Curves for these Tive are shown in

fig. 19 and ratings by otker means in the upper portion of tz2ble 11. From

4°° ' ) i
300
200
100
i FERRITE C3A
i -
34.0 33.0
DEGREES 20
L 1 1
200 k- LEGEND _
100
40 1 [ 1
31.0 30.0
DEGREES 20

Fig. 19, X-ray diffraction traces
for five portland blast-furnace
slag cements

these curves it appears that:

2. The height,
area, and breadih of the btulge
at the location of the main C3é
line is far greater in the
curve of 342 than in that of
any of the rest.

b. Cement 3k5 is
second in height, area, and
breadth of this feature, but
is closer to the group which
includes 339, 338, and 337
than to 3k2.

¢. There is much
less spread among the curves
of the°C3S peak at 30 deg 26
(2.97 A). Cements 337 and 339
are quite similar, but 329 has
less area. Cements 342 and 345
are quite similar, with 342
higher and broadsr. Cement 338
is the lowest.

From table 11 it appears that

both ways of calculating C3A

and the X-ray scaled inten-

sities failed to sort out
these cements in the order of
their expansion. The relative
amounts of C3A from fig. 19
ranked the cements that were
in positions 2, 4, and 5 in
expansion in these same posi-

tions, snd it is worth noting

that 339, with the highest expansion, had the best crystallized th, vhile
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3k2, which hed ruch the mest C3A, had {he least well crystalliized C3A.
Cerent 3%2 contained an interground air-entraining agent; the report of
the dorking Cowmiifee on Sulfate Resistancelo indicated that air-
epirairent does not affcect resulis in this test.

T0. Pig. 20 shows The curves for the five cements that developed
the greatest expansion (340, 339, 341, 3k5, 342). The lower portion of
table 11 compares varicus ways of rating them. Cements 339 and 342 are
anomalous by the standard rethod of calculation and by the X-ray intensity

. .12 .
reasurenents, less zoomalous by Swayze's method of calcuiation,” which

came nearer to sorting these five cements in order of expansion than any
otner way tried. Fig. 20 suggests:

a. Cements 3% and 342 had most C3A; 342 had more than 340 but
it was less well crystallized and less efficient in causing
expansion. Cement 340 had least, and the least well crystal-
lized C,3 in this group, while 342 had the second most.
Either or, mcre probably, both of these facts suggest why
3k0 expanded more than 342. The 8 percent difference in
clinker content between the cements is probably not
important, since 342 also oxpanded less than 345 and 339 in
the group with comparable percentages of clinker.

b. The most important feature recognized in the X-ray pattern
of 339 is the well crystallized nature of the C3A.

c. Cements 341 and 345, although they differed in clinker
content and cxpansion, had about the same expansion per

400 '
300
o
& 200
[V
™
o H
«
w .
e | N\ 7 QR
0
10O 5 e
s .
S I " el
(o]
o
5 FERRITE CiA
40 ] 1 | 40 1 L 1
34.0 33.0 31.0 30.0
DEGREES 20 ODEGREES 20

Fig. 20. X-ray diffraction traces for the five portland blast-furnace
slag cements that developed grecatest expansion
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wit of clinker (table 12), which is in agreement with
their relative pesitions in C3A and C3S contents (table 12,
fig. 20).

T1. Table 12, which summarizes the rankings for all eight cements,
suggests that:

a. FEither a fairly large amount of not very well crystallized
C-A or a smaller amount of well crystallized C3A nuy produce
large expansion in this test (340, 339).

b. If there is a large amount of not very well crystallized
C3A, its effect may be cancelled in part by a large amount
of C3S (342 versus 340).

c. Well crystallized C3A is more important in producing expan-
sion in this test than well crystallized C3S in preventing

it (338).

This approach gave four right answers in seven on amount of C3A alone. It
gave two possible explanations of why 340 expanded more than 342 (difference
in C3S content; difference in crystallinity of C3A). It also gave a reason
why 339 had such hignh expansion (best crystallized C3A of any in the group).

72. Fig. 20 was prepared because the curves for 342 showed its
peaks were offset to lower angles of 26 than the rest of the clinkers,
suggesting that the specimen surface was not plane. It has been observed
that: (a) C_S peak locations are quite reproducible from one cement or
clinker to another; (b) the location of the main aluminoferrite peak
around 2.65 g varies fiom cement to cement in patterns where other evidence
indicates that the specimen was plane and the apparatus in alignment;
(c) there was some evidence of variation from cement to cement in the
localion of the main C3A peak. In this group of clinkers, five presumably
good observations of the location of the aluminoferrite peak in the C6A F
range were avsilable (table 10); the mean 1s d = 2.6518 R. The mean
value found in six observations of the 2.97 A peak of C S was 2. 97&0 A,
the mean for six observations of the main aluminate peak was 2.6970 A.
The last value may be compared with the previously cited NBS result for
pure C3A of 2.700. The cuwmulative maximum error in the NBS values is
described as +5 in the last significant figure. In previous comparisons
of WES and NBS results, differences of about this magnitude, 0.003 X, have
becn observed. The point of this discussion is not the accuracy of the
results, but the observations given below.

a. Omitting 339, where the aluminoferrite composition is

42
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presumably different, and 342 as a less perfect specimen,
there were five determinations in the CgAoF range, yielding
a mean of 2.6518 and a standard deviation of 0.00132.

The six values for the CsS peak gave a mean of 2.9740, with
a standard deviation of 0.00161.
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c. Assuming a constant coefficient of variation of the three
determinations shown in table 10, the expected value of
standard deviation for the main aluminate peak should lie
between the values found for the other two. This is not
what happened; the aluminate peak gave the largest standard

SR

H

i3k
j

e
c

£ deviation, 0.00210. For the number of degrees of freedom
%{ involved, two standard deviations cannot be said to differ
é{; significantly unless their ratio exceeds about 2.5 to 1; the
& ratios for the standard deviations under discussion are 1.6
%& to 1 and 1.3 to 1. The coefficients of variation are: for
5 the aluminoferrite, 0.050 percent; for the C2S peak, 0.05L
% percent; for the aluminate, 0.078 percent. 1 are very

! .%?if low; thus, the data indicate that reproducibility is

* %:l adequate. While the observed difference in standard devia-

' §f§ tion between these measurements of the position of the

: ﬁ aluminate peak and those for the aluminoferrite and alite

. ‘” (C3S) is not stabtistically significant, consideration was
&7 given to the guestion of why such a difference might

- actually exist.

¥
f=¥

The bulk of the C3S may be assumed to have formed at a
higher temperature than the aluminoferrite or the aluminate;
temperatures in the kilns below its temperature of forma-
tion but above the temperature of the cooler should give it
an opportunity to anneal. It is difficult (apparently
almost impossible) to make glasses of aluminoferrite composi-
tions because they tend to crystallize during quenching. It

&
R

SRR

(&

ff"wv:'?%lg 4

i
%g is possible to make glass of the C2A composition. As a
éxs; speculation, perhaps the C3A in these clinkers did not have

time to crystallize and anneal as well as the aluminoferrite
and C3S because it crystallized later. Figs. 19 and 20,

,.
iyt
frdd
G
.3

7 however, do not offer clear support for this idea in the
?’&g% comparison of the C3A and aluminoferrite peaks.

%ii%: e. Ya.nnaulu:u'.sl7 reports subsidiary peeks in the pure beta-CoS
gﬁ% pattern between the very intense peak at approximately

*{za. 2.75 2 and the location of the CoA peak at 2.70 R He does
ggﬁ’i not believe that the CoS of clim%er is pure beta CoS, but
B believes that it is a compound (belite) with substitutions
%ﬁ{w that raise its symmetry and incidentally diminish or abolish
(7 the intermediate peaks between 2.75 and 2.70 R. His argu-
%‘E’; ments are plausible, bgt perhaps less thoroughly documented
BE than those of Jefi‘reyl on the differences between pure C3S

3 and alite, the substituted CqS of clinker. There is, there-
fore, some doubt about how to6 interpret the very minute
peaks at about 33 deg 20 in the patterns of 337 (fig. 19),
340, 342, 341 (fig. 20). They may be subsidiary silicate

¥
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peaks related to CoS, or they may represent calcium alumi-
nate with substitutions, or neither. In 337, 3i41, and 340,
the main peaks near the 2.70-3 location (33.15 deg 26) are
at slightly higher angles than the single peaks of 339, 345,
337, 338; perhaps the first three represent calcium alumi-
nate with substitutions.

[

It seems probable that the calcium aluminate phase of
clinkers and cements may vary in composition from clinker
to clinker. The aluminoferrite phase has been demonstrated
to vary in lime, alumina, and iron content, and can contain
manganese or magnesium, or both. It is still to be deter-
mined whether CyS in cement always contains aluminum and
magnesium, or whether it does not tolerate other substitu-
tions. The vagaries of position of CoS peaks in our
patterns (e.g. figs. 19 and 20) have reinforced Yannaquis'
ides that it, too, is a substituted compound. Why should
CaA be different from the rest? A sodium calcium aluminate
was described some years ago.

73. In fubure work on diffraction patterns of cements, the possibil-
ity of sorting out different aluminoferrites by the location of the main
peak should be considered, and an effort made to sort the X-ray data using
the A1203/Fe203 ratio to see whether the grouping stands up. It may be
possible to sort aluminates into some kind of a grouping, probably related
to substitubtion, since the reason for the larger standard deviation of the
C3A peak in these data may be that more than one aluminate was present.
Observations should be continued of the constancy or variation of C3S peaks
that are not interfered with by peaks of other constituents to determine
whether C3S is a constant entity as measured by diffraction, and to learn
where the peaks really are., Further comments on some of these matters are

19

given in the discussion of Nurse.
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PART V: RESISTANCE TO NATURAL WEATHERING

Specimens, Exposure, and Tests

7. As noted in paragraph 25 of the first report, six 3-1/2- by
h-l/é- by 16-in. beams were made from each batch of the 12 test mixtures

of concrete and moist-cured to an age of 14 days. Then three beams from

each batch were installed on the WES freezing-and-thawing exposure rack at
Treat Island, Maine, and the other three were installed on the WES sea
water exposure rack at St. Augustine, Florida. The 108 spscimens for Trezat
Island were installed in May 1956; those for St. Augustine were installed
in August 1956. Those at St. Augustine have been inspected and tested
biennially, and those at Treat Island have been inspected and tested
annually since 1956. The relative dynamic Young's modulus of elasticity
of each specimen was determined on each inspection, and the results are
given in table 13. These data were expected to indicate (a) the suscepti-
bility to sulfate attack of the beams exposed to wurm sea water, and

(b) the resistance to freezing and thawing of the beams exposed at Treat

Island.

Results of Exposure of Specimens at Treat Island

Tield observations
75. The beams were installed on the rack at Treat Island with a

3-1/2- by 16-in. surface up, and werc held in place by a 2- by 4-in. wood
strip 4 in. long laid flat on top of each specimen perpendicular to the

long dimension of the specimen at abouvt its center. Therefore, on the top

surface of each specimen, as installed, two areas each about 3-1/2 by 5 in.
were exposed on either side of the wooden tie-down. Visual inspection of
the specimens during the summer of 1957 revealed the development of surface
scaling. The scaling was confined to that portion of the finished top
surface adjacent to the wooden tie-down. The scéling had affected all
specimens made with portland biast-furnace slag cements and was greatest
on those made with cement 336, least on those made with cement 341. In
1958 the manner of attachment of the wooden tie-downs was changed so that
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thereafter they did not touch the surfaces of the specimens.

76. In the summer of 1959 the specimens were examined by Dr. W.
Hansen and Mr. Clayton L. Davis, both of the Universal Atlas Cement
Division, U. S. Steel Corporation. Mr. Davis addressed the following
comments to WES:

The appearance of the specimens made with portland blast-
furnace slag cement was compared tc the control specimens made
with Type II portland cement. Alithough there is no decrease
in $E, which indicates that the specimens are not suffering
any internal distress, there is far more surface scaling on
the portland slag specimens than we would expect for concrete
containing 6 percent of entrained air.

In the field it is typical for portland blast-furnace slag
cement, Type IS, to require considerably more air-entraining
admixture than under parallel conditions with portland cement.
Also, in the manufacture of Type IS-A cement it is necessary to
add more air-entraining addition than with Type TA cement.

In preparing the concrete batches from which the Type 11
portland cement and portland slag cement specimens were molded
for the Treat Island exposure, you added the following quanti-
ties of air-entraining admixture (ml/bag) to obtain air con-
tent of 6.0 + 0.5 percents

Type IS-A
Type I1 Type IS Cements Cement
Cement 337 338 339 340 341 345 §3§ ggg

AFA
rl/bag 96 62 75 75 50 50 66.7 67 50

You will note that considerably more AEA was used in the Type II

portland cement than in Type IS cement which is just the opposite
of typical field experience. Also, three of the cements required
50 ml/bag even though one of the cements was Type IS-A.

Since the surface scaling is definitely more severe on the
portland slag cement specimens than on the Type II portland
cement specimens, and in view of the relative amounts of AEA
that were used, I wonder if the hardened portland slag con-
crete contains significantly less entrained air than Type II
portland cement concrete. I wouid like to suggest that some
time soon one typical beam from each of the 12 groups [mixtures]
of beams be selected and an estimate of the percentage air
entrainment be made microscopically. I can, with your premis-
siorn, arrange to have the air content determination made at
the PCA Research Laboratories if you would send them the
specimens.

Air content of beams

77. Available data. The data presented by Mr. Davis indirate
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that: (a) All the portland blast-furnace slag cement concretes required

significantly less admixture to produce the specified air content than
did that made with the reference type II cement. (b) Two of the nonair-
entraining type IS cement concretes required no more admixture than did
concrete made with the air-entraining portland blast-furnace slag cement
(342).

78. The anomalous air-entraining admixture demand by the air-
entraining cement concrete cannot be confirmed by other available data.
When tested for air in mortar, cement 342 was found to contain 15.9
percent air, while the air content of the six commercial nonair-entraining
portland blast-furnace slag cements ranged from 3.8 to 5.9 percent. When
tested in 6-in. aggregate concrete, 18 ml/bag of AEA was required for the
air-entraining cement, while the other six commercial cements required

from 37 to 50 ml/bag.

79. Selection of specimens for tests. In accordance with the

suggestion made by Mr. Davis, a group of 12 specimens was selected for

study of air content, and returned to the WES laboratory in September 1959.

The specimen selected from ezach of the 12 groups of nine beams was the
one showing the greatest development of surface scaling. The basis for
this selection was to insure that if there were a relation between scaling
and inadequate air entrainment, each group presumably would be represented
by the specimen having the poorest air void éystem, should there be a
within-group difference.

80. It can be observed from table 13 that the specimens selected
as showing greatest scaling were not generally those also showing lowest
relative modulus of elasticity; in two cases they were those showing the
highest relative moduli, in two cases they showed the lowest, and in the
remaining eight cases they were intermediate.

8L. Scaling rating of specimens. The specimens were examined and
rated in accordance with the degree to which they showed scaling.

Least
scaling was present on specimen 136 (330, type II) and most on specimen 2

(336, experimental high-slag content, high Mg0 slag, portland blast-

furnace slag cement). The rating of the 12 specimens in order of amount

of scaling was:
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Rating in

Amount of

Scaling Specimen Ho. Cement
] (1) least 136 330 (type II)

(2) 9k, 170, 190 341, 80-20 blend, 75-25 blend

(3) 110 342 (1S-a)

(%) 156 3ks5

(5) 58, 26 339, 337

(6) 80, 40 340, 338

(7) 216 70-30 blend

(8) most 2 336 (exp)

82. Air content tests. The 12 specimens were sawed as indicated in

fig. 21 and the central 1-in. thick slice was forwarded (in 3 slabs} for

P % testing at the Portland Cement Association Research Laboratories, Skokie,

Co Illinois. The test results were reported by Mr. J. E. Cox (file 3.3.9)
TOP AS CAST.

t ;
"o
BEAM DIMENSIONS: 33 X4 5 Xi6"

&N

‘ Pig. 21. Preparation of specimens
) for air content study

[l
&N

\ A
N
/M ,ll
SAWCUTS A AND 8
WERE MADE BEFORE
C AND D
[l »)

to Mr. Paul Klieger, Manager, Field Research Section, who furnished them
for use in this report. The three slabs from the center slice of each
specimen were separately examined by the linesr-traverse method. The
results are given in table 1k.

Results and discussion of results

83. The compilation of results of earlier pertinent tests and of

the TCA tests given in table 14 reveal the following relations:
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2. The air ccntent of the hardened concrete was found to be, in

general, about 0.5

percent less than the reported air con-

tent of a sample of the same batch tested in the freshly
mixed condition (fig. 22).

b. The batch with
the highest and
the batch with
the lowest air
contents when
freshly mixed
(6.5 and 5.5,
respectively)
also had the
highest and
lowest air con-
tents when
tested in the
hardened condi-
tion (6.3 and
4.0, respec-
tively).

c. The concrete
made using air-
entraining
cement (342)
shoved the
most uniform
hardened air

]
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AIR CONTENT , PERCENT OF FRESHLY MIXED CONCRETE (WES)

Fig. 22. Relation of air contents of
freshly mixed and hardened concretes

content among the three center-slice specimens tested

[
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(range 0.38 percent).
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NIGHEST AIR
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OFE, LABORATORY FREEZING AND THAWING

§=7

The concrete with
lowest air content (5.5
r percent when freshly
mixed, 4.0 percent when
hardened) made with

. cement 337 has not
shown lower resistance
to freezing and thawing
. than the average of the
group as a whole.

LOWEST AIR
C’E,ON TENT

o

A relation exists
between the resistance
of these concretes to
freezing and thawing as

o

105 110 [1E) 120
REL E, AFTER 7 YEARS AT TREAT ISLAND

Fig. 23. Relation of resistance to freezing
and thawing as indicated by laboratory and

field tests

25 T30 measured by laboratory

testing and as measured
by exposure at Treat
Island (fig. 23).
Either the relation is
curvilinear or there
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are two linear relaztions, one for the mixtures made with
blends of cements and another for the other mixtures.

f. There is no relation between ievel of air content and
resistance to freezing and thawing, as indicated by relative
modulus of elasticity, for these concretes, either on
the basis of the a2ir content measured when the concrete
was freshly mixed or hardened.

Resulis of Exposure of Specimens at St. Augustine

84. The 108 specimens exposed at St. Augustine in 1956 were tested
in 1958, 1960, 1962, and 1964. All specimens except one have shown rela-
tive moduli of elasticity higher than at the time of installation on all
subsequent testing; the values in 1964, for example, range from 93 to 146
percent of those at installation (see table 13). The six specimens showing
1964 relative moduli of 110 percent or less percent include: (a) the three
specimens from rourd 3 of the concrete containing the experimental high-
slag cement 336, {b) one specimen from round 2 of the cement 345 concrete,
and (c¢) two specimens from round 3 of cement 338 concrete. The detrimen-
tal effects of exposure at St. Augustine are generally confined to the
development of manitfestations of lack of sulfate resistance. On this
basis it would be expected that if a differentiation were to develop
among these concretes, those of lowest sulfate resistance would display
the lowest relative moduli. Cements 339 and 340 would be expected to fall
in this category based on results of laboratory investigations. The 196k
test results for concrete made with cement 340 range from 115 to 131 per-
cent relative modulus; those for concrete made with cement 339 range from
112 to 136.

85. These resnlts suggest either of two interpretations:

a. The duration of the exposure to sea water has not yet been
long enough to allow the development of potential sulfate

attack on these specimens of relatively good quality

concrete so that useful differentiation can be made, or

o

The characteristics of the concrete are such as to preclude
the development of sulfate attack and consequent confirma-
tion of the indications of the laboratory tests. In
connection with this alternative, it is noted that the
laboratory indications were developed primarily from
observations of the cements themselves, pastes, and
silica-sand mortars while the concrete specimens coniain
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crushed limestone coarse aggregate. Stolnikovzo has

reported that, in the presence of calcium carbonate,
tricalcium aluminate does not hydrate to the normal cal-
cium aluminate hydrate (C4AHg), which is the product with
which sulfate ion generzlly reacts to form calcium sul-
foaluminate, with an increase in volume. He suggests that
in the presence of calcium carbonate, the C3A reacts to
form, on the surfaces of the carbonate aggregate particles,
the product calcium carboaluminate, which has a beneficial
effect on paste-aggregate bond.
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PAR? VI: ADDITIONAL DATA OH MATERIALS AMD COHCRETE MIXTURES

e ———-

Chemical Commosition of Slags

86. Chemical data on the eight samples of slag furnished as repre-
sentative of that used in the manufacture of the portland blast-furnace
slag cements were presented and discussed in paragraphs 6 and 7 of the
first report. Subsequent to the issuance of the first report, a paper by

Taro Tanakael gave data on the relation of CaO:Si02:A120 proportions of

slags to the compressive strength developed in slag-sulfzte cements.

Tanal:a showed that the optimum composition for maximum compressive strength
in these products was: $i0,, 31 to 33 percent; A1203, 18 to 19 percent;
and Ca0 , 49 to 50 percent. The chemical composition of the eight slag
samples was computed to 100 percent for SiOz, A1203, and Ca0. These values
are plotted on a portion of a triangular diagram (fig. 2U4) on which the
optimum referred to by
Tanaka is also shown.

The eight slags in this
study have values of SiO2
from 36 to 42 percent,
Al203 from 10 to 14 per-
cent, and Ca0 from L6 to
51 percent, or somewhat
higher Si0, and somevhat E f

2
lower Al,O_ than sug-

gested as optimum by

Tanaka for the cement

4 compositions that he
60 \ S .
studied.
o 87. Also subse-
Mﬁb‘ quent to the issuance of
v -9 A
10 15 20 2% the first report, addi-
A0y, "%

. . . tional information has
Fig. 2k, Ca0:A1203:Si0p proportions of slags

used in portland blast-furnace slag cements and become available on the
"optimum" zone as determined by Tanakal with

. ) use of slags of higher
locations of slags studied shown
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magnesia content than is permitted by existing specifications. One such
report,22 translated and issued by WES, discussed a slag with approximaiely
32 percent Mg0 found to have good hydraulic properties, no periclase, and
ro abnormal expansion in the autoclave test.

Alkali-Ageregate Reaction

88. Results of tests for alkali-aggregate reaction of mortar bar.
made with pyrex glass aggregate to an age of 168 days are given in the
first report (table 14, fig. 11, and paragraph L47). It was noted that at
this age the expansion of bars with the reference type II cement, which had
an alkali content of 0.68 percent expressed as I\Ta20 equivalent, was 0.104
percent, vwhereas that of all of the bars made with portland blast-furnace

clag cement and blends of cement 339 and natural cements was less than 0.050
percent. The exposure of

these bars was continued o0 T T ¥ T T
to an age of 728 days; LEGEND
. . . 0.120 [« o— ;i:x:: }) 4
the results are given in To__o 168 OMYS )/
table 15. In all cases, /4
oso0k porTLAND P
except for the blends of : CEMENT 1
portland blast-furnace - 7
& o080l 4
slag cement and natural '75’
cement, the expansion :,«
2 000}
increased with increasing ?, T
age; that of the refer- .f;
ence type II portland ?‘,o“o'muno BLAST- FURNACE SLAG: T
NATURAL CEMENT BLENDS /
was 0.127 percent at the /
ultimate age and that of oozor- 4 PORTLAND i
. BLAST-FURNACE /!
the portland blast- Z- SLAG cements 4f
furnace slag cement ° ¢ ——~a ———lY ,J I
. . 4 A -
having the highest ‘/ﬁ-—%,o____._.——-v
. -oozﬁ 1 L S 1 1
alkali content (0.75 020 030 n.f?feoum?;??n, eeRcENT 0 080
percent Na,0 equivalent)
Fig. 25. Relation of expansion of pyrex glass
[of ¢ o
was 0.055 percent. aggregate mortar bars to soda equivalent of
Fig. 25 shows the cements.
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relation between the indicated length change at 168, 364, and 728 days and
the alkali content of the cements and blends that were used. The indica-
tion from this figure is that, while 0.60 percent soda equivalent is an
appropriate level of alkali content for separating portlard cements that
may be exvected to produce excessive expansion when used with highly
reactive aggregates from those that may be expected nct to do so, 2
similar limit for portland blast-furnace slag cement might well be
established at a considerably higher point, perhaps somewhere in the
vicinity of 1.20 percent soda equivalent.

89. One of the reasons for continuing the exposure of the bars to
an age of 728 days was to investigate the possibility that the alkali
content of the slag might be released at later ages and thus its effect
would only show up during such additional exposure. While the expansion
continued to increase with age, the magnitude of the increase was not
significantly greater for the portland blast-furnace slag cement bars
than it was for the bars made with the reference type II portland cement.
The blends of cement 339 and natural cament indicate a possible similar
relation to that of the portland cement. The portland blast-furnace slag
cement constituent of these cements had the lowest alkali content cf any
of the blast-furnace slag cements and the natural cement had a higher
alkali content than did the portland blast-furnace slag cement with which
it was blended, these values, ~xpressed as soda equivalent, being 0.21 and
0.80. The indications from the graph are that the presence of the slag
did not serve to suppress the activity of the alkali derived from the
natural cement constituent of the blends as contrasted with the behavior
of the slag. Take the case, for example, of cement 345 where apparently
the presence of the slag did serve markedly to reduce the effectiveness of
the alkali in the portland cement clinker constituent in producing expan-

sive reaction.

Length Change and Thermal Coefficient

90, Paragraph 22 of the first report states that six 2- by 2- by 11~
in. prisms were made from each batch, three for testing for drying shrink-

age at 50 percent relative humidity, and three for testing for expansion
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caused by continuous immersion. Results to the 180 days age were revorted,

and it was stated that at the 1-yr age the immersed specimens would be

tested for linear coefficient of thermal expansion. These tests were

made, and in addition, at an age of 28 + 2 months, all the bars were

again tested for length change and for dynamic Young's modulus of elastic-

ity and weight. The results are given in table 16. _
91. It will be noted that the shrinkage specimens contimued to show.

slight additional average shrinkage from 180 to 364 days and to 28 +2

23 RO RIAT IR | g, b RIS SR o AT R B s e
OGS AR TR B S S IR
. AT B A S

o

?; months. At 28 + 2 months, these specimens were found to weigh on the aver-
é age from 0.11 to 0.22 1b less than the comparable specimens that had been
§§ soaked. The expansion specimens showed generally negligible average length
g; changes between 180 and 364 days age. At 364 days they were tested for
32% linear coefficient of thermal expansion with average results from 4.05 to
g 450 x 10° per degree Fahremheit. The dynamic moduli at 28 + 2 months

%? varied from 4.2 to 5.6 x 106 psi for the shrinzage specimens and from 6.6
ii to 7.1 for the soaked specimens.

gﬁ 92. Between the i-yr age at which the bars were tested for thermal
gg coefficient, and the 2-yr age at which they were again tested for length

Z‘ change, many of the bars underwent relatively large length changes--from a
%& shrinkage of 0.196 percent to an expansion of 0.020 percent. These changes

.

generally affected groups of three bars similarly, but not groups of nine

2]
\‘;gﬁ.fi"

;
S

representing a given concrete mixture made using a given cement. The tend-

4
E)

ency to show large shrinkage appears to have affected both of the two sets

A,
A} i"‘

of three bars tested for thermal coefficient on a given day, but not to
have affected other pairs of sets of three tested on other days. In two

cases only one set of three bars was tested for coefficient of expansion on

4
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L2000
W
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R

YAy
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a given day. In one of these two cases the three bars showed shrinkage
thereafter of 0.072, 0.171, and 0.196 (average shrinkage 0.146 percent);

in the other case the bars showed expansions of 0,015, 0.016, and 0.017
(average expansion 0,016 percent). On 17 different days, two sets of three
bars were tested for thermal coefficient; the subsequent length changes of
these bars ranged from one case in which the two sets showed expansions of
0.015, 0,011, and C.0l5 (average expansion 0.0l4) and expansions of 0.013,
%” 0.006, and 0.006 (average expansion 0.008) to another case in which the
two sets showed shrinkages of 0,084, 0.057, and 0.061 (average shrinkage
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0.067) and shrinkages of 0.042, 0.051, and 0.051 (average shrinkage 0.048).
Nothing in the records of the testing appears to suggest an explaﬁation

of the length change behavior of these bars during the period of subsequent
immersed storage after having been tested for thermal coefficient. Their
storage was continued to an age of 40 + 2 months and additional tests for
dynamic Young's modulus and iength change were made. The computed moduli
of elasticity were equal to or slightly higher than at 28 months in all
cases except that of specimens with cement 345 for which the modulus
increased from 7.0 to 7.5 x 106 psi. This concrete also showed the max-
imum shrinkage of the soaked specimens. The 4O-month data by rounds,

three specimens per roupd, for this cement are:

Cement 345
Round 1 Round 2 Round 3
Length change, % 40.007 -0.031 -0.137
Modulus, psi X 10‘6 7.5 7.5 7.4

93. Additional soaking between the ages of 28 and 40 months did not
eliminate the dizcrepant length change relations noted at the 28-month age.

Strength and Elastic Properties

94, In the first report, fig. 5 on page 12 gave the fela.tions of com-
pressive strength development for ages up t: - days. The curve shown for
cement 336 was plotted incorrectly. A correcied curve and the other curves
extended to include results of tosts al ©  and 365 days are given in
fig. 26.

Performance of Blends

95. The performance of one portland biast-furnace slag cement
blended in three proportions with one natural cement was investigated as
part of this program. Limited studies have been made by others of blends
of portland blast-furnace slag cement and fly ash.26’27 A recent publica-
tion "Proportioning Guide for Concrete Mixes Containing Fly Ash"®3 states:
"Some Type IS cements have proved satisfactory with fly ash and others
have not!" Information was requested on the basis for this statement and
it was learned that it was inserted as a result of an expression of

opinion that the performance of fly ash in concrete would not be
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Fig. 26. Rate of development of compressive strength

satisfactory if used with a portland blast-furnace sleg cement that con-
tained close to the maximum allowable slag content of 65 percent. No test
results are known to be available concerning the performence of concrete
made using fly ash and a portland blast-furnace slag cement that contained
close to the maximum allowable slag content of 65 percent. The work that
has been done26’27 involved use of a portland blast-furnace slag cement
in which the slag constituent made up about 40 percent of the product. In
this study it was found that the substitution of fly ash for 20 to 30
percent of the volume of either type IS or type IS(MH) cement in con-
crete mixtures will produce a reduction in compressive strength of from
30 to 45 percent at 7 days, 20 to 30 percent at 28 days, and from 15 to 35
percent &t later ages. These strength reductions are in the same order as
the percentages of cement replaced with fly ash, which indicates that the
fly ash is not effectively utilized as a cementing material.
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PART VII: CONCIUDING STATEMENT

96. The results available early in 1956 when the first report was
prepared appeared to justify the conclusions that:

a.

=2

97. The
of the studies
conclusions:

gn

b.

Portland blast-furnace slag cements complying with (then)
current Pederal and ASTM requirements may be considered
essentially equivalent to type I portland cement.

To insure that they possess the distinguishing qualities of
type II portland cement, additional requirements regarding
heat of hydration or sulfate resistance or both will need
to be invoked.

supplementery investigations, together with the completion
in progress in 1956, provide a basis for the following

The additional data include none that require modification
of the original conclusions.

Concretes made with portland blast-furnace slag cements are
not more adversely affected by early termination of moist-
curing nor do they promote corrosion of embedded steel more
than concretes made with the reference type II cement used
in these tests.

The precautions taken to achieve appropriate degrees of
sulfate resistance of concretes made with portland cement
may be expected to be entirely adequate when employed with
respect to concretes made with portland blast-furnace slag
cement.

Resistance to natural weathering, involving the sulfate
attack of a marine exposure or severe freezing and thawing
or both, of concrete made using portland blast-furnace slag
cements appears to be entirely similar to what would be
expected of concretes of comparable properties made with
portland cements,
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Table 1

Comparison of Chemical and Physical Data on Reference

Type II Cements Used in Basic Investigation (RC-330)

and in These Tests (RC-376)

.

Component or Test

Chemical Data

Total alkalies as Naao, %
Insoluble residue, %
~oss on ign‘tion, %

c3A, %

Physical Data

Heat of hydration, cal/g
7 days
28 days

Specific surface (air permeability), sq om/g
Normal consistency, %

Autoclave expansion, %

Time of setting (Gillmore), hr:min
Initial

Final
Alr content of mortar, %

Compressive strength, psi
3 days
T days
28 days

Reference Type 11 Cement
330 37

23.1
5.0
3.9

61.1
2.8
2.0
0.23
0.69
0.68
0.23
1.6
7

22.6
L.y
3.9

63.1
3.0
1.6
0.19
0.58
0.57
0.k
0.6
5
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Table 2
Test Data on Aggregates

Test

Fine egate
Bulk specific gravity, saturated surface-dry
Absorption, %

Mortar strength, %
3 days
7 days

Grading range, cumilative % passing
No. 4
No. 8
No. 16
No. 30
No. 50
No. 100

Fineness modulus

Coarse Aggregate

Bulk specific gravity, saturated surface-dry
Absorption, %
Soundness, loss 5 cycles, %

Abrasion loss, %
Flat and elongated particles, %

Grading range, cummlative % passing
3/4-in.
1/2-in.
3/8-in.
No. k4

Results

g
o

2.63

0.3
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Table 3
Effects of Early Termination of Moist-Curing on Strength
and Modulus of Elasticity of Concrete Specimens

-

} % Cenent

é Serial No. 7 days 28 days 90 days lyr

é RC- Type W D¥ W D W D W D

?é Compressive Strength, psi**

376 ir 4180 %050 5530 4620 6650 4360 7200 4650

Z 337 IS 2400 2500 1160 3200 506C 3050 5700 3110

= 338 IS 2790 2750 k210 3680 4850 3900 5530 3690

> 339 IS 2h40 2L0o 3790 3220 k550 3120 shk2o 3040

& 340 IS 2410 2510 3500 3140 k210 3400 5010 3390
341 Is 2hko 2420 3680 2970 k670 3000 5240 3120
345 1S 2580 2560 3530 3420 k290 3700 4710 3510
342 IS-A 2610 2730 3760 3180 ksho 3420 5160 3410
336 Exp 3390 3460 4540 14330 5180 4580 5910 14180 |

Flexural Strength, psi¥**

376 II 795 605 880 705 9ks5 815 885 Tho
337 I8 625 460 890 600 910 680 955 645
338 IS 675 W70 850 550 870 765 855 680
339 IS 575 465 800 580 865 630 9ko 630
340 IS 640 535 760 570 835 735 785 705
341 IS 600 505 795 600 815 T20 795 630
345 IS 675 510 785 560 880 700 825 T35
342 Is-A 675 500 815 560 900 T10 875 665
336 Exp 820 s5ho gks 6k 960 690 950 750

Modulus of Elasticity, psi¥*

%«g 376 5.30 4.20 5.5 4.2k
- 337 4,62 3.80 5.60 3.46
& 338 4.85 3.76 5.37 3.52
%%%; 339 4.63 3.63 5.4 3,36
1 340 4.68 3.84 5.38 3.70
B 341 h.72 3.32 5.29 3.L6
o 3k5 L.72 4,01 5.10 L.03
g 3k2 4L.82 3.82 5.64 3.69
o 336 5.10 4.28 5.34 3.6k

fg‘f‘

:E}:

1

55:* ¥ W = moist-cured until time of test; D = moist-curing terminated at

il 3-day uge.

f; *% Fach value represents the average of the tests on six specimens.
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Table 4
Results of Corrosion Tests

A Length and Nominal Depth of Cover

} - . - 30 in., 1 in. % in., 3 in.
Rust. ement 3T Cement 339 Cement 3@ Cement 376  Cement 339 Cement 3@
_fArea =~ _Age  No. _Area  Ho. Area . #frea Ho. Area Ho. Area No. Area

Laboratory Exposure

Pinpoints 90 231 231 20 294 7 7 25 215 61 61 27 27

1/16-in. days 53 212 32 128 13 52 10 4o 2 8 0 o

1/8-in. 25 koo 28 u8 19 304 13 308 2 32 0 o]

1/h-in. 3 192 3 192 1 6k 1 6h 0 0 0 o

Total 1,035 1062 Lot 627 ;1- ;7_

Pinpoints 365 300 300 149 19 10k 10k k45 kS 68 68 1 1

1/16-4n. days 103 412 3 136 26 1ok 20 8o 1k 56 1 L

. 1/8-in. 31 ko6 18 288 1 16 0 0 1 16 0 o

; 1/M~in, 13 832 1 64 3 192 0 0 0 0 0 0

. : Total 2,040 637 6 225 I!; E
, Sea-Wnter Exposure at St, Augustine, Florida

} s , Pinpoints 2 yrs 119 119 79 9 ko k2 7 7 W 1 3 3

1/16-in. 2k 96 15 60 6 2k 2 8 - - 1 L

1/8-in. 22 352 8 128 2 32 - - - - - .-

1/4-in. 6 38k 3 192 - -- - - - - - -

: Total 951 k9 98 85 1% 7

i Pinpoints k& yre 310 30 281 281 120 121 188 188 64 64 53 53

! 1/16-in. 130 520 3 136 9 36 39 156 1 h 2 8

) 1/8=in, 77 1,232 25 koo 10 160 15 2% - - - -

. i 1/l-in. 58 3,m2 3 192 2 128 8 512 - - - -

1/2.in. i 3,584 2 72 - - - - - - - -

J 4 3/%-in. 1 1,024 . - - . - - - - - -

Total 10,382 1481 15 1096 & 61

Pinpoints 5 yrs  1Th 17d 131 131 31 31 8o 80 37 37 17 17

1/16-1n. 48 192 65 260 15 60 21 84 9 36 8 32

1/8-in 16 256 11 176 8 128 13 208 - - . -

1/4.1n, 28 1,792 5 320 1 64 21 1344 1 (N - -

1/2-in. 2 3,072 1 256 - — 5 1280 - - — -

Total 5,486 1143 283 2996 137 kg

Total Area of Rusting per Specimen

Kind of Exposure Age Cement 376 Cement 339 Cement 338
Laboratory 90 duys  332.% 232.6 104.8
Laboratory 365 days 453 155.% 86.2
Sea Water 2 yrs 172.7 8.8 17.5
Sea Water , 4 yrs 1913 258 8l
Sea Water 5 yrs 2827 bt 111

Note: Pinpoints were regarded as having unit arca; 1/16-in. spots, an srea of l4; 1/8-in. spots,
16; 1/h-in. spots, 64; 1/2-in, spots, 256; 3/b-in. spots, 102k,
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Table 8
Portland Blast-Furnace Siag Cement Program, Examinat.on of Added-Sulfate Test Mortar Bars

S03 in  Expansion
Cement

at 1 yr
Cement 3 ] Condition
3 Surfaces highly iron stained, especially where they rested on supports;
Batch 1 1.28 0.748 surfaces pockmarked (lean mortar); abundant surface cracking in .
network; abundant sulfoaluminate in voids, some at aggregate-paste .

interfaces; sulfoaluminate in largest crystils and most completely
filling voids near surfaces; some Ca(OH)o plates in a few voids, mor-
tar very white and powdery. Bar easily broken in hand (bar No. 1)

3%0 2.69 0.690 Surfaces as described above; abundant small microcracks on surface;
sbundant sulfoaluminate in interior voids; voids nearest surfaces are
nearly filled with, and contain the largest crystals of sulfoaluminate
while innermost voids are not so full and contain very small spheru-
lites of sulfoaluminate. Bar easily broken in hand (bar No. 6)

339 2.12 0.436 Surfaces as above but only a few scattered microcracks on surfaces of
bars; bars of batch 1 have considerably more cracks than batch 2;
sulfoaluminate in most voids occurring as described above. Some of
the looser aggregate grains are lined with small puffy spherulites .
of S\é:;_foaluminate. Bar very strong; could not break in hand (bar >
No.

345 2.37 0.295 Surfaces as above but no cracking. Sulfoaluminate present as long . T
needles nearly filling some voids nearest surface and in small,
puffy spherulities in inner voids. Bars seem to have more voids
than usual. Bar easily broken in hand (bar No. 6)

3ke 2.59 0.203 As above

338 2.12 0.172 Surfaces as above but no cracking. Sulfoaluminate in small, puffy
aggregations (spherulites) partially lining most cavities. Bar very
strong; could not break in hand (bar No. 6)

T T LU Y
W

s
24

»

L)

337 2.22 0.162 Surfaces as above but no cracking; sulfoaluminate present as above; ‘
freshly broken interiors are mottled dark greenish-gray. Bar very
strong (bar No. 5) "
341 Surfaces stained and pockmarked as above; sulfoaluminate present as
Batch 2 1.28 0,155 long needles nearly filling outer voids and as small spherulites in

inner voids; some voids partially filled with Ca(OH)2 plates and
sulfoaluminate while others are empty. Bar very strong (bar No. 4)

336 2.52 0.089 Surfaces as above; few Ca.(OH;a plates in some voids; no sulfoaluminate.
Bar very strong (bar No. 6
330 2.0 0.136 Surfaces are highly iron stained, especially where bars rested on

supports; surfaces are heavily pockmarked, Interior voids are
sometimes filled or partially filled with clear Ca(OH)2 plates,
some having hexagonal outlines. No sulfoaluminate or cracking is
present, Bars are very hard to break in hand. Breaks through and !
around aggregate (bar No. 1)

339-D 2.07 0.245 Surfaces are light buff-gray, no iron staining; surfaces are heavily
(20% pockmarked (lean mortar); sulfoaluminate present as small, pufty
natural) aggregations (spherulites) partially lining all voids. No cracking.

Bars are very strong (bar No. 6)

339-E 2.07 0.216 As above; sulfoaluminate present in approximately the same abundance i
(25% and form as in 339-D. Bars very strong (bar No. 1)
natural)

339-F 2,06 0.200 As above; surfaces are spotted with green algae (bar No. 6) !
(30%
natural)

-l o
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Tabie 9

A/F Ratios of Clinkers Used in Portland Blast-Furnace Slag Cements Program

Cement m.0;, % Fe 03, % A/F Ratio

_3;:)_ 7.06 2.88 2.45
339 5.69 3.77 1.51
341 6.04 2.11 2.86
345 6.45 2.85 2.26
342 6.25 3.56 1.76
338 6.43 3.24 1.98
337 6.01 3.17 1.90
336 2.87 3.20 0.90

Note: Swayze12 says that in clinkers with A/F ratios above 1.6, cooled

slowly enough to prevent the formation of glass, the iron phase

will be CgAoF. Cements 339 and 336 do not meet this requirement;
the others do. None have A/F ratios below 0.8%, so none fall in

the region where the iron phase should be CsAxFy+

Cements 339 and

336 fall in the range where the composition of the iron phase is
varying and is regarded as incalculable.
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Table 10

Locations of Aluminoferrite, Aluminate, and C3S Peaks from

f Diffraction Charts of Portland Blast-Furnace Slag Cement Clinkers

i

é 2&5:%:2- Aluminate C3s

; d in d in d in

§ Cement angstroms angstroms angstroms

340 2.650 2.696 2.97h

339 2.646% 2.700 2.976

341 2.652 2.694 2.973

' 345 2.651 2.698 2.97h
342 (2.649) (2.702) (2.982)
338 2.653 2.698 2.972
337 2.653 2.696 2.976
Mean 2.6518%% 2.6970t,tt 2.97h0t ,tt
Standard deviation(e)# 0.00132 0.00210 0.00161
Standard error# 0.00059 0.00086 0.00066
Number of observations 5 6 6
Observed range 0.003 0.006 0.00k

* Composition in range supposed to give solid solution of incalculable

proportions. Composition of others C

F, according to Swayze.12

*¥* Omitting 339, for reason given in abové footnote, and 342 because
the specimen surface was not plane.
t+ Calculated omitting 342, since the value it gave for the C3S peak and
for two other mixed silicate peaks differed so muach from the others that
it was concluded that the specimen did not have a plane surface.

N ' N N
N Yooy A . . -
DI IR RS 3 30 AL AL

- -

t+ MBS Circular 539 shows d = 2.700 R for tricalcium alumingte.
¥ Calculated in the small sample form.

Standard deviation

Y

#%¥ Standard error of mean =

71
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g
: Table 1k .
% Data on Air Comtent and Resistance to Freezing a:? Thawing ,
: i
% Resistance to ¢
4 Freezing and H
I;g; Freshly Mixed Concreted* Thawing .
z Alyr- Labora~ Treat H
2 ¥o. Voids/ AEA  Volume TOPETSUWE ooy relena i
% Specimen Inches of Traverse* Air-Volume, %* ml/bag ¢ % DFEt _ Rel Bit %,,
4 136 10.84 k.
£ RC-330  9.32 9.22 616} 5.4 % 6.0 86 51 120 :
% pe 7.7 5. 1
. E 26 8.44% 3.
337 8.85 7.56 h.51 ko 58 5.5 82 113 125
1s 5.39 3.8%
£ Lo 9.42 k.80
z 338 8.05 8.63 5.2k 5.3 ™ 5.6 85 b 125
; 18 8.23 5.72
i / 58 12.52 5.92
. e 339 114k 2.2 5.39 5.7 ™ 6.2 87 53 125
} % Is 12.78 5.63
E 80 10. 5.52
3ko 7087 8.82 6.72 6.3 50 6.5 80 k1 1n2
1s 8.20 6.62
& % 8 6.06
3 7.69} 795 S5.51¢ 6.0 50 5.8 88 52 12
g IS 7.83 6.52
i 156 10.00 5.90
é 345 9.25 §.98 5.12 5.6 58 6.0 T 3k 13
g I 7.70 5.67
g 1o 8.12 5.61
% 32 8.03 8.05 5.23 5.4 50 5.1 8k 52 122
g IS-A 8.00 S5.hh
E 2 7.96 5.55
< 335 7-39 8.25¢ 6.13 5.6¢ 61 5.9 8k 15 114
3 Bpension 9.50 5.20
% 170 11.87 5.64
= 33920 10.88 11.55 S.B8% 5.5 68 6.0 ® 37 m
?é 80-20 11.90 5.9
£ 190 10.66 bT9 )
g e 66; T8 kPP L3 T 56 ) ¥ 108
i p o] 6.33 3.7
g 25 9.61 6.57
g 339-270 3.17} o.89 6-17} 5.1 a 6.3 2 35 9L
gi’f .89 5.1
=,
2
?.'
i
E * Dats repocied by FCA
5 55 Dats for Isdividmsl rowsd fyom which the specimen stadied at FCA w5 xnde.
¥ t Tadle 7 of Tirst report of (S sexies, TR -
= s Average of resits for 1953 fram tedle 13.
s
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i » Table 15 :‘, | ’g
Expansion of Mortar Bars with Pyrex Glass Aggregate :
fi
- Nap0 Length Change, % ‘
> Equivalent 168 364 728 (1
330 0.68 +0.10% +0.123 +0.127 H
336 0.65 -0.005 +0.003 +0.006 :
337 0.25 -0.013 -0.003 +0.001
338 n.30 -0.01k -0.006 -0.005
339 0.21 -0.017 -0.007 -0.001
340 0.67 4+0.016 +0.026 +0.032
341 0.58 -0.013 -0.005 +0.003
3h2 0.1 -0.016 -0.007 -0.20k !
3h5 0.75 +0.041 +0.053 +0.055
80-20 0.33 +0.010 +0.017 +0.010
75-25 0.36 +0.011 +0.021 +0.015
70-30 0.39 +0.014 +0.027 +0.020
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APPENDIX A: OHIO RIVER DIVISION IABORATORIES INVESTIGATIONS

1. The Ohio River Division Laboratories has conducted four investi-
gations of portland blast-furnace slag cements. One of these, covered by
a report issued in October 1952, was an investigation of "portland-pozzolan
cement"* that was proposed for use in the concrete for Lock No. 2 on the
Monongahela River.alﬂ_’6 The second, covered by a report issued in January
1957, was an investigation of blended cement concretes proposed for use on
the Greenup Lock and Dam pro,ject.25 The third, covered by a report issued
in August 1960 ,2 concerned the use of fly ash as a pozzolan in concrete
made with portland blast-furnace slag cement. The fourth, covered by a
report issued in April 1962 ,27 concerned the effect of the addition of
hydrated lime to mixtures containing both portland blast-furnace slag ce-
ment and fly ash. The following paragraphs summarize these reports.

lock No. 2, Monongshela Rivereh

2. The cements investigated were types IS-A and II-A manufactured by
the same producer. The coarse aggregate was crushed limestone; the fine
aggregate was natural sand. Proportions of the concrete mixtures used in
tests to investigate the performances of the two cements were:

Mixtures Used for

Durability and
Strength Tests  Shrinkage Tests

Cement ccntent, bags/cu yd 4.0 6.0
Water-cement ratio, by wt 0.51 0.k
Aggregate size, in. 3 1
Sand/aggregate, % by vol 28 Lo

3. Average results of tests performed on the freshly mixed and
hardened concrete were:

Cement
Type II-A Type IS-A
Portland Portland Blast-Furnace Slag
Sirmp, in. 3 2
Air content, % 6.6 k.5

(Continued)

#* The "portland-pozzolan” cement studied was a portland blast-furnace
slag cement 2nd not a portland-pozzolan cement.
#& Raised references refer to Iiterature Cited in mzin %text.
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Cement

Type I1I-A Type IS-A
Portland Portland Blast-Furnace Slag

Compressive strength, psi

7 days (6- by 12-in. cylinders) 2koo 4200

28 days (6- by 12-in. cylinders) k330 5360
(8- by 16-in. cylinders) 4290 Lo20

90 days (6- by 12-in. cylinders) 5280 6260
360 days (6- by 12-in. cylinders) 6405 6910
Flexural strength, 28 days, psi 580 45
DFE 300 75 kg

4. Sulfate resistance was measured using mortar bars 2 by 2 by
11-3/1+ in. in size containing the two cements and Ottawa sand, and using
3-in.-thick slices sawed from 6- by 12-in. cylinders of concrete contain-
ing the portland blast-furnace slag cement. The specimens were subjected
to crcles of immersion in magnesium sulfate solution for 16 hr, and drying
at 220 F for 8 hr. After 32 cycles the weight losses of the mortar bars
were 1.3 percent for the portland cement, and 2.1 percent for the portland
blast-furnace slag cement. The concrete discs made with portland blast-
furnace slag cement showed no loss in weight after 26 cycles.

5. It was concluded that the portland blast-furnace slag cement was
satisfactory for use in the concrete, and that it had advantages over the
type II cement with which it was compared in having a lower heat of hydra-
tion, reduced bleeding, greater strength, and less shrinkage. As a result
of these tests, type IS-A cement was successfully used on the Moncngahela
Lock No. 2 project.

Blended Cement Concretes for Greegi_xp Lock and Dazn25

Purpose of study
6. The study was conducted to determine the comparative properties

of concrete made with the following types and blends of cements proposed
for use in the constructior. of the locks at the Greenup Locks and Dam
project:

. Portland cement, type II

Portland blast-furnace slag cement, type IS

50 percent type II cement and 50 percent type IS cement

37-1/2 percent type II, 37-1/2 percent type IS, and
25 percent natural cement {type H)
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e. 75 percent type IS cement and 25 percent natural cement
(type N)
£. 75 percent type IT cement and 25 percent natural cement
(type N)

Concrete and mortar mixtures

7. Mortar mixtures. Mortar mixtures to determine the physical prop-
erties of the cements were made with each of the cements or blends. Con~

crete mixtures with cement contents of 3.5, 4.5, and 5.5 bags per cu yd

were also made with each cement or blend of cements. A 3-in. maximum size
coarse aggregate was used in the 3.5-bag mix, and a 1-1/2-in. maximum size
in the balance of the concrete mixtures made for the strength determina-
tions. Slumps of all mixtures were maintained within the range of 1 to
2-1/2 in. Air contents were held to the range of 5 + 1 percent.

Test specimens

8. Two rounds were made of each mixture containing each of the six
cements or blends. Eighteen 6- by 12-in. cylinders and six 6- by 20-in.
beams were made from each round for strength tests. Three 4- by 5- by
16-in. specimens for use in determining drying shrinkage were cast from
mixtures representing each of the six cements or blends. Also nine 3-1/2-
by 4-1/2- by 16-in. specimens for freezing-and-thawing tests were made
utilizing each of the six cements or blends. In addition, nine 2- by 2-
by 12-in. prisms for strength tests were cast from mortar mixes made with
each of the six cements or blends.

Test results

9. Materials. Results of tests of the cements, cement blends, and
aggregates are described below.

a. Cement. Chemical analyses an(. physical properties of the
cements and the calculated apalyses of the blended cements
are given in table Al.

b. Aggregates. The sand consisted of: limestone, 50 percent;
quartz, 20 percent; igneous and metamorphic rock vparticles,
16 percent; sandstone, 12 percent; chert, 2 percent (about
1/2 the chert was chalcedonic). About 6 percent of the sand
particles were badly weathered. The coarse aggregate was
medium~- to fine-graired buff to gray dolomitic limestone
of which 2bout 2 percent was weathered. About 70 percent of
the buff material vas made up of the rock and had a few
stylolites and locally developed argillaceous partings.
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10. Concrete and mortar. A summary of data, incluéing slump and air
contents, of the various mixtures from which strength test specimens were
cast is given in table A2. Data pertinent to the concrete used in fabri-
cating freezing-and-thawing test specimens and to the bleeding tests are
included in table A3. Moi*ar and hardened concrete strength data are sum-
marized in tables A4 and A5. Detailed values for each mixture are given
in the tables. Strength and strength gain characteristics of the cements
and blends are shown graphically in figs. Al-A8.

11. The percentages of shrinkage shown by the specimens from the
several mixtures when drying from a saturated, surface-dry condition to a
constant, oven-dry weight are given in the following tabulation:

% Drying Shrinkage of
Mixtures with Cement Factors of

Cement or Blend 3.5 4.5 5.5
Type II 0.033 0.033 0.035
Type IS 0.032 0.029 0.03%4
gg; zgz g 0.035 0.030 0.039
gg;’ Eyyé’: " 0.031 0.032 0.039
Zgé %’gz ;I - 0.035 0.039
37-1/2% type II

37-1/2% type IS 0.032 0.031 0.036
25% type N

12. Coefficients of linear thermal expansion were determined for
concretes made with each cement or blend of cements. These coefficients

vere found to be as follows:

Coefficient of
Expansion X 109/0F for
Cement Factors of

Cement or Blend 3.5 }.5 5.5
Type 1II 5.5 5.0 5.3
Type IS 5.3 5.6 5.6
ggé :’yg: g 5.1 5.0 5.5
(Contimmed)
Ak

2

o e——

b e §f

’

P

.

[
¢ e et v ——————

"



AT GTI R

3 AR

S

WNTRQPY

WAL AW e

A g,

- ey

e

Coefficient of
Expansion X 106/°F for
Cement Factors of

Cement or Blend 3.5 4.5 5.5
75% type IS

25% type N 5.1 5.1 5.6
75% type II

254 type N k.9 4.8 4.8
37-1/2% type II ,

37-1/2% type IS 5.3 5.1 5.1
25% type N

Discussion of test results
13. Materials.

a. Cement. An examination of table Al will show that
the basic cemente, type II, type N, and type IS, met
the requirements of their respective specifications
with the exception of the autoclave expansion of
the type II cement. A check test made with the same
brand of cement, but obtained from a different local
source, showed an expansion well within specification
limits, and it is believed that the excessive expan-
sion measured in the original test was due to a
faulty specimen or an error in procedure. The type II
cement and the blend of 75 percent type II, 25 percent
type N both show total alkeli contents in excess of
0.6 percent.

b. Aggregates. The use of natural fine aggregate and
crushed dolomitic limestone coarse aggregate had been
approved for the Greenup project; however, at the time
this investigation was started, the plants which would
furnish the aggregates to the project were not in
operation. In order to expedite the program, similar
types of aggregates were obtained from two other sources

in Ohio.

1. Mortars. During mixing of mortars made with the various cements,
little difference was noted in the gquantity of wuter required to produce
the specified flow of 110 to 115 percent. The compressive and flexural
strengths of the different mortars varied considerably as shown in figs.

Al and A2; however, the rates of strength gain were approximately the
same for all the mortars. Table Al includes a percentage comparison of
the mortars using the type II cement mortar as a base.

15. Concrete. Resuits of tests of the plastic concrete, summarized

in table A2, reveal no appreciable difference in the character of the
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plastic concretes which could be attributed to an individual cement or
blend. The results of freezing-and-thawing tests of the hardened concrete,
conducted in accordance with Corps of Engincers Method CRD-C 114, are given
in table A3. These tést rcsults show that all mixtures had good durability,
but theﬁgive no indication of relative resistance to the test procedure

of the different cements.

16. The strength sumsaries, figs. Al-A8 and tat .e A5, show that
varying but generally satisfactory strengths were developed by all of
the mixtures. Compressive strengths shown by 10 of the 18 mixtures con-
tinued to increase through the 2-yr test period. Of the remaining 8 mix-
tures, U reached maximum strength after 12 -months curing and L after 6
months. The specimens from these 8 mixtures showed some regression in
strength at the end of the test period. Maximum flexural strengths were
shown by 9 mixtures at an age of 6 months, and specimens from only 2 mix-
tures, both with 100 percent type II cement, continued to gain in strength
until the end of the test period at 2 yr.

17. Tebulations given in paragraphs 11 and 12 show that the total
drying shrinkage and the coefficient of linear thermal expansion of the con-
cretes vary slightly with the cement or blend ol cement used ir. the concrete.
Conclusions

18. Results obtained in this investigation indicate the following:

a. All cements and blends tested had satisfactory physical and
chemical properties.

b. The total alkali content, expressed as soda, of the type II
cement and the blend of type II and natural cement exceeded
the limit specified for iow-alkali cement.

c. The workability and water requirement of the plastic con-
crete mixtures were not greatly influenced by any of the
cements or blends used.

d. Satisfactory durability wac shown by the concretes made with
all cements studied.

e. 1In general the cement blends studied will produce concretes
equal or superior to that produced by type II cement alone.

f. The strengths obtained from concretes made with type IS
cement are in general superior to similar concretes using
type I1 cement.

g- Shrinkage and thermal expansion propertie; of the concretes
studied vere only slightly affected by the cements or blends
studied.
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Investigation of Fly Ash-Portland Blast-Furnace
Slag Cement Concretes2®

19. The mixtures containing fly ash had higher water-cementitious
materials ratios than those without fly ash. However, the quantity of
water per cubic yard was essentially the same in all 3.5~bag mixtures,
whether or not fly ash was used. This was also true of “he U4.5-bag mix-
tures. The apparent increase is due to the fact that for equal volume,
blends of cement and fly ash weigh less than portland cements.

PSS

20. The variation in the quantity of air-entraining admixture re-
quired to produce a given percentage of entrained air in the concretes was

large. The following tabulation shows the quantities of a single strength

LRIV,

e

(approximately 10 percent solids) air-entraining admixture used in the

mixtures.
Basic Ounces AEA per 94 1b Cement
Cement Fly Ash
Factor 9% Type IT  Type IS Type IS(MH)
3~-in. Concrete Mixtures

35 0 3.5 7.6 7.5
3.5 20 4.6 7.1 7.6
3.5 30 7.9 9.0 10.4
k.5 0 3.2 7.5 8.2
k.5 20 6.2 8.2 8.9

; 4.5 30 8.2 13.9 15.6

4 3/4-in. Durability Test Mixtures
5.75 0 1.4 7.0 7.3
5.75 20 5.1 8.3 9.5
6.00 30 1.4 15.6 16.3

21l. All of the mixtures produced cohesive, workable concretes, and
: no excessive bleeding was noted.

22. The compressive strengths of specimens cast from 3.5-bag mix-
tures using type II and type IS(MH) cements without fly ash were essen-
tiaily equal at 28 and 90 days age. At ages of 7 days and 1 yr, however,
the type II concrete showed 22 and 7 percent, respectively, greater
strengths. At equivalent ages, specimens made with type IS cement had cub-
stantially higher compressive strengths than specimens from either the
type II or type IS(MH) mixtures.

AT g5

=

< v e

ot

PRI

o A 1

w o -
g w———A

N —— AT A I



.
O B I U

-

23. At a cement factor of 4.5 bags per cu yd, specimens cast
from concrete made with type IS showed 30 to 40 percent higher strengths
than those made with type II. Except for an age of 7 days, strengths of
specimens made with the type IS(MH) cement were moderately higher than the
type II specimens.

24, The substitution of fly ash for 20 percent of the volume of
cement in the 3.5-bag cimcrete caused, when compared to the type II con-
crete without fly ash, reductions in strength at 7 days for the type II,
type IS, and type IS(MH) concretes of 17, 11, and L4l percent, respectively.
At 28 days, the type II-Liy ash concrete had strengths 16 percent less
than that without fly ash, and the type IS(MH)-fly ash concrete, 24 per-
cent. The type IS-fly ash concrete showed 14 percent greater strength
than the type II concrete. At ages of 90 days and 1 yr, strengths of the
type II mixtures with and without fly ash were about equal, the type IS-fly
ash strengths about 10 percent greater, and the type IS(MH)-fly ash
strengths about 20 percent less than the type II concrete without fly ash.

25. Among the li.5-bag concretes, those containing the blend of
type II cement and fly ash showed better strength characteristics than
either of the other blends at all ages except 28 days, at which age the
strength of the type IS blend was slightly higher. The strengths of the
type IS blend at 28 days and later ages were approximately the same as
those of the type II concrete without fly ash. Strengths of the
type IS(MH) blend concretes were from 60 to 9% percent of the type II con-
crete without fly ash.

26. A 30 percent fly ash replacement in the type II, 3.5-bag con-
crete caused strergth reductions of 26 percent at 7 days, 17 at 28 days,

0 at 90 days, and U4 percent at 1-yr ages. The bleaded type IS concrete
specimens showed 67 percent of the strength of those with type II cement
and no £ly ash at 7 days, and from 82 to 87 percent at later ages. The
type IS(MH) blend showed@ only 47 percent of the strength of the type II
cement concrete without fly ash at 7 days, and approximately 70 percent at
iater ages.

27. With a cement factor of 4.5, the blended type II cement con-
crete showed 21 percent less streungth than the similar concrete without
fiy ash at 7 days age ard 10 percent at 28 days. At 90 days and 1 yr, the
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strengths of the two concretes were about equal. Blended type IS cement
concretes showed 26 percent less strength at 7 days than the type II con-

cretes without fly ash; at 28 days the more rapid early strength gain
characteristics of +the type IS cement were apparent, and the strength of
3

the blended type IS concrete was about equal to that of the concrete witl
type . IT cement and no fly ash; however, at 90 days the strength of the
type II concrete exceeded that of the blend by 13 percent. At 1 jr the
strengths were equal. The blended type IS(MH) concrete showed 50, 26, 20,
and 17 percent less strength than the concrete with type II cement and mno
fly ash at ages of 7, 28, and 90 days and 1 yr, respectively.

28. With the type II cement, the fly ash replacements produced
lower strengths at early ages, but the strengths at 90 days and 1 yr were
equal to the strengths of the mixtures without fly ash. This indicates
normal pozzolanic action for the fly ash when used with type II cement.
Concretes made with the type IS and type IS(MH) cements showed normal
strength gain characteristics for the 3.5- and 4.5-bag mixtures. However,
when fly asil replacemen’;s were used with these cements, lower strengths
were obtained at all aies, and the strength gain curves remained essen-
tially paraliel to the curves for the basic mixtures. This indicates
that the normal pozzolanic action did not occur when fly ash was used with
the portland blast-furnace slag cements.

29. The following tabulation shcws the percentage strength gains of
the various concrete mixtures with fly ash in comparison with the corres-
ponding tesic mixtures without fly ash.
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Cement Fly Ash Strength, %

bags/cu yd  _Type % 7-day 20-day Q0-day iyr
3.5 II 0 100 100 100 100
20 83 84 104 97
30 h 83 100 96
3.5 IS 0 100 100 100 100
20 T2 82 86 88
30 54 59 68 65
2.5 IS(MH) 0 100 100 100 100
20 T2 73 80 87
30 61 487 76 76
(Continued)
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an air-dry condition. All of the specimens tested in an air-dry condition
: showed higher compressive strengths than simi ar cylinders which had been
initially moist-cured, then air-cured, and finally immersed in water; how-
ever, their strengths were still approximately 5 percent lower than the
specimens which were moist-cured for the full period. A limited mmber of
moisture determinations were made on the cylinders after they were tested.
These tests indicated that the one-week soaking period restored moisture
content of the air-cured specimens to within about 1 percent of that of the
continuously moist-cured specimens.
. 3 33. The results of standard freezing-and-thawing durability tests,
3 Method. CRD-C 20-55, showed that any of the cements or cement-fly ash blends
»f?, tested will produce concrete of good durability. A comparison of the dura-
bility test results of specimens sutjected to the different types of pre-
lininary curing showed that an intermediate period of air-curing improved
the resistance of concrete to freezing-and-thawing. The improvement is
more apparent as the percentage of fly ash replacement increases.
Conclusions

34, On the basis of tests conducted and results obtained, the fol-
lowing are concluded:

a&. The type of cement, II, IS, or IS(MH), had little or no ef-
fect upon the characteristics of freshly mixed concrete.

; b. The addition of fly ash as a cement replacement by equal

. £ volumes, within the limits investigated, did not affect the
S | quantity of water required in a cubic yard of concrete to
produce & given workability.

) c¢. The quantity of air-entraining admixtures required in a mix-
Py ture to produce a given percentage of entrained air was
greater in concrete made with types IS or IS(MH) cement ,
than for mixtures using type II cement. The partial replace~
ment of cement by fly ash increased the requirement for air-
entraining admixture in all of the mixtures.

d. Type II and type IS(MH) cements produced approximately the
same compressive strengths in lean, 3.5-bag concretes at
ages of 28 dasys or more. In concretes having a higher ce~
ment content, 4.5 bags, slightly higher strengths were

! developed by the type IS(MH) cement. At earlier ages a

slight strength advantage was shown by the type II cement

: for both cement factors. Greater strength was produced by

: the type IS cement at all ages than either the type II or
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| e. The replacement of type II cement by fly ash in the
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percentages covered by this study caused a reduction in the
compressive strength of the concrete at 7-day and 28-day
ages; however, at 90 days or later the mixtures containing
fly ash were approximately equal or superior in strength to
those made with no fly ash.

f. The substitution of fly ash for 20 to 30 percent of the
volume of either type IS or type IS(MH) cement in concrete
mixtures will produce a reduction in compressive strength
of from 30 to 45 percent at 7 days, 20 to 30 percent at
28 days, and from 15 to 35 percent at later ages. These
strength reductions are in the same order as the percent-
ages of cement replaced with fly ash, which indicates that
the fly ash is not effectively utilized as a cementing
material.

8- The rate of strength gain for concretes containing fly ash,
as well as those without fly ash, is accelerated by the con-
tinuous availability of excess moisture during the curing
period.

1=

Concretes of comparable, satisfactory duracility can be
made with types II, IS or IS(MH) cements, and with blends
of these cements and up to 30 percent by volume of fly ash.

The use of fly ash as a partial replacement for cement is
effective in the reduction of heat generated in a concrete
by cement hydration.

I

Investigation of Effect of Added Hydrated Lime on
Cement-Fly Ash Concrete and Mortar!

Background

35. DNumerous studies have been made which show that the use of fly
ash as a partial replacement (20 to 30 percent) for portland cement will
reduce the early strength of the concrete, but that after about 90 days the
strength generally will be equal to or higher than that obtained with com~
parable concrete without fly ash., However, few data are available on the
strength gain of concrete made with portland blast-furnace slag cement and
fly ash.

36. 1In a recently completed study26 in which porhlaﬁd blast-furnace
slag cements were used with 20 and 30 percent fly ash replacements, the
concrete mixtures failed to show the typical strength gain characteristics.
The strengths of the fly ash mixtures, up to an age of 1 yr, were comparable
with those of mixtures having the same amount of portland blast~furnace
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slag cement but without fiy ash, thus indicating that the fly ash was not
serving as a cementing material, but only as an inert filler. Since both
the slag in the portland blast-furnace slag cement and the fly ash are
materidls requiring lime for chemical reaction, it was believed that. the
failure to develop normal strength gain might have been due to a deficiency
in the amount of lime available in the concrete. In this case, the addi-
tion of a small amount of hydrated lime to the concrete should produce the
pozzolanic action necessary for utilizing the fly ash as a cementing
material.

Purpose and scope

37. This study was made for the purpose of determining whether or
not strength-gain and ultimate strength characteristics of concrete and
mortars made with blends of fiy ash and portland blast-furnace slag cements
can be improved by the addition of small amowmbts of hvdrated lime to the
concrete,

38. The report presented the data obtained in the mixing and testing
of mortars and concretes made with type II and type IS(MH) cements, blends
of these cements with fly ash, and with additions of various peircentages
of hydrated lime to the cement-fly ash blends. Tests were scheduled for
3, 7, and 28 days, 6 months, 1 yr, and 5 yr. The report presented data
through 1l-yr tests.

Materials
39. The following materials were used in the study,

a. Cememts. A type II portland cement and a type IS(MH) port-
land blast-furnace slag cement.

b. Fly ash. Fly ash complying with Corps of Engineers Method
CRD'C 2 2'

c. Lime. Hydrated lime complying with ASTM Designation: C 6
as modigied. by paragraph 15b(2) of Corps of Engineers Method
CRD-C 263.

d. Aggregates. The fine aggregate was natural sand; the coarse
aggregate was crushed dolomitic limestone.

Concrete mixtures
40, A mixture containing 4.5 bags of portland blast-furnace slag ce=-
ment per cu yd and l-l/2-in. meximum size aggregate was selected as the

basic concrete mixture. The following five variations were made:

A13 9/
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a. One hundred percent type IS(MH) ceient.

b. Seventy-five percent type IS(MH) cement, 25 percent fly ash
(vy volume).

c. Seventy-five percent type IS(MH) cement, 25 percent fly ash
(by volume); lime added in the amount of 2 percent of the
volume of the cement.

d. Seventy-five percent type IS(MH) cement, 25 percent fly ash
(by volume): lime added in the smount of 5 percent of the
volume of {ie cement.

e. Seventy-five percent type IS(MH) cement, 25 percent fly ash
{by volure); lime added in the amount of 10 percent of the
volume of the cement.

41, Siumps of the mixtures were held within the range of 2 to 3 in.
by varying the emount of mixing water used. Air contents of the concrete
varied between 4.5 and 5.6 percent. Concrete mixtures similar to each of
those listed shove were used to make durability test specimens. In these
mixtures, the maximum size aggregate was restricted to 3/% in., and en-
trained air content to a range of 5.5 to 6.5 percent. No concrete tests
were made using type II cement.

Mortar mixtures

42, Type IT and type IS(MH) cements were both used in mortar mix-
tures. The mortar consisted of one volume of cement or cement-fly ash
blend to 3.58 volume of send. The flow was maintained within the range of
95 to 105 percent, and the air content between 18 and 22 purcent. Each of
the two cements were usad in morter mixtures having the cement, fly ash,
and lime varistions listed in yaragraph 40 above.

Test results

43. Concrete mixtures. All of the concrete mixtures were plastic
and workable. The addition of fly ash permitted a water reduction of
0.22 gal per bag; however, the addition of lime raised the wabter require-
ment to the equivalent or slightly higher than that of the basic mixture.
The addition of fly ash resulted in an increased demand for air-entraining
admixture of 0.3 oz per bag of cementitious material. ILime had no apparent
effect on air entrainment until 10 percent lime was added, when an addi-
tional 0.2 oz of admixture was required. A substantial reduction in
bleeding was shown by all of the fly ash and fly ash-lime mixtures over
the mixtures made with type IS(MH) cement only. Compressivi: strength
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specimens from the plain type IS(MH) cement concrete showed satisfactory
values at all ages through 1 yr. The percentage strength gain from the
28-day age to 90 days was low, only 6 percent; however, judging from later
test results, it is probable that an increase of approximately 20 percent
should have been obtained. The substitution of fly ash for 25 percent of
the tyre IS(MH) cement, both with and without lime added, caused a reduc-
tion in the 7- and 28-day strengths of the concrete. The loss ranged from
20 to 36 percent at 7 days to 15 to 26 percent at 28 days. The mixtures
containing lime sustained the greater losses. At 90-day ages, the mixtures
containing fly ash or fly ash and lime compared more favorably with that
without fly ash. However, as discussed in the previous paragraph, it is
believed that the 90-day strength of the mixture without fly ash was ab-
normally low. If this is the case, the strengths of fly ash mixtures would
continue to be about 5 to 15 percent below that of the mixture without

fly ash.

4, Durability test results for specimens cured 90 days showed equal
resistance for concrete specimens containing type IS(MH) cement, type IS(MH)
cement with a 25 percent replacement of fly ash, and with cement, fly aéh,
and 2 percent lime. Slightly lower resistance was shown by the specimens
containing 5 and 10 percent lime. The specimens cured for 1 yr showed
about the same relative resistance but at a lower level. This drop in the
level of resistance at later ages had been experienced in other instances
and may be due to greater saturation of the concrete during the longer
curing period.

45, Mortar mixtures. In mortar mixtures made with type II cement
having a partial replacement of the portland cement by a pozzolan such as
fly ash, lime released by the hydration of the cement is generally con-
sidered to be adequate for the reaction needs of the pozzolan. However,
this series of tests was included in the study for comparison with a
similar series using type IS(MH) cement, and also to determine if the ad-
dition of small quantities of lime would improve the early strength gain
characteristics of the type II cement-fly ash mixture. The mortars were
uniformly cohesive and workabie. Flows were maintained within the range
of 95 to 105 percent, and air contents within the range of 19.6 to 21.5

percent. The use of {ly ash as a replacement for 25 percent of the volume
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of the cement had a negligible effect on the water requirements of the mix-
tures. Additions of 2 and 5 percent hydrated lime had no apparent effect
on the plastic properties of the mortar. The mixture with =z 10 percent
addition of lime required slightly more water to obtain the minimm flow
of 95 percent.

6. All of the mortars using type II cement in which fly ash was
used had lower 3- and 7-day compressive and flexural strengths than the
basic mix without fly ash at similar ages. At 28 days, lower strengths
still were shown for all of the mixtures with fly ash or fly ash-lime ex~
cept the mixture with 10 percent lime, which had attained strengths
slightly greater than the control mixture. At 90 days the flexural and
compressive strengths of the mixtures made with cement-fly ash and cement-
fly ash plus 2 and 5 percent lime added were from 2 to 10 percent lower
than the control mixture. The strengths of the mortar containing 1C per-
cent lime were about 12 percent greater than the similar mortar without
fly ash or lime. At 6 months and 1-yr ages, all of the mortars with fly
ash or fly ash and lime showed higher strengtiis than the control.

47. The mortars made with the portland vlast-furnace slag cement
were plastic and easily worked. Flows and zir contents were well within
the limits set for the study. The use of £fly ash had little or no effect
on the water requirements. An iacrease in water conteni of about 2.4 per-
cent was necessary when 10 percent lime was added to mairain a flow in
the 95-105 percent range.

48. The flexural and compressive strengths of the mortar mixtures
made with fly ash or with fly ash and added lime were in all cases except
one lower than those of the mortar using type IS(MH) cement only. The one
exception occurred at 90 days in the flexural strength of the mortar which
contained 10 percent added lime. In this case the flexural strength was
about equal to that of the control. At 180 days the indicated strengtiis
of the mixture with type IS(MH) alone were substantially lower than a%

90 days, while the balance of the mixtures generally showed little change.
As a consequence, the strengths of the fly ash and fly ash-lime mixtures
equaled or exceeded those of the control. One-year tests showed that the
mortar made with type IS(MH) cement with no fly ash or lime had resumed its
strength gain and had strengths superior to those of the mixture containing
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25 percent fly ash. The mixtures containing added lime generally showed
strengths slightly greater than those containing type IS(MH) cement alone
or with a 2% percent fly ash replacement of the cement.

Conclusions

49, On the basis of the data presented here, the following conclu-
sions are drawn:

a. Concrete made with a blend of type IS(MH) cement and fly
ash (75 and 25 percent respectively by volume) will not at-
tain the equivalent compressive strength of a similar con-

crete made with type IS(MH) cement alone within a l-yr
period.

The addition of hydrated lime in quantities up to 10 per-
cent of the volume of the cementitious material is not
beneficial to the strength ' concretes made with a blend
of type IS(MH) cement and fiy ash.

c. Concretes made with either 100 percent type IS(MH) cement
or a blend of 75 percent type IS(MH) cement and 25 percent
fly ash have equivalent and satisfactory resistance to
freezing-and-thawing in the durability test. Long-~time

moist-curing results in lower resistance in the durability
test.

4. The addition of 2, 5, or 10 percent hydrated lime %o mortars
made with 75/25 blends of type IS(Mhi) and type IT cements
arnd fly ash slightly increases both the compressive
strengths and flexural strengths of fine mortars at ages up
to 90 days. ™o beneficial effect from the lime can be
noted in the 6-month and l-yr test results.

I

Discussion

50. An examinaticn of these data at the WES led to the following
commerbo. ¥

a. Figs. A9-All show the strength-asge relations. The group of
curves in fig. A9 are for mortars made with portland blast-
furnace slag cement, those in fig. Al0 are for mortars made
with type IT portland cement, and those in fig. All are for
concrete made with portland blast-furnace slag cement. The
mortar strengths show the characteristic slight advantage of
cement without pozzolan at the earlier ages and the slight
advantage of cement-pozzolan blends at later ages. Ome ef-
fect of the presence of fly ash was to reduce the mortar
strengths at earlier ages with both cements from those ob-
tained without fly ash. With type II cement, all of the

* Furaished as informetion to OCE (ENGCW-EC) and Director, CRDL, with
‘emorandun (WESCI) dated 25 May 1962,
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mortars with fly ash were stronger than the mortars without
fly ash after 90 days. In the case of type II mortars with
fly ash, the one without lime had the lowest strength at the
two earliest ages and intermediate strengths thereafter,
while the mortar with most lime had the highest or nearly
the highest strength at all ages. A somewhat similar rela-
tion, varying only in detail, was noted with the fly ash
mortars made with portland blast-furnace slag cement.

From these observations it could be concluded that the addi-
tion of lime was beneficial to the strength gain of pastes
in mortar when fiy ash was used, regardless of which type

of cement was employed, and that the maximum amount of lime
used was not necessarily in all cases the maximum from which
berefit could have been obtained. The data d¢, however,
also suggest that the benefit of lime to the fly ash-
containing mortars was no greater with portland blast-
furnace slag cement than with type II portland.

In the data on concrete, a different indicetion is observed.
The concrete with fly ash to which no lime was added is at
all ages stronger than similar concretec to which lime was
added. The concrete with 2 percent lime was weakest in all
cases with the concretes containing 5 and 10 percent lime
being intermediate. This apparent indication of a pessimum
lime content at the 2 percent level does not appear to be
explainable on the basis of water-cement ratio, since, as
indicated in the report, the water-cementitious material
ratio for this mixture was intermediate, the one with zero
lime being lowest and the one with 10 percent lime being
highest., The previous indication that the fly ash acted
only as aggregate is confirmed for the test at 7 days age
and for the test containing 2 and 10 percent lime at 28 days.
"lowever, for other ages and other lime contents the fly ash
is indicated to contribute significantly to strength,
especially for the mixture containing no lime, for the
strengths at ages of 28 days and later are probably of the
order of 90 percent of the actual trend of strengths of con-
crete without fly ash.

One interesting aspect of these data is the difference in
indication of effect of fly ash with and without lime be-
tween the mortar tests and the concrete tests. This dif-
ference may be in part related to differences in the basis
employed in adjusting mixture proportions among the several
mixtures involved. It is believed that this is a more likely
explanation than one which requires the presence of the
coarsec aggregate in the concrete to participate chemically
in the activity that produces the observed strengths.

The conclusions given in the report state that concrete made
with a blend of portland blast-furnace slag cement and fly
ash will not attain equivalent compressive strength to
similar concrete without fly ash at an age of 1 yr. The
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concrete reported on did not attain equivalent strength,
but the generalization that such attainment is essentially
impossible appears to overlook the possibility that dif-
ferent methcds of adjustment of mixture proportions from
those which were employed in the work being reported might
so affect the strength-gaining characteristics as to reverse
the reiations. The conclusions also state that the mortars
were not benefited from lime additions at ages greater than
90 days. In the case of the l-yr tests with mortars with
portland blast-furnace slag cement, the strengths of the
three mortars containing fly ash and lime were all materi-
ally higher than the strength of the mortar with fly ash
without lime and the three with lime were all higher than
that containing neither lime nor fly ash.
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Chemical and
for Use on

sical

Table A2

les of Cements and Blends sed
Locks and Dam Project

Test Properties

Silica (8102)
Alunina (A1203)
Ferric oxide (reao3)
Lime (Ca0)

Magnesia (Mg0)
Sulfates (803)
Ignition loss
Insoluble residue

Tricalcium silicate (css)

Dicalcium silicate (038)

Tricslcivum aluminate (c3A)

Tetracalcivm alumina
ferrite (CkAF)

Soda (N 0)

Potassa (xao)

Alkalies as soda

Surface area (Blaine)
Specific gravity
Autoclave expansion, %
Alx entrainment, %
Normal consistency, %

Setting time (Gillmore), min

Initial
Final

Bleeding

Rate of bleeding, cm/sec (x 10

Unit subsidence, om
Potential segregation, IW
Base W/C (a

Base W/C (b) gal/bag

Heat of lvdration, a5 ¢
7 days,
28 days, csl/s

6

—ype Cemenit or Hiend

Naturel Type II Type 18 505 Type IS

Chemical
1997 2072 2h.93
8.17 6.13  11.50
1.77 3.93 2.90
k7.52 61.80 53.44
13.09 k3 3.93
2.68 1.54 2.k6
6.09 0.90 0.34
3.75 o.n 0.18
. 42.9 -
- 27.1 -
- 9.6 e
- 12.0 -
0.11 0.20 0.15
0.9% 0.65 0.16
0.72 0.62 0.25
sical
10,520 3160 3965
2.96%  3.15%  3.040
0.06 1.00%  <0.01
- 11-3 609
- 2k.5 31.0
-- 210 215
- ho k30
67 1n3
.01l 0,015
0.033 0,045
5.68 5.57
5.7 5.79
k2.c 61.7
58.1 59,54

50% Type 11

8is

22.82
8.82
3.k

57.62
§.12
1.80
0.62
0.15

0.18
0.k
0.k

den

3560

3.097

0.08
10.6
28.0

185

0.036

37.5 ;WI

75% Type IS 75% Type II 37.5% Type IS
255 Type ¥ _.ﬂ_!‘.!&."

2% Type N

23.69
10.67
2.62
51.96
6.22
2.52
1.78
1.07

0.1%
0.36
0.37

5605
3.021
0.09
9.2
28.5

195
360

83
0.013
0,039
5.63
5.3

55.0
59.4

20.52
6.6k
3.39

58.23
6.50
1.83
2.20
1.02

0.18
0.72
0.65

5000
3.106
0.32

13.9

26.0

195
360

0,015
0,045
5.57
5.85

51.8
62.9

22.11
8.65
3.00

55.10
6.36
2.17
1.99
2.09

-

-

0.16
0.54
0.51

Note; Chemical analysis computed for blends.
#* Sample obtained from Maysville F.P.P. showed expansion of 0.19%.
*%  Discrepancy probably due to error in manipulation.
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Table AS
of S 8 of Concrete Mixtures with Cement Pactors of +
o X and S. Jocks and Dam Project -
37.5% Type 1L
200% 100% 50% Zype 11 Type I8 Type II 37.5% 18
‘fype IT pé:] m_fst Yat mgg_m wl Lo
Strength Pt psi st pei_ et psi EEE
Conpressive ST .
7 days 2300 100 2015 88 1935 8 1815 9  19% 8 1735 75 e Y
20 days 3055 100 3315 108 3145 203 3085 101 3350 10 305 105 IRy
90 dxys 3520 100 3750 107 3865 U0 3385 9% 3930 12 k265 121 RO
6 months ig'm 100 3890 98 hooo 101 k095 103 Moo 103 i3k 109 s
1yr 170 100 ko 101 %025 97 %360 105 4380 105 4560 109 [
2y k225 100 3880 93 405 106 4290 103 70 107 4875 uy T T
Flexural "
1Z gg: 395 100 360 91 365 93 310 ™ 3% 9 33 8 -
28 days 530 100 560 106 565 107 555 105 585 10 580 109 "'1
90 days 700 100 685 98 665 95 675 97 6k5 92 5 102
6 mouths 705 100 685 o7 675 % 760 108 750 106 635 90 )
lyr 675 100 730 108 760 13 635 9% 70 105 690 102 .
2yr M 100 680 83 70 92 615 80 645 8k 660 86 I
Dyneaic modulus £ x 10°6 E
lz ms h.52 100 L.27 95 3.59 1) 3.62 80 3.73 83 3.61 80
8 - - - - - - - - - - - -
28 anys S.12 100 4,92 4,76, 93 b9 88 4.87 95 k. 93
90 days 5.56 100 5.29 95 5.66 102 5.08 9 52 9% 5. 98
6 months 5.6 10 532 91 5.75 102 5.70° 101  5.57 99 5.58 9
lyr 5.84 100 5.64 96 5.63 96 5.36 92 5+50 9% 5.7 98
2yr 5.81 100 5.52 95 5.52 95 5.13 88 5.58 9 6.23 17
Cement Factor 4.50
Congpressive 980 8 o2k o
7 days 100 2905 122 b1 3 2370 100 5 2700 13
28 days '32? 100 hsko 133 3075 2 3695 108 2(5% 104 L5 122
90 days ka5 100 5065 120 3505 83 3975 9% 97 4830 114
g wonths :g’s‘g 100 5630 1_116 9 32 g; 5 108 :;gso gqa 22593 g
yr 200 5 ja%] 99
2y 4620 100 5223 ~y &40 9% 508 10 k6o 100  Sus 19
Flexural
7 days 05 100 57 14 390 i 320 63 s 88 4h5 88
1% days 550 100 6?, 1ns 535 97 500 91 510 93 550 100
23 amys 555 100 ‘a0 128 570 103 sgo 106 600 108 623 124
X days 750 100 800 107 650 92 45 99 ™ 103 7 9
6 months 70 100 95 17 75 ok 770 100 710 ge 850 no
lyr 785 100 860 110 90 645 82 665 5 815 204
2yr T90 100 85 107 ™5 9k 25 9 T10 9 810 103
Dynsmic modulus B x 106
7 days k.7 100 4.60 96 .19 e 3.85 8 L6 87 L3 90
1 days 8 200 h.95 104 k.57 9% .32 90 4,32 90 k.6k 97
28 days 5.26 100 5.38 103 hn 2 k.5 95 b.89 93 5.15 98
90 days 5.1k 100 5.62 109 h.62 0 5, i1 5.28 103 5.30 1&3.
6 months 5,63 100 6.18 110 5.43 96 5,46 97 5.66 101 5.88 bt
lyr 6.00 100 6.2h 104 6.23 109 5.69 95 5.75 9% 5.85 98
2y 6. 100 6.27 105 5. 92 5.92 97 6.12 101 6.01 9
Cement, Factor 5.
Comgpressive
7 days 315 100 3735 3w 3490 105 3850 né }‘gg 95 3360 101
28 dnys 165 100 5290 127 5215 125 5675 136 m 5585 134
90 days 4815 100 5885 122 5785 19 5&5 123 5075 105 ggg 18
€ mox';hs 5705 100 625 12 gi'grs 12 T84S 130 5695 100 106
1yr 3335 100 6270 118 5 122 6475 121 5670 106 6835 128
2yr Si80 100 6675 122 7085 129 k50 136 5935 108 6760 124
™ 585 60 107 70 108 550 bl
T days 525 100 595 m 3 )
1k days 645 100 35 1:;3 660 102 680 105 610 95 605 gﬁ
23 days 680 100 785 15 760 12 175 pI1% 690 101 T35 108
90 anys 820 100 990 121 900 10 960 U7 785 9% 900 uo
6 months 835 100 955 1b 905 108 1005 120 830 % 920 110
1yr ggo 100 980 105 950 102 910 98 800 86 860 95
2y 5 100 970 15 920 109 925 10 810 9% 900 106
Dynamic modulus B X 1076
7 days 454 100 k9T 10 487 107 h.60 101 b.52 9 hn 104
1 days 5.06 100 5.31 105 5.22 103 4,84 95 b7 88 4,04 95
28 days 5.31 100 5.36 101 5.45 10 S.hik 102 5.26 99 5.23 98
90 days 5.55 100  5.81 105 57 1 5.96 109 5.5 98 5.9 106
6 months 5.90 100 6.35 107 6.29 107 6,30 107 5.52 9 6.10 103
iy 5.70 100 6. nz 6.47 104 6.)3‘8 uz 5.70 100 6.12 107
2y 6.2 100 6.48 106 6.32 103 6.1 105 5.96 97 6.00 98
# Percent of value for type II cement.
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Fig. A5. Compressive strengths of concretes
having a cement factor of 5.50 madc with type II
and type 1S cemcnts, a blend of these cements,
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APPENDIX B: MISSOURI RIVER DIVISION LABORATORY INVESTIGATION

Scope

1. A program was conducted to obtain comparative data on concretes
made using types I and II portland and type IS portland blast-furnace
slag cements. Concretes for strength tests were proportioned to have 2
cement content of 6.0 bags per cu yd, a slump of 1-1/2 to 2 in., and an
air cortent of I to 7 percent. Compressive and flexural strength tests
were made at ages cf 7, 28, 90, and 365 days. Tests for resistance to
freezing and thawing and for alkali-aggregate reaction expansion were
made in acccrdance with standard procedures.

Materials

2. The materials used were:

Lab. No. Material Type or Size
55/906 A Portland cewent ' I
55/96 B Portland blast-furnace slag cement I-s
- Portland cement I
55/96 C Crushed gravel Ko. b to 3/h-in.

55/96 E Crushed gravel 3/4- to 1-1/2-in.
55/96 F Natural sand -
- AFA -

Cements

3. The portland blast-furnace slag cement had the following
indicated composition by chemical analysis:

Determination 9, Determination kN
8102 27.2 Sulfide sulfur 0.6
1\1203 7.3 Insoluble residue 1.34
Fe203 2.2 Loss on ignition 0.8
Ca0 54.4 K0 0.16
Mg0 3.7 Naj0 0.1k
803 2.3 Total alkali as Na20 0.25
Mn203 0.6 -- -

. The results of other tests on the portland blast-furnace
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slag cerent and the type I portland were:

Type I Type IS
! Hormal comnsistency, 9 water 2.6 27.6
4 Spvecific gravity - 3.00
| Surface area, air permeability, sq cmfg 3430 TR
: Retained on Ho. 325 sieve, % - 2.2
Gillmore setting time, initial, hr:min ka5 3:50 -
final, hr:min 6:15 6:05
Autoclave expansion, % 0.09 0.05
Compressive strepgth, p-., 3 days 1500 31k20 -
7 days 2780 2370
28 days k530 5320
Air content of mortar, 7.6 5.1
Heat of hydration, cal/g, 7 days - 62
28 days - 7

A te
5. The coarse aggregate used in these tests came from North Dzkota.

The fine aggregate came from Himmesota. Datz on the aggregate are:

) e
"

Coarse Aggregate
Cumulative % Passing
Fo. h to 3/& 3/B to 1-1/2 5%% 55/96 D
Sisve 55/96 D 55/96 E 45§ 55/96 E
2-in. - 100.0 100.0
1-1/2-in. - 9.3 98.3
1-in. 100.0 4% .8 75.1 {
3/h4-in. 9.3 13.5 55.7
1/2-in. 53.6 b1 31.3
3/8-in. 33.2 2.7 19.5
Ho. 4 8.0 1.7 5.2
Bulk specific gravity
(saturated, surface dry) 2.69 2.7 -
Absorption, % 0.7 0.5 -
Fine Aggregate
Sieve Cumulative % Passing
3/8-in. 100.0
No. 4 96.9
No. 8 82.4
f No. 16 65.0
! No. 30 4,2
i No. 50 17.1 -
} No. 100 5.1 -
: (Continued)
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Fine Aggregate
Sieve Cumulative % Passing

Tio. 200 3.0
Fineness modulus 2.92
Bulk specific gravity

(saturated, surface

dry 2.62
Abscrption, % 2.0

Strength Tests

Concrete mir.hxrgs

6. Concrete mixtures for strength tests were proportioned by the
trial batch method and were as follows:

Theoretical cement factor,

bags/cu yd
Water-cement ratio,
by wt

Sand, % of total aggregate,

by volume
Actual cement factor,
bags/cu yd
Air content, %
Slump, in.
AFA used, oz/bag

7. Hixtures with types I and IS cement were made on each of four

Cemept
Type 1 e IS Type II
6.29 to 6.30 6.34 to 6.35 6.34
0.43 o0.u4 0.42
33 31 35
5.88 to 5.97 5.97 to 6.01 5.98
5.2 to 6.4 5.4 to 5. 5.6
1-1/2 to 2 2 to 2-1/2 2-1/4
3.48 to 3.78 6.06 to 6.53 2.57

consecutive days; one mixture was made with type II cement.

Concrete specimens

8. Three 6- by 6- by 30-in. beams and three 6- ty 12-in. cylinders
were molded from each batch made with types I and IS cement.
and beams from batches 1-3 were tested, one each, at ages of 7, 28, and
90 days; all specimens from batch 4 were tested at 365 days.
with typ~ II cement was used to make four beams; two were tested at 28,
and two at 90 ways.age.

Characteristics of concrete

9. All the concrete had excellent workability, plasticity, cohesive-

ness, and finishing qualities.
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Test results
E i 10. Results of flsxural and compressire strength test:e were as 2
4 f follous: ;
i ]
; Type II i
i Type I Cement, Type IS Cememt, Cement, :
é Days Age Days Ag: Days Age
z T B HE T BB Bow
é Flexural Strength, psi
W0 575 6715 70 425 620 665 795 575 720
i 15 530 675 690 385 595 710 605% 570 655
i k90 575 560 700  L30 600 715 765 €60 655
f k25 590 650 675 k5 64O 700 700 625 690
f i 530 550 585 695 455 610 700 825 — -
; 515 600 T10 665 430 655 685 8o — -
H
i Average 480 570 640 695 430 620 695 785 610 650
Kaximum 530 600 T10 Tho k55 655 T15 84O 660 720
Mininmum 425 530 560 665 385 595 665 TOO 570 655
tandard
deviation, psi k1 25 58 26 24 23 18 56 - -

Coefficient of
variation, % 8.5 4.4 9.1 3.7 5.6 3.7 2.6 7.1 S —

Compressive Strength, psi

3140 4410 5330 5830 2030 3630 4750 6500
3070 4240 %940 5660 2120 3750 4850 L4800*
3130 4200 5160 L750¢ 1870 L4060 5180 5850

Average 3110 4350 5140 5750 2010 3810 4930 6180

i Wb o 0 A T A Bk & SR 8 A

¥ Excluded fror _average

Resistance to Accelerated Laboratory Freezing and Thawing

11. Concrete mixtivres were made with the type I and type IS cements
and the aggregate combination used in the mixtures for strength tests, and
also using the type IS cement with another aggregate combination: crushed
limestone from a quarry in Kansas, and natural sand from the Kaw River,
Kansas. Nine specimens were made from each mixture. The test results

were.
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Type I Cement Type IS Cement Type IS Cement
Mimnesota Minnesota Kaw River
Fine Aggregate Fine Aggregate Fine Aggregate
North Dakota North Dakota Kansas Limestone

Coarse Aggregate Coarse Aggregate Coarse Aggregate
pir, % P00  pir, g "Pa0  mir, ¢ Paoc

k.1 76 k.3 86 k.3 34
3.6 72 4.4 gl k.9 39
3.9 70 4.2 95 k.7 ko
h.s ™ ) 90 k.0 38
k.3 79 4.2 96 3.9 34
3.7 73 h.2 9% 3.9 32
3.8 i k.6 93 L.s Lo
3.9 76 R 93 4.3 37
3.5 58 .2 95 3.9 ko
3.9 73 4.3 93 k.3 3%

¥ Calcuiated by displacement of water by specimen.
*¥%  Average of 22 previous tests of this aggregate combi-
nation = 17, range 10 to 28.

Alkali-Aggregate Reaction Expansion

12. Hortar bars were made with the portland blast-furnace slag
cement and with a reference low-alkali portland cement (Na20 equivalent =
0.37%) using sa:d from the Right Terrace, Garrison Dam (SW 1/4, Sec 29,

T 147 N, R 84 W, ifer.er Co., North Dakota and tested in accorcance with
CRD-C 123. After l-yr exposure neither group of mortar bars showed any
measurable warping and the average expansions were 0.04O percent for those
with the reference low-alkali portland cement, and 0.031 percent for the
pertland blast-furnace slag cement. The bars with the reference low-
alkali portland cement showed very slight exudations of gel consisting

of two or three small round spots per bar; those with the portland blast-
furnace slag cement showed no such spots.

Color of Concrete

13 The surfaces of the concrete made using the type IS cement were

light in color as was the dry cement and the freshly mixed concrete.
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Broken concrete svrfaces were very dark, 2lmost black; the darkening
apparently developed within 48 hr after mixing, and intensified with
continued woist-curing until 28 days age. The color at 28 days age was
nearly coal black, with a trace of blue and green. Upon drying the color
lightened to the usual "concrete gray” for normal periods of moist-curing.
Once dried, the color did not darken again on resumption of moist-curing.

Sumary and Conclusions

1. The flexural strength of the type IS cement concrete exceeded
that of the type 1 cement concrete at all ages greater than 7 days,
and slightly exceeded that of the type II cement concrete at the two
ages at vhich the latter was tested, 28 and 90 days. The strength gain
of the type IS cement concrete was much greater than that of type I
between 7 and 28 days, but not much different thereafter. The strength
of concrete made with type IS was as great at 90 days as was that made with
type I at 1 yr.

15. The compressive strength of the type IS cement concrete was
lower than that of the type I cement concrete at all ages less than 1 yr.
The type IS cement concrete consistently showed a greater rate of strength
gain than the type I cement concrete.

16. The type IS cement with 0.25 percent Na 0 equivalent produced
less evidence of alkali-aggregate reaction and expansion than the reference
low-alkali portland cement.

17. Concrete made with the type IS cement showed greater resistance
to accelerated laboratory freezing and thawing than comparable concrete
with similar aggregates and type I cement. The tests using another aggre-
gate combination also showed a greater resistance to freezing and thawing
wiien the type IS cement was used than in previous tests with portland
cement.

18. Except for usual precautions necessary when different brands of
cement are used on a single job, color should prove no barrier to the use

of type IS cement, except possibly in conspicuous architectural concrete.
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