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As the Nation’s principal conservation agency, the Department
of the Interior has basic responsibilities for water, fish, wildlife,
mineral, land, park, and recreational resources. Indian Territorial
affairs are other major concerns of America’s “Department of
Natural Resources”.

The Department works to assure the wisest choice in managing
all our resources so each will make its full contribution to a better
United States—now and in the future.

FOREWORD

This is one of a continuing series of reports designed to present
accounts of progress in saline water conversion and the economics of
its application. Such data are expected to contribute to the long-range
development of economical processes applicable to low-cost demineraliza-
tion of sea and other saline water.

Except for minor editing, the data herein are as contained in a report
submitted by the contractor. The data and conclusions given in the report
are essentially those of the contractor and are not necessarily endorsed by
the Department of the Interior.
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ABSTRACT

Laboratory tests were conducted to investigate concrete under the tem~
perature, pressure, salinity, and structural stress conditions in a sea
water distillation plant. The studies consisted of concretes containing
both natural and limestone coarse aggregates exposed to variety of
temperature~pressure-salinity conditions; panel and module structural
studies; evaluation of coatings, sealants, and polymeric products; cor-
rosion studies on reinforcing steel; concrete microstructural investiga-
ions; and stable binder investigations. Significant conclusions are:
(1) Untreated portland cement concrete will not withstand leaching by
distilled water. (2) The high quality concrete tested has not been
detrimentally affected by 2-yr exposure to 100 deg F flowing synthetic
sea water. (3) Some coating materials are showing promise for use on
concrete and steel to 250 deg F. (4) Degassing and drying of concrete
or mortar surfaces prior to coating applications are necessary to pre-
vent disruptions from entrapped gases and water. (5) No significant
corrosion of steel reinforcing bars or pretensioning rods has occurred.
Several stable binders exposed to sea water at 250 deg F appear prom-
ising.

DESCRIPTORS-- concrete/ *concrete technology/ concrete testing/ portland
cement/ sea water/ pozzolans/ prestressed concrete/ aggregates/ mastics/
reinforced concrete/ chemical analysis/ *protective coatings/ *binders/
*demineralization/ saline water/ *performance tests/ reinforcing steel/
deterioration/ admixtures/ *high temperature research
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SECTION I
INTRODUCTION

Improved feasibility of large-scale desalting plants is in part dependent upon the
development of improved designs and the use of construction materials which can lead

to substantial cost reductions. The extensive use of concrete and related materials in
this type of construction has been proposed as a cost-saving item., Very little experience
is available concerning the use of this material and the accessory materials necessary
for use with concrete under the environmental conditions that will be encountered in a
sea water distillation plant.

On August 21, 1964, and May 7, 1965, the Bureau of Reclamation entered into agreements
with the Office of Saline Water to perform the necessary research to fill the present gaps
that exist in our knowledge concerning the use of concrete under the conditions of tem-
perature, pressure, salinity, and structural stresses that will exist in an evaporator-
type desalting plant. The latter agreement has subsequently been amended several times.

Following are excerpts taken from the two agreements regarding the objectives of the
work and the scope:

(A) Agreement No. 14-01-0001-454 (August 21, 1964)

Objectives:
(1) Determine through fabrication and testing of suitable specimens the potential
performance of portland cement concrete and degree of corrosive attack when
subjected to the operating conditions of interest. Such specimens shall consist of:
(a) Unreinforced concrete;

(b) Conventionally reinforced unfractured and slightly fractured concrete; and
(c) Prestressed steel reinforced unfractured and slightly fractured concrete,
(2) Examine through literature search, analysis of available data, or experimen-
tation, methods for improving performance and corrosion resistance of concrete,

These may be variations in portland cement and/or concrete formulations, use
of selected protective coatings, and other methods which may be suggested.
(3) Determine through searches of pertinent literature and performance of design
studies the shape of orifices between chambers of the flash evaporation structure
required to eliminate possible cavitation in the orifices.
(4) Determine through literature search, analysis of available data, and experi-
mentation, methods for sealing portland cement concrete against internal and
external pressures superimposed upon thermal stresses including:

(a) Permeability and cracks;

(b) Piping penetrations in concrete;

(c) Fluid flows between zones of different pressures;

(d) Expansion joints in concrete; and

(e) Closures for access ports.

(B) Agreement No. 14-01-0001-544, Work Order No. 1 (May 7, 1965)

Objectives:

(1) To provide data relating to the use of concrete and accessory materials which
may be helpful in evaluating the conceptual design studies now under contract by
the OSW.



(2) To provide design data relating to the use of concrete and accessory materials
for use in the first large prototype plants which will be built in accordance with
the report to the President on the Program for Advancing Desalting Technology
with construction planned to start in 1967 to be completed by 1970.

Scope:

The work shall consist of five related studies, identified as follows:

Part I. Evaluation of concretes containing both natural and limestone coarse
aggregate under a variety of temperature-pressure-brine conditions.

Part II. Wall section model studies. (Subsequently changed to panel and module
structural studies.)

Part III. Selection and evaluation of accessory coatings, sealants, and polymeric
products.

Part IV. Concrete reinforcement materials.
Part V. Concrete microstructural investigations.

(C) Agreement No. 14-01-0001-544, Work Order No. 6 (November 9, 1966)

Objectives:

Determine combinations of portland cements, pozzolans, slags, by-product ferric
oxide, anhydride, etc., which when cured (and used) over a temperature range of
practical interest in desalination plants will form a binder of concrete of highest
resistance to saline and other water attack, and possess required physical prop-
erties, The results will indicate the potential application of concrete for all sizes
of plants to be used for purifying any raw water, except that of pH of about 7.0 and
lower,

The program has an intermediate range payoff. The results of tests would screen
various potential binders and accelerate considerably the evaluation only of prom-
ising concretes for stability for intended environments of desalination plants if
required. This is a fundamental program requiring no prior information to be
initiated. Facilities such as closed circuits at different temperatures are already
available for the final evaluation of the concretes made with promising binders.

Scope:

The basic approach is the systematic synthesis of various binders of concrete
which will form at temperatures anticipated in desalination plants. At the lower
temperatures a complex high-lime calcium silicate, containing Alg03, Feg03, SOg,
etc., as substituents in the atomic lattice, is formed. Properties relate to kinds
and amounts of substituents, with the Fey0g probably governing stability to saline
water attack. At higher temperatures from about 260° F and higher, a low-lime
calcium silicate (tobermorite) forms and properties of it also relate to the substi-
uents, These potential binders, as small paste samples, are first being examined
as to phase content, by X-ray diffraction, differential thermal analysis and other
means. Permeability of the paste controlled by initial water content will be another
parameter in overall evaluations. The binders of the more promising compositions,
free of undesirable phases as alpha dicalcium silicate hydrate, the hydrogarnets,
unreacted raw materials, etc., will be tested as pastes for strength using 1-inch
cubes. These screenings operations will eliminate undesirable compositions, The
promising products will then be tested as mortars and/or concretes for resistance
to saline water attack, and other required properties. Also surface coatings such
as Fey04, certain phosphates and other insoluble materials will be applied to se-
lected compositions and tested for resistance to distilled water.

This annual report is a comprehensive coverage of the progress of all work done
to May 15, 1967, under the aforementioned agreements. In order to facilitate



updating, this report has been divided into two general sections, Sections I and II,
five independent sections corresponding to the five parts in Work Order No. 1 of
the second agreement, and one Section VIII covering Work Order No. 6. Section I
is a general introduction to the entire program. Section II contains a number of
selected general conclusions covering the entire five parts of Work Order No. 1
as discussed in Sections III through VII and Work Order No. 6 as discussed in
Section VIII. More detailed and possibly less significant conclusions are found

in each of the independent sections dealing with the five parts of Work Orders

No. 1 and 6.






SECTION II
GENERAL CONCLUSIONS
General conclusions and those with seemingly the most importance, based on results of
tests performed on the high-quality concretes used in this investigation, are included in
the following compilation. Complete and more detailed conclusions can be found within
the various sections of this report.

Concrete Studies

1. Conventional portland cement concrete uncoated and untreated will not withstand
the leaching effects of warm- to hot-flowing mineral-free distilled water.

2. Concrete has not been detrimentally affected by 2 years' exposure to the 100° F
flowing synthetic sea water brine; therefore, it appears that it would be suitable for
use under these conditions for an extended period of time.

3. The interior concrete exposed to the 290° F synthetic sea water brine for 18 months
is sound; however, the exterior concrete was moderately deteriorated to a depth of

5 to 8 mm, and shows chemical alteration, extensive microfractures, and some sep-
aration by large cracks. The life expectancy of this concrete under the subject envi-
ronment cannot be predicted at this time, but it is known that some sacrificial concrete
(amount not determined at this time), in addition to that which would normally cover the
reinforcing steel beneath the exposed surfaces will be required,

4, In general, concretes containing high-quality natural aggregate and crushed lime-
stone aggregate have not been detrimentally affected by 180 days' exposure to the 203°,
225°, or 250° F synthetic sea water brine, although some minor surface alteration has
occurred on all of the specimens. Because of the early age, no definite prediction can
be made as to service life of the concrete under these environments.

5. Limestone aggregate in the concrete where directly exposed to the hot brire as on
a cut surface underwent dissolution. Such a phenomenon may preclude the use of
limestone aggregate in concrete of structures subjected to such exposures.

6. No significant corrosion of the steel reinforcing bars or the steel pretensioning
rods has occurred as a result of exposure to flowing synthetic sea water brine regard-
less of temperature or length of exposure.

7. Correlation between the actual test results and the theoretical values is accurate
enough that a time-dependent-temperature distribution of a reinforced concrete shell
for use as an evaporator vessel can be calculated using the theoretical-numerical-
analysis method.

Coatings and Related Materials Studies

8. Coating materials listed in Table V-1 are not suitable for extended 350° F wet
exposure.

9. EPT and butyl-rubber materials generally appear to date to be least affected by
any exposure condition; the exceptions to this point out the importance of formulation
within families of elastomers. (April 1967)

10. Neoprene rubber coatings as a class are showing good performance to date on
both steel and concrete at all test temperatures through 290° ¥, Elastic properties
are showing little change with increased exposure time. One type of neoprene joint
sealant is showing good promise for extended service at 290° F. (April 1967)

11. The phenolic and epoxy modified phenolics as a class are showing excellent
performance on steel at all test temperatures up through 290° F. These coatings
are showing good performance on concrete with just occasional occurrence of small
cracks amenable to repair through 290° F temperatures., (April 1967)



12. Degassing and drying of concrete or mortar surfaces prior to coating applica-
tions will be necessary to prevent coating disruptions from entrapped gases and water
as the temperature of coated surfaces increases above the application temperature.

Stable Binder Studies

13. Results of screening tests of many combinations of cementitious materials with
portland cement as base disclosed several compositions of satisfactory strength at
210° to 290° F. Compositions were selected in which the known, and one newly dis-
covered, deleterious compounds would not form. Pastes of these compositions in
concentrated sea water at 250° F show no signs of being attacked (up to 48 days at
last examination).

14, Tests under way on lumnite cement pastes and mortars show, contrary to pre-
vious belief on harmful effects of elevated temperature, that the mortar may be a
satisfactory product to use at elevated temperatures.



SECTION III
PART I--EVALUATION OF CONCRETES

III.1, Introduction

The research effort of the Office of Saline Water, hereafter referred to as OSW, has shown
the need to investigate the suitability of concretes as a material of construction for saline
water desalination plants. Studies indicate that the use of concrete may have a significant
economic advantage over the use of other construction materials. On August 21, 1964, the
Bureau of Reclamation entered into an agreement with the OSW to investigate, in part, the
corrosion resistance of concrete subjected to distilled water and brine at temperatures and
pressures from 100° F and 1.0 psia to 350° F and 134 psia. The maximum brine tempera-
tures and pressures were subsequently reduced to 290° F and 58 psia, respectively, by
memorandum from OSW. On May 7, 1965, the Bureau of Reclamation entered into a sec-
ond agreement with OSW to further investigate, among other things, concretes containing
two types of aggregate and under three additional environmental conditions.

Concrete fabricated for testing under the original agreement has now been subjected to the
100° and 290° F brine environments for 24 and 18 months, respectively. These tests are
continuing. Similar concrete was moist cured for various ages prior to being subject to
the two distilled water environments for 126 days. These tests have subsequently been
terminated; however, a small concrete dome is being subjected to 203° F vapor and dis-
tilled water. Concretes fabricated for testing under the second agreement mentioned have
now been subjected to the 203°, 225°, and 250° F brines for 180 days.

nI.2. Test Specimens and Materials

III.2.1. Aggregates

Due to the limited nature of the initial 1964 program only a single concrete containing
high-quality natural aggregate was used. However, to facilitate determination of incip-
ient deterioration by X-ray diffraction, differential thermal analysis and petrographic
examination a few specimens were cast using a concrete containing crushed quartz
coarse aggregate. In early 1966, two new concrete series were placed under test, one
containing crushed limestone coarse aggregate and the other, natural aggregate similar
to that previously used. In all cases, the same fine natural aggregate was used. Fol-
lowing is a petrographic description of each of the three aggregates:

Sample No. Source
M-5036 Plus No. 4 gravel from the Lawrence Canyon pit, sec 23, T 11 S,
(P-7682) R 5 W, SBB&M. H. W. Rohl Company, a subsidiary of Concrete

and Service Company, Oceanside, California. Minus No. 4 sand
from the Palo Plant pit, sec 23, 4, 25, 27, T9S, R2 W,
SBB&M. H. W. Rohl Company.

The 3/4-inch size fraction rock consists of about 82. 4 percent amphibole schist, am-
phibolite, and minor granitic schist, 10.7 percent granite-diorite series rocks, and
6. 9 percent quartz pebbles, quartzite and metasandstone, Table III-1. The 3/8-inch
size fraction rock consists of about 75. 2 percent amphibole schist, amphibolite and
minor granitic schist, 14.3 percent granite-diorite series rocks, and 10.5 percent
quartz pebbles, quartzite and metasandstone. Of the total rock constituency in the
3/4-inch size fraction about 78.5 percent is hard, dense and fine to medium grained
and is considered satisfactory for use in concrete, while 18. 6 percent is hard to firm,
moderately weathered, absorptive, fractured and considered only fair, The other
2.9 percent is firm to crumbly or friable, highly absorptive, deeply weathered, mod-
erate to highly fractured and is termed poor, Table III-2. The percentages in the
3/8-inch fraction size for the aforementioned divisions are 69.5, 26.7, and 3. 8 per-
cent, respectively.

The gravel is mostly angular and subangular with about 13 percent of the particles in
the 3/4-inch size being flat. About 1 percent of the particles in the 3/4-inch size con-
tain a calcium carbonate coating. The No. 4 size material appears similar to the
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Table 11I-2

SUMMARY OF QUALITY OF COARSE NATURAL AGGREGATE
Sample No., M-5036

Corrosion of Concrete Investigation for OSW

‘Percentape by particle count

¢ 377 Iinch : 3/8 inch
:Satisfactory; 78.5 ; 69.5
Physical : : :
quality:Fair : 18.6 : 26.7
+Poor : 2.9 ; 3.8
tAlkali- : ;
Chemical : reactive : - : _—
quality: : :




3/8-inch material in both composition and physical and chemical quality; however,
there is an increase in monomineralic granules of quartz and feldspar and also an
increase in granite-type particles. Presented in Table III-3 is a physical evaluation
of the aggregate.

The coarse sand is mostly angular in shape. There is a very minor amount of cal-
cium carbonate coating on only a few of the examined particles, The fine sand is
mostly angular and is composed of decreasing amounts of the fine-grained rock types
found in the coarse sand, and increasing amounts of monomineralic grains of quartz,
feldspar, mica, amphibole, magnetite, clay (montmorillonite type), and a few miscel-
laneous minerals, Table IHI-6. About 2 percent of the fine sand is unsound and no min-
erals known to be deleteriously reactive were observed. That portion of the sand re-
moved by washing, which was less than 1 percent, by weight, consisted of the same
material as in the fine sand but with an in¢reased amount of clay. The test for salts
show a slight indication of the presence of chloride. The gradation of sand is less than
desirable due to the high percentage of coarse material present. Gravel M-5036 is
petrographically of good quality for use as concrete aggregate; however, Sand M-5036
is petrographically only fair for use as a concrete aggregate. Presented in Tables III-4
and III-5 are physical evaluations of this natural sand.

Sample No. Source
M-5037 Crushed quartz from the M & S Company, Inc., at Sedalia, Colo-
(P-7683) rado. This material is designated as Rampart Range No. 1 grade.

This aggregate is composed of hard, dense, crushed, angular quartz fragments, con-
taining well-healed fractures with some of the fracture surfaces having been stained.
Some particle surfaces contain a thin layer of clay and some staining.

Sample No. Source
M-5192 Crushed limestone coarse aggregate from limerock deposit of

Guernsey Stone Company quarry at Guernsey, Wyoming. Quarry
is located within S1/2 sec 25, T 27 N, R 66 W, sixth principal
meridian.

The crushed-rock particles are angular, with some having rounded edges, and tend to
become more thin, flat, elongate, and/or chiplike in the smaller size fractions.

The 3/4-inch crushed rock consists of about 91. 4 percent limestone, 2.9 percent dolo-
mitic limestone, and 5.7 percent chert nodules and cherty particles. The limestone

is hard, dense, light brown to buff, and finely crystalline, A few of the particles have

a moderately weathered surface. Tight fractures are present in many of the particles,
but are generally well healed by calcite and in some instances by reddish brown siderite.
Trace amounts of clay were observed in a few of the particles.

The dolomitic limestone is hard, dense, fine grained, crystalline, and almost white to
pinkish in color. A few tight fractures are present in some of the particles and are
well cemented with calcite and in minor instances with quartz.

The chert nodules are hard, dense, and dark gray. The cherty particles are embedded
in buff colored limestone. The surfaces of a few of the particles are moderately
weathered and a few particles are somewhat fractured.

An acid insoluble determination was made on a few small chips of rock selected to be
representative of the aggregate sample., This portion of the rock was composed of

about 91 percent calcite (including minor dolomite) and 9 percent acid insoluble con-
stituents which consisted almost entirely of quartz with only a trace of orthoclase feld-
spar, as determined by optical examination and X-ray analysis. No clay minerals were
detected in the residue. The quartz consisted almost entirely of microcrystalline quartz.
If there was any chert present, it was completely masked by the quartz,

An X-ray analysis was also performed on the original material that was used for the
acid insoluble analysis. This material was composed of about 93 percent calcite,
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Table III-3
AGGREGATE QUALITY EVALUATION
Corrosion of Concrete Investigation for OSW

STATE 1 1 AGGREGATE REPORT NO. CM-
LAT.  33° N [Lone.  117° W XREROEX LAB saMPLE No. M- 9036 [reG
TYPE OF MaTERIAL  Gravel DATE REC'D. 9-9-64

NAME OF DEPOSIT

Lawrence Canyon Plant

LOCATION near Oceanside, California in
sec. 23 [T 11S [R5 W__[erDAN _ San Bernardino
OWNERSHIP  H, W, Rohl Company
VOLUME l GVERBURDEN
FEATURE
PROJECT

REMARKS *A subsidiary of Concrete Servi C 0 i i i

GRADING (DES. 4,5,6 )( CUM. % RETAINED) | TEST RESULTS | o3| 3l 3o e 3 o 2 lzgg WASHED
SIEVE :|T 31 A IED %y FINE . AGG.
N AGG. | SP GR., SS.0. (DES. 9,10) .942.93 (2.87
e | 1/ ABSORPTION , PERCENT (DES. 9, 10) 0.7 la9 11.2
3% IN. ORGANIC IMPURITIES, COLOR (DES. 14) | — | — | — | — | —
3N, PERCENT SILT (DES. 16)
2N, PERCENT LIGHTER THAN SP. GR.
1% IN. CLAY LUMP, % (DES. i3)
1% IN. 0 SAND EQUIVALENT — ||
s IN - NA, SO, LOSS,5 CYC WGTD % LOSS(OES. I9) — —
T IN. - L.A. ABRASION (DES. 2I)  GRADING "A" "g" "c" "p"
3 IN, 43 % LOSS, 100 REV. 5.4
g IN. - % LOSS, 500 REV. 22 2
352., :: 8? (EREEZING ::DD‘:AMNG DATA WG:”’R"’
] : WGT. p
No.4 | 100 R%?o ﬁémz 3;?&2 t.na"sz/om3 s LOSGS,% CYOLES ||, LOSS bge| CTCLES
NO. 5
NO. 8
NO. 16 ALKALI - AGGREGATE REACTIVITY DATA
NO. 30 MATERIALS SAND GRAVEL
NO. 50 CEMENT NO.
NO. 100 SODA EQUIVALENT
PAN TEST AGG. % 100 100 50 25 100 100 50 25
FM. [7.23 EXP % - 6 MO.
% SAND EXP % - 12 MO.
PEERAGHIRNOCX BEAICRIEX ICHRX

1/Grading on sample as received in Laboratory.
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Table I1I-4
AGGREGATE QUALITY EVALUATION
Corrosion of Concrete Investigation for OSW

stare California AGGREGATE | REPORT NO. CM-
AT 33° N [Lone. 117° W *%k%ﬂ LAB SAMPLE No. M-5036A |res. 3
TYPE OF MATERIAL Sand DATE REC'D. 9-9-64
NAME ‘OF DEPOSIT Pala
LOCATION At Pala, California in
Bec 23, 24,256%€C 26 § 27 [T 9S [R 2  [MERIOAN _ Sap Bernardino
OWNERSHIP  H, W. Rohl Company*
VOLUME [ overBURDEN
FEATURE
PROVECT
ReMaRks *A subsidiary of Concrete Service Co,, Oceanside, California
GRADING (DES. 4,5,6 }( CUM. % RETAINED) [ TesT Rresuts | 63| 3y -5 |- (3 2 o FINE WASHED
seve | ML (3l |h-tel FINE o s
AGG. | SP GR., 5.5.0. (DES. 9,10} 2.75 2.16{
6 IN. 'ABSORPTION , PERGENT (DES. 9, 10) 1.1 i1.1
3%IN, ORGANIC IMPURITIES, COLOR (DES. 4) |— |— |— | — | — |C]lea
3N PERCENT SILT (DES. I6) 8.0
2'%IN. PERCENT LIGHTER THAN SP. GR.
1% IN. CLAY LUMP, % (DES. I3)
1% IN. SAND EQUIVALENT —_—— | — | —] Q3
1% N, NA, SO, LOSS,5 CYC WGTD % LOSS(DES.19) —— | — — 16,6
% IN. L.A. ABRASION (DES. 21)  GRADING "A" ‘" “¢" "o
3 IN. % LOSS, 100 REV.
/g IN. % LOSS, 500 REV.
% IN. FREEZING AND THAWING DATA
56 IN. w/C | SLUMP AIR or:'CZET 28-ORY| wgrT. WG:'PR‘P
NO 4 0] Rario | monEs | MeTeR |Lasvo® oo | Loss, % | CYOLES || LOSS, K ee| CYOLES
NO. 5 -
NO. 8 18
NO. 16 3c ALKALI - AGGREGATE REACTIVITY DATA
NO. 30 54 |matERIALS SAND GRAVEL
NO. 50 71 | CEMENT No. '
NO. 100 29 | sooa eauivaLent
PAN 100 | TEST AGE. % 100 100 50 25 100 100 50 25
FM. 67 |EXP % -6 MO.
% SAND EXP % - 12 MO,

PETROGRAPHIC DESCRIPTION:
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Table I1I1-5
AGGREGATE QUALITY EVALUATION
Corrosion of Concrete Investigation for OSW

STATE if i AGGREGATE REPORT NO. CM-
LAT. 33° N LONG. 117° W RIOEAX LAB SAMPLE NO. M-5036A-1 |ree. 3
TYPE OF MATERIAL Sand DATE REC'D. 7-12-65
NAME OF DEPOSIT Pala
LOCATION At Pala, Califormia in
Sec 23,24,25 €6 26 § 27 [T 9 S [r 2w | MERIDIAN San Bernardino
ownersiP  H, W, Rohl Company*
VOLUME ToverBURDEN
FEATURE
PROJECT
REMARKS *A subsidiary of Concrete Service Company, Oceanside, Califormia |
GRADING (DES. 4,5,6 )( CUM. % RETAINED) | TEST RESULTS | B B R T T A valsa‘réeo
SIEVE | fiy |3 % %t ‘ate SP GR., S5.D. (DES. 9,10) = . 2.73
6 IN. ABSORPTION, PERGENT (DES. 9, 10) &/ 0.8
3%IN. ORGANIG IMPURITIES, COLOR (DES. 14) |—0 | — | — | — | —
3N PERCENT SILT (DES. 16) 2.710.8
2'%IN. PERGENT LIGHTER THAN SP GR.
% IN. : CLAY LUMP, % (DES. i3) )
1% IN. SAND EQUIVALENT — | ——]—1—] 89 97
1% IN. NA, S0, LOSS,5 CYC WGTD % LOSS(DES.19) —— | —— —
% IN. L.A. ABRASION (DES. 21)  GRADING A" "g" c" "p"
3% IN. % LOSS, 100 REV.
g IN. % LOSS, 500 REV.
3 IN. FREEZING AND THAWING DATA
Som - - - r‘ov:czsr e e TRlPRAP
NO 4 0 szrfo, NCHES :E:éR LBS/YD3| 5, % | LOSS, % | CYOLES || LOSS. % | CYCLES
NO. 5 -
NO. 8 18
NO 16 37 ALKALI - AGGREGATE REAGTIVITY DATA
NO. 30 59 |mareriaLs SAND GRAVEL
NO. 60 78 | CEMENT NO.
NO. 100 94 |sooa EQUIVALENT
PAN 100 | TEsST ac6. % 100 100 50 25 100 100 50 2s
FM. 2.86]exP % -6 wo.
% SAND EXP % - 12 MO.
XX KIS XK XIEE XA D(oIEX

1/30-minute specific gravity and absorption.
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Table III-6

PETROGRAPHIC EXAMINATION OF COARSE SAND
Sample No. M-5036A
Corrosion of Concrete Investigation for OSK

: ercentage by
Rock and mineral types : particle count
:No. 8:No. 16:No, 30

Amphibole schist, amphibolite, and minor ; ; :

granitic schist : 42 : 33 : 17
Granite-diorite series rocks .36 : 41 : 22
Quartz grains, quartzite, and metasandstone ; 20 ; 21 : 46
Feldspar grains ; 2 ; 5 ; 14
Mica flakes .- Tr ; 1

Percent unsound T : 3 : 2
Percent alkali reactive o : O

Percent flat particles

ee se se oo
o
.
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2 percent dolomite, and 5 percent quartz with a trace of montmorillonite-type clay.

As the amount and distribution of both the insoluble material and dolomite in the rock
are variable, other analysis of individual rock samples would be expected to show some
variation from figures from both the acid insoluble and X-ray analyses.

Crushed rock, Sample No. M-5192, is marginally deleteriously reactive with high-
alkali cement due to the presence of chert nodules and cherty particles. These alkali-
reactive particles constitute about 5.7, 5.0, and 5.0 percent of the 3/4- and 3/8-inch,
and No. 4 size aggregate, respectively.

A review of the petrographic examinations of previously tested samples from the same
source as Sample No. M-5192 shows this quarry to be quite variable in both the amount
of limestone and dolomite present and the amount of acid insoluble constituents within
these rocks. The rock types encountered in this quarry range from an almost pure
limestone to cherty limestone to dolomitic limestone to cherty dolomite to calcitic dolo-
mite to an almost pure dolomite. The acid insoluble constituents range from less than
1 to almost 10 percent.

As the rock from this quarry is quite variable, the results of this examination quanti-
tatively apply only to the small sample examined, and are only indicative of the types

of rock which might be expected in a shipment from the quarry. To insure having a
homogeneous limestone aggregate from this quarry, rock should be selected by a geolo-
gist or petrographer familiar with the various rock types occurring in the quarry. How-
ever, crushed rock Sample No. M-5192 is petrographically of good quality for use as
concrete aggregate, Presented in Table III-7 is a physical evaluation of this aggregate.

III.2.2. Cements

The cement used in the mixes from which the main test specimens were cast was port-
land, Type V, low alkali, sulfate resistant; Tables III-12 and III-13. This cement was
chosen for use in the primary concrete because of its potential resistance to sulfate
attack, as well as its resistance to alkali-aggregate reaction. This cement was ob-
tained from the Riverside Cement Company, Oro Grande, California, and was so
chosen because of its proximity to the proposed location of a large distillation plant.
The first shipment of this cement exhibited false set and was’ returned to the manufac-
turer. The second shipment, M-4986, met all specifications and was accepted and
used in specimens fabricated for test under the initial Agreement No. 14-01-0001-454.

Cement, Laboratory Sample No. M-5207, used in the concrete for testing under Agree-
ment No. 14-01-0001-544, also exhibited false set; however, because of the time factor,
and because of past experience which has shown that false set is not generally detri-
mental to the final concrete product, l/ this cement was accepted and used.

In order to obtain some comparative data on the effects that different cements may
have on the resistance of concrete to the severe exposures anticipated, a few con-
crete specimens were cast from mixes containing Types I, II, III, and IV cements,
Tables III-8, III-9, III-10, and III-11. Specimens containing Types I, II, and III ce-
ments are presently undergoing exposures in the 250°, 225°, and 203° F brine environ-
ments, respectively.

II1.2,3. Pozzolan

Fly ash pozzolan from the Chicago Fly Ash Company, Chicago 4, Illinois, was used in
all of the concrete prepared in this program. It was chosen because of its proven con-
sistency and high quality when used on Bureau projects. Presented in Table III-14 are
data pertaining to its physical and chemical properties and constituents.

III. 2. 4. Admixtures
A 5 percent solution of neutralized vinsol resin (NVX) air-entraining agent, and Place-

wel, an adipic acid-type water-reducing agent were used in all of the concrete utilized
in this test program.

1/Refers o references on page 155,
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Table III-7
AGGREGATE QUALITY EVALUATION
Corrosion of Concrete Investigation for OSW

STATE w_mj_ng AGGREGATE REPORT NO. CM-
LAT. ~ Jrone. XN RRAEX LAB SAMPLE No. M- 2192 Irec. 7
TYPE OF MATERIAL  Cguched limestone DATE REC'D.  7-9-65
NAME OF DEPOSIT my
LOCATION
SEC. 25 [T 27N [r 66W [MERIDIAN  6th PN
OWNERSHIP Guernsey Stone Company
VOLUME ] | ovERBURDEN
FEATURE
PROJECT
REMARKS
GRADING (DES. 4,5,6 )( CUM. % RETAINED) [ TesT Rresuts | 1/ |&-a|glug-a| v 3 e Fade N
sieve | ML (3l 30 |%-ve| FINE = | ASS
AGG. | sp 6R, S.5.0. (DES. 9,10) 2.6902.701269
6 IN. ABSORPTION , PERCENT ( DES. 9, 10) 0.2 lo.3i0.4
3k, ORGANIC IMPURITIES, COLOR (DES. 14) | — | — | — | — | —
3N, PERGENT SILT (DES. 16)
2'%IN. PERGENT LIGHTER THAN SP. GR.
1% IN. CLAY LUMP, % (DES. 13)
i IN. SAND EQUIVALENT — | —|— [
1% IN. NA, 50, LOSS,5 CYC WGTD % LOSS(DES.I9) — | — 1.9 —
% IN. L.A. ABRASION (DES. 21)  GRADING "A" "g" "c" "o
¥ IN. % LOSS, 100 REV. 7.3
% IN. % LOSS, 500 REV. 32.8
3 IN. FREEZING AND THAWING DATA
56 IN. w/C SLUMP | % AIR ONHGZETE 28-DAY| wgT. WG:IPRAP
NO 4 RATIO | INCHES | METER LBS/YD? s-fg-’}m LOss, % | CYOLES 3%»?332&35 CYCLES
NO. 5 ’
NO 8
NO. 16 ALKALI - AGGREGATE REAGTIVITY DATA
NO. 30 MATERIALS SAND GRAVEL
NO. 50 CEMENT NO.
NO. 100 ' SODA EQUIVALENT
PAN TEST AGG. % 100 | 100 50 25 100 100 50 25
F.M. EXP % - 6 MO.
% SAND EXP % - 12 MO.
REXACERANCAX XODEXENRRENX
24 hour specific gravity and absorption
3/4 to 1-1/2 inch 3/8 to 3/4 inch No. 4 to 3/8 inch
Sp gr 2.70 2,70 2.69
Abs 0.3 0.3 0.4

1/30-minute specific gravity and absorption.
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Table III-8

TYPE I CEMENT TEST DATA

Corrosion of Concrete Investigation for OSW

Project:

Sample No. M-4998 Specifications No.: =C=
Date Received: 7-23-64 Amount Received: Sacks

Type of Cement: 11/ Mill: _portland, Colo.. Ideal Cement C

Letter of Transmittal: From:
Date:
PHYSICAL PROPERTIES CHEMICAL ANALYSIS
Specific Gravity: 3,13 Silicon Dioxide (Si05) 20,84 Percent,
Autoclave Expansion:___ 0,046 Percent:Aluminum Oxide (A1503) . 6. 11 Percent

Normal Consistency: _ 26,2

2.25 Percent

Initial Set:

Final Set: Hours

Compressive Strength of 2- by 2-inch Cubes

Hours 4 Minutes __0g  :Calcium Oxide (CeOl

Percent :Ferric Oxide (Fep0 )
? 65.25 Percent

Minutes __45 _ :Magnesium Oxide (MgO) 1.33 Percent
:Sulfur Trioxide (303) z 12 Percent

1-day psi:Sodium Oxide (Nay0 08 Percent
3 days 2,183 psi:Potassium Oxide %Kzo) __Q_“,__ Percent
7 days 3,208 psi:Total Alkalies, as Nay0 0.38 Percent
28 days 5,408 psi:Loss on Ignition 1.09 Percent
Percent Air in Mortar: 8.8 :Insoluble Residue 0.16 Percent

False Set:

H

Initial, 1/4-min pen., mm 36 CHEMICAL COMPOUNDS
5-min pen., mm 22/ -Tricalcium Silicate (C4S) __56,86 Percent
Remix 1//-min pen., mm 37 :Dicalcium Silicate (ng 16,94 Percent
Remix 5-min pen., mm 37 :Tetracaleium
Percent Passing No, 325 Sieve: : Aluminoferrite (C,AF) 6,84 Percent
Blaine Surface, cm®/g: 3,177 :Tricalcium Aluminate (C3A) _12,39 Percent
Heat of Hydration: :Calcium Sulfate (CaSOy) 3,60 Percent
3 days cal/gram:
7 days cal/gram:
28 days cal/gram:

Other Tests:

Remarks:

1/Shall meet low-alkali
2/This cement meets all

and false-set limitations,
specifications requirements except the false-set limitations.
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Table III-9

TYPE 11 CEMENT TEST DATA
Corrosion of Concrete Investigation for OSW

ect:
Sample No. M-4700 Specifications No.: 1/
Date Recelved: Amount Received:
Type of Cement: __/11 Mill: 40 sacks each from 12 different mills
Letter of Transmittal: From:
Date:
PHYSICAL PROPERTLES : CHEMICAL ANALYSIS

Specific Gravity: 3.17 :Silicon Dioxide (S10) __22.62 Percent
Autoclave Expansion:___0.023 Percent : Aluminum Oxide (Al303) 4,79 Percent
Normal Consistency: __25.2 Percent:Ferric Oxide (Fep03) 3,50 Percent
Initial Set: Hours 4 Minutes __ 20  :Calcium Oxide (Caog 62.62 Percent
Final Set: Hours 6 Mimutes _ 45  :Magnesium Oxide (MgO) 2.20 Percent
Compressive Strength of 2- by 2-inch Cubes  :Sulfur Trioxide (803) 1.97 Percent

1l-day pei :Sodium Oxide (Naj0) 0,16 Percent

3 days 2,545 psi:Potassium Oxide %xzo) 0,46 _ Percent

7 days 3,183 psi:Total Alkalies, as Nap0 0,46 Percent

28 days 5,100 psi:Loss on Ignition 1,46 Percent
Percent Air in Mortar: 8,9 :Insoluhle Residue 0,24 Percent
Falge Set: :

Initial, 1/4-min pen., mm __34 o CHEMICAL_ COMPOUNDS

5-min pen., mm 25 sTricalcium Silicate (C5S) ________ Percent

Remix 1/4-min pen., mm :Dicaleium Silicate (ng) Percent

Remix 5-min pen., mm :Tetracalcium
Percent Passing No, 325 Sieve: : Aluminoferrite (C,AF) Percent
Blaine Surface, cm?/g: 3,394 :Tricalcium Aluminate (C3A) ______ Percent
Heat of Hydration: :Calcium Sulfate (CaSOy) Percent

3 days cal/gram:

7 days cal/gram:

28 days cal/gram:

Other Tests:

Remarks:

1/This cement meets the requirements of Federal Specifications SS-C-192d § g, and ASTM,

Designation C150-63 for Type II cement, including the optional limits for low-alkali
and false set,
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TABLE III-10

TYPE III CEMENT TEST DATA
Corrosion of Concrete Investigation for OSW

Eﬂect: -
Sample No. M=4997 Specifications No,.: Federal SS-C-192d § g
Date Received: ;-23-54 Amount Received: 40 sacks
Type of Cement: __ 1l/1I11 Mill: Portland, Colo,, Ideal Cement Co,
Letter of Transmittal: From:

Date:
__Eﬂm%% ; CHEMICAL ANALYSIS
Specific Gravity: . :Silicon Dioxide (S105) __20.4s Percent
Autoclave Expansion:__ 0,022 Percent:Aluminum Oxide (A1p03) 6.12 Percent
Normal Consistency: __26.6 Percent :Ferric Oxide (Fez03) 2.28 Percent
Initial Set: Hours k3 Minutes 0O __:Calcium Oxide (Caog 64.66 Percent

Final Set: Hours 5 Mimutes 30 :Magnesium Oxide (MgO) 1,26 Percent
Compressive Strength of 2- by 2-inch Cubes :Sulfur Trioxide (SO3) 2,76 Percent

1-day 1,971 psi:Sodium Oxide (Nay0) 0,08 Percent
3 days 3,008 psi:Potassium Oxide %Kzo) 0,52 _ Percent
7 days 5,150 psi:Total Alkalies, as NapO __0.42 Percent
28 days psi:Loss on Ignition 1,58 Percent
Percent Air in Mortar: 8.9 :Insoluhle Residue 0,26 Percent
False Set: :
Initial, 1/4-min pen., m _ 35 : CHEMICAL COMPOUNDS
5-min pen., mm 2/0 :Tricalcium Silicate (C3S) Percent
Remix 1/4-min pen., mm 36 :Dicalcium Silicate (czg) Percent,
Remix 5-min pen.,, mm 35 :Tetracalcium
Percent Passing No, 325 Sieve: : Aluminoferrite (C,AF) Percent
Blaine Surface, cm?/g:__ 4,524 :Tricalcium Aluminate (C3A) Percent
Heat of Hydration: :Calcium Sulfate (CaSO,) Percent
3 days cal/gram:
7 days cal/gram:
28 days cal/gram:

Other Tests:

Remearks:

1/Shall meet low alkali and false-set limitations,
2/This cement meets all specifications requirements except the false-set limitation.
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Table III-11

TYPE IV CEMENT TEST DATA
Corrosion of Concrete Investigation for

Project:
Semple No. 2341 Specifications No.: Federal 55-C-192d & g
Date Recelved: 5-41 Amount Received:

Type of Cement: 1V

Mill: _Sout

Letter of Transmittal:; From:

victorville, California

Date:

CHEMICAL, ANALYSIS

PHYSICAL PROPERTIES
Specific Gravity: .21

*Silicon Dioxide (510,) _ 26,12 Percent

Autoclave Expansion:_-0.002

Normal Consistency: __ 23

Percent:Aluminum Oxide (Al203) 3,27 Percent

Initial Set: Hours 4
Final Set: Hours

Minutes
6 __ Minmtes
Compressive Strength of 2- by 2-ineh Cubes

Percent:Ferric Oxide (Fey03) 2.78 Percent
20 :Caleium Oxide (Caog 62,72 Percent

30__ :Magnesium Oxide (Mg0) 1.90 Percent
:Sulfur Trioxide (SO3) 1.54 Percent

1-day psi:Sodium Oxide (Nay0) 0,16 Percent

3 days psi:Potassium Oxide %KQO) 0,30 __ Percent

7 days 1,217 psi:Total Alkalies, as Nap0 __0,36 Percent

28 days 2,988 psi:Loss on Ignition 0,74 Percent
Percent Air in Mortar: :Insoluble Residue 0,27 Percent
False Set: :

Initial, 1/4-min pen., mm

CHEMICAL COMPOUNDS

5-min pen., mm

Remix 1/4-min pen., mm

;Tricalcium Silicate (C4S) _25.6 Percent
:Dicaleium Silicate (ng) 55 6 Percent

Remix 5-min pen.,

:Tetracalcium

Percent Passing No, 325 Sieve:

Blaine Surface, cm</g: 3,030

: Aluminoferrite (C,AF) 8.4 Percent
:Tricalcium Aluminate (C3A) 3.9 Percent

Heat of Hydration:

:Calcium Sulfate (CaSO,) 2.6 Percent

3 days cal/gram:
7 days cal/gram:
28 days cal/gram:

Other Tests:

Remarks:

Physical test results are
1941,

from retest made October 1965; original tests conducted in
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Table 111-12

TYPE V CEMENT TEST DATA
Corrosion of Concrete Investigation for OSW

rrgject :

Sample No, M-4986

Specifications No.:

Federal SS-C-192d § g
Amount Received: ,000 1bs

Date Recelved: 6-30-64
Type of Cement: _J/V

Mill: Oro Grande, Riverside Cement Co,,

Letter of Transmittal: From:

Oro Crande, California

Date:

PHYSICAL PROPERTIES

CHEMICAL _ANALYSIS

Specific Gravity: 3 16 *STiicon Dioxide (S10,) __23.50  Percent
Autoclave Expansion: 0,017 Percent:Aluminum Oxide (Alp03) 3.62 Percent
Normal Consistency: _25.0

Initial Set:

Hours __3 Minutes __50

Percent :Ferric Oxide (Fe20§) 3.11 Percent

63.90 Percent

:Calcium Oxide (CeO

Final Set: Hours Mimutes _ 20 __ :Magnesium Oxide (MgO) 2,06 Percent
Compressive Strength of 2- by 2-inch Cubes  :Sulfur Trioxide (SO03) 2.00 Percent
1l-day psi:Sodium Oxide (Nap0) 0.05 Percent
3 days 2,707 psi:Potassium Oxide %KQO) ____0.63 _ Percent
7 days 3,670 psi:Total Alkalies, as NapO ___0.46  Percent
28 days 5,392 psi:Loss on Ignition 1,12 Percent
Percent Air in Mortar: 6.6 :Insoluhle Residue 0.13 Percent
False Set: :
Initial, 1/4-min pen., mm 35 : CHEMICAL COMPOUNDS
5-min pen., Im 24 «Tricalcium Silicate (C4S) __47,00 Percent
Remix 1/4-min pen., mm :Dicaleium Silicate (ng) 32,01 Percent
Remix 5-min pen., mm :Tetracaicium
Percent Passing No, 325 Sieve: :  Aluminoferrite (C,AF) 9,45 Percent
Blaine Surface, cme/g: 3,673 :Tricalcium Aluminate (C3A) _4.34  Percent
Heat of Hydration: :Calcium Sulfate (CaSOy) 3,40 Percent
3 days cal/gram:
7 days cal/gram:
28 days cal/gram:

Other Tests:

Hemarks:

1/Shall meet low~-alkali and false~set limitations.

Tequirements,

This cement meets the specifications
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Table III-13

TYPE V CEMENT TEST DATA
Corrosion of Concrete Investigation for OSW

W b _
Sample No. —A.5207 Specifications No.: Federal S5-C-192¢
Date Received: 7-21-65 Amount Received: _ 20,000 1bs
Type of Cement: 1/V M{l1: Oro Grande, Riverside Cement Co,,
Letter of Transmittal: From: Riverside, Cali i

Date:
—EHXﬂQALm%L? H CHMALYM__——
Specific Gravity: .19 :Silicon Dioxide (S10,) __23,50 __ Percent
Autoclave Expansion: 0-232 Percent:Aluminum Oxide (A1203) 3,46 Percent

Normal Consistency: __24.
Initial Set: Hours 4

Percent :Ferric Oxide (Fen03) 3,08 Percent
Minutes _ 05 _:Calcium Oxide (CaO? 64,06 Percent

Final Set: Hours 3 Minutes _ 55 :Magnesium Oxide (MgO) 2,36 Percent
Compressive Strength of 2- by 2-inch Cubes  :Sulfur Trioxide (s03) 2,01 Percent
1l-day psi:Sodium Oxide (Nay0) 0.04 Percent
3 days Z,679 psi:Potassium Oxide ?xzo) 0.52 Percent
7 days 3,683 psi:Total Alkalies, as Nap0 __0,38= _ Percent
28 days psi:Loss on Ignition 1,10-__ Percent
Percent Air in Mortar: 7.8 :Insoluble Residue 0,04 _ Percent
False Set: :
Initial, 1/4-min pen., 33 : __ CHIMICAL COMPOUNDS
5-min pen,, mm 2/0 :Tricalcium Silicate (C4S) __48.74 Percent
Remix 1/4-min pen., mm 21 :Dicaleium Silicate (C2S) ___30.69 Percent
Remix 5-min pen., mm 20 :Tetracaleium
Percent Passing No, 325 Sieve: : Aluminoferrite (C4AF) ___g 36 Percent
Blaine Surface, cf/g: 3,395 :Tricalcium Aluminate (C3A) _3 g6 Percent
Heat of Hydration: :Calcium Sulfate (CasO,) 3 42 Percent
3 days cal/gram;
7 days cal/gram:
28 days cal/gram:

Other Tests:

Remarks:.

1/Requested Type v v.vith low-alkali and false-set limitationms,
_!_'/Passes all specifications requirements except false-set limitation,

22



Table III-14
POZZOLAN TEST DATA
Corrosion of Concrete Investigation for OSW

P i —

Project:

Sample No.___M-4962 Specifications No. USER pozzolan dated 3-1-61
Date Received: 5-26-64 Amount Received: 1,000 1bs

Identification of material: Flyash, Chicago
Letter of Transmittal:

Date:
Name of Deposit: Location: Chicago
Ownership: Estimated Quantity:
PETROGRAPHIC ANALYSIS
Description of Material:
PHYSICAL PROPERTIES
Grinding Time: Hours Minutes
Fineness:
Air Permeability 7,828 em?/cubic centimeter
Percent Retained on No. 325 Sieve 11.0
Specific Gravity: 2.50
Water Requirement: 93 Percent of Control
Difference in Percent Drying Shrinkage (Test bar minus control bar): -0.010
Reduction of Reactive Expansion at 14 Days: 61 Percent
Compressive Strength of 2-inch Cubes s PSI : Percent of Control
Control Cement: gSealed cured, 7 days : :
Sealed cured, 28 days ; 6,133 ¢
d : :
With Pozzolan ured, 7 days : :
Replacement: Sealed cured, 28 days ; 5,242 85

Sealed cured, 90 days
Compressive Strength of 2- by 4~inch Cylinders of Pozzolan-lime Mortar at 7 days, psi: 1,041

CHEMICAL ANALYSIS
Silicon dioxide (SiOp) plus Aluminum Oxide (A1303) plus Ferric Oxide (Fe;03)___81.56 Percent

Magnesium oxide (MgO) 0.83 Percent
Sulfur trioxide (S03) 2.03 Percent
Loss on ignition 1,03 Percent
Moisture content 0.03 Percent
Exchangeable alkalies as Na,0 1.23 Percent
Remarks:  Free Ca0 2.83 Percent

Total Ca0 9,52 Percent

Thes pozzolan meets the requirements of USBR Specifications for pozzolan, dated 3-1-61.
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III.2.5. Concrete Mix Data

At the outset of this investigative program time was at a premium and as a result only
one concrete was chosen for initial testing and evaluation. This one concrete contained,
in addition to one of the better natural concrete aggregates (1-1/2-inch maximum size)
from southern California, Table III-1, constituents combined in proportions which we
judged would result in a concrete of high quality and potentially of high sulfate resist-
ance. These constituents were (1) cement, Type V, low-alkali, selected to resist po-
tential internal chemical reaction attending the combination of aggregate having detri-
mental amounts of reactive materials and the alkalies (NajO and K50) in cements; and
the aggressive attack on the hardened concrete by soluble sulfates in the ground and/or
ground water; (2) air-entraining agent, neutralized vinsol resin (NVX) to provide an air-
void system to improve workability, durability, and impermeability of the concrete; and
(3) a water-reducing agent, Placewel, to provide further benefits similar to those accru-
ing to the use of NVX and also an increase in compression strength with a possible de-
crease in cement content., The proportions for 1 cubic yard of concrete are presented
in Table III-15 under Mix No. 1.

At the same time that the aforementioned mix was prepared a small companion mix,
Mix No. 2, Table III-15, was also made using identical constituents except for the
coarse aggregate which was quartz, Laboratory Sample No. M-5037. Specimens cast
from this mix were used primarily for petrographic investigations.

Subsequently six additional concrete mixes were made; two large and four small. From
the two large mixes; one containing 1-1/2-inch maximum size natural aggregate and
comparable to Mix No. 1, Table III-15, and the other containing 1-1/2-inch maximum
size crushed limestone coarse aggregate and natural fine aggregate, Mix No. 3,

Table HI-15, the main test specimens were cast for the new tests as outlined under the
section entitled ''Test Environments." The four small mixes all utilized 1-1/2-inch
maximum size natural aggregate, Laboratory Sample No. M-5036-1 but each contained
a different type of cement; namely, Types I, II, III, and IV, Mixes No. 4, 5, 6, 7, re-
spectively, Table III-15. All of the concrete mixes used in this program contained NVX
air-entraining agent, Placewel water-reducing agent, fly ash pozzolan and Denver
tapwater,

II.2.6, Specimen Types and Sizes

Specimens cast from the aforementioned concrete mixes consisted of three sizes:.

6- by 12-inch cylinders, 4- by 4- by 30-inch bars, and 3- by 7- by 2-inch bars. The
number and type of specimens cast from each of the seven concrete mixes is presented
in Table III-16. In addition to the standard size specimens initially cast from Mix No. 1,
two rectangular concrete orifices, 4 by 9 by 8 inches were cast inside of a 16-inch-
diameter section of steel pipe for use in cavitation tests. Also a.concrete pipe section
of 7 inches inside diameter, 15 inches outside diameter and 22 inches long was cast for
the purpose of subjecting the concrete to a differential pressure in conjunction with the
high-temperature brine environment. Just recently two small domes were cast using
Mix No. 1. They are being subjected to 204° F steam and the subsequent distillate.
(For more detail refer to section on distilled water.)

Concrete for all specimens was mixed for 5 minutes in a 3-1/2-cubic-foot rotating
drum mixer. After the mixing of each batch and prior to the casting of specimens, the
air content, unit weight, and slump were measured to maintain the desired control. If
the desired properties of a particular batch were not within the tolerances allowed, the
batch was discarded, adjustments made, and a new batch prepared. In the small mixes
one batch provided sufficient concrete to cast the desired number of specimens; how-
ever, the larger Mixes No. 1 and 3, Table III-15, required numerous batches. To
eliminate the effects of possible differences in the individual batches, specimens were
grouped so that concrete to be tested at any one age would have been cast from two or
three different batches. Also both bars and cylinders were cast from the same batches.

All specimens except those 3 by 7 by 2 inches in size received an initial 28 days of

moist curing (100 percent relative humidity, 73.4° F) followed by at least 90 days of
drying. In the case of the original specimens cast from Mixes No. 1 and 2, the drying
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was in laboratory air (20 to 30 percent relative humidity plus or minus 80° F). Drying
of the specimens cast from Mixes No. 3 through 7 was at 50 percent relative humidity
and 73.4° F, Following the drying time certain designated specimens were then sub-
jected to hot synthetic sea water brine while companion specimens continued in the dry-
ing atmosphere. Each time that tests are conducted upon the concrete specimens in the
brine, similar tests are conducted upon the companion control specimens. The 3- by
7- by 2-inch distilled water specimens received an initial moist curing time varying in
amounts from 28 to 280 days. Following the moist curing these specimens received a
minimum of 35 days' drying prior to their subjection to the distillate,

All of the 6- by 12-inch cylinders were cast in steel laboratory molds and consolidated
by small electric vibrators. The 4- by 4- by 30-inch bars were cast in both brass and
wooden molds using a vibrating table as the method of consolidation. The small dis-
tilled water specimens were cast in wooden molds also on the vibrating table.

The large concrete bars cast from Mixes No. 1 and 3 are of three types, each type
purposely suited to fill a specific need. Following is an outline of these three types:

1. Plain--These bars contain only concrete and are standard length and weight
change specimens.

2. Reinforced--These bars have one 3/4- or 7/8-inch-diameter by about 23-inch-
long deformed reinforcing bar embedded near the longitudinal centroid. Measure-
ments of the rates of corrosion of the steel are the prime tests to be conducted upon
these bars.

3. Prestressed--These bars have four 1/4-inch solid high-strength pretensioning
wires, each embedded equidistant from the longitudinal centroid. End anchorage is
maintained by the use of ""Prescon'' buttons bearing against 4- by 4- by 1-inch high-
strength steel plates. Initial stress in the concrete was about 1, 000 psi. Determi-
nation of the rate of corrosion due to the high-temperature brine environment are

the principal data to be obtained from tests conducted upon these specimens, although
other tests such as length and weight change are also being made.

Also, three sets of the original bars were coated, each with a different coating mate-
rial for testing in the 100° and 290° F brines.

Two of the coatings were epoxies, one of which was glass fiber filled, and the third was
a silicone alkyd. These coatings are discussed in detail in Section V.

III. 3. Test Equipment

III. 3.1. Distilled Water Test Systems

The low-temperature distilled water system, Figure III-1, consists of a test chamber
fabricated from a 55-gallon steel drum. Mounted in the side of the chamber near the
bottom is a 220-volt, 5-kw electric immersion heating element that is controlled by
a thermostat which has its sensing element strapped to the heating element. Also
mounted to the side of the chamber is a water glass used for observing the source
water level, Attached to the inside of the lid for part of the test was a 50-foot-long,
1/2-inch-diameter condensing tube rolled into a plus or minus 1-foot coil. Each of
the six test specimens is supported upon a rack located midway between the top and
bottom and directly beneath one of six 1/4-inch copper overflow tubes. These tubes
protrude from the sides of a collection distribution container, and allow the collected
distillate to overflow onto the test specimens.

Subsequent to the completion of the main distilled water test series and just recently,
the low temperature distilled water test equipment was modified somewhat to accommo-
date a concrete dome. Essentially the condensing coil as previously described was
eliminated and replaced in one case by three 1/4-inch-diameter copper condensing cir-
cuits embedded in a concrete dome, Figure III-2,

The high-temperature distilled water test system, Figures III-3 and III-4, consists
principally of a 2-foot-diameter by 3-foot-deep autoclave coupled with an externally
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Figure III-1:

Low-temperature distilled water test chamber controls, and specimen rack.

(A) Test chamber

(B) Electric immersion heater

(C) Thermostat temperature control
(D) 50-foot-long condensing tube

(E) Distillate collection and distribution container
(F) Concrete test specimen

Photos (left) PX-D-55296 NA and (right) PX-D-55297 NA
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Figure III-2. Low-temperature distilled water test chamber and controls modified to
accommodate a concrete dome.

(A) Partially embedded condensing circuits
(B) Concrete dome

(C) Test chamber

(D) Controls and electrical equipment

Photo PX-D-60850

29



1
.;.. ?
.

e

Figure III-4. Interior view of high-
temperature test chamber.

(A) Distillate collection and distribu-
tion container

(B) Test specimen

(C) Distillate overflow tube

Photo PX-D-55285 NA

Figure III-3. High-temperature distilled
water test chamber, controls, and reflux
condenser.

(A) Test autoclave
(B) Temperature controls
(C) Six-part reflux condenser

Photo PX-D-55284 NA
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mounted six-part reflux condenser made up of six 22-foot-long, 1/2-inch-diameter
vertical serpentined tubes, each one valved at the upper extremity. The specimen
support system is identical to that described in the low-temperature distilled water
discussion.

III. 3.2. Synthetic Sea Water Test Systems

The synthetic sea water test systems will be discussed in two divisions: (1) Original
systems which operated for about 2 years; and (2) new systems which have been oper-
ating about 1 year.

Each of the two original systems, Figure III-5, operated continuously at 100° and 290° F
until they were replaced with the new systems. They consisted primarily of a contin-
uous closed pipe loop approximately 130 feet long. Specimen test chambers which con-
sisted of three sections each 12 inches in diameter by 20 feet long, were located approx-
imately 17 feet above the ground floor. These test sections were coupled to 8-inch-
diameter vertically positioned pipes which in turn were coupled to 6-inch-diameter
horizontally positioned pipes approxiniately 2 feet above the floor. Coupled to these
pipe systems were the following equipment items necessary to maintain circulation,
temperature and pressure of brine in the two systems:

1., Twenty-horsepower electric-motor-operated centrifugal chemical pumps, used
to circulate brine in both the 100° and 290° F systems.

2. One-half-horsepower electric-motor-operated screw pump, used to maintain
pressure in the 290° F system.

3. One-half-horsepower electric-motor-operated turbine vane pump, used to main-
tain water under pressure in packing gland of large 290° F system circulating pump.

4. One-third-horsepower electric-motor-operated piston pump, used to maintain
vacuum in 100° F system.

5. One-third-horsepower electric-motor-operated piston pump, used to maintain
cool waterflow into 100° F system heat exchanger.

6. Five-kw electric immersion heating element, used to maintain temperature in
the 100° F system.

7. Fifteen-kw electric immersion heating element, used to maintain temperature
in the 290° F system.

8. Electric temperature and pressure-recording controllers, used to control the
the temperature and pressure or vacuum in both the 100° and 290° F systems.

Because of the necessity to maintain a specific brine velocity in the test sections,
manometers were coupled through piezometer tubes to calibrated elbow meters to
provide differential pressure readings from which discharge rates and velocities could
be computed. Control of the velocities was maintained by the use of 8-inch gate valves
positioned in the main loops downstream from the circulating pumps.

Concrete test specimens were held in position in the steel test sections by movable
dollies, Figure III-6. These dollies were fabricated of 1-inch-diameter galvanized
pipe, stainless steel specimen and axle supports, coupling brackets and axles, and
bronze wheels. Design is such that they can be uncoupled in short sections to facili-
tate handling.
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c-8068-188. N

Figure III-5. Original high- and low-temperature synthetic sea water test systems.

(A) 12-inch-diameter specimen test sections

(B) 360-gallon brine mixer tanks

(C) Low-temperature test system heat exchanger
(D) Centrifugal brine circulating pump

(E) Automatic controls for test systems

(F) Pressure and vacuum control pumps

Photos (top) PX-D-55288 NA and (bottom) PX-D-55289 NA
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Figure III-6, Concrete test specimens are positioned
in the center of the brine test sections
on movable dollies. A 90° elbow has
been removed here to show interior
arrangement. Photo PX-D-55281 NA

When construction of the new synthetic sea water test systems began, the aforemen-
tioned two test loops were dismantled and rebuilt as a part of the five new test systems,
Drawings No. CCI-DR-1, CCI-DR-2, and CCI-DR-3. Concrete specimens under brine
test at the time were transferred to the two new test chambers, This fabrication pro-
cedure was adopted to most efficiently utilize the available space. The end result was
five independent synthetic sea water test systems operating under five different environ-
mental conditions, Table III-17, Figure III-7. Built into each of the five test loops was
an 8-inch-diameter by 14-foot-long bypass loop to be used for the testing of coating,
sealing, and filler materials, Figure III-9. These small loops are designed to be used
in conjunction with, or independently of, the main concrete test chambers.

Concrete test chambers consisted of 12-inch-diameter by 20-foot-long parallel steel
pipe sections 2 feet apart, 18 feet above the floor, and connected at the ends by 180° re-
turn bends, Figure III-8. The 203°, 225° and 250° F systems utilize six such sections
each, while the 100° and 290° F systems utilize only three sections each. Each of the
five systems operates completely independent of any of the others and each is fully auto-
matic. In other words, temperature and pressure recording controllers, Figure III-10,
coupled with electric strip heaters and pumps, respectively, provide close control,
thereby allowing the equipment to operate on a continuous basis. Maximum pressures
are controlled first by electric-solenoid-operated pressure-release valves coupled to
the aforementioned pressure controllers; and second by pressure-activated blowoff
valves. Electrical supporting components such as relays, contactors, transformers,
fuse, etc., are housed in a compartmentalized cabinet, Figure III-11,

Brine is circulated through the systems at about 4 feet per second with 20-horsepower
electric-motor-operated end-suction open impeller centrifugal chemical pumps cast
from high alloy stainless steel. All pipe utilized in the closed loop test systems is
standard wrought steel unlined and specimens are positioned in the test chambers on
dollies identical to those used in the original tests.

Periodically, at predesignated times, concrete specimens are removed from the brine
environment and subjected to tests including those for compressive strength, length
and weight change, static and dynamic moduli of elasticity, X-ray diffraction, differ-
ential thermal analysis and petrographic examination.
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Figure III-8, Closeup view of 225° (top) and 203° F (bottom) concrete specimen test
chambers. Photo PX-D-60851

Figure III-9. View of typical coating material test chamber being valved into brine
system. Photo PX-D-60852
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Figure III-10, View of instrument panel which houses all controls for operating saline
water test systems. Photo PX-D-60854

Figure III-11, View showing arrangement of contactors, relays, transformers, etc.,
used in operation of saline water test equipment. Photo PX-D-60855
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II1. 4. Test Environments

III. 4. 1. Distilled Water Environments

Test environments maintained within the two distilled water test systems are as
follows:

1, Low-temperature distilled water system; source water temperature 203° F,
distillate temperature 150° F (203° F for the recently initiated dome tests), pres-
sure 12. 2 psia (atmospheric pressure at Denver), distillate pH about 7.

2, High-temperature distilled water system; source water temperature 350° F,
distillate temperature somewhat less than 350° F, pressure 135 psia, distillate pH
about 7.

Source water used in these two distilled water test systems was Denver tap. Con-
denser tubes were copper and the collection and distribution containers were stainless
steel.

IOI. 4. 2. Synthetic Sea Water Environments

Test environments maintained within the two original synthetic sea water systems,
which have subsequently been rebuilt and which have been in operation for about 2 years
are shown in Table III-17 under Systems No. 1 and 2. Systems No. 3, 4, and 5,

Table HI-17 are the newer systems, identical in operation and conformation to the
others of twice the test chamber capacity.

The synthetic sea water that was utilized in the original Test Systems No. 1 and 2 was
prepared using a proprietary mixture of salts and Denver tapwater. Lake Products
Company, Inc., 1254 Grover Road, St. Louis (Lemay), Missouri, was the source of
‘this formulation of 10 granular inorganic compounds, most commonly found dissolved
in the major oceans of the world. The type and amount of each salt compound found
within this formulation is such as to meet ASTM Specification D-1141-52, Formula A,
for Substitute Ocean Water. In Table III-18 are recorded the various chemicals used
in the synthetic sea water and the percentages of each. Table II-19 presents a typical
analysis of the sea salt components that have been used for the synthetic sea water,
commonly referred to as brine.

Table III-18
SUBSTITUTE OCEAN WATER

ASTM1/ Specification D-1141-52, Formula A
Corrosion of Concrete Investigation for OSW

NaCl 58. 490%
MgCl, - 6Hy0 26. 460%
Nays8, 9. 750%
CaCly 2.765%
KCL 1.645%
NaHCO3 0.477%
Kbr 0.238%
HgBO4 0.071%
SrCly* 6HgO 0.095%
NaF 0.007%

Density of sea water equals 1.025 at 15° C

1/American Society for Testing and
Materials.
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Procedures used in preparation of the brine involved combining an appropriate quantity
of the sea salts into the proper quantity of actively agitated Denver tapwater. After a
suitable mixing time the prepared brine was then pumped into the test systems.

It was found to be impossible to dissolve enough sea salts to obtain a concentration of
175, 000 ppm specified for the 100° F tests because of the low solubility of calcium
salts. Since this problem would be encountered in practice and would be solved by the
use of ion exchange resins or other means of water softening, the final test solution
was modified to duplicate a softened water by the substitution of sodium for a large per-
centage of the calcium and magnesium. The composition of the softened sea water is
given in Table III-20. The 290°, 250°, 225°, and 203° F systems use the standard ASTM
formulation sea salt, Table III-18; however, each one is subjected to an acid treatment
prior to use to reduce the quantity of carbonates. Presented in Table III-21 is a sched-
ule of concentrations and solutions for each of the five systems.

Table III-20
SOFTENED SEA SALT

FOR CONCENTRATED SUBSTITUTE OCEAN WATER
Corrosion of Concrete Investigation for OSW

Salt Percentage
NacCl 69. 40%
MgCly -6H50 17.12%
Nast4 10. 61‘70
CaCly 0.725%
KCL 1.718%
NaHCOj3 0.0
KBr 0.249%
H3BOg 0.075%
SrCly «6Hy0 0.100%

Fluctuations in brine concentration and constituency due to usage was monitored through
periodic analysis. Using standardized and proven techniques and procedures for chem-
ically analyzing the used brine, results revealed that although variations in constituency
did occur, no definite trends or patterns could be established.

Some variations in brine concentration have existed throughout the life of the test.
Scheduled changing of the brine in each of the systems coupled with periodic brine ad-
justments have facilitated maintenance of concentration approximating those desired.

It has been standard practice to periodically monitor the pH of the used brine. Very
little change in pH with use has been noted in any of the five environments except that
of the 290° F system. The 38, 400 ppm TDS brine used at 290° F seems to undergo a
continual drop in pH while being used. No explanation for this phenomenon is presently
available. It is necessary to maintain the pH above 7.0 since concrete is very subject
to acid attack. To combat the possibility of low pH, a sample of the brine is periodi-
cally obtained, the pH is determined, and then adjusted by the use of sodium hydroxide.

III.5. Tests and Procedures

II1.5.1, High- and Low-temperature Distilled Water Tests

All of the 3- by 7- by 2-inch concrete bars made for this test received an initial 28 days
of moist cure (100 percent relative humidity, 73.4° F). Two sets, six specimens, were
removed from the fog after this initial 28-day cure and allowed to dry in uncontrolled
laboratory air until such time as the distilled water tests were commenced. One set of
specimens received 35 days' drying prior to low-temperature distilled water testing,

and the other set 49 days' drying prior to high-temperature distilled water testing, Con-
secutive sets of specimens received a total of 28, 56, 154, 182, and 280 days' moist cure.
Each set of specimens was subject to the distilled water for 126 days.
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Table III-21

SYNTHETIC SEA WATER SOLUTIONS AND TREATMENTS

For 5 Test Environments
Corrosion of Concrete Investigation for OSW

System No. 1 2 3 4 5
Dissolved solids, ppm 175, 000 38, 400 73, 000 73, 000 73,000
Brine temperature °F 100 290 203 225 250
Salt mix 1/B 2/A A A A
Mix quantity oz/gal H,O 31,75 6.23 12. 36 12, 36 12.36
Treatment after mixing:

1. Acidify with HpSOy4 to

pH 3.7-3.8 No Yes Yes Yes Yes
2. Neutralize with NaOH

to pH 7.3-7.5 If required Yes Yes Yes Yes

1/Softened sea salt, Table III-20.
2/Standard ASTM sea salt, Table III-18.

Arrangement of specimens in the two distilled water systems was such that the hot
distillate would drop about 2 inches from the collection and distribution container out-
let tubes onto the inclined, flat-formed surface of the concrete test specimens. The
distillate, after reaching the specimen, would then flow the length of the specimen,
down over the end and back into the source reservoir. A maximum of six test speci-
mens were tested in each system.

Due to the surface tension inherent in the distillate and the equipment configuration,

it was very difficult to obtain an equal amount of flow over each of the six specirens,
Therefore, to reduce the effects of this phenomenon the positions of the specimens
were rotated approximately monthly. Other than the aforementioned time, the sys-
tems were shut down only for inserting or removing specimens. Each time that the
test systems were opened for inserting or replacing specimens, photographs of both
the new and old specimens were taken as well as a determination of the weight. Visual
observations were also recorded each time. It was decided midway through the tests
that the weight measurements were of little value due to the number of variables that
effected them and thus, they were eliminated.

More recently the low-temperature distilled water test equipment has been modified
to accommodate a concrete dome which is undergoing a vapor condensation exposure
approaching that expected in flash desalination structures. The dome configuration

is such that concrete surfaces in three different planes receive the 203° F vapor, Fig-
ure III-12, Also the exposed area of the first dome tested encompassed two types of
surfaces: (1) a hand sacked or rubbed finish, and (2) the untouched steel form sur-
face. Only the untouched steel form surface is being tested on the second dome. The
concrete from which the domes were cast contains the same mix proportions as Mix
No. 1 in Table HII-15.

Operation of the distilled water dome tests are closely controlled by the maintaining
of constant temperatures. Source water for the vapor is maintained at a very active
boil, 203° F, and vapor temperature remains constant at 203° F. The domes which
have walls 2-1/2 inches thick, are cooled sufficiently to cause condensation, in the
case of the first dome, by the circulation of cooling water through three 1/4-inch cop-
per tube circuits embedded in the concrete of the dome, Figure 1II-12. Although cool-
ing water into the dome averaged about 85° F, a very nonuniform temperature distribu-
tion was obtained. The external surface of the second dome is uniformly cooled by an
air-conditioning unit. Temperature of the condensed moisture, commonly referred to
as product water, approaches 203° F. The average quantity of product water produced
by the first dome tests was 15 gallons per day, whereas, it totals about 5 gallons per
day with the uniform cooling of the second dome.
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Physical testing of the dome after a given length of vapor-condensate exposure con-
sists primarily of visual observations, photographs, such as Figure III-13, depth of
leaching measurements, and later petrographic studies. At periodic intervals during
the life of the test, samples of the product water and in some cases the source water
are extracted for chemical analysis.

A chemical investigation conducted in conjunction with the distilled water tests involved
determining the amount of free lime available in concrete and mortar specimens after
varying lengths of moist curing. Specimens utilized for these tests consisted of 2- by
2- by 2-inch neat cement fly ash mortar cubes and 1- by 1-1/2- by 2-inch concrete
bars. The concrete specimens were of the same mix as the distilled water specimens.
However, the mortar specimens consisted of four different mixes, each with a different
cement and pozzolan content. Pozzolan quantities were 0.0, 9.1, 16.7, and 23.1 per-
cent by weight of the total cementitious material for the four mixes. Quantity of cement
in each case was reduced by the same amount as the pozzolan was increased.

III. 5. 2. Synthetic Sea Water Tests

Twenty-four hours following casting of the 6- by 12-inch concrete cylinders the steel
molds were removed. Three days following the casting of the companion 4- by 4- by
30-inch bars the molds were removed and initial values of length, weight, and dynamic
modulus of elasticity determined. All specimens cast for the brine tests received an
initial 28 days of moist curing at 100 percent relative humidity and 73, 4° F, followed
by a period of drying.

Original specimens were dried in laboratory air at approximately 30 percent relative
humidity, and 80° F'; however, the new specimens cast for the extended brine tests
were dried under controlled conditions, 50 percent relative humidity and 73.4° F.
Length of drying time varied for different specimens, depending upon their use, For
instance, specimens designated to go into the 100° F brine dried for 95 days, whereas,
their companion specimens underwent continuous drying.

Prior to testing in the brine environments, one each of the original reinforced and pre-
stressed bars were intentionally cracked in flexure. Two each of the newer, but simi-
lar specimens, were intentionally cracked subsequent to initial insertion in brine, This
was done to provide an adit for the brine to the reinforcing thereby providing additional
valuable specimens for corrosion studies. Specimens were placed into the 12-inch-
diameter brine test sections in such a way that companion specimens were widely sep-
arated. Such an arrangement of the test specimens was made to minimize any possible
side effects occurring from positioning. Outside of the aforemeritioned arrangement,
the only division made in specimen location was that cylinders of like concrete were
placed together in one 20-foot leg of each test section and the bars of like concrete were
placed together in the remaining two legs, Figure III-6.

In the cases of the 203°, 225° and 250° F systems, the limestone aggregate concrete
occupied three adjacent legs of the test chamber in each case while the natural aggre-
gate concrete specimens occupied the remaining three legs of each chamber system.

Operation of the test systems is intended to be continuous except for short periods of
time required for specimen testing. In recent months such has been the case; however,
prior to this a great deal of difficulties were encountered with the mechanical seals on
the circulating centrifugal pumps used in our test systems.2/ Originally, these pumps
were equipped with packed stuffing boxes as recommended by the pump manufacturers.
At a later date it was determined that the dilution of the test brine caused by the stuff-
ing box cooling lubricating water could not be tolerated further and conversion from

the packed stuffing boxes to mechanical seals was effected. The pump company, al-
though still not advocating them, recommended that a John Crane Type 9 mechanical
seal be used. After a number of months of constant seal failure on pumps used by all
of the five brine environmental test systems, this seal was rendered useless for our
situation. In brief, failures seemed to result from brine scale, possible fretting action
between seal and shaft, and actual component failures. Seals in the pumps have subse-
quently been converted to John Crane Type I, and their operations for the most part
have been satisfactory. An identical replacement pump has also been obtained which
considerably reduces the down time required to correct pump failures. As a point of
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Figure I11-13, Views of interior of dome used in vapor condensation studies. Top photo-
graph shows sacked surface and bottom photograph shows untouched
formed surface, Photos (top) PX-D-60895 and (bottom) PX-D-60896
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interest, no deterioration of the pump impellers or volutes has yet been detected in
any of the circulating pumps.

Concrete specimens were removed from two systems and subjected to standard test-
ing after 28, 90, 180, 270, 365, and 547 days' exposure to the 100° and 290° F brines
environments and further after 2 years' exposure to the 100° F brine. Concretes un-
dergoing 203°, 225°, and 250° F brine exposure were tested after 28, 90, and 180 days
in the environments. At each testing age, all specimens were subjected to nondestruc-
tive tests. In addition, 3- by 6- by 12-inch cylinders were tested destructively at each
of the test ages except in the cases of the 290° F, 18 months' test and the 100° F, 2-year
test. Previous rescheduling of the test dates of concrete in the 100° and 290° F brine to
allow for the testing of an additional set of specimens after 180 days of exposure and an
additional test series after 270 days of exposure, has caused a lag in the total exposure
time undergone by the specimens designated for destructive testing.

Tests conducted upon the 6- by 12-inch concrete cylinders included pulse velocity de-
terminations, specific gravity, elasticity, and compressive strength. Tests conducted
upon the 4- by 4- by 30-inch bars included length change, weight change, dynamic mod-
ulus, microstructural change and corrosion. (See Sections VI and VII for steel corro-
sion and microstructural information.) General tests conducted upon the concrete in-
cluded coefficient of expansion, and air and water permeability.

As a general rule, all specimens removed from the brine systems were placed in a
controlled temperature area at 73. 4° F for 1/2 to 1 day prior to testing to obtain a
standard temperature.

Tests, to provide information on potential cavitation damage to the concrete circum-
venting rectangular-shaped orifices, were made in the 100° and 290° F synthetic sea
water brine. Concrete units containing 4- by 9- by 8-inch-long rectangular orifices
were cast inside sections of 16-inch-diameter steel pipe. The concrete used was
identical to that from which the natural aggregate concrete specimens were cast,

Mix No. 1, Table III-15; further, these cavitation sections were cast at the same time
and from the same batches as the test specimens. A steel facing plate was cast into
the concrete on the upstream face and adjacent to the lip of the orifice to prevent loss
of the sharp 90° lip. Brine flow through these cavitation orifices was maintained at
10 feet per second. Four 1/4-inch copper piezometer tubes were placed in the floor
of the orifice near the upstream edge for possible use in measuring differential pres-
sures, These tubes were coupled to manometers located on the control panel.

III. 6. Test Results

II1.6.1., High- and Low-temperature Distilled Water Tests

I1I.6.1.1. Conclusions. --

Based upon the results of the high- and low-temperature distilled water tests the
following conclusions seem apropos:

1. Portland cement concrete uncoated and untreated will not withstand the leach-
ing effects of warm to hot flowing mineral-free distilled water.

2. Fly ash pozzolan in the concrete mixes was ineffective in reducing leaching
by warm to hot distilled water.

3. Increasing the moist curing time of the concrete to 280 days does not reduce
its susceptibility to leaching by the distilled water.

4, Severity of matrix leaching by the distillate increases as the temperature of
the distillate increases.

5. Removal of the free lime from the concrete does not make the concrete
immune to leaching by distilled water,
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6. Increasing the amount of fly ash pozzolan used in the mix concrete from
9.1 to 16. 7 percent of the total cementitious material reduced the quantity of
free lime; however, little benefit in free lime reduction was gained by increas-
ing the pozzolan beyond 16.7 to 23.1 percent.

II1.6.1.2, Discussion. --

Coincidental with the start of the distilled water tests two small chemical investi-
gations were undertaken to determine the amount of free lime available in concrete
at various stages of its curing. Pearson and Galloway3/ presented data which indi-
cated that the use of fly ash pozzolan would tie up all available free lime after about
210 days of curing. With no free lime available then leaching of the concrete matrix
by distilled water would be inhibited as would the destructive attack by soluble
sulfates.

Results of tests conducted upon mortar specimens containing varying combinations
of cement and pozzolan indicated a maximum reduction in free lime content of

2.70 percent, by weight, of cement plus pozzolan at 210 days and 3.06 percent at
553 days' age, Table III-22, Curves plotted from data included in Table III-22, in-
dicate that a small benefit in free lime reduction was realized when the amount of
fly ash used was increased from 9.1 to 16,7 percent, but practically no benefit was
realized when the amount was increased further to 23.1 percent, Figure III-14.

Results of free lime determination tests conducted upon 1- by 1-1/2- by 2-inch con-
crete specimens were more variable than those conducted upon the mortar speci-
mens, Table III-23. Apparently the reason for this is that the quantity of coarse
aggregate varies from sample to sample. Additional moist curing helps in reducing
the amount of free lime in concrete although, not substantially, and large amounts
of lime remain even after 553 days of fog curing. Also, increasing the length of
moist curing of concrete appears to reduce the effects drying has on the free lime
content, Figure III-15,

High- and low-temperature distilled water tests proved quite conclusively that a
normal high-quality concrete cannot suitably withstand the leaching effects of
mineral-hungry waters even at only moderate temperatures. The severity of leach-
ing of the matrix from the concrete by the low-temperature distillate was somewhat
less (Figure III-16) than that which occurred from exposure to the high-temperature
(290° F) brine, Figure III-17. However, in both cases deterioration of the surfaces
was sufficient to preclude the immediate use of unprotected concrete in areas of dis-
tilled water exposure.

Another important observation to be made from the distilled water tests is that ap-
parently no additional resistance to leaching is developed by the concrete because

of extended periods of moist curing. The top photographs in Figures III-16 and II-17
show distilled water leaching of concrete having had 28 days' moist cure; whereas,
the two bottom photographs are specimens having had the same distilled water ex-
posure but a 180-day moist cure. No significant differences can be detected. The
differences in amount of leaching between companion specimens resulted from our
equipment configuration and not from any differences in the concrete. Specimens
containing quartz aggregate have an 'X" in the identification number,

Realizing, from the aforementioned information, that the leaching which was taking
. place was probably free lime, doubt still remained as to whether leaching of the
matrix by distilled water would cease if all available free lime were eliminated. A
petrographic analysis of the concrete subjected to the high-temperature brine indi-
cated that no free lime existed in those specimens after the first 28 days of expo-
sure. Therefore, a number of 1-inch-thick slices of this concrete, which had

28 days' moist cure, 92 days' drying and 180 days in the 290° F brine, were ex-
posed for 126 days to the 150° F distilled water. ILeaching of the matrix was appar-
ently as severe as that which occurred on the previously discussed specimens, Fig-
ure III-18.
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Table I1I-23

REPORT OF FREE LIME CONTENT OF CONCRETE

BARS CUT FROM ORIGINAL SPECIMEN NO, CCI-DWL-12

AND CURED UNDER VARIOUS CONDITIONS
Corrosion of Concrete Investigation for OSW

Set : Specimen : Date ¢ Length of cure, days : Test : Percentlf
No. ¢ No. : cast : Fog : Dry : date : free lime
1 1 : : 28 : 0 : 10-19-64 : 1.72
: 2 : 9-21-64 : 28 : 28 : 11-16-64 : 1.98
: 3 : : 28 : 154 t 3-22-65 : 1.60
2 1 : : 56 ; 0 : 11-16-64 1.86
: 2 : 9-21-64 56 : 28 : 12-14-64 : 1,38
A 3 : : 56 : 154 ¢ 4-19-65 : 1.71
3 ;1 : : 154 : 0 & 2-22-65 : 1.50
: 2 : 9-21-64 : 154 : 28 :  3-22-65 : 1.50
: 3 : : 154 : 154 7-26-65 : 1.74
4 ;1 : s 182 : 0 i 3-22-65 : 1.60
: 2 : 9-21-64 : 182 : 28 : 4-19-65 : 1.51
: 3 : : 182 : 154 ¢ 8-23-65 : 1.52
5 1 : : 280 ; 0 ¢ 6-28-65 : 1.63
: 2 :9-21-64 280 : 28 s 7-26-65 : 1.48
: 3 : : 280 : 154 : 11-29-65 1.30

ae oo

1/Percent, by weight, of

test sample,
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FIGURE IIL-15
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Figure III-16. Concrete having received 28 days' initial fog cure (top photo) appears to

be equally as resistant to 126 days' exposure to 150° F distilled water as
concrete having had an initial 180 days' fog cure (bottom photo).
Photos (top) PX-D-55243 NA and (bottom) PX-D-55244 NA
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Figure III-17,

Concrete having received 28 days' initial fog cure (top photo) appears to
be equally as resistant to 126 days' exposure to 350° F distilled water as
concrete having had an initial 180-day fog cure (bottom photo).

Photos (top) PX-D-55241 NA and (bottom) PX-D-55242 NA
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Figure III-18. Concrete containing no available free lime is still susceptible to leaching
) by hot distilled water. Photo PX-D-55290 NA
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OI.6.2. Synthetic Sea Water Tests

I11.6.2.1. Conclusions. ~-

Based upon the results of synthetic sea water tests conducted upon concrete exposed
to the five environments the following conclusions seem appropriate:

1. Natural aggregate concrete has not been detrimentally affected by 2 years'
exposure to the 100° F synthetic sea water brine.

2. Natural aggregate concrete has undergone peripheral deterioration to a depth
of about 5 to 8 mm as a result of 1.5 year's exposure to 290° F synthetic sea
water brine.

3. Concrete on the interior of the specimens subjected to the 290° F brine appar-
ently remained sound throughout the 1.5 years' exposure, although exhibiting
somewhat less compressive strength.

4. Natural aggregate and crushed limestone aggregate concretes have not been
detrimentally affected by 180 days' exposure to the 203°, 225° or 250° F syn-
thetic sea water brine, although some minor surface alteration has occurred on
all of the specimens.

5. No cavitation damage was evident in the 4- by 9- by 8-inch concrete orifices
after 2 years' exposure to 100° F brine or 1 year's exposure to 290° F brine flow-
ing at 10 feet per second. However, the invert surface of the orifice in the hot
loop has been affected adversely by erosion of the altered peripheral concrete.

6. Compressive strength of the concrete exposed to the 100° F brine environ-
ment increased with age from 7, 390 psi after 28 days in brine to 8, 770 psi after
18 months in brine; whereas, for the same two test ages compressive strength
of companion control specimens (28 days' fog plus continuous drying) decreased
with age from 7, 960 to 7, 740 psi, respectively.

7. Compressive strength of the concrete exposed to the 290° F brine environ-
ment is adversely affected, decreasing with age from 7, 590 psi after 31 days in
brine to 6, 150 psi after 18 months in brine. Compressive strengths of compan-
ion control specimens (28 days in fog followed by continuous drying) varied
somewhat over the test time, but not significantly. The retrogression in com-
pressive strength of the brine-exposed concrete apparently resulted in part from
the reduction in cross-sectional area of the sound concrete.

8. In general, both the natural aggregate and crushed limestone aggregate con-
cretes, with one exception, exhibited compressive strength increases during
180 days' exposure to the 203°, 225° and 250° F brines.

9. Moduli of elasticity of the natural aggregate concrete subjected to the five
environments gradually increased with time, and were greater than the moduli
of the continuously dried control concrete.

10. Poissons' ratio of concretes subjected to the 100° and 290° F brine environ-
ments increased very slightly with age, high-temperature concrete having a ratio
about 15. 8 percent greater at 1 year's exposure than the low-temperature con-
crete. Poissons' ratio of the continuously dried concrete was somewhat less than
the concrete in either of the brine environments.

11. Moduli of elasticity of the crushed limestone aggregate concrete followed
trends similar to the aforementioned natural aggregate concrete through 90 days'
exposure to the 203°, 225°, and 250° F environments, however, after 180 days'
exposure; they have shown a slight decrease.

12. Pulse velocity values of control concrete as well as those of all concrete sub-

jected to the five brine environments have remained generally above 15, 000 feet
per second during the entire exposure and indicate very good quality concrete.
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13. Natural aggregate concrete exposed for 18 months and 1 year to the 100° and
290° F brine environments, respectively, continues to show a slight increase in
unit weight, an indication of continuing absorption of moisture into the concrete.

14, No deleterious sulfate attack, as measured by abnormal expansion, has taken

place in any of the concretes under any of the exposures.
nI.6.2.2. Discussion. --
(Note: A detailed petrographic discussion of the microstructural aspects of the

tested concrete can be found in Section VII. Also a detailed account of the metal
corrosion can be found in Section VI.)

01.6.2.2.1. 100° F brine tests. --

The general condition of the concrete subjected for 2 years to the 100° F syn-
thetic sea water brine is excellent. Concrete specimens have shown no signs of
deterioration of any type; further, all dynamic and static tests indicate that the
concrete remains sound. This concrete has had an extraneous coating material
adhering to the surfaces from initial exposure to the brine; however, this coat-
ing, as described in Section VII, is not a result of nor does it indicate any dete-
rioration of the concrete surface.

Compressive strengths of the concrete increased with continued 100° F brine expo-
sure to 8, 980 psi at 1 year, then dropped slightly to 8, 770 psi at 547 days. This
547-day strength is 18. 7 percent greater than the 28-day strength, Table III-24
and Figure III-19. Continuously dried control concrete (all specimens received an
initial 28-day fog cure) showed a steady reduction in compressive strength from
the maximum of 7, 960 psi at 148 days' age. This reduction continued to at least
854 days' total age. Such compressive strength drop is not unusual and is not con-
sidered particularly significant since the rate of decrease is leveling off and even
the lowest strength is far greater than that generally required for design purposes.

Compressive strength development of continuously moist-cured concrete for con-
trol purposes was considered secondary in importance to that of concrete cured
similarly to the potential prototype, and, therefore, only sufficient specimens
were fabricated to provide test results to 1 year's total age. Compressive
strength of this continuously moist-cured concrete was 9, 600 psi at 1 year's age.

Values of moduli of elasticity and Poisson's ratio of the control concrete and the
concrete subjected to the 100° F brine generally increased with time and were in
range normally expected of good quality concrete, Table II1-24 and Figure III-20.
The values recorded are well above average for good concrete and indicate no de-
terioration of any kind.

As might be expected, the unit weight of the concrete exposed for 18 months to
the 100° F synthetic sea water brine increased somewhat to 159. 7 pounds per
cubic foot while the unit weight of the companion drying concrete decreased
slightly to 155.1 pounds per cubic foot, Table III-24. This indicates that the
concretes are still absorbing and expelling water or solution, respectively, al-
though not to any detriment,

Other nondestructive tests, dynamic modulus and sonic, or pulse, velocity were
conducted upon the concrete to determine its soundness and internal integrity.
Briefly, the pulse velocity test involves transmitting then measuring the time it
takes a sound wave to travel through the specimen, The pulse velocity of the
concrete exposed to the 100° F synthetic sea water brine has remained above

15, 000 feet per second (Table III-24 and Figure I1I1-22) which by accepted stand-
ards indicates very good quality concrete., That of the control drying concrete
has been but slightly less, between 14, 000 and 15, 000 feet per second, which
indicates good quality concretes with no deterioration apparent. Rather than use
the resonant frequency, weight, and physical dimensions of the concrete speci-
mens to compute its dynamic modulus, we are using the accepted practice of
evaluating concrete soundness by the change in the square of the resonant fre-
quency, Table OI-25, Figure HI-21. Resonant frequency of the concrete subjected
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COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES
100° F Low-temperature System

Corrosion of Concrete Investigation for OSW

6~ by 12-inch Concrete Cylinders
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Table III-25

FREQUENCY SQUARED OF NATURAL AGGREGATE CONCRETE
4= by 4~ by 30-inch Bars
100° F System
Corrogsion of Concrete Investigation for OSW

: : :5/F2 x 10-5 __:_ B/F2 x 10-7 :_9/F2 x 10-3
Daysl/:Days :Total:Spec : Spec :Spec : Spec :Spec : Spec
1 - . . & . . *3c X *5¢

0: 28 24/4.7224/4.62 ; 4.80§ 4.69 : 3.60§ 3.54
0F 35 3.97 440: 4.90: 4.0 : 3.64: 3.60
0: 42 ; 4.32§ 442 ; 4.56§ 4.62 : 3.54§ 3.52
21 0: 49 ; 4.36: 445 i 4.66§ 4,66 ; 3.64: 3.60
35 O: 63: 4.36§ 4.492 4.69§ 4,53 3.60§ 3.60
- . . . . . . . . .
0
0

63

TT i 426 4.42 1 4.49% 4.40 3.64% 3.60
OL i 4.29 4.36 & 4.29 456 i 3.54: 3.60
88 D161 4.100 4.3+ 4.29 4.29 1 3.60: 3.58
2/120 iz/za : 148 : 4.72§ 4.62 zﬁ/z.azi 4.76 21/3.84§ 3.58
189 1 90 : 217: 5.08 4.22: 5.04 4.06 + 4.29% 3.58
261 : 180 1 309 : 5.160 4.16 ¢ 5.261 4.05 + 442t 3.60
32 270 1 400+ 5.21i 4.20 ¢ 5.04t 4.03 i 449t 3.62
465 1 365 1 493+ 5.20i 4.07: 5.33: 4.03 1 4.56§ 3.7

T2L i 547 i 49 i 5.18: 4.33 1 5.40: 4.22 : 4.56: 3.72

o se oo

934 : 730 : 962 1 5.28: 4.29 :+ 5.40: 4.20 : 4.62: 3.7

T

1/A11 specimens received an initial 28-day fog cure.
2/Days drying from here on only applies to Specimens lc and 2c,
3c and 4c, 5c¢ and 6c¢c,

3/Days brine only applies to Specimens 1 and 2, 3 and 4, 5 and 6.
4/These values are F, as referred to in Figure III-14.

5/Units for frequency (F) are cycles per second.

6/No. 3 specimen only from here on.

7/No. 5 specimen only from here on.

8/Reinforced concrete specimens.

9/Pretensioned concrete specimens.

65



SLNIWNOYIANI 3NIYE SNOIYVA ANV ‘ONIAYA ‘904 Ol Q@3193r8ns

S3L3YONOD 31VO3YOOV TVUNLVN 40 SHLION3YLS

3AISS3YdNOD -61-TIT 34NOIS

ANIYE8 NI SAVA 904 NI SAvVQ
(0] 4° 08t 0ctv 09¢ 00¢ 0ve 08l o<l 09 8¢ 0
|
‘ ONIAYG SAVA
0g9 0.S 016 oS+ 06¢ og¢ 0L2 o012 (0] o¢ 0 0
T T
‘suawidads asJy4 Jo
abouaap sjuasaudad 401d yon3 bos wouy
sJapullho 21X 9 - suawidadg paAowaJ mcwe_umamu/) ]
0002
sudw19adg 4,052-V
SudW103dg 4.622- 1 aulJq ul paoo|d mcos_omam.\\
suaw13adg 4.£02-0 000t
suswidads 3.,062-0
suaW103dg 4,001 -V 8Jnsodxa aulug 4,062
B aN393n
/ - aJnsodxa auldg 4 062 34n2 boj—
. | — i : 0009
_ :[ 3ns0dxa auldg 4,02 \
suawidads palJp
K|snonuifuod J0J aAdNd _8:::./‘
0008

[+)

-

v
aJansodxa aulug
|

4,00l

aJnsodxa aulug 4 622

_

/ac;:_o

000°0I

HLON3IYLS 3AISSIYINOD

(1sd)

66



‘SNINI103dS LN3Y34410 II¥HL 30 IOVYIAVY 3JHL SIN3S3IY43Y 39V HOVI Lv 031107d
SLNIOd "313IHONOD T0HINOO G31¥A ATSNONNILNOD GNV ‘ININE HILYM VIS OIL3IHINAS
4,001 OL @3103rGNS 3IL3YONOD 3 LVO3UOOV AVHUNLVN JO OILVY S,NOSSIOd ANV ALIDILSVI3 40 SNTNAOW :02 - ITII 3¥NOI4

'03dS T0YLNOD - ONIANG SAVD

268 26¢ 269 26$ 260 26¢ 262 26l 26
3NIY¥E 3,001 NI SAva
ooe 0oL 009 008 00v 00t ooz [o]0]] [}
[}
0o

‘2ads |0.4u0) -~ buldup
SNONUUOD Udyy *aJund Boy shop wu//

o
—_—_——a—m e —— e . — —— 8
———e el I a
a o o °
. r

‘p4Nsodxd UG SNONUIJUOD &
uayy *buikup shop 26 ‘aund boy shop g2
L

[}
ol
[2x4
oe
ov
‘23ds joJjuon - Buikdp
SNONUIUOD UAY4 *@Jnd 60 sAop mulu o
||||| et - _— e g2 —_— —— g —g_—_——————— —_——
g—|———- B
~ o~
os
‘X
“@J4nsodxad Juleg SNONULOD
o A uay} *Buthup SADP 26 ‘aund 604 shop s2

1 I )

0livYd S,NOSSIOd

{SHLNOITTIN) ALIDILSYII 40 SNINAOW DILVLS

67



SSINANNOS S.11 JO JAILYIIANI 38 NVYD 3Nl 4O
GOI1¥3d V ¥3A0 3L3YINOD ILVOIHUOOV TVHNLYN 40 AONINDAYA 3HL 40 IYVNDS IHL NI IONVHO 3HL (123~ 111 NSO

INIYE J4.062 NI SAVE

she S04 <99 20 8¢ 144 $0§ 9 sz $9¢ [ SOt $92 114 €81 vl sol <9 {14 o
23dS TOHLINOD - ONIAYG SAVQ
ore 008 09 02 089 or9 009 09¢ 0zs (134 (144 oo¥ o9¢ 02 o8z or2 ©o0z 091 oz 08 oy o
®J ueyo Aouanbauy Auy @' 4
6ulkup SNONUILUOD UBY 9400 B0y sh0p G2 4930 Aduenbeud : %
— ‘euns boy shop 82 '529 31 .auonw/
1. == Vl'llL...IPlllll!llL.lIll,lil.lOl'
1 L e ——— o —™ — - —
— b —— — Fr——— —~h—
+ . o
$uN$0dX3 QUIVG J ,062 SNONUILUOD Uy} = f——al o o
‘Buikip sAop G6 ‘9und Boy skop 82 ' 2 9 | "$I0dS: —
/.J/ \ []
[ ——————
ININE NI 291 "§23d§ QDY
{
ANIH8 4 001 NI SAvVO
8reL 804 299 829 86 ers 80§ 69y 8z [ 11 1243 #0¢ 892 822 el ' L1} 89 82 [
D34S TOHLINOD - ONIAHA SAVO
o 008 09L 0zL 089 [14:1 009 09s oz oey ory ooy 09¢ oz¢ oe2 or2 ooz 09l ozl 08 or
*3 49430 Aousnbayy Kuy : 4
9402 boj sAop 92 u9y0 Aduanbau4 ; °F o
o [N
P F— —— 5 o — — 3 d
[ ISR ENRDN DRSNS S hd — o=
F———7T a burkup SNONUILUOD Uy} o~
‘ound B0y sA0p 92 ‘92 B I ‘SIS ]
I By
N NI Z @ | 'SI3dS 03IVd
24n50dx3 PUIQ 3,001 SNONUIUOD UBYY 1 I

“Buikup skDp 26 ‘9und b0, shop g2 ‘2 @ | '$29dS _

| |

s2-
0z-
Sl-on
oi-

&

S

o1+

-m
-

oot x

o0t
Q34VADS AONIND3YJ NI IONVHO LN3IOHId

Q3WVYNOS AONINOINI NI IONVHO LN3O¥3d

68



3L3IYONOD TOHLNOD G318 ATSNONNILNOD ANV “ININE HILYM VIS OILIHLINAS

'de062 QNV 40001 OL Q3123raNsS 3L3YONOD 3LVvO3YOOV TVHNLYN IO ALIDOT3A 3STNd :22 - 1II 39N9id

'03dS TOHLNOD - 9ONIANQ SAVA

c6L $69 665 (114 (115 c62 G61 s6
3INIYE 9 ,062 NI SAVQ
002 009 00¢% 00% 00¢ ooz 001 ¢}
T T 000‘at
\mc;gu snonuiyuod uay} ‘aund 6oy skoqQ 82
Ih. 000t
—— o——————— —— 00— — — — —p— — — —
RS —————
e / 000*91
3 ¢ ] ‘0adg ‘bay -
_N_._NJ .ooNN..J .M__U .wwam .o»< g 94ns0dxd auNIg d o062 SNONUILUOD \
S bav -o uayy ‘buikup sApp 66 ‘aund B0y sAoQ 82
aN3937
000°8i
‘'03dS TOHLNOOD - 9NIAHA SAvVA
262 269 26S 269 26¢ 262 261 26
3NIHE 3 001 NI SAvVQ
002 009 00§ oov oo¢ 002 oot [¢]
T T T 0o0o0‘2l
98)71 92171 *29|1 0adg 'bay -
817 '217 *917 "2adg bay -o BuikJp SNONUILUOD Uay} *3.no Boy sAog 82
an3e3n \
000'bI
I T D D e
h - 5 —_——
° [
[ P// ——— 000°91
84ns0dxd 8ulug 34 400l SNONUI4UOD °
uay4 ‘Buikip shop 26 ‘aund boy skoQ 82
000'8!

038/ °Ld - ALID073A 3Snd

038/ L4 - ALIDOTI3A 3SINd

69



to the 100° F brine exhibited an initial rapid increase due, in part, to the absorb-
ing of moisture into the concrete, and in part, by the continuation of hydration.
This increase which continued slightly throughout the year of exposure is indica-
tive of the continuing strength gain and accompanying internal and external sound-
ness of the concrete. Resonant frequency of the continuously drying control con-
crete followed normal and expected trends throughout the testing period.

Determination of length and weight change of the concrete at periodic intervals
provides another valuable tool to be used in evaluating the effects of the brine
environment upon concrete. Data obtained from tests conducted upon the plain
concrete bars indicated that the drying shrinkage of the concrete prior to brine
exposure totaled between 500 and 550 millionths inch per inch which value is

about average for high-quality concrete, After immersion in the 100° F brine

for 28 days about half of this shrinkage, 271 millionths inch per inch, was re-
gained, but subsequent length changes were negligible, Table III-268, Figure LII-23.

Weight change of the concrete behaved very similarly to the length change in re-
sponse to drying and immersion in 100° F brine, Table III-27 and Figure III-23.
Both of these measurements increased when moisture was present and decreased
when moisture was removed. This leads to the conclusion that apparently no sig-
nificant expansion has occurred in the concrete as a result of chemical reaction
between the cement matrix and the soluble sulfates in the synthetic sea water
brine.

The relative ratio of length and weight change which occurred in the reinforced
concrete was practically identical to those which occurred in the plain concrete
except for magnitude, Tables III-26, II-27, and Figure III-24. Maximum drying
shrinkage prior to brine exposure was about 390 millionths inch per inch of which
half is regained after 1 year's exposure to the 100° F brine. Between 1 year and
18 months, a slight expansion was noted; however, at this point no abnormal length
or weight changes have taken place as a result of sulfate attack or reinforcing steel
corrosion.

As might be expected, the length change (shrinkage) of the pretensioned concrete
during the drying period was greater than that of the plain concrete, and the ex-
pansion due to immersion in the brine environment was reduced as compared to
that of the plain concrete. Stress in the concrete was determined through the use
of SR-4 strain gages mounted on the 1/4-inch pretensioning wire within the con-
crete. Although the strain gages on these bars were lost during subsequent expo-
sure to the hot brine, while usable, they indicated a stress in the concrete of
about 750 and 960 psi at 90 days' drying and 90 days' drying plus 90 days in brine,
respectively. The maximum shrinkage of 636 millionths inch per inch occurred
in the pretensioned concrete after about 92 days' drying while the net shrinkage
after 18 months' exposure to the 100° F brine was also about 594 millionths inch
per inch, Table III-26 and Figure II-25. Continuously dried companion concrete
underwent a total shrinkage of 827 millionths inch per inch after 693 days' drying.

Weight change which was very similar to that which occurred in the plain con-
crete is tabulated in Table III-27 and presented graphically in Figure III-25. One
each of the 4- by 4- by 30-inch reinforced and pretensioned concrete bars were
intentionally cracked in flexure prior to the brine exposure to simulate a poten-
tial crack in the prototype structure. The primary function of these particular
specimens was to provide information regarding corrosion rates of reinforcing
and pretensioning steel. Length change of these cracked specimens was of no
significance and was not plotted in the figures.

Length and weight change measurements were obtained from concrete which

had been coated with three different materials prior to the brine exposure,
Tables III-26, ITI-27, and Figures III-26, III-27, and III-28. From these data a
few important observations can be drawn. The silicone alkyd coating (Coating A)
apparently did very little to prevent absorption of the brine by the coated speci-
men. This is evident from both the immediate expansion and weight increase
experienced by the concrete within the first 30 days of brine exposure. Very
little length or weight change occurred after the first 30 days of 100° F brine
exposure.
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Table I11I-27
WEIGHT CHANGE OF 4- BY 4- BY 30-INCH BARS IN POUNDS

100° F Low-temperature Brine System
Corrosion of Concrete Investigation for OSW
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Concrete prepared with the epoxy material (Coating B) also experienced an imme-
diate expansion when placed in the 100° F brine, Figure III-27, although not nearly
as great as that previously described. A phenomenon occurred here that is diffi-
cult to explain; a moderate expansion in the coated concrete was noted within the
first 30 days of brine exposure but no similar weight increase occurred during
this period of time. No significant length or weight change occurred in this coated
concrete after the initial 30 days of brine exposure.

Concrete prepared with the glass fiber and epoxy material underwent no immediate
length or weight change as did the other two coated concretes when placed in 100° F
synthetic sea water brine, Tables I1I-26, II-27, and Figure III-28, The concrete
did undergo a gradual expansion and increase in weight throughout the 2 years of
brine exposure, and thus it is evident that neither this coating system nor the other
two were effective in protecting the concrete from contact with the brine.

I1.6.2.2.2. 290° F brine tests. --

The general condition of the concrete subjected for 18 months to the 290° F syn-
thetic sea water brine can be considered both good and marginal. The interior
concrete is still sound as evidenced by high compressive strengths, although some-
what less than at previous readings, and lack of microstructural cracks, expan-
sion, or chemical reactions. The surface concrete however, is altered chemi-
cally and deteriorated to a depth of about 5 to 8 mm. This deterioration, which
has thickened somewhat during the past 6 months' exposure, has softened the sur-
face concrete, but, excepted for removal by jarring, this softened surface mate-
rial is still intact. A rate of deterioration penetration equal to or greater than
that which has occurred throughout this first year of testing would probably pre-
clude the use of concrete in any area where 30 years' exposure to the 290° F brine
was required. However, it is possible that the penetration of deterioration which
was static for 6 months and which has only recently increased slightly is insignifi-
cant and as a result the use of concrete under these environmental conditions could
be feasible.

Up to 180 days in brine the concrete had a thin coating of reddish colored material;
the color being iron oxide. Subsequent to 180 days in brine, the same concrete had
a thin coating of black material; the black accruing to the presence of magnetite,
Figure III-29. There is some question as to the exact reason for this change of
state phenomenon; however, it is likely due to a combination of increased iron oxide
content and a very small amount of oxygen. It should be pointed out here that a
complete change of brine was made each time that the system was shut down for
specimen testing.

Maximum compressive strength of the concrete subjected to 290° F synthetic sea
water brine was developed after about 90 days' exposure. Subsequently, it retro-
gressed from this maximum, 7, 910 to 6, 150 psi, at 547 days, Figure III-19. This
retrogression has been somewhat proportional to the rate and depth of deteriora-
tion, and it is believed that the drop in compressive strength is due for the most
part to the reduction in cross-sectional area of the sound concrete. No deteriora-
tion of the interior concrete has been noted.

Modulus of elasticity of the concrete subjected to the 290° F synthetic sea water
brine as well as that of the companion concrete which had undergone the same
initial 28 days' fog cure (100 percent RH, 73. 4° F) followed by continuous drying,
increased slightly with time through 270 days after which it leveled off, Table III-28
and Figure III-30. After 407 days' total age the modulus of the brine-exposed con-
crete was 14, 6 percent greater than that of the continuously dried companions.
However, after 693 days' total age this difference had dropped to 4. 6 percent.

Both the 4. 50-million-psi modulus of the concrete after 18 months' brine exposure
and the 4. 75-million-psi modulus of the continuously dried companion concrete are
equal to or above the 4.50-million-psi modulus considered average for good qual-
ity concrete; further, these values are indicative of the continued soundness of the
brine-exposed concretes.
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Figure III-29. Concrete exposed to the 290° F synthetic sea water brine for 180 days.
The black colored specimen on left has a thin coating of material includ-
ing magnetite; whereas, the reddish colored specimen on the right has a
coating of material including iron oxide. Photo PX-D-55240
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Poisson's ratio of the concrete exposed to the 290° F synthetic sea water brine
did not change significantly throughout the test time, and its value of 0. 22 after
365 days under test and 0.19 after 547 days is considered about average for good
quality concrete. Companion continuously dried concrete experienced a slight
gain in Poisson's ratio, but at 693 days' total age its value of 0.16 was still
27.3 percent less than that of the brine-exposed concrete, Table III-28 and Fig-
ure III-30.

Unit weight of the brine-exposed concretes continued to increase somewhat to
162, 2 pounds per cubic foot while that of the companion concrete remained quite
constant at 154. 9 pounds per cubic foot, Table III-28. Apparently the slight in-
crease in unit weight with exposure is due to the continued absorption.

As previously discussed under Section III. 6. 2. 2. 1. nondestructive pulse velocity
measurements were made to determine the soundness of the concrete. The pulse
velocity of concrete subjected to 290° F brine remained above 15, 000 feet per sec-
ond and essentially unchanged throughout 365 days, an indication of continued high
quality, Table III-28 and Figure 1II-22. Conversely, companion continuously dried
concrete experienced a constant decrease in pulse velocity through the same period
of time. No deterioration of the interior concrete is apparent by these test results.

Resonant frequency of the concrete subjected to the 290° F synthetic sea water
brine exhibited an initial rapid increase due, in part, to the absorbing of moisture
into the concrete, and in part by the continuation of hydration, Table III-29. Sub-
sequent to this initial increase, the resonant frequency has undergone a rather
constant decrease to 18 months' brine exposure. The percent change (decrease)
in the square of the frequency from that measured after 28 days' fog cure to that
measured after 18 months' brine exposure amounted to about 16. 4 percent. This
is considerably less than the 25 percent reduction chosen as the point of failure

of concrete.

As would be expected, the total drying shrinkage of the concrete prepared for

the 290° F brine tests (496 millionths inch per inch) closely approximated that
shrinkage which occurred in the low-temperature (100° F) brine concrete. How-
ever, the recovery of 359 millionths inch per inch, expansion, which occurred
within the first 30 days in this brine exposure, Table III-30, Figures III-31, III-32,
was 32. 4 percent greater than that which occurred in the 100° F brine concrete
during the same period of time. Further, the length of these concrete specimens
continued to increase at least until 18 months' brine exposure, whereas, the con-
crete exposed to the 100° F brine underwent very little length change after the
first 30 days of exposure. The net length change of the concrete after 18 months'
brine exposure was a positive 330 millionths inch per inch, i.e., this concrete
now occupies more volume than it did prior to drying at 28 days' total age. Con-
tinuously dried concrete experienced a length change (drying shrinkage) of about
606 millionths inch per inch at 802 days' drying, Figure III-31. This is substan-
tially greater than the 500 millionths inch per inch value considered average for
high-quality concrete.

Length change of the concrete subjected to the 280° F brine generally corresponds
very closely with the weight change, i.e., curves plotted from length and weight
change data nearly parallel each other, in each instance the measurement decreas-
ing with drying and increasing with reimmersion, Tables III-30 and II1-31, Fig-
ure III-31.

The pretensioned concrete bars, Figure III-33, continued to reduce in volume due
to the pretensioning load while simultaneously increasing in weight due to absorp-
tion of the hot brine. Apparently this weight increase was due primarily to the
absorption of moisture and secondarily to the thin film of extraneous material
which adhered to the specimens. After 180 days in the high-temperature brine
the net reduction in length from the first day of drying (28 days' total age) was
about 832 millionths as compared to the 559 millionths inch per inch observed in
the pretensioned concrete exposed to the 100° F brine. As in the case of the

100° F test specimens, SR-4 strain gages which were mounted on the pretension-
ing rods were lost after initial exposure to the 290° F brine. Stresses computed

84



Table I]T-29

FREQUENCY SQUARED OF NATURAL AGGREGATE CONCRETE
4~ By 4- By 30-inch Bars
290° F System
Corrosion of Concrete Investigation for OSW

: 5/F2 x 10-5 :2/F2 x 10-59/ :5/F2 x 10-510

Days_]/;Days ;Total:Spec : Spec :Spec : Spec :Spec :
. N e +lc Dne . e & 6 +5¢ 6c

56 : 84 ¢ 4.627 4.53 : 4.60: 4.60 i 3.56: 3.64

C
01 0 28 4/4.9T4/4. 00+ 5.04 4861 3.54% 3.48
7 0r 35 4.66r 4.58 : 4.800 4.66 1 3.54 3.40
Lt 0n 42 476 4.2+ 449 4761 354 3.56
21+ O 49+ 4.8 4ad2: 4.53i 4udS i 3.60: 3.52
281 Or 56 4.660 4.62 1 4dbi 4.76 1 3.64 3.50
21 0F T 4.66r 4.62 4 4utbh 4.2+ 3.8 3.48
) . : ; ; ; ;
0

% : 120 1 4.451 4.40 1 4.26: 4.36 3 3.52: 3.42

2/127 13/ 30: 155 1 4.90: 4.36 :U/4.69: 4.49 :8/3.48: 3.44
190 : 90+ 218 : 4.83: 4.25 i 4.76: 4.22 : 3.91: 3.46
283 : 180: 311 : 4.62: 4.22 : 4.49: 4.16 : 3.78: 3.44

.

379 1 270 407 i 4.49: 4.20 1 4.49: 4.16 : 3.72: 3.50
477 365t 505 1 4.29:6/4.29 i 4.36: 4.22 ¢ 3.66: 3.58

802 1 547 830 : 4.16: 4.33 : - i 4.29: 3.60: 3.60

L L
ol

1/A11 specimens received an initial 28-day fog cure.
2/Days drying from here on only applies to Specimens lc and 2c,
3/Days brine only applies to Specimens 1 and 2.

4/These values are F, as referred to in Figure III-

5/Units for frequency (F) are cycles per second,

6/Specimen 2c only.

7/Specimen 3 only from here on,

8/Specimen 5 only from here on,

9/Reinforced concrete specimens,

10/Pretensioned concrete specimens.

85



*yorsuedxq sejedTpuy

*padeaoae 3jou s3urpeox ey
UYSTYM i+, ¥ YITA podXew 950yl 3dedxs sdurpeax 3oy Lsp-gz oyl 03 paredwoo o3exuriys 93ed1pur sdurpess wswpdads T1v/g
*1te A103810GB{ UT 3FO[ INnq ‘autriq uy padeld 3Jou oXaM YOTYm suawrdads uoTuwdimod o3 I9yax ( ) TIV/Z

*338p STY3 193J% POPNIOUT IOU pZ I84/9

*Surk1p sdep (/S

*3uUTPBIL STY) OI039q QAMXOTF UT uUeNOIg/p

Axode pay1TF-ss®id yaim poivo) = ) PAYI® QUODTTTIS YITA POIBO) = ¥ PodI0FUTISY = O _
Axode yaym pejeo) = g pessalisald = Sig ureid = 1d/1
: : Sm : 186 2 068 : ¥Sy : 8% i 8P :  I9F : /sosy : foess : L9z : el : (D) : ¥ B ST
: s 99 ¢ gz : 05 tZET 0t 61z ¢ whz 0t 9y . OV 6VS :  L9T i ¥IZ ¢ J sz I
: : ¥ : g : 93y ¢ zep i 9sp  : €66 ¢ S.E : 98T ¢ ¥sE : 65T ¢ (z : (@) :2IT AL
: : I8y @ g R HEEY) : L8T ¢ eIz ¢ T8 ¢ L6Z : I¥E : €9 : 11z ¢ g : 0L BE
: :t 688 : 909 :6LS :o00S 4 £ LI 1 £ : 128 ¢ vy 2 sye t eLz ¢ seT ¢ (v) : 0 8 61
: o LST+ 5 g 29 t 96 : 60z ¢ 9Tz : z8§ : €S * 90p : Q0 : Sz ¢ Vi o8y
H 016, : ge8 ;LS8 P WL 0 O06L ¢ 859 ! €y9 * 9ss i oIy i LIE ¢ €pT i (s3d) : 99835
: TSP T gt 2 oseS'T : 969°L 2 WeR'T (/y9zy'T  6L9 ¢ 98§ i 668 i 0ZE : 9y ¢ Sid 9
: s PEE'T: g9z't s 9sZ'I : 2£8 i wvk8 : SSL % 6.9 : 9SS ¢ 665 3 02§ : 9vz : sid s
: s 9 ouy : opsy P ooy : 6zy G woy G szw ¢ oLs ¢ 88T ¢ LTz ¢ 6Ll ¢ (W) 83y BIg
: : SSS : ozpe 3 6vge P OSZe 2 99T+ /pLzi+ ¢ 1zp ¢ IsE ¢ oz ¢ czsz ¢ gel 2 oW v
: : T ozoge 2 0ZZ+ G TIII+ ¢ 8y /g9 : 1zy ¢ 18 ¢ o€ : gzs¢ ¢ T8l : ey g
: : 909 : g9 : po9  : gps P LpS ¢ ZTE  f wos ¢ L9 ¢ 998 18z ¢ w1z ¢ jz(1d) : 3z 891
s s 0S5+ 5 ogre i gse i 2 : 8pT ¢ LET % 96F : 9Sy ¢ gSE 3 18 : 96t : Id : zB1
H H : : : H : H : H B H H 1%
: + (0)  : (o) :(0) : @ ¢ (0 : (@ == (0 : ( : (0 = (0 : /z(0) : oupig®
: I S : : i 0 106 & . 0 0 . 0 3 0 i 0 G : (skep)
:  (208) ¢ : : :o(e6r) : (zr) 0 @6) : (99) : (82) : (p1) : /z(L) 3 pyq b WA
: s §6¢ o+ zIr ¢ GOT _: gOL . :.  QOL. ¢ . A6 s . Z6, ¢ 9s AR 2 S L : :
|2 8z : 82 Y4 : ¥4 i 8z : /2 s 8z : g2 : 87 gz Rz gz . 394
: i Q0fg ¢ sog G sop P qIe P /12 fqqr ¢ 0z . 8 9g ¢ Zv .t st "mm.?nw ade_Je30]
MSO JO3 smudw.mvmosz.-m 93640U0) JO UOTSOXIO)

wa3sAs ouyag eanjviadwol-y3tH 4 062
HONI ¥Sd HONI SHINOITIIN NI Suvd HONI-0E A€ -t Ad - 40 JONVHD HLONT1

0¢-1II1 9TqEL

86



Table III-31
290° F High-temperature Brine System
Corrosion of Concrete Investigations for OSW

WEIGHT CHANGE OF 4- BY 4- BY 30-INCH BARS IN POUNDS
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C = Coated with glass-filled epoxy

mens which were not placed in brine, but left in laboratory air,
s indicated weight loss compared to the 28-day fog readings except those marked with a *'+" which indicates weight gain .

B = Coated with epoxy
Bar readings not averaged,

ding.

A = Coated with silicone alkyd
is rea

Prs = Prestressed
mpanion speci

ing:

d
ing--Bar 23 reading only afbter this date,

pecimen rea

Re = Reinforced
2/A11 ( ) refer to co

3/a11 s

q/Broken in flexure before th

/105-day reading.
6/105-day read

1/P1 = Plain
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from sirain readings taken prior to the brine exposure indicated a stress in the
concrete after 28 days' fog cure and 93 days' drying of 1, 160 psi. This is about
54.7 percent greater than the 750 psi load in the 100° F concrete after the same
curing time. This 54.7 percent greater load compares quite favorably with the
49 percent greater shrinkage as reported previously in this paragraph. For
reason unknown at this time, length change readings obtained subsequent to those
taken at 180 days' exposure were very erratic.

Length and weight changes which this concrete has undergone in drying and then
expansion due to the brine are not considered unreasonable and do not indicate
deterioration to the mass of the concrete.

Concrete coated with the silicone alkyd material and exposed to the 290° F syn-
thetic sea water brine expanded slightly more than the plain concrete during the
first 30 days of brine exposure, Table III-30, Figure III-34. Expansion of the
concrete continued throughout the length of the brine exposure. These test re-
sults are indicative of the permeability to moisture of the silicone alkyd coating
even though the alkyd coating did not show visible signs of deterioration after the
first 30 days in the brine. (See discussion regarding this and the two coatings
discussed further in this section in Section V.) Weight change of the high-
temperature concrete varied similarly with the length change, and indicates that
moisture was being absorbed into the concrete throughout its exposure to the
brine.

The coated concrete subjected to the high-temperature brine for 30 days under-
went an expansion which was 25. 3 percent greater than that which occurred in

the concrete having undergone 30 days' exposure to the 100° F brine. Undoubtedly,
this difference was due to the higher pressures of the high-temperature environ-
ment. Weight and length change of the continuously drying silicone alkyd coated
concrete continued through 1 year to exhibit moderate weight loss due to loss of
moisture and the accompanying shrinkage. Little or no change occurred between

1 year and 18 months.

The epoxy coated concrete (Coating B) also underwént expansion upon subjection
to the 290° F brine primarily during the initial 30 days' exposure, Table III-30,
Figure III-35. A slight increase in expansion or a decrease in net shrinkage oc-
curred throughout the length of the test. An increase in weight accompanied the
expansion, and is again indicative of the permeability of the epoxy coating mate-
rial, The magnitude of the expansion and weight increase of the concrete during
that initial 30-day brine exposure is 62. 9 and 43. 0 percent, respectively, less
than that of the alkyd coated concrete, However, in either event they are not
considered suitable as protective materials for concrete under these severe
environments.

The glass fiber and epoxy coated concrete reacted similarly to the previously
mentioned coated concrete, and, therefore, will not be discussed in detail,
Tables III-30, II-31, Figure III-36. The important thing to note regarding the
length and weight change of these coated specimens is that whether the coating
itself failed completely, partially or only pinholes, the concrete volume wise
reacted similarly to the plain concrete.

II1.6.2.2,.3. 250° F brine tests. --

The general condition of the concrete subjected for 180 days to the 250° F syn-
thetic sea water brine can be considered good. Although some minute surface
alteration has been determined petrographically, no deterioration has taken place.

Compressive strength of the natural aggregate concrete subjected to the 250° F
synthetic sea water brine increased from 7, 030 psi at 28 days' exposure to

7, 930 psi at 90 days' exposure which is a greater rate of increase than expe-
rienced in either the 100° or 290° F exposed concretes, Table III-32 and Fig-
ure III-19. However, no significant change in compressive strength occurred
between 90 and 180 days' exposure. It is interesting to note that although the
compressive strengths of the natural aggregate concretes exposed for 28 days
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Table III-32
250° F System
strength
(psi)

Natural Aggregate Concrete
Corrosion of Concrete Investigation for OSW

Compress
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(days)

ine: age

6- by 12-inch Concrete Cylinders

COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES
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to the 100°, 225°, 250°, and 290° F brines varied from 7, 590 to 7, 030 psi, after
90 days' exposure to the same brines the compressive strengths only varied from
7, 930 to 7, 850 psi.

Compressive strength of the crushed limestone aggregate concrete subjected to the
250° F synthetic sea water brine averaged 5, 840, 6, 600, and 7, 040 psi at 28, 90,
and 180 days' exposure, respectively, Table III-33 and Figure III-37. This in-
crease is comparable to both the natural and crushed limestone aggregate con-
crete subjected to other brine environments. These strengths give no indication
of deterioration.

Modulus of elasticity of the natural and crushed limestone aggregate concrete
subjected to the 250° F synthetic sea water brine average 5.20 and 5.15 million
psi, respectively, at 28 days' exposure, 5,60 and 5. 70 million psi, respectively,
at 90 days' exposure, and 5.73 and 5. 54 million psi, respectively, at 180 days'’
exposure, Tables III-32 and III-33, Figure III-38. These values are well above
the 4.50 million psi considered average for good quality concrete, and no evi-
dence of deterioration exists.

It should be pointed out that the modulus of elasticity of the natural aggregate con-
crete increased due to submergence in the brine, whereas, that the crushed lime-
stone aggregate decreased when soaked in the brine., Since the cement and all other
materials in these concretes except the coarse aggregates were of the same type
and of nearly the same quantity it is apparent that these opposite effects due to
soaking are caused by the type of coarse aggregate in the mix. In spite of the dif-
ferent changes having taken place in the modulus, one can see from the curves

that whether the concrete undergoing brine exposure contains natural or crushed
limestone aggregate the modulus is practically the same.

Poissons' ratio of the natural and crushed limestone aggregate concrete exposed
to the 250° F synthetic sea water brine did not change significantly throughout the
test period, and the last available values of 0.20 and 0. 24, respectively, are con-
sidered about average for good quality concrete. Poissons' ratio of companion
continuously dried concrete averaged 0,20 and 0. 23 for the natural and crushed
limestone aggregate concrete, respectively,

Unit weights of the natural and crushed limestone aggregate concretes subjected

to the 250° F synthetic sea water brine averaged 159.5 and 151, 4 pounds per cubic
foot, respectively, at 180 days' exposure, which is an increase from the values
obtained at 28 days' exposure, Tables III-32 and III-33. Apparently, the increase
in unit weight with increase in exposure time is due to the continued moisture ab-
sorption. Very little change was noted in the unit weights of companion specimens.

Pulse velocity of natural aggregate concrete subjected to 250° F synthetic sea water
brine remained essentially unchanged throughout the 180 days' of exposure while
that of crushed limestone aggregate concrete increased substantially between 28
and 90 days with little change on to 180 days, Tables III-32, III-33, Figures III-39,
and III-40. However, in all cases including the companion continuously dried con-
crete the pulse velocity was well above 15, 000 feet per second indicating continued
high-quality concrete.

Resonant frequency of the natural and crushed limestone aggregate concretes ex-
hibited an initial rapid increase when subjected to the 250° F brine, as in'the case
of concretes exposed to the four other brine environments, Tables III-34 and III-35
and Figures III-41 and III-42, Apparently this is due in part to moisture absorp-
tion and continued hydration, It is significant to note that the magnitude of this
initial abrupt increase in resonant frequency approximates that which occurred

in the 290° F tests while the subsequent trends in the natural aggregate concrete
approximates that which occurred in the 100° F tests. Resonant frequency of the
crushed limestone aggregate concrete appears to be taking the same drop as ex-
perienced in the 290° F tests, In neither case do any signs of deterioration exist.

Data obtained from tests conducted upon the plain natural aggregate concrete bars
indicated that the drying shrinkage of the concrete prior to brine exposure total
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FIGURE 1II — 39: PULSE VELOCITY OF NATURAL AGGREGATE CONCRETES
SUBJECTED TO 203°,225° 8 250° F. SYNTHETIC SEA WATER BRINE
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FIGURE III —40: PULSE VELOCITY OF CRUSHED LIMESTONE AGGREGATE GCONCRETE

SUBJECTED TO 203°,225° & 250° F. SYNTHETIC SEA WATER BRINE

101




PERCENT CHANGE IN FREQUENCY SQUARED

PERCENT CHANGE IN FREQUENCY SQUARED

PERCENT CHANGE IN FREQUENCY SQUARED

X 100

F2-Fot

F2-F,2

Fot

X 100

Fo?

X 100

F2_F,2

Fo®

| ] [ T |
|-Specs. Kt & K2 28 doys fog cure, 282 days
Ploced Specs. KI & X2 in bri drying, then continuous 203* £. brine exposure
e ey —
)//0‘
0 haRend | -
° A e B _D‘\—'—_n———————o——
Specs. Kic & K2¢ 28 days fog cure, then
0 continuous drying
-20
] 40 80 120 160 200 240 280 320 360 400 440 480 520
DAYS DRYING - CONTROL SPECS.
0 18 58 98 138 178 218
DAYS IN 203°* F. BRINE
I [ [ T [ |
|~ Specs. w! & w2 28 days fog cure, 220 days
Ploced Specs. wi 8 w2 in brine drying, then continuous 225° F. brine exposure
+10 ’O/" ) s e — —t —
a PLEN
ot S
—g —
=z o [—Specs. wic 8 w2¢ 28 days fog cure, 220 doys
o drying, 28 additional days fog cure, then
continuous drying
-10
t——Removed Specs. Wic 8 w2c from fog
[ [ [ |
<] 40 80 180 160 200 240 280 320 360 400 440 480 520
DAYS DRYING - CONTROL SPECS.
o 20 60 100 140 180 220 260 300

DAYS IN 225° F. BRINE

1] [ [ |
H § | -Specs. T1 & T2 28 days fog cure, 227 doys
Placed Specs. T1 8 T2 in br drying, then continuous 203° F. t‘:rine exposure
+10
|5 PR R S S N S N
. \ ‘43
o
- -Specs. Tic 8 T2¢ 2B days fog cure, 227 days
O— — — O —— - ec ’
drying, 20 additional days fog cure, then
continuous drying
-0
t—— Removed Specs. Tlc & T2¢ from fog
[ T 1 |
o] 40 80 120 160 200 240 280 320 360 400 440 480 520
DAYS DRYING — CONTROL SPECS.
Fy : Frequency aftei 2a days fog cure ° 53 93 133 173 213 233 293
F : Any frequency after F, DAYS IN 250° F. BRINE
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Table III-33
COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES

6- by 12-inch Concrete Cylinders
250° F System
Crushed Limestone Aggregate Concrete
Corrosion of Concrete Investigation for OSW
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about 600 millionths inch per inch which is just slightly above average for high-
quality concrete, Table III-36 and Figure II[-43. After immersion in the 250° F
synthetic sea water brine for 28 days about 80 percent of this shrinkage, 483 mil-
lionths per inch, was regained leaving a net shrinkage of 118 millionths inch per
inch. After 180 days' exposure the net shrinkage dropped to 111 millionths inch
per inch. Certainly no abnormal behavior of the concrete is apparent thus far.

Data obtained from tests conducted upon the plain crushed limestone aggregate
concrete bars indicated that the drying shrinkage of the concrete prior to brine
exposure totaled about 330 millionths inch per inch which is substantially less
than that which occurred in the natural aggregate concrete and is considerably
below that maximum considered average for good concrete, Table III-37 and Fig-
ure III-44, After immersion in the 250° F brine for 28 days, 551 millionths inch
per inch expansion occurred, thus indicating that a greater volume now exists
than originally, but certainly no signs of deterioration prevail.

Weight change of the two concretes behaved very similarly to the length change
in response to drying and immersion in 250° F brine, Tables III-36 and III-37 and
Figures III-43 and III-44. Both of these measurements increased when moisture
was present and decreased when moisture was removed.

Companion concrete specimens were initially placed in the 100 percent RH atmos-
phere when the primary specimens were placed in the brine. However, a short
time later they were placed back in the 50 percent RH atmosphere since it was
concluded that as companion specimens the drying concrete would provide more
suitable data. This change of exposure explains the shape of the companion curves
in all of the figures dealing with the 250° and 225° F tests.

Results of tests conducted upon natural and crushed limestone aggregate reinforced
concretes revealed that length and weight changes followed the same trends as
those of the plain unreinforced concretes, Figures III-45 and II1-46. Although
these reinforced specimens are principally used to evaluate steel corrosion, the
aforementioned test results affirm that nothing unusual is occurring in the
specimens.

Contrary to what might be expected, the length change of pretensioned natural

and crushed limestone course aggregate concretes underwent rather abrupt shrink-
ages when exposed to the 250° F brine, Figures III-47 and III-48. A careful anal-
ysis of this situation revealed that the creep of the concrete under load was prob-
ably greater than the expansion due to absorption thus resulting in greater total
negative length change. Although no tests have been conducted in the Bureau
laboratory to determine creep of concrete exposed to elevated temperature and
moisture conditions, experience and related data indicate that concrete exposed

to high temperatures and changing moisture conditions undergo greater creep

than concrete at ambient conditions. Creep is discussed in detail in Section IV;
however, a comparison between the curves of Figures III-43 and II-47 indicates
that after 28 days' brine exposure the natural aggregate concrete must have under-
gone about 976 millionths inch per inch creep to have overcome the 483 millionths
(+) inch per inch expansion to absorption. The fact that the apparent 1, 061 mil-
Honths inch per inch creep of the crushed limestone aggregate concrete is 85 mil-
lionths inch per inch greater than that which occurred in the natural aggregate con-
crete can probably be attributed to the 720 psi greater pretensioning stress.

Notice that a normal weight increase occurred when the concrete was placed in
the brine. Since a weight increase of this type is usually accompanied by expan-
sion, it is apparent from the length change curve that the magnitude of the creep
is still increasing slightly more than any expansion that might be occurring,

II1.6.2.2.4. 225° F brine tests. --

The general condition of the concrete subjected for 180 days to the 225° F syn-
thetic sea water brine can be considered good. No evidence of deterioration
exists.
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LENGTH AND WEIGHT CHANGE OF CRUSHED LIMESTONE AGGREGATE CONCRETE

4= by 4- by 30-inch Bars
Corrosion of Concrete Investigation for OSW

250° F Temperature Brine System

88

56

35

“Total age (days):

o
o~
0
o

od +o od oo o

wf~+Jo I
o3 :1 :i ~
~df
o oo oo 20 o
~o g
/T He 9

od oo oo oo 01

qE

oo s oo oo od

5

(days)

3

Length Change in Milliontl.m Inch Pb;' Inch
329
308

Specimen

oe oo s

0w
-

108
90

(P1)2/

)

s o0 o0 s

l1&2
lc & 2¢

e oo oo

+486
236

-
« &
+

g oo ee

+272
1593/

s o0 oo

61
58

N~

54
43

NN

N~
N N

o\
a8

&3
-

2g

~

™ L]

©
DataaY

110

ot 4o se

961
555

R
o n

1

839
442y

Weight Change in Pounds

e os oo

19
33

wnan

™~
&%

oo oe oo

¥

37
368

313
295

21
21

NN

O ©
~

e oo o0

(Prs)

.o o0

7¢&8
Tc & 8c:

as 00 oo

oo os oo

+0.23
0.47

o
<

Qo
+

0.15
0.293/

+

e oo o

+0.66
0.67

0.
0.59

&
9
oo

e oo oo

(=] O 0
RI N{
[eNo] (o N o]

+
QD D O
IR |A
(e Ne] (o]

*

e e e e
R |
48 A9
[oNe] [ N o]

¥ +

o~

a8 ]%
[eNe] e N
o e e

[+ )] 0
33 =3
(o N o] [oRe)
O 0 w0 o
TR R\e
[eNa] [eNa]
¥ ~F N
3] a7
[eRe] [oNe]
e e
™ o
a% RAJ
[oNe) [oNa)
e o
OO O N
IR
[eNe] o0
e e
WM N
88 9]
(o N o] (o N o]
e
L)
£
s3 EE
e e o
$ 8
Y g
< © N [4]
[2aY2aY | o o

mpanion specimens which were not placed in brine, but left in laboratory air.

Placed in fog June 7, 1966, but returned to 50 percent room on June 29, 1
4/A11 specimen readings indicate shrinkage compared to the 28-day fog readings except those marked with a "+" which indicates expansion.

A1l ( ) refer to co
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1/P1 = Plain; Re = Reinforced; Prs = Prestressed
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Compressive strength of the natural aggregate concrete subjected to the 225° F
synthetic sea water brine averaged 7, 130, 7, 910, and 8, 280 psi for exposures
of 28, 90, and 180 days, respectively, Table III-38, Figure III-19,

This strength progression is comparable to that developed by similar concrete
undergoing other hot brine exposures, and in no way indicates deteriorated
concrete.

Compressive strength of crushed limestone aggregate concrete subjected to the
225° F synthetic sea water brine averaged 6, 540, 6, 970, and 7, 630 psi for ex-
posures of 28, 90, and 180 days, respectively, Table III-39, Figure III-37. Here
again, this strength progression is considered normal and no signs of deteriora-
tion exists.

Modulus of elasticity of the natural and crushed limestone aggregate concrete sub-
jected to the 225° F synthetic sea water brine averaged 5. 67 and 5. 38 million psi,
respectively, at 180 days' exposure, which in both cases is an increase from the
values obtained after 28 days' exposure, Tables III-38 and III-39 and Figure III-49.
In the case of the crushed limestone aggregate concrete the values obtained after
90 days' exposure were substantially greater than the aforementioned 180~-day
values. No explanation for this phenomenon is presently available.

Poissons' ratio of the natural and crushed limestone aggregate concrete exposed
to the 225° F synthetic sea water brine did not change throughout the test period,
and the values of 0,20 and 0.23, respectively, are about average for good con-
crete, Tables III-38 and III-39, and Figure III-49.

Unit weights of the natural and crushed aggregate concrete subjected to the 225° F
synthetic sea water brine averaged 157. 6 and 150. 5 pounds per cubic foot at

180 days' brine exposure, Tables III-38 and III-39. The change in unit weight
throughout the test period has been rather insignificant, apparently indicating
that a stable moisture condition has been attained.

Pulse velocity of natural and crushed limestone aggregate concrete subjected to
225° F synthetic sea water brine increased only slightly between 28 and 180 days'
exposure, Tables III-38 and III-39, and Figures III-39 and III-40. Pulse velocity
of crushed limestone aggregate concrete averaged substantially more than that of
the natural aggregate concrete which probably would not be expected since the
natural aggregate concrete has a higher unit weight and higher static modulus of
elasticity. This same phenomenon occurred in the concretes subjected to the
203° and 250° F systems, and at this point no valid explanation for this situation
is available. However, in all cases pulse velocities are above 15, 000 feet per
second and are indicative of the continued high quality of the concretes.

Resonant frequency of the natural and crushed limestone aggregate concretes
underwent the same initial increase upon subjection to the 225° F synthetic sea
water brine as occurred in the other brine environments, Tables III-40 and III-41
and Figures II-41 and III-42. At 180 days' exposure the frequency of the natural
aggregate concrete continued to increase whereas the frequency of the crushed
limestone aggregate concrete exhibited a slight decrease. In neither concrete
are there any signs of deterioration based on the tests.

Data obtained from tests conducted on the plain natural aggregate concrete bars
indicated that 68 percent or 406 millionths inch per inch of the 597 millionths

inch per inch total prebrine drying shrinkage was regained after 28 days' expo-
sure in the 225° F synthetic sea water brine, Table III-42 and Figure III-50. These
figures are quite comparable to those obtained from tests conducted upon the 250°
and 290° F exposed concrete.

Similar data obtained from tests conducted upon plain crushed limestone aggregate
concrete indicated a total expansion of 463 millionths inch per inch resulting from
28 days' exposure to the 225° F brine, Table III-43 and Figure III-51. Since the
maximum drying shrinkage prior to brine exposure totaled only 315 millionths
inch per inch the volume of the concrete after 28 days' brine exposure is greater
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Table III-39
COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES

6- by 12-inch Concrete Cylinders
225° F System
Crushed Limestone Aggregate Concrete
Corrosion of Concrete Investigation for OSW
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=40

FREQUENCY SQUARED OF NATURAL AGGREGATE CONCRETE

4= by 4~ by 30-inch Bars

225° F System
Corrosion of Concrete Investigation for OSW
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as referred to in Figure III-41,

)
ts for frequency (F) are cycles per second.

2/Days drying from hereon applies to Specimens 1c and 2¢; 3c and 4c¢; and 7¢ and 8c,

3/Days brine only applies to Specimens 1 and 2; 3 and 4; and 7 and 8,

4/These values are F

1/A11 specimens received an initial 28-day fog cure,
5/Uni

6/Reinforced concrete specimens,
7/Pretensioned concrete specimens.
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LENGTH AND WEIGHT CHANGE OF CRUSHED LIMESTONE AGGREGATE CONCRETE

4- by 4- by 30-inch Bars
Corrosion of Concrete Investigation for OSW

225° F Temperature Brine System
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4/A11 specimen readings indicate shrinkege compared to the 28-day fog readings except those marked with a plus which indicates expansion.

2/A11 ( ) refer to companion specimens which were not placed in brine, but left in laboratory air.

3/Placed in fog May 21, 1966, but returned to 50 percent room on June 29, 1966.

1/P1 = Plain; Re = Reinforced; Prs = Prestressed
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than it was originally. As in the case of the natural aggregate concrete, moder-
ate expansion is progressing with continued brine exposure.

Weights of the two concretes under test are increasing normally and are consist-
ent with the expansion.

Length and weight changes of reinforced natural and crushed limestone aggregate
concretes responded very much as that of the plain concrete, Figures III-52 and
III-53. The reinforced natural aggregate concrete underwent 171 millionths inch
per inch less total shrinkage upon drying than comparable plain concrete and then
upon exposure to the brine it expanded 7 millionths more than the plain concrete.
Now after 180 days' exposure this reinforced concrete occupies slightly more
volume than at any time before. The same relative length changes occurred in
the reinforced crushed limestone aggregate concrete except that after 180 days'
exposure it now occupies a substantial 400 millionths inch per inch greater volume
than ever before.

Length and weight changes of pretensioned natural and crushed limestone aggre-
gate concretes responded similarly to comparable concrete undergoing 250° F
brine exposure although the magnitude was somewhat less, Figures III-54 and
III-55.

Readings taken on strain gages mounted on the pretensioning rods were very
erratic but did indicate that considerably more pretensioning stress was in the
crushed limestone aggregate concrete the day the brine tests began than was in
the natural aggregate concrete. This may account for the differences in net
length change between the two concretes. In no case are there any signs that
would indicate deleterious expansion causing deterioration.

III.6.2.2.5. 203° F brine tests. --

The general condition of the concrete subjected for 90 days to the 203° F synthetic
sea water brine can be considered excellent. No evidence of deterioration exists.

Compressive strength of the natural aggregate concrete subjected to the 203° F
synthetic sea water brine averaged 6,620, 7,170, and 8, 270 psi for exposures of
28, 85, and 180 days, respectively, Table III-44 and Figure III-19, The strength
development to 85 days is somewhat less than that of the other brine environments;
however, at 180 days' exposure the strength is very nearly the same.

The compressive strength of the crushed limestone aggregate concrete subjected
to the 203° F synthetic sea water brine averaged 6, 680, 6,910, and 7, 190 psi for
exposures of 28, 85, and 180 days, respectively, Table III-45 and Figure III-37.
This 180-day strength is slightly less than that of the 225° F brine-exposed con-
crete and slightly greater than that of the 250° F brine-exposed concrete.

Modulus of elasticity of the natural and crushed limestone aggregate concretes
subjected to the 203° F synthetic sea water brine for 180 days averaged 5. 74 and

5. 86 million psi, respectively, which in both cases is an increase over similar
values obtained after 28 days of exposure, Tables III-44 and III-45 and Figure III-56.
Here again, these values are well above the 4. 50 million psi considered average

for good concrete, and certainly indicates that the concrete remains sound and of
high quality.

Poisson's ratio of the natural and crushed limestone aggregate concrete exposed
to the 203° F synthetic sea water brine did not change significantly throughout the
test period, Tables III-44 and III-45 and Figure III-56. The values of 0.20 and
0. 24, respectively, are considered about average for good quality concrete.

Unit.weights of the natural and crushed limestone aggregate concretes subjected
to the 203° F synthetic sea water brine averaged 158.6 and 150. 3 pounds per cubic
foot at 180 days' brine exposure, Tables III-44 and III-45, A slight increase was
noted in the unit weight of the natural aggregate concrete between 28 and 90 days'
exposure; whereas, for the same exposure the crushed limestone aggregate
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Table I1I-44
COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES

6- by 12-inch Concrete Cylinders

203° F System

Natural Aggregate Concrete
Corrosion of Concrete Investigation for OSW

Pulse velocity

ht

pounds per

Unit weig

.
S

ive

:Compressi

Total

foot per

r

(million:

: strength :

age
(days)

ine:

In br

Dry cure

tFog cure:

Specimen

second

cu foot

psi)

.
-

(psi)

¢ (days) : (days) :

(days)

No.

e

X

7
7

CCI-K35
CCI-K36
Average

.

: 0.18

3.48

3,770

.

.

ve

CCI-K37 : 28

CCI-K38
Average

6,230
6,130

e

28

28

0.20 :

4,40

o s

ee oo

135

15,800
15,900
16,100
15,900

156.4 :

0.20
0.18
0.18
0,19

4,66
4,83
5.12

6,680
6,580
6,610

338 :

338
338

28

282
282
282

..

28
28
28

CCI-K1

.

157.0
158,2

28
28

CCI-K2

.
.

-
.

.
.

CCI-K3

157.2 :

Average

[
SO0
Sy N O
a a a
<
—t -y —t

153,2
156.4
155.8

D W~
—— =

[ I

15,300

155.1 :

0.16

4,75

7,400

Average

.

.

oo

o

16,900
16,500

156.4

21
0.22

7,130
7,250

411

85

298
298

28
28

.
.

CCI-K4

158.9 :

s

5.65

.
.

411
411

85

CCI-KS5

7,140

28

CCI-K6

16,800

158.1 :

+ 0,22 :

5.41

7,170

Average

e

oo

15,900

155.8

4,35 0.16

7,390

411

0

: 28

CCI-K4C
CCI-KS5C

383
383

0

: 28

CCI-Ké6C
Average :

.
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Table III-45
COMPRESSIVE STRENGTH AND ELASTIC PROPERTIES

6- by 12-inch Concrete Cylinders
203° F System
Crushed Limestone Aggregate Concrete
Corrosion of Concrete Investigation for OSW

Pulse velocity

ht

pounds per

Unit weig

E
{million:

ive

Total :Compress

ine: age

—
.
.

foot per

.
.

b o

strength :

:In bri

Dry cure

:Fog cure:

Specimen

cu foot : second

.
.

psi)

(days) : (days) : (days) :(days) : (psi)

No.

0,22
0.21
0,22

5.14
5.05
5.10

4,350

4,440
4,400

7

CCI-LK35
CCI-LK36:
Average

e

7

.o

o

X3

e

28
28

CCI-LK37:

CCI-LK38
Average

0.24

5.69

6,110

137

17,500
16,900

153.2 :

152.6

0,24 :
0,23 :

: 28
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CCI-LK2

6,510 5,71
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338

28
28
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s oo

. oo
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148.3 : 17
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7,900
7,520
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310
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Average
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0
0
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.
.

.
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18,100
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0.24
0.24
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6,34
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6,760
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28
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CCI-LKS
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e

.
.

5.56

7,070
6,910

85
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.
.

0.24

5.89

Average :

e

(X
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17,900
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23
0.24

.

5.46

7,840
7,590
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0
0
0
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e
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CCI-LKéC
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.
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5.12
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e
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concrete underwent a slight decrease in unit weight, although it showed a slighter
increase at 180 days. In neither case is it indicative of deterioration.

Pulse velocity of the natural and crushed limestone aggregate concretes subjected
to the 203° F synthetic sea water brine increased substantially between 28 and

90 days' exposure, but underwent a drop between 90 and 180 days' exposure,
Tables III-44 and III-45 and Figures III-39 and III-40. In all cases.the pulse veloc-
ity averages well above the 15, 000 feet per second considered minimum for very
good quality concrete.

Resonant frequency of the natural aggregate continued to increase between 28 and
180 days' exposure to the 203° F synthetic sea water brine, whereas that of the
crushed limestone aggregate concrete increased to 90 days but then dropped
slightly at 180 days' exposure; all values still indicate a very-high-quality con-
crete exists, Tables I1I-46 and III-47 and Figures III-41 and III-42.

Data obtained from tests conducted upon the plain natural aggregate concrete bars
subjected to 203° ¥ synthetic sea water brine showed that the resultant length
changes are very similar to those that have occurred in 225° F brine-exposed
concrete, both as to total drying shrinkage and as to expansion due to moisture,
Table III-48 and Figure III-57. The 301 millionths inch per inch drying shrink-
age of the crushed limestone aggregate concrete corresponds very closely with
that of the 225° F system, but expansion resulting from 28 days' exposure to the
203° F brine totaled only 274 millionths inch per inch, whereas that of the 225° F
system totaled 466 millionths inch per inch, Table III-49 and Figure III-58. A
comparison of the expansion with the weight change indicates that the absorption
of moisture is also substantially less than that of the 225° F concrete.

Weight increases of the two concretes under test in 203° F brine are comparable
to the increase in expansion and appear normal.

Little need be said regarding the length and weight changes of reinforced natural
and crushed limestone aggregate concretes since the drying shrinkage and the
subsequent expansion due to brine exposure are both practically identical to that
of the plain concrete discussed in the previous paragraph, Tables I1I-48 and III-49
and Figures III-59 and III-60.

Length and weight changes of prestressed natural and crushed limestone aggre-
gate concretes exposed to the 203° F brine responded very much like the corre-
sponding concretes subjected to the 225° F brine, Figures III-61 and III-62. Cer-
tainly, nothing appears unusual and no signs indicating deterioration exist.

I11. 6. 3. Miscellaneous Tests

I1I.6. 3.1, Cavitation tests, -~

Cavitation tests were conducted throughout the entire 2 years of 100° F brine expo-
sure and 18 months of 290° F brine exposure, and visual observations of the orifices
were made at periodic intervals. No cavitation damage was apparent in either of the
two orifices, the 100° orthe 290° F after 2 years and 1 year, respectively, of brine
exposure, Figures III-63, III-64, III-65, and III-66. The only visible signs of dete-
rioration are the spalling and some minor erosion of the softened invert surface in
the high-temperature orifice. No such deterioration was noted in the orifice tested
in the low-temperature loop.

II1.6.3.2. Reinforced concrete pipe tests. --

Another test conducted in the high-temperature (290° F) brine system was the expo-
sure, under static conditions, of a 2-foot-long section of reinforced concrete pipe
to the environment. This pipe section, which was 15 inches outside diameter,

7 inches inside diameter, and cast from the same concrete as the test specimens
was fitted into the side of the brine test system, Figure III-67. This configuration
allowed a differential temperature, pressure, humidity situation through the con-
crete, i.e., on the inside of the pipe the environment consisted of 290° F synthetic
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Table III-
4= by 4- by 30-inch Bars

203° F Temperature Brine System
Corrosion of Concrete Investigation for OSW

LENGTH AND WEIGHT CHANGE OF CRUSHED LIMESTONE AGGREGATE CONCRETE
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Figure III-63. Concrete orifice 4 by 9 by 8 inches prior to subjected continuous 10-feet-
per-second flow of 100° F synthetic sea water. Photo PX-D-55286 NA

Figure III-64. Concrete orifice after 2 years' subjection to flowing 100° F synthetic sea
water. Photo PX-D-60853
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Figure III-65. Concrete orifice, 4 by 9 by 8 inches prior to subjection to a continuous
10-feet-per-second flow of 290° F synthetic sea water. Photo PX-D-53637

Figure III-66. Concrete orifice after 1 year's subjection to flowing 290° F synthetic sea
water. Photo PX-D-53638
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Figure III-67. Concrete pipe section undergoing severe test in 290° F synthetic sea water
test environment, Photo PX-D-55279 NA

Figure III-68. View of sawed concrete pipe section after about 180 days' exposure to the
hot brine environment. Photo PX-D-55280 NA
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sea water brine at 58 psi pressure; whereas, on the outside the environment was
laboratory air at plus or minus 80° F and atmospheric pressure (12.2 psi). During
the 180 days that this pipe section was under test it leaked brine in a number of
places. Leakage appeared to be more severe at the beginning than at the end of the
test although this was not determined by actual measurement of the leaked brine.
Subsequent to brine exposure the pipe section was sawed into sections to permit a
complete examination of the interior of the concrete and of the reinforcing steel,
Figure II-68. A petrographic analysis was made and is presented in Section VII.

From visual observation of the interior of the pipe concrete, it appeared that:
1. Leakage occurred through some cracks;
2. A very thin softened layer of concrete covered the inside perimeter;
3. The interior concrete was sound; and
4. The reinforcing steel was slightly corroded.

1. 6.3.3. Asbestos-cement pipe tests. --

A few sections of 8-inch-diameter asbestos-cement (AC) pipe have been subjected

to the 290° F brine through most of the systems operation, Figure III-69. These
were random autoclave-cured specimens obtained from other investigations and were
tested in the hot brine under static conditions. A petrographic analysis of the condi-
tion of these specimens after 593 days of exposure has been made and reported in
Section VII. A visual inspection of the specimens indicated that brine had penetrated
most of the way through the pipe.

II1. 6. 3. 4. Thermal expansion tests. --

Tests have been conducted upon 2- by 2- by 4-inch bars sawed from larger sections
of the natural aggregate concrete to determine the coefficient of thermal expansion.
Results of these tests, which were conducted at three moisture conditions, oven dry,
75 percent saturated and 100 percent saturated, and between temperature limits of
30° and 90° F indicated coefficients of thermal expansion of 4.1, 4.8, and 4.0 mil-
lionths per degree F, respectively. Similar tests were also conducted upon speci-
mens fabricated of crushed limestone coarse aggregate concrete at the same moisture
conditions and temperature limits. Coefficient of thermal expansion values were 3.0,
3.5, and 2.7 millionths per degree ¥ of specimens that were oven dry, 78 percent
saturated and 100 percent saturated, respectively.

III.6.3.5. Air and water permeability tests. --

Air and water permeability tests on the concretes utilized in this program have and
are being made. Because the air permeability of concrete has not been determined
in the past, special equipment for use in making such determinations was developed
by modifying existing water permeability equipment.

Preliminary tests were conducted on both the natural and limestone aggregate con-
cretes, referred to in Table III-15, Mixes No. 1 and 3. Water permeability tests
utilized a constant 400-psi pressure, whereas the air permeability test pressures
varied from 15 to 100 psi.

Water permeability of the natural and limestone aggregate high-quality concrete
averaged 0. 049-cubic-foot-per-square-foot per year per foot thickness at test pres-
sure of 400 psi. Air permeability of the natural aggregate concrete averaged 0.5-,
1.9-, 2.5-, and 6.2-cubic-feet-per-square-foot per year per foot of thickness at
test pressures of 15, 25, 50, and 100 psi, respectively. Air permeability of the
limestone aggregate concrete averaged 0.0-, 0.0-, 0.2-, and 1.0-cubic-foot-per-
square-foot per year per foot at test pressures of 15, 25, 50, and 100 psi,
respectively.
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Figure III-69, Typical 8-inch-diameter section of asbestos-cement pipe as tested in the
290° F brine. Photo PX-D-55291 NA
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Since the aforementioned preliminary tests, air permeability tests of concrete have
been continued on an intermittent basis to evaluate equipment and test procedures.
For these tests, equipment was modified to eliminate water coming in contact with
the test specimens. The sensitivity of the measuring apparatus was increased.

Tests were performed under a constant pressure of 25 psi. Air pressure was sup-
plied by in service lines, and air was filtered and regulated to desired pressure.
Volume of air flowing through a specimen was measured by displacement of water

as air collected in a calibrated chamber. This chamber was vented to permit meas-
urements at atmospheric pressures, thus eliminating any effect of variable baromet-
ric pressures, Figure III-70.

Results of recent tests performed on concretes containing a good quality aggregate
and two water-cement ratios confirm data reported by other investigators4/ that
the moisture condition of concrete greatly influences its permeability to alr. Tests
performed in the Bureau of Reclamation laboratories, utilized fog-cured concrete
and initially no air flowed through either 0. 45 or 0.55 water-cement ratio concrete.
Following oven drying for 3 days at 230° F and retesting, the 0.55 water-cement
ratio concrete passed air freely, permitting a flow of 153.6 cc/sq ft/hr/ft/psi
(71.1 cc/cm2/hr/cm/kg cm2) under 25-psi test pressure. However, the lower
water-cement ratio concrete (0.45 W/C) remained impermeable and was further
dried at 230° F for 2 weeks. Still, the concrete remained impermeable to air even
under pressures to 60 psi. Further tests are contemplated to substantiate these
data.

To observe the influence of water the 0.55 water-cement ratio concrete was uncapped
while the constant 25-psi pressure was maintained on the bottom and the top of the
specimen flooded with water. Initially, the water above the specimen showed vigor-
ous bubbling over the entire surface. However, after 2 weeks of keeping the surface
flooded the air flow steadily decreased from vigorous at first to essentially no flow.
This reduction is related to bubbling pressure required to force air through a satu-
rated porous media. This problem has been investigated in the Bureau of Reclama-
tion laboratories (Soils Engineering Branch). Bubbling pressure in permeability
tests of a water-saturated porous media is the pressure required to overcome sur-
face tension between water and the pore walls through which the flow must pass.
This pressure might be very high, depending upon the size of capillary tubes. Large
pores require low pressures, while small pores require high pressures to overcome
the surface tension.

Testing will be continued to further refine test equipment and test procedures. It is
proposed to test concrete as a seal in a vacuum chamber. This will more closely
simulate conditions under which concrete would be used in a distillation chamber.
Since there will be water present, it is also proposed to test the concrete under dif-
ferent moisture conditions. Other studies will be made to determine the effect of
water-cement ratio, temperature, aggregate, and slump on permeability of concrete
to air,

II.7. References

1. "Effects of False Set in Portland Cement on Properties of Concrete,' J. T, Dikeou,
USBR Lab., Rept., C-1192, June 30, 1966.

2. "Seal Performance in Brine Circulating Pumps,' J. R. Graham, USBR Lab.
Rept. C-1253, November 1, 1967.

3. "Flyash Improves Concrete and Lowers Its Cost,'" A. S. Pearson and T. R. Galloway,
Civil Engineering, September 1953,

4. "Paper on Permeability of Concrete to Air," Ontario Hydro-Research Quarterly,
First Quarter, 1966.

5. "Evaluation of Concrete for Desalination Plants, "E. C. Higginson, J. E. Backstrom,

(A paper presented at the ASCE Water Resources Engineering Conference, Denver,
“olorado, May 16-20, 1966).
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Figure III-70. Air permeability test equipment;
(A) Inflow air line
(B) Specimen chamber
(C) Apparatus used for measuring outflow.

Photo PX-D-60856
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SECTION IV

PART II--PANEL AND MODULE STRUCTURAL
STUDIES INCLUDING CREEP1/

IV. 1. Purpose and Summary of Results

IV.1.1. Purpose

Design and operation of distillation plants for sea water conversion necessitates
consideration of structural problems associated with high temperature, high humidity,
and varied pressures. In studying the use of concrete as a shell material for evap-
orator vessels, high temperatures and temperature variations become extremely
important. Limitations must be placed on temperature variations across the shell
wall thickness to prevent overstress. ''Startup' and "shutdown'' temperature con-
trol rates may thus be required to prevent extreme slopes of the time dependent
(unsteady state) temperature distribution curves.

The objectives of this investigation are to study the collective influence of high tem-
perature, high humidity, and varying pressure on concrete structural elements and
to compare theoretical numerical analysis methods for the heat transfer problem
with test results obtained from model studies. The influence of each of these factors
must be studied theoretically and experimentally. It is anticipated that reliable the-
oretical predictions of time dependent temperature distributions can be ascertained
for the problem mentioned above.

IV. 1.2, Summary of Results

The primary reason for conducting laboratory studies of a prototype wall panel was

to determine how closely the actual unsteady-state-temperature distribution compared
with the theoretical distribution obtained by a numerical procedure discussed in

Sec. 1V.3.3., General Report No, 37,

In general, the correlation of the actual with the theoretical temperature distribution
was good. However, two problems had to be resolved before the correlation was
acceptable. The first problem involved the use of the surface thermocouple readings
as the boundary conditions for the theoretical solution. Since these temperatures

are used to calculate the internal temperatures, an error here would produce poor
correlation of results. It was found that the surface temperatures were too high.
This was probably due to the radiant energy of the heat source. Therefore, the

first subsurface thermocouple readings (one-half inch below the surface) were taken
as the boundary temperatures. Using these temperatures, a satisfactory correlation
was obtained. The second problem involved the treatment of the steel reinforcement
gridwork in calculating the temperature distribution. Three methods were considered
to account for the steel gridwork. (1) The steel grid with the concrete is considered
as two parallel thermal resistors; (2) the steel plus the concrete is a composite mate-
rial of weighted thermal properties; (3) the steel layer is to be ignored, considering
the layer as concrete only. Methods 1 and 3 were rejected and Method 2 used in the
final analysis. Method 1 was rejected because a large amount of hand calculations
were necessary for computer use. Method 3 was rejected because the steel was not
taken into account.

The time increment used was 1 minute, A complete time-temperature distribution
was calculated through the wall for each 1 minute of theoretical heating or cooling time.

The temperatures of the surface layers of concrete were not used whenever such
layers were exposed to the air.

Test procedures and part of the test results are given in Sections IV, 3.1, 1V.5,2,
IvV.5.3 and IV. 5.4 of General Report No, 37.

I/Formerly entitled, "'Wall Section Model Studies. "
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Figures IV-14 and IV-15 give a graphical comparison of actual and theoretical results
of Test No. 1. Figure IV-14 gives the heating cycle; Figure IV-15 gives the cooling
cycle. There is a greater variation between the comparable curves for the heating
cycle of Test No. 1 (Figure IV-14) than for other tests. This variation can be attri-
buted to two causes: (1) neglect of the variation in thermal properties of the highly
influential insulating material and (2) apparent overweighing of the calculated con-
ductive properties of the combined steel and concrete layers. This overweighing
shows up in all the graphical results as a ''flattening'' of the theoretical slopes.

Figures IV-16 and IV-17 give the results in graphic form of Test No. 2. Figure IV-16
is the heating cycle; Figure IV-17 is the cooling cycle. The results are good as is
shown by the close agreement of the curves at the 80-hour heating curve and the 36-hour
cooling curve,

Figures IV-18 and IV -19 show the results graphically for the short duration test
undergoing the rapid "hot face' temperature changes. Figures IV-12 and IV-13 give
typical heating and cooling curves of boundary plane thermocouples. Figure IV-1
shows equipment used to determine the thermal properties of the wall concrete.

1V. 2. Definition of Project

IV.2.1. Wall Model Studies

A thorough study of the literature on heat transfer through walls revealed analytical
and numerical methods for determing temperatures as a function of time. However,

a true analytical solution is frequently impossible in light of boundary conditions,

and even for the simplest of cases the method is quite cumbersome. On the other

hand, the numerical approach is far simpler, much more flexible and adaptable to
changing boundary conditions, and in addition gives a progressive solution to the
problem so that the complete time-temperature history is at hand. The numerical
procedure has been found to give reliable results when applied to heat transfer through
walls of essentially homogeneous materials, either singly or in series with other
materials. A shell wall of an evaporator consisting of reinforced concrete is, however,
quite complex. Thermal properties of concrete vary due to the particular mix ingre-
dients and the nonhomogeneous nature of concrete itself. In addition, the percentage

of steel reinforcement will probably be quite high, and since its thermal characteristics
are different than the surrounding concrete, its effect on the time-dependent temper-
ature distribution may be appreciable. The problem is further complicated by the

fact that the steel is not a solid layer in series with concrete but is present as a
network layer of bars with concrete between, It was, thus, highly desirable that
research be undertaken in the form of a laboratory thermal test on an instrumented
reinforced concrete panel to confirm or disprove theoretical results obtained by a
numerical method expanded to suit problems of this nature.

IV. 2.2. Environmental Test Chamber Studies

The use of concrete as a shell material for evaporator vessels not only requires the
investigation of its structural capabilities under thermal stresses but also its dura-
bility under conditions of high temperature, high humidity, and varied pressures.

The use of an environmental test chamber has been proposed to investigate the phys-
ical properties of concrete after subjection during varying lengths of time to dif-
ferent pressures, temperatures, and humidity conditions. A canvas of manufac-
turers showed that there is no available commercial chamber that will test the
concrete under the conditions that are required; therefore the Bureau may design
and instrumentate the chamber., The construction of the chamber will be done by

a commercial firm,

IV.3. Methods

IV.3.1. Test Requirements

Four tests were contemplated utilizing one reinforced concrete panel. A brief de-
scription of the proposed tests follows:
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Test No. 1

Apply a gradual temperature rise and subsequent cooling at the rate of 5° per

15 minutes between 80° and 320° F to the hot surface of the concrete panel. The
air adjacent to the cool side is to be maintained at 70° . The limiting values
being maintained in each case until a steady-state thermal gradient is attained.
The test panel is to be thoroughly instrumented with thermocouples to enable
recording of temperatures through the panel thickness at selected intervals of
time. A 2-inch-thick fiberglas insulation layer is attached to the cool face of
the panel. Edges of the panel should be supported but not restrained from hor-
izontal and vertical movement. Adiabatic conditions should be maintained ver-
tically and horizontally at the faces.

Test No. 2

Testing procedure for this test is identical to that of Test No. 1. The only ex-
ception is that the insulation layer is removed from the cool side.

Test No. 3

This test differs from Test No. 2 in that the rate of temperature rise and drop
between 80° and 320° F on the hot surface of the panel is to be as rapid as practicable,

Test No. 4

Testing procedure is identical to Test No. 3 with exception that the insulation layer
is again attached to the cool face.

IV. 3.2, Material Properties

Supplementary tests for determination of thermal properties of the test panel materials
were also required. These properties were utilized in the numerical solution for
obtaining time-dependent temperature distributions. Required properties were deter-
mined by the Corps of Engineers method as described in their ""Handbook of Concrete
and Cement., "' Figure IV-1 shows the equipment required for obtaining the thermal
properties.

1V. 3.3. Numerical Method

The theoretical solution to the heat transfer problem is a numerical method which
utilizes finite difference expressions to replace differential equations. Essentially,
the method is an iteration process for determing temperatures on preselected ref-
erence planes as a function of time,

To begin with, thermal properties of the wall materials and boundary media must be
known or assumed. Then, depending upon desired accuracy and certain interrelated
restrictions, selection is made for finite space and time increments and appropriate
dimensionless numbers and weighting factors are computed. Solution starts with a
given temperature distribution through the wall and proceeds by steps, each step
yielding the temperatures on the reference planes for an accumulated time increment.
The repetitive calculations are carried out through as many steps as are necessary
to arrive at a desired time. Since each step represents a given time, a complete
time-temperature history is developed, Calculations of a 'new'" temperature at a
given position and time utilizes the previously mentioned weighting factors and three
'old" temperatures from the step before. The three influential ""old" temperatures
are those located on reference planes immediately to the left and right of the position
in question as well as the temperature on the plane in question itself,

Solution to the heat transfer problem by the numerical method was programed for

digital computer analysis. Considerable flexibility as well as accuracy can be
achieved in the computer solution while dispensing with laborious hand calculations.
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Figure IV-1. Equipment required to obtain thermal properties of concrete.
Photo PX-D-55278 NA
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IV. 3.4. Environmental Testing of Concrete Specimens

The concrete specimens to be tested will be circular in shape with a minimum of 24-inch
diameter of surface exposed to test environment. The thickness will vary from 6 to

18 inches. Both faces of the specimen will be exposed to environmental conditions
simultaneously. The environmental conditions for one face will be a combination of

the following ranges: temperature, 70° to 350° F; pressure, 1-100 psia; humidity,

90 to 100 percent. The opposite face will be exposed to a combination of the follow-

ing: temperature, 32°to 150° F; pressure, 1-20 psia; humidity, 20 to 98 percent.

The concrete used in making the specimens will have many variations such as dif-
ferent types of cement, pozzolan, water-cement ratios, and aggregates.

Protective coatings for concrete will also be tested under various combinations of
temperature, pressure, and humidity.

IV. 4. Apparatus

IV. 4.1, Instrumented Test Panel

The test specimen was a reinforced concrete panel, 10 by 10 feet by 15 inches. The
concrete mix was the same as Mix No. 1 described in detail in Table III-15. Rein-
forcing consistegd of two A-15-type rebar mats of vertical No. 6 bars at 12 inches
center to center’ (see Figures IV-2 and IV-5). Nine sets of thermocouples, with

11 units per set, were located through the wall, Figures IV-3 and IV-4. Each unit

of a set was embedded at a different depth through the panel thickness with correspond-
ing units of all the sets at the same depth. Figure IV-3 shows the means used to
secure each thermocouple at 1 of the 9 thermocouple-set locations for concrete
placement.

A 2-inch-thick layer of fiberglas rigid equipment insulation was attached to the cool
wall face for 2 tests. A thermocouple was attached to the outer surface of this insu-
lation layer at each of the 9 locations, Figures IV-4 and IV-5 show the arrangement
and spacing of the thermocouples through the wall section. Including 2 thermocouples
for air temperature measurements adjacent to each wall face, a maximum total of
110 thermocouples were used. Figures IV-6 and IV-7 show the forming and bracing
for placement of the wall.

To obtain relative humidity changes in the wall during testing, five brass wells were
embedded in the top of the wall spaced evenly across its thickness. Special relative
humidity equipment is used to measure these changes.

After placement, the test panel was water cured for 28 days, with a resulting concrete
compressive strength of 5, 960 psi. Figure IV-8 shows the panel during curing after
the face forms had been removed. The wall section rested on its 1-inch-thick plywood
floor form which was supported by 4 by 4's and concrete discs. The panel was braced
by two A-frames at the ends and two logging chains at the top. Although this somewhat
violates the nonrestraint requirement, it was considered necessary for safety.

A 200-channel digital scanner, shown in Figure IV-8, printed the reading of each
thermocouple at any desired time. These values were then translated into temper-
atures from a thermocouple calibration table.

IV. 4.2, Heating and Cooling System

The energy for controlling the temperature rise on the hot surface of the test panel
was supplied by the large resistance heater shown in Figure IV-9. This heating
system consisted of forty 500-watt strip heaters connected to form two 440-volt,
3-phase circuits. The heaters were spaced 1 foot from the test panel and arranged
horizontally so as to provide uniform temperature on the hot wall face.

The heat chamber was well insulated with fiberglas insulation and lined with aluminum

foil for heat reflection. A compressed air line was connected to 50 feet of 1/2-inch
copper tubing which ran along the bottom, up one side, and across the top of the heat
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Figure IV-2, View of the two mats of reinforcing bars secured in place. Note that
the thermocouples have been installed. Photo PX-D-55294 NA

L R

Figure IV-3. View through the forming prior to concrete placement, showing the means

of securing a line of nine thermocouples for embedment at one of nine locations
Photo PX-D-55295 NA
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Instrumentation and Reinforcement in Concrete Test Panel

(front view)
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Figure IV-4,
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Figure IV.5. Instrumentation and Reinforcement in Concrete Test Panel.
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Figure IV-6. View of the forming and bracing during concrete placement.
Photo PX-D-55282 NA
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Figure IV-7, View during the latter stages of the concrete placement operation,
Photo PX-D-55283 NA
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Figure IV-8. The test panel during the water curing period after face forms have been
stripped. Note the digital scanner equipment which records the thermo-
couple readings. Photo PX-D-552177
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Figure IV-9, View of horizontal arrangement of strip heaters which supply the heat
energy during testing, Photo PX-D-55276 NA
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chamber. Holes were drilled in the length of tubing across the top in such a manner
that the released air helped to maintain a uniform temperature distribution over the
hot face. During cooling, the insulation forming the ends and top of the heat chamber
was removed in stages and fans and blowers were used to regulate the cooling temper-
atures on the hot surface.

An air-conditioned chamber (see Figures IV-10 and IV-11) maintained a constant air
temperature of 70° F on the cool side of the wall. Two 1-1/2-ton-capacity air con-
ditioners were used to accomplish this.

IV.4.3. Environmental Test Chamber Configuration

Basically, the chamber will be cylindrical in shape, approximately 6 to 7 feet long;
and 36 inches in diameter, Figure IV-20. The concrete specimen will be located in
the middle of the chamber so that each side can be exposed to test conditions. Ob-
servation portholes will be placed so that both sides of the specimen can be examined
while the tests are in progress. Steam, air, and waterlines will be attached to both
ends of the chamber to create the desired environments. Measuring and control ap-
pratus will be installed to control and maintain these environments within the pre-
scribed limits.

IV.5. Data and Results

IV.5.1. Trial Test

Prior to conducting the four main tests, a trial heating cycle was performed to lower
the water content in the wall and to check the capability of the apparatus. Variations
in temperature on the hot face met minimum requirements but a constant rate of
temperature rise could not be maintained. Initially, the desired heating rate of

5° per 15 minutes was achieved, but when the temperature had risen 100° F the rate
of increase gradually decreased. After 30 hours of heating, the hot face temperature
was 310° F and holding. Since the heating requirements had not been met, the wall
was gradually cooled. Useful information was obtained for subsequent testing. Minor
modifications in the test apparatus to obtain more flexibility and heating capacity were
made.

IV.5.2, Test No. 1

The peak temperature (320° F) was reached on the hot face after 12 hours of heating
as per schedule, Temperature on the cool face at this time was 87° F after an initial
temperature of 71° F. Required temperatures of 320° F on the hot face and 70° F in
the cool chamber were then maintained until a nearly steady gradient through the wall
was reached after 58 hours of heating. At this time the differential across the wall
was 100° F. Cooling was begun on the hot side at the rate of 5° per 15 minutes but

it could only be maintained for 8 hours with lesser rates resulting thereafter., Test-
ing was terminated after 54 hours of cooling; the hot face was at 88° and the cool

face at 125° F. The fiberglas insulation on the cool face was removed at this time,
The wall was completely cooled to the original temperatures within 48 hours., Thermo-
couple readings were taken at least every half hour during testing. Observations of
the wall after testing revealed some predominantly vertical random surface cracks
at the center portion of both faces. It appears that this cracking is due mainly to
drying and shrinkage but also may be related to partial restraint of the wall. The
average relative humidity in the wall during this test dropped from 40 to 20 percent.
The compressive strength of the concrete at the beginning of this test was 7, 080 psi.

IV.5.3. Test No. 2

No insulation layer was attached to the cool face for this test. Again, the hot face
was heated at the rate of 5° per 15 minutes until 320° F was reached in 12 hours; the
cool face had risen only 11° to 81° F, The peak temperature (320° F) was held longer
for this test to make certain that a steady temperature gradient had been attained.
After heating for a total of 80 hours, the gradient through the wall was for all prac-
tical purposes, steady with the cool face at 140° F.
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Figure IV-10, General view of the chambers surrounding the wall. Photo PX-D-55292

PX-D-582D3NA
M e

Figure IV-11, View showing the top and one end of the colling chamber.
Photo PX-D-55293 NA
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The cooling rate of 5° F per 15 minutes on the hot face was held for 9 hours with
lesser rates resulting thereafter. After 38 hours of cooling, both faces were 80° F
with a maximum of 92° F in the interior. All temperatures were 60° F or less after
an additional 12 hours of cooling. Thermocouple readings were taken every half
hour during testing. There was only a slight increase in surface cracking on the
wall faces and the average relative humidity in the wall decreased from 20 to 16 per-
cent during this test.

IV.5.4. Test No. 3

This test consisted of rapidly increasing the temperature on the hot face of the test
panel with no insulation layer on the cool face. The required peak temperature of
320° F on the hot face was reached after 3-1/2 hours of heating, Twelve hours of
heating produced a temperature gradient across the test panel which was above that
of Test No. 2 for the corresponding time interval. Since this test provided sufficient
data for the designers, heating was continued for only 3 more hours and then cooling
was begun on the hot face. The cool face at this time had an average temperature of
98° F. Testing was terminated after 16 hours of cooling with an average temperature
through the panel of 106° F. Temperatures were recorded every 7-1/2 minutes dur-
ing the time intervals in which the temperature gradient was rapidly changing and
every half hour otherwise. There was no important change in the surface cracks on
the panel and no significant change in the relative humidity.

IV.5.5. Test No. 4

This test was identical to Test No. 3 except that the 2-inch insulation was to be placed
on the cool face. Test No. 4 was not made because it was felt that the use of the in-
sulation would not produce enough new data to justify the cost of running the test., It
is theorized that the use of the insulation in the rapid heating and cooling cycle would
only tend to flatten the gradient curves of the thermal distribution but would not speed
up the heating cycle.

IV.5.6. Results
The amount of test data obtained was so voluminous that it would serve no purpose to

include it in this report. A better interpretation of the test results can be obtained by
careful study of the graphs included in the report.

IV. 6. Conclusions

Correlation between the actual test results and the theoretical values is good enough so
that a time-dependent-temperature distribution of a reinforced concrete shell for use
as an evaporator vessel can be calculated using the theoretical-numerical-analysis method.

IV. 7. Creep of Concrete at Elevated Temperatures

IV.7.1. Definitions

Because of the unusual conditions of exposure used in this investigation and their
effects on the measured properties of concrete, it is believed advantageous to the
reader to define the following terms as used in this report:

Creep is the net time-dependent strain of loaded concrete under constant sustained
stress; this strain taking place during a specific time interval after the initial
strain due to load and following correction for movement of the unloaded control
concrete subjected to the same ambient conditions during the same period of time.
Creep is expressed hereafter in millionths inch per inch,

Strain of loaded concrete is the gross actual measured deformation due to all causes
{Toad, time, temperature change, drying, and possible chemical changes).
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7.2. Conclusions

1. Creep determined at ages up to 6 months varies directly with temperature and
time, the relationship being approximately linear between 73° and 180° F, Beyond
180° F, the rate of increase in creep per degree F progressively diminishes,
Figure 1V-22.

2. Creep at the higher temperatures during the first 2 weeks is very rapid; but
as the specimens become dry, the rate of creep is reduced rapidly, Figure IV-21,

3. Weight loss of the concrete varies directly with temperature and time, the rate
of loss being greater during the first 10 days.

7.3. Procedures

IV.7.3.1. Specimens.--

Twenty-five cylinders 6 inches in diameter by 16 inches long were fabricated from
one structural concrete mix for tests covered in this report. Mix data for the con-
crete are given in Table IV-1. After fabrication, all specimens remained in the
molds for 24 hours at 73° F. They then were stripped, cured in a fog room at 73° F
for 1 month, and dried at 73° F another month at 50 percent relative humidity.

During the third week of fog cure, all cylinders were removed from the fog room
for about 1 hour while the ends were ground flat. They were then immediately
replaced in the curing room. One day before elevated temperature tests, specimens
were wrapped with fiberglas insulation. Purpose of this insulation was to minimize
temperature changes in the concrete during readings when test chamber doors were
open, Figure IV-24,

Test specimens were equipped with inserts on each of three gage lines, spaced at
120° intervals around the cylinders for reading strain measurements periodically
with a Whittemore gage.

Iv.7.3.2. Tests,--

At 2 months' age, all creep specimens were put under 800-psi compression at 73° F
in hydraulic loading frames, Immediately after the loading, temperature of the
various chambers containing the cylinders was slowly raised to the test condition
over a period of about 24 hours. Load on the creep specimens remained constant
at 800 psi during the temperature change and during the subsequent 6-month test
period. Tests were conducted at 73°, 130°, 180°, 230°, and 290° F. Stress was
applied before raising temperatures so that conditions expected in an evaporator-
type posttensioned desalting chamber would be met.

Strains were determined periodically on the loaded and unloaded concrete during

6 months of storage at the various elevated temperatures. Weight loss was deter-
mined only on the unloaded specimens through the 6 months' storage period. Weights
of the loaded specimens were taken only before application of stress and again

after unloading.

7.4. Results and Discussion

IV.7.4.1. Creep.--

Creep strain is the time-dependent strain caused by the applied load. It takes

place after the initial elastic movement during loading and is equal to the difference
between the deformation of a loaded specimen and the deformation of an identical
specimen that is not loaded, but is otherwise subjected to the same test environment,

Maximum creep of the structural concrete after 6 months' continuous 800-psi com-
pressive stress at temperatures of 73°, 130°, 180°, 230°, and 290° F is 705 millionths
and occurs at 290° F, This maximum at 6 months is five times the creep measured
at 73° F on the same concrete. Six-month creep of the material at 130°, 180°, and
230° F is 2-2/3, 4, and 4-2/3 times, respectively, the creep at 73° F, Figure IV-21,
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73 °F 1S 23 °cC,
130 °F 1S 54 °cC,
180 °F 18 82 °C.
230 °F 1S 110 °C.
290 °F. 1S 143 °C.
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Table IV-1
MIX DATA
High Temperature Creep

Cement, 1b per cu yd, Type V, M-5207

Pozzolan, 1b per cu yd, fly ash, M-5152

*Coarse aggregate, 1lb per cu yd, 1-1/2 in,
max, M-5036-1A

Sand, 1b per cu yd, M-5036-1A

Water, 1b per cu yd

Air, percent

Water reducing agent, cc per cu yd

Air entraining agent (5 percent sol NVX), :

cc per cu yd

560
140

2,164
994
262

4.
606

179

¥Good quality amphibole schist river aggregate.
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As depicted in Figure IV-22, 6-month creep increased with increasing temperature
from 73° to 290° F. The relationship between creep strain and temperature is
linear from 73° to 180° F.

At the test temperatures of 230° and 290° F, creep rate during the first few days
is very rapid compared with the lower temperatures, Figure IV-21. However, as
time passes, the creep rate at these two highest temperatures reduces rapidly.
This appears to be influenced by the rate of drying as well as the elevated temper-
atures. At 230° and 290° ¥, about 90 percent of the 6-month creep takes place
during the first month, which is the period of most rapid drying. After drying is
essentially complete (about 30 days), only a relatively small inerease in creep
results as time passes.

1V.7.4.2. Control cylinder deformation, - -

Since load was applied to creep specimens before temperature increase to the vari-
ous test conditions, the strain of the unloaded companion cylinders includes effects
of drying-shrinkage, expansion during the temperature rise, and possible strains
produced by any chemical changes in the material due to elevated temperatures.

Maximum strain of the unloaded concrete, which occurred during the first 1-1/2 days,
was 970 millionths expansion and took place while raising the temperature from
73° to 290° F,

Temperature expansion apparently predominated during the early age movement,
Figure IV-23, but the rate of drying-shrinkage was probably also maximum at
this same time. The indicated strain is a combination of both of these phenomena
and possibly others. After the initial expansion that takes place during the first
1-1/2 days, drying-shrinkage dominates movement of the unloaded concretes and
at the two lower temperatures, the net length change after 6 months is shrinkage.

IV.7.4.3. Actual strain loaded concrete. --

Comparison of the total strains of the loaded concretes are shown in Figure IV-23.
All specimens exhibit approximately the same initial strain due to application of
800-psi compressive stress at 73° F. Then during temperature rise, all loaded
cylinders expand apparently at a greater rate than shrinkage or creep in all envi-
ronments except ambient. Six-month storage of the specimens under sustained

load at the elevated temperatures then causes a prolonged contraction of the concrete,
Maximum total overall shortening of the cylinders from time of loading takes place

at 130° F. Maximum shortening of the loaded material affer temperature change,
however, is 855 millionths at 180° F (from plus 220 millionths maximum expansion

to minus 635 millionths 6-month contraction).

Increasing the temperature of loaded concrete at any particular constant moisture
and stress condition will cause an increase in creep. At a constant temperature,
drying of loaded concrete will cause shrinkage and also increase creep. In the
case of creep at elevated temperature during drying, both temperature and rate
of drying are affecting the amount of time-dependent strain to cause the 6-month
movement,

At about 180° F, it appears that the temperature is sufficiently high to significantly
increase creep but not high enough to rapidly dry the material so that the effects of
these two phenomena combine to produce the maximum 6-month time-dependent
deformation after temperature change at the 180° F temperature rather than at the
higher 230° and 290° F temperatures.

IV.7.4.4. Weight loss. --

Weight loss during the 6-month period of elevated temperature storage is 3.5 percent
at 290° F, 3.1 percent at 230° F, 2.7 percent at 180° F, 2.9 percent at 130° F, and
0.5 percent at 73° F, Table IV-2. At temperatures above the boiling peint, nearly
all of the weight loss occurs during the first few days of elevated temperature. The
loss takes place more slowly at temperatures below boiling. Blowing air present in
the 130° F test chamber (a walk-in calorimeter room with air circulation) is believed
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Table 1IV-2

CREEP OF CONCRETE AT ELEVATED TEMPERATURES
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to be the cause of the 6-month weight loss at 130° ¥, somewhat exceeding the loss
at 180° F. Other test chambers were ovens with only little air movement. Loaded
specimens lost nearly the same weight percentages as the unloaded cylinders
during 6-month elevated temperature storage.

Average weight loss for all the specimens during the 1-month curing period at
50 percent relative humidity and 73° F (before elevated temperature storage) was
1.2 percent, Therefore, total weight loss for the concretes is the summation

of the previously mentioned losses and 1. 2 percent. Total losses are 4.7, 4.3,
3.9, 4.1, and 1.7 percent for the 290°, 230°, 180° 130° and 73° F concretes,
respectively.
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Figure IV-24. Typical insulated creep specimens in test chambers. Unloaded cylinders
are controls for creep studies, and specimens for strength and elasticity
determinations. (Insulation reduces temperature changes in the concrete
during readings when chamber doors are open and during load investiga-
tions in testing machines.) PX-D-59940
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SECTION V

PART III--SELECTION AND EVALUATION OF ACCESSORY
COATINGS, SEALANTS, AND POLYMERIC PRODUCTS

V.1l. Introduction

Due to the fact that there are little published data and knowledge on the performance of
polymeric materials at the proposed operating conditions and environments in desalina-
tion plants, an extensive research program to evaluate performance was established.
Protective coatings, bonded liners, joint sealants, waterstop materials, composite joint
sealing systems, and insulation materials were to be included in the program. The per-
formance of these materials initially in relation to concrete and steel construction is of
prime concern. Materials and/or methods of construction, such as plastic sandwich,
honeycomb core panels, and others would be considered as materials became available
and time permitted.

A variety of chemical-base materials may be needed throughout the various parts of the
structure, such as protective linings and coatings, sealants, gaskets, or structural
components. A material suitable for the lower temperature and pressure exposure may
not be adequate for higher temperature exposure. On the other hand, the high tempera-
ture coatings may be more costly than those suitable for lesser temperatures. Economic
feasibility as well as performance of these materials under the various conditions ulti-
mately will be determined.

V.2. Technical Approach

Performances of these materials are determined by visual examinations and measure-
ments after exposure to the test environments, which simulate actual exposure environ-
ments, to determine significant changes in appearance and in physical properties. When
materials that will withstand the environment are found by these tests, performance
evaluation under actual operating conditions should follow.

Important aspects include:

1. Condition and preparation of base specimens to eliminate variables related to
differences in surfaces.

2. Correct preparation of the test materials.

3. Application as directed by the material manufacturer, or in certain instances by
a technique selected by the laboratory.

4. Proper cure.
5. Precise initial measurements.
6. Frequent evaluation and measurement during the exposure period.
7. Final evaluation and extrapolation of data to predict long-term performance.
The test environments are as follows:
1. Preliminary tests. --
a. A-1.--In brine in autoclave at 350° F.
b. A-2.--In water in autoclave at 350° F.
c. L-T.--In test tank on 100° F loop.
d. H-T. --In test tank on 290° F loop.
2. Current brine tests. --

a. 100° F, 5X concentration.
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b. 203°F, 2.1X concentration.
c. 225° F, 2.1X concentration.
d. 250°F, 2.1X concentration.
e. 290° F, 1.15X concentration.

The brine exposures are conducted in special bypass loops in each main test loop as
described elsewhere in this report.

3. Autoclave tests. --
a. 100° ¥, 0. 95 psia.
b. 203° F, 12. 25 psia.
c. 225°F, 18,91 psia.
d. 250° F, 29,8 psia.
e. 290°F, 57,5 psia,

The autoclave tests are complementary to the brine tests to provide performance data
in steam and distilled water.

V.3. Preliminary Tests

Nine test coatings were applied to mortar and steel specimens for preliminary evaluation
at 350° F. The base specimens were cleaned prior to application of the test materials

by sandblasting. All test coatings were applied and cured according to the manufacturer's
instructions. Seéven samples of joint sealing materials were applied to small, clean mor-
tar blocks and cured as required. Small pieces of rubber were cut from one type of rub-
ber for preliminary testing also. Several other types of rubber were added to the pre-
liminary tests at a later date and some were then carried over to the current tests.
Selections of the test materials were based on manufacturer's recommendations and
limited knowledge of performance at high temperatures in other environments.

Basic types of coatings were an epoxy primer with acrylic topcoats, an inorganic zinc
silicate, an inorganic silicate sealer, an epoxy primer and enamel system, a silicone
alkyd, an epoxy with heat post cure, and a heat-cured epoxy. Four types of RTV silicone
joint sealers, one coal-tar polysulfide, and two types of polysulfide joint sealers, and
vinylidene fluoride hexafluoropropylene rubber were the other test materials.

The test specimens were exposed in hot brine in an autoclave at 350° F for periods
ranging from 1 week to 2 months. Evaluation was by visual examination at specific
intervals.

The materials tested initially in the preliminary program are listed in Table V-1,

Most of the materials showed early deterioration; however, after 2 months' exposure,
the epoxy with heat post cure and the heat-cured epoxy, and after 1 month's exposure
the silicone alkyd showed little, if any, effects from the exposure. On the basis of these
brief results, these three materials were selected for further tests on concrete bars in
the test loops. Woven glass cloth reinforcement was added to the post-cured epoxy on
the concrete bars. The bars coated with the reinforced, post-cured epoxy system are
shown in Figure V-1; the bars coated with the heat-cured epoxy system are shown in
Figure V-2; and the bars coated with the silicone alkyd are shown in Figure V-3.

Through l-year exposure in the test loops at both 100° and 290° F, all coatings on the

test bars and on the pipe were showing progressive damage, although all were essentially
intact. Both epoxies were hard and brittle with cracking and disbonding. The silicone
alkyd showed evidence of broken blisters and edge damage. Performance of the coated
bars is discussed in Section III. 6. 2. 2 and plotted in Figures III-26, II1-27, III-28, III-34
II1-35, and IIT-36. Evaluation of the coatings was discontinued after the first year.
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Figure V-1, Concrete test bars coated with a glass cloth reinforced epoxy system,
Material No. V, are shown before exposure, Photo PX-D-55275 NA

Figure V-2. Concrete test bars coated with a heat-cured epoxy system, Material No. VI,
are shown before exposure. Photo PX-D-55272 NA
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Figure V-3. Concrete test bars coated with silicone alkyd coating, Material No. IV, are
shown before exposure. Photo PX-D-55273 NA

Figure V-4, Silicone alkyd pipe lining, Material No. IV, after 28 days' service at 100° F
is shown. Blisters did not increase appreciably in size or number through
1-year exposure. Photo PX-D-55300 NA
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The silicone alkyd pipe lining showed blisters at 28 days' exposure, Figure V-4, with
slight progression through 1 year., After 1 year the pipe lining apparently was protecting
the pipe from corrosion, although there was considerable evidence of deterioration.
Evaluation of this test lining was likewise discontinued after the first year.

The joint sealer materials tested in the preliminary program are shown in Figures V-5,
V-6, and V-7. Typical coating failures on steel and concrete specimens are shown in
Figure V-8.

V.3.1. Conclusions from Preliminary Tests

Significant positive results are not available from the preliminary program, as all
promising materials have been carried over to the current tests for further evaluation,
as shown in Table V-1. However, some conclusions may be drawn on the brief tests
conducted under the preliminary program. These are:

a. Coating materials listed in Table V-1 are not suitable for extended 350° F wet
exposure.

b. RTYV silicone and high-temperature polysulfides of the types tested are not
suitable in 350° F wet exposure as joint sealants.

c. High-temperature butyl rubber and ethylene-propylene terpolymer rubber (EPT)
are showing good promise in 350° F wet exposure.

d. The three test coatings applied to concrete bars did not offer adequate protec-
tion to the concrete because of the occurrence of discontinuities and other deficiencies
in the test coatings themselves.

Preliminary tests have been discontinued, and further reporting under this title
will not be made. All materials carried over to current tests are identified by new
marks as indicated in the various tables.

V.4. Current Tests

Originally, expanded tests on coatings, sealers, and polymeric products were to be con-
ducted at temperatures ranging from 100° to 350° F, Hot brine and autoclave exposures
(for steam and distilled water environments) were also anticipated. A variety of mate-
rials were obtained for testing under these conditions. However, after conferences with
personnel from OSW's Distillation Division, the test conditions were modified to range
from 100° to 290° F, as listed in Section V. 2. It was felt that more useful information
would be obtained from tests conducted within the recommended range. After the lower
maximum test temperature was established, test materials were requested for service
only up to that point.

V.4.1. Materials

Protective coatings currently under evaluation are listed in Table V-2. Coatings
numbered from C-39 have been added to the program since the first annual report,
General Report No. 37, was issued. C-25 is no longer listed since it is the major
constituent of C~26 and was not applied as a separate material.

Table V-3 lists joint sealer materials with J-6 the only addition since the previous
report. Table V-4 lists plastic materials with P-5, P-6, and P-7 as new additions,
and P-2 and P-4 deleted. P-2 actually is combined with the old P-1 as a new poly-
arylether formulation now designated P-1. P-4, chlorinated polyether, was dropped
when additional test samples were not furnished when needed.

Rubber materials under study are listed in Table V-5. Rubber materials numbered
from R-17 have been added to the program since the previous report. Rubber Samples
No. R-1, R-2, R-3, R-4, R-12, R-13, and R-14 had preliminary tests only as the
manufacturers declined to furnish additional samples for long-term tests. Preliminary
tests only were run on Samples No. R-8 and R-10 also, but similar materials were
furnished for long-term tests and were assigned new numbers.
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RTYV silicone joint sealers, Material No. IX at top, Material No. X at bottom, after
12 days in 350° F brine are shown. Photo PX-D-55299 NA

Typical specimen before exposure is shown in insert. Photo PX-D-55298 NA

Figure V-5.
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A. Before exposure.

B. After 1 month in 350° F brine.

Figure V-6. RTYV Silicone Joint Sealers Material No. XI at left, Material No. XII at
right. Photos (top) PX-D-55270 NA and (bottom) PX-D-55271 NA
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A. Before exposure.

B. After 1 month in 350° F brine.

Figure V-7, Hi-temp Polysulfide Joint Sealers Material No. XIII at right, Material
No. XIV at left. Photos (top) PX-D-55268 NA and (bottom) PX-D-55269 NA
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Figure V-8. Typical coating failures at termination of preliminary tests in 350° F
autoclave are shown. Companion steel and mortar specimens are shown
in the bottom row. Steel specimens are at the left in each set. The two
top specimens were exposed to distillate drippings. Material No. I is
at right, Material No. II is in the center, and Material No. IV is at the
left. Photo PX-D-55274 NA
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Table V-2
PROTECTIVE COATINGS UNDER TEST

:_Base spgcimensﬁl : Max test :

: Basic t of material ; Concrete : Steel ; temp, °F ; Remarks
C-1 : Neoprene : X : X : 29 :
C-2 : Epoxy-phenolic : X : X 290 :
C-3 : Epoxy-phenolic : X D ¢ 290
C-4 : Neoprene : X : X 290 : Heat cured
C-5 : Neoprene : X : X 290 :
C-6 : Chlorosulfonated poly- : X : X 290 :
: ethylene : : :
C-7 : Chlorosulfonated poly- : X : X 290
: ethylene : : :
C-8 : Resin varnish (generic X : X 290 : Heat cured
¢ type unknown) : : :
C-9 : Phenolic : X D G 290 :
C-10 : Vinyl : X : X : 100 : VR-3
C~11 : Bituminous : X HEED ¢ 290 :
C-12 : Phenolic : : X 290 + Experimental system
C-13 : Phenolic : : X 290 : Experimental system
C-14 : Coal-tar epoxy : X : X 250 : MIL-P-23236, Class 2
C-15 : Polyester : X : X : 250 :
C-16 : EPT (ethylene-propylene X : X 290 : Experimental solution of EPT in
¢ terpolymer) : : :  soivent
C~17 : Coal-tar epoxy : X : X ¢ 25 : MIL-P-23236, Class 2
C-18 : Coal-tar epoxy : X : X ¢ 250 : MIL-P-23236, Class 2
C-19 : Hexafluoropropylene- X : X 290 : Experimental system with epoxy
: vinylidene fluoride : : primer
C-20 : Neoprene-asphalt X : X 250 :
C=21 :; Vinyl X X 100 : VR-3
C-22 : Vinyl X X 100 : VR-3
C-23 : Hexafluoropropylene- X X 290 : Experimental solution
: vinylidene fluoride : :
C-24 : Polyester X : X 250 :
C-26 : Acrylic-epoxy, styrene : X : X 290 : 50-percent solution in styrene
: modified : H
C-32 : Phenolic : X 290 : Baking phenolic applied by
: : : manufacturer
C-33 : Trifunctional silicone X : 290 : Dip application by manufacturer
C-34 : Trifunctional silicone HED ¢ 290 : Spray application by manufacturer
C-36 : Polypropylene X : X : 290 : Flame sprayed
C-37 : Chlorinated polyether : : X 250 : Applied by manufacturer
C-38 : Polyarylether : X : X 290 : Experimental resin solution
C-39 : Polyethylene/polyviny : X : X 290 : Flame sprayed
: acetate copolymer : : :
C-40 : Porcelain enamel : X 290% : Applied by manufacturer
C-41 : Phenoxy X : X 290 : Difficulty in applying a satis-
: : : : factory coating--No tests yet
C-43 : Epoxy X : X 0 29
C-44 : Epoxy (flexible) X : X o 29 :
C-45 : Polyimide : : X 290 : Baked enamel applied by
: : : : : manufacturer
C~47 : Epoxy : X : X 290 :
C-48 : Inorganic zinc with : : X ¢ 29 :
: stainless steel finish : : : :
C-49 : Silicone : X : X 290
C-50 : Polyurethane : X X 225 :
C-51 : Modified epoxy : X : 290 : Applied by manufacturer
C-52 : Sulfur : X : 225 : Applied by manufacturer
C-53 : Epoxy : : X 200%% : Applied by manufacturer
1/

*250° F to 290° F exposure only.
**Pipe lining only at 290°.
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Table V-3

JOINT SFALERS UNDER TEST

: : Max test

: agic material : temp, °F
J-1 Chlorosulfonated polyethylene 290
J=-2 Neoprene 290
J-3 Neoprene 290
J-4 Butyl 290
J-5 : Polysulfide : 250
J-6 : Epoxy s 290

Table V-4
PLASTICS UNDER TEST

: : Max test
No, : Basic type of material ; temp, °F
P-1 : Polyarylether 290
P-3 Polyphenylene oxide 290
P-5 : Epoxy ;2%
P-6 Epoxy 290
P-7 Polyvinyl chloride 203
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V.4.2. Specimens

Several types of specimens are being utilized in this program. For the coatings tests,
both portland cement mortar specimens and mild steel specimens are used. Plastic
specimens for initial tests were of size and shape furnished by the manufacturer;
however, with one exception a standard size of 6 by 6 by 1/8 inch is now used.

Except for the very early exposure tests, when random size samples were tested,
rubber samples are standard 6- by 6- by 0.074-inch tensile slabs. In a few cases,
the 6- by 6-inch pieces were cut from standard sheet material.

Mild steel panels are 6 by 6 by 1/8 inch, AISI M1020 (SAE-1020) steel. The panels

are solvent washed with xylene (Federal Specification TT-X-916b) and sandblast cleaned
to base metal (white blast) just prior to use. The blasting sand is Del Monte white sand,
EI-20, distributed nationally by Del Monte Properties Company, San Francisco, Cali-
fornia, a standard blasting abrasive.

Mortar specimens are 6- by 6- by 1-inch blocks. The mix is as follows:

1 part by weight cement (laboratory blend, Type II)
0. 38 part water
2 parts by weight graded sand

17 percent No. 8
17 percent No., 16
23 percent No. 30
23 percent No. 50
14 percent No. 100
__6 percent pan
100 percent total

The blocks are cured for 28 days at 73° F and 100 percent relative humidity and then
air dried for at least 7 days minimum. The blocks are then sandblasted and "sack
rubbed" with a 2:1 sand-cement grout., The surface grout is cured for 3 days at

73° F and 100 percent relative humidity. Excessive surface protrusions are ground
off by rubbing the grouted surfaces together, after which the blocks are rinsed clean
and dried for 14 days minimum.

Initial joint sealer specimens are made up with two 3~ by 2~ by 1-inch portland cement
mortar blocks with the sealer applied between the blocks. The mortar mix is identical
to the mortar used in the base coatings specimens.

In addition, 20 large concrete bars have been fabricated for later tests on coatings and
joint sealers. These are similar to the regular concrete test bars,

V.4.2.1. Degassing. --

Early in the application schedule, during the application to mortar specimens of
Coating No. C-8 which requires an oven cure, considerable foaming of the varnish
was experienced as the temperature was raised to effect a cure. At first it was
thought that this was the effect of retained solvent in the applied varnish; however,
this theory was readily dispelled when a second mortar specimen with considerable
longer drying time acted in an identical manner, and steel-coated specimens did
not. Companion specimens of the varnish coating on mortar before and after cure
are shown in Figure V-9,

It was concluded that the foaming was not caused by retained solvent, but was the
result of contained gases and water seeking escape from the mortar as their vol-
umes increased when the temperature was raised. The foaming was of greater
magnitude as the specimen temperature rose above 200° F.

All other applied coating systems were then checked to see if similar deficiencies
would result as the temperature was raised to the proposed operating level, 350° F.
One specimen of mortar-coated blocks and one specimen of the coated steel panels
from each set were heated in an oven to 350° F. All mortar block specimens showed
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Figure V-0.

Coating No. C-8 is shown on air-dried mortar specimens. At the left is
a specimen with the full coating air dried, but before cure. At the right
is a companion specimen after the oven cure. Considerable foaming
occurred in the cured coating. Photo PX-D-55267 NA
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damage from expanding gases and water. These are shown in Figures V-10 through
V-15. The elastomeric Coatings No. C-1, C-5, C-6, and C-7, displayed consider-
able blistering, whereas the rigid, hard Coatings No. C-2 and C-3, showed small
curved cracks that appeared to be at the edges of slight swells resembling blisters,
but without the characteristic bubble. The coated steel panels from each set did

not have these deficiencies.

It is fortunate that this phenomenon was discovered before the test exposures started
as the deficiencies may have been attributed incorrectly to coatings performance
rather than to a condition of the base specimen.

Several techniques were tried to alleviate the situation. Air-dried mortar blocks
were treated with inorganic silicate sealers, but these were ineffective. Degassing
in a high vacuum was also tried, but again this was not effective. When the treated
blocks were coated with Coating C-8, similar foaming occurred when heat curing
was attempted.

However, an effective technique was developed. Mortar blocks preheated in an
oven at 360° F for 12 hours minimum and then cooled in a desiccator did not display
the foaming during subsequent oven curing of an applied film of Coating No. C-8.

It was determined that the preheated blocks could be held in a desiccator for several
days without surface effects occurring from expanding gases. Apparently ingress
of atmospheric gases in the desiccator storage is of no consequence. This leads

to the conclusion that the prime cause of the foaming and blistering that was experi-
enced in applied coatings was free water and/or released water in the mortar speci-
mens, which vaporized and expanded as the temperature was raised. All mortar
specimens are now preheated at 360° F for 12 hours minimum (usually overnight

or about 18 hours) and cooled in a desiccator prior to use. The resulis are illus-
trated in Figure V-16. Even though the maximum test temperature is now 290° F,
preheating to 360° F is still used to keep this pretreatment constant for all specimens.

The effects of contained gases and water are thus minimized and will not influence
the evaluation of performance of the test coatings. A secondary benefit has been
realized also from the oven preheating. With air-dried blocks, considerable pin-
holing was occurring in the application of the test coatings. These required repair
before the full coating system was applied to obtain a continuous film. This is
characteristic of coating applications on mortar or concrete. With the oven pre-
heated blocks virtually no pinholing has occurred during the coating applications.

This leads to the general conclusion that in an actual field application of coatings
to concrete or mortar surfaces in high-temperature desalting plants, degassing and
drying of concrete or mortar surfaces prior to coating application will be necessary.

V.4.3. Pipe Lining Tests

In addition to the evaluation tests on portland cement mortar blocks and steel panels,
seven of the test coatings have been applied to the pipe and elbow sections of the coat-
ing test loops for additional evaluation. The coatings were applied by a commercial
coatings applicator by purchase order. The applications were closely inspected by a
Bureau inspector.

In addition, an extra piece of pipe was lined with an epoxy coating by a commercial
pipe liner. The location of each test material is shown in Figure V-17.

V.4.4. Special Tests
Special tests are being conducted on occasion on materials that warrant investigation.

These are conducted on materials that would have limited or singular use in a desalting
plant.

V.4.4.1. Epoxy asphalt and asphaltic concrete. -~

A mix of 9 percent epoxy-asphalt binder (based on dry weight of aggregate) combined
with graded aggregate of 1/4-inch maximum size was studied as a possible flooring
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Figure V-10.

Coating No. C-1 is shown on air-dried mortar specimens. At the left

is a specimen with the full coating applied and air dried. At the right

is a companion specimen that was heated in an oven to 350° F. Numerous
small blisters are evident in the coating on the heated specimen.

Photo PX-D-55266 NA

Figure V-11,

Coating No. C-2 is shown on air-dried mortar specimens. At the left is

a specimen with the full coating applied and air dried. At the right is a
companion specimen that was heated in an oven to 350° F. Several small
curved cracks, indicated by arrows are evident in the coating on the heated
specimen. Photo PX-D-55265 NA
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Figure V-12. Coating No. C-3 is shown on air-dried mortar specimens. At the left is
a specimen with the full coating applied and air dried. At the right is a
companion specimen that was heated in an oven to 350° F, Several small
curved cracks, in the area marked by the arrow, are evident in the coat-
ing on the heated specimen. Photo PX-D-55250 NA

Figure V-13. Coating No. C-5 is shown on air-dried mortar specimens, At the left is
a specimen with the full coating applied and air dried. At the right is a
companion specimen that was heated in an oven to 350° F. Numerous
large blisters appeared in the heated specimen., Characteristic solvent
odor was not evident when the blisters were ruptured. Photo PX-D-55249 NA
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Figure V-14. Coating No. C-6 is shown on air-dried mortar specimens. At the left is
a specimen with the full coating applied and air dried. At the rightis a
companion specimen that was heated in an oven to 350° F. Numerous
blisters appeared in the heated specimen. Photo PX-D-55248 NA

Figure V-15, Coating No. C-7 is shown on air-dried mortar specimens. At the left is
a specimen with the full coating applied and air dried. At the right is a
companion specimen that was heated in an oven to 350° F. Numerous
blisters appeared in the heated specimen. Photo PX-D-55247 NA
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Figure V=-16.

The results of degassing mortar specimens are shown. Block A was
preheated at 360° F and cooled in a desiccator; no foaming occurred in
cure of Coating No. C-8. Block B was air dried with no subsequent
treatment; considerable foaming occurred in cure of Coating No. C-8.
Block C was vacuum degassed; considerable foaming occurred in cure of
Coating No. C-8. Photo PX-D-55246 NA
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material for brine channels. The binder is a proprietary product consisting of a
blend of 85 percent of 85 to 100 penetration paving grade asphalt and 15 percent
epoxy resin,

A test specimen 4 inches in diameter by 4 inches high of the mix was molded using

a hydraulic press while the mix was held at a temperature of 250° F. A compres-
sive load of 3, 000 psi was applied for 2 minutes to the specimen for compacting to
laboratory standard density. The specimen represented a quality, compacted epoxy-
asphalt concrete.

Physical properties of the epoxy-asphalt concrete were:

Density: 141. 43 pounds per cubic foot
Air voids: 3. 24 percent
28-day compressive strength,

140° F oven cured: 3,795 psi

The molded specimen was tested in 350° F water in an autoclave. After 60 days'
exposure, the binder had completely disintegrated. The remains consisted of some
char and loose aggregate. From this it was concluded that epoxy-asphalt concrete
is not suitable in 350° F wet environments. However, the mixture may have use

at a lower temperature; this will be investigated as time permits.

A survey of industry was conducted to locate asphalt materials that might be suit-
able binders for 1/4-inch-maximum-size aggregate to serve as a flooring material
for brine channels. Samples of an improved epoxy-asphalt binder and three newly
developed proprietary asphalt binder products have been obtained and physical
property tests have been conducted on the latter three materials. One of these has
the unique combination of a high softening point and a fluid viscosity at 135° F.

Aggregates have been screened and prepared for fabrication of mix design test
cylinders using the high softening point asphalt and the epoxy asphalt, Information
from these tests will enable proper mix proportions to be established so that speci-
mens may be prepared for exposure to selected environments of the saline water
prograim,

V.4.4.2. Rubber and plastics materials. --

A variety of rubber materials are under evaluation, as listed in Table V-5, Rubber
may be needed for waterstops, linings, seals, or gaskets. Changes in physical
properties after exposure to the five brine and temperature environments in the
test loops for the duration of the test period are being determined. Some prelimi-
nary exposures have been conducted in 350° F autoclave envirochment with water,
and in test tanks on the original 100° and 290° F test loops. The physical property
tests being conducted are:

1. Tensile strength and elongation:
Rubber--ASTM: D-412; Grip velocity: 20"/min
Hard rubber--ASTM: D-530; Grip velocity: 2'"/min
Rigid plastic--ASTM: D-638; Grip velocity: 0.2"/min
2. Tear strength: ASTM: D-642.
3. Indentation hardness: ASTM: D-2240 with a 5-second interval before read-
ing using a single material thickness. Shore "D" units are used for P-1, P-3,
and R-19. Shore "A'" units are used for all other samples.
4. Property changes due to liquid immersion: ASTM: D-471.
5. Ozone resistance: ASTM: D-1149 (only initially).
6. Specific gravity: ASTM: D-792, Method A-1, except that since the entire

sample was used, the weight and shape of the samples generally made it nec-
essary to obtain weights accurate only to the nearest one-tenth gram. This
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procedure was then established for all materials. The volume reported was
obtained from the difference in the immersed and dry weight of the sample at
73.4° F.

The initial physical properties of the preliminary.rubber samples are listed in
Table V-6. Changes after 70 hours in boiling distilled water are also listed in
Table V-6.

V.4.4.2.1. Specimens. --

Primary exposures commenced when the individual loops were placed in opera-
tion. Sufficient samples of elastomeric and plastic materials were introduced
into these environments to allow for testing at various exposure time intervals.
The samples were generally standard manufacturers' test slabs 6 inches square
by 0. 06 inch to 0. 10 inch thick. One plastic material (P-3) was a disc measur-
ing 4 inches in diameter. During the first 6 months of exposure, one sample of
each material was removed for testing at 30-day exposure intervals. As the
samples were removed they were washed to remove surface debris. They were
then held for 1 hour in 23° C water, prior to obtaining the immersed weight,

in order to achieve proper specimen temperature and to prevent air bubbles from
clinging to the surface during the weighing. Samples were then dried and the
length and width measured. Length was measured 1 inch from each edge and
averaged while width was measured 1 inch from the bottom only. The dry weight
of the samples was then obtained.

V.4.4.2.2. Plastics. -~

The surface hardness of the plastic materials was measured using a Shore "D"
durometer. The samples were then sent to the shops where tensile specimens
were cut in a milling machine. These tensile specimens were given a final buff-
ing and allowed to remain at standard conditions of 23° plus or minus 1° C tem~
perature and 50 plus or minus 2 percent relative humidity for a minimum of

24 hours before testing. Tensile properties were obtained using a 600-pound
load range for the load and an electronic extensometer (set at either 5 or 10
magnification as required) was used to obtain extension readings. Both the load
and magnified extension signals were fed into an X-Y recorder and plotted as the
test was in progress. Specimen thickness obtained in measuring the specimen
cross section was used for the sample thickness.

V.4.4.2.3. Rubbers.--

The rubber samples were allowed to remain at standard conditions for a minimum
of 24 hours before further testing. After this conditioning time the surface hard-
ness was measured using the Shore "A' durometer in the lower portion of the
sample and then tensile and tear specimens were cut from this same area and
tested. A 100-pound range load cell and an extensometer designed to follow
large specimen movements and send out an unmagnified signal were used. Both
the load and extension signals were fed into an X-Y recorder and plotted as the
test was in progress for both tensile tests and tear tests. Thickness measure-
ments obtained from both tensile and tear specimens were averaged to obtain

the sample thickness. After completion of physical properties testing, the un-
used portion of the specimen was marked for exposure time identification and
retained in storage for any future visual observations that might be desired.

V.4.5. Brine Tests

All of the test materials are being exposed to the brine conditions in the test loops,
as described in Section V-2 and elsewhere in this report. The exposures began when
each of the test loops became operational. The coatings test loops are bypass sec-
tions in the main test loops and can be opened and closed independent of the rest of
the loop system. Accordingly, more frequent readings are taken.

As of April 1967 the 100° F loop had 300 days, the 203° F loop had 210 days, the 225° F
loop had 240 days, the 250° F loop had 180 days, and the 290° F loop had 240 days.
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Table V-6

RUBBER MATERIALS
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For the periods indicated, the coating specimens on steel and concrete have been re-
moved each 30 days for physical tests. As new specimens are prepared or received
from the manufacturer, they are placed in test in each loop when the loop is out for
coatings physical tests.

The specimens are washed and allowed to dry for 3 to 4 hours before physical tests

are started. The coating thicknesses on steel specimens are measured with a standard
thickness gage. A point index has been established so that measurements are taken

in the same six places on each side of the specimens every 30 days. If the thickness

is greater than 20 mils, the thickness is read to the nearest mil. If the thickness is
between 1 and 20 mils, the thickness is measured to the nearest 0.5 mil. For less
than 1 mil, the thickness is determined to the nearest 0.05 mil,

The specimens are also weighed to determine weight changes. Weight changes are
recorded to the nearest 0.5 gram, and reflect moisture absorption if positive or
erosion losses if negative. Along with the weight changes, the general perform-
ance and appearance of the coating is recorded. Special remarks are recorded
about each defect as it relates to the performance of the coating.

V.4.6. Autoclave Tests

Complementary autoclave tests are planned for coating materials. These will be used
to evaluate the performance in boiling distilled water and steam. Exposure tempera-
tures are shown in Section V-2, Five autoclaves have been procured for these tests,
but deficiencies in the design and construction requiring modifications have delayed
the start of these tests. However, all specimens are prepared and the exposures
should commence in the immediate future.

V.5. Discussion
Performances of the individual test materials are discussed in the paragraphs that follow.

V.5.1. Rubbers and Plastics

The tensile strengths (percent retained) of all rubber materials (except R-19, R-28,

and R-30) at the five brine conditions are shown in Table V-6, and Figures V-18 through
V-22., A survey of the test data indicated that at each temperature level the change in
tensile strength due to exposure time was small. Therefore, average test values at each
brine loop temperature were calculated and used for graphic comparison,

As shown in Figures V-18 through V-21 there has been little change in the tensile
strength for a majority of the materials subjected to the 100°, 203°, 225°, and 250° F
environments. In most cases over 90 percent of the original tensile strength was re-
tained. Changes are more definite at the 290° F' brine condition.

Plastics No. P-5, P-6, and P-7 are not being tested in all exposures because of lack
of specimens. Insufficient data are available at report time for detailed discussions
on these materials.

V.5.1.1. Plastic P-1. --

As shown in Figure V-23 this material has changed considerably in tensile strength
and elongation. Although the change is more severe with increasing temperature
and time, a significant change appears to have taken place within 30 days at each
temperature. A plateau in the rate of change has been reached at the end of 60 days.
There is insufficient length of testing to date to predict the stability of this plateau.
Visual observations of the 290° F brine exposure samples showed some warping

and a change from clear to milky appearance.

V.5.1.2. Plastic P-3.--

The data in Table V-8, Appendix V-7, indicates that there has been no significant
change in the material during this period of exposure. The original tensile strength
is very much below the range of tensile strengths encountered after the various ex-
posures. The original tests will be reviewed and new specimens cut from samples
retained in storage to investigate this occurrence.
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FIGURE V-22 - CHANGE IN TENSILE STRENGTH (PERCENT RETAINED) FOR

VARIOUS RUBBER MATERIALS, AT 290 °F, BRINE
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V.5.1.3. Rubber R-5.--

The test data and observations while handling the material indicate the rubber has
undergone noticeable change during brine exposure. Although increased effort has
been necessary to cut test specimens (using a die-type cutter), the tear strength
and surface hardness has been decreasing, especially at higher temperatures. A
much lower tensile strength and elongation were noted at 290° F although test values
have fluctuated with exposure time.

V.5.1.4. Rubber R-6.--

A greater reduction in tear strength is noted with the brine temperature at 225° F
and above. In the 290° F brine loop the material increases in weight and volume
(all dimensions) and there is a reduction in the tensile strength, elongation, and
hardness.

V.5.1.5. Rubber R-7.--

Very little change was measured at any exposure condition.

V.5.1.6. Rubber R-9.--

Reduction in tear and tensile strength and elongation with time and temperature.
Although the tensile properties at 290° F brine appear to have stabilized after a
radical change, the high swell encountered may make the material unsuitable for

use at this condition.

V.5.1.7. Rubbers R-11 and R-17, -~

Gradual decrease in elongation and hardness (softening) with increasing tempera-
ture occurs, but the rubbers appear stable at each temperature.

V.5.1.8. Rubber R-18.--

This material was subject to high swelling at the 290° F brine condition. An increase
in volume of over 300 percent occurred after 30 days' exposure. Physical proper-
ties were also radically changed as shown in Table V-15, Appendix V-7. Testing at
290° F brine was discontinued. No changes at other environments can be yet estab-
lished with the exception of gradually reducing tear strength at 225° and 250° F,

V.5.1.9. Rubber R-19, --

This material after 30 to 60 days' exposure has become hard and brittle at all tem-
peratures except 100° F. The embrittlement and warping were severe enough in
some cases that suitable specimens could not be obtained for testing. Under such
circumstances the test values were recorded as zeros (Table V-16, Appendix V-17),
At 100° F a softening of the material is indicated by increasing elongation and de-
creasing tensile strength. Visual observations of this material as well as the test
datad ii.r;dicate that this material may not be serviceable for 203° F and higher brine
conditions.

V.5.1.10. Rubber R-20. -~

A decrease in elongation, hardness (softening), and tear strength with an increase
in temperature was noted. There is some indication of shrinkage at 290° F brine.

V.5.1.11. Rubber R-21. --
Results are similar to R-17 and R-11. Gradual decrease in elongation and hardness

(softening) occurs with increasing temperature, but the rubber appears stable at
each temperature.
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V.5.1.12. Rubber R-22. --

Very little change was detected below 290° F brine exposure. At the 290° F brine
exposure, tensile strength of this material has decreased to less than 70 percent
of original strength and the volume swell has exceeded 20 percent.

V.5.1.13. Rubber R-23. --

Little change below 290° F brine exposure. Softening indicated by decrease in hard-
ness, strength and increase in elongation has occurred at 290° F brine.

V.5.1.14. Rubber R-24. --

Gradual decrease in tear strength, elongation, and hardness (softening) occurs with
increasing temperature. Additional change in tensile strength and volume swell
exceeding 20 percent indicate that this material may not be serviceable at 290° F
brine condition.

V.5.1.15. Rubbers R-25 and R~26. --

Due to lack of the required number of specimens, the manufacturers' initial test
values were used. The initial tensile strengths are 2,090 psi for R-25 and 1, 940 psi
for R-26; the initial elongation in percent, are 350 for R-25 and 370 for R-26; and
the Shore hardnesses are 65 for R-25 and R-26. The tensile strength, elongation,
and Shore hardness for R-25 after 90 days at 290° F are 958 psi, 170 percent, and
60. For the R-26, the values are 340 psi, 188 percent, and 46, These two speci-
mens appear unsuitable for use at this condition.

V.5.1.16. Rubbers R-27 and R-28. --

After 30 days exposure to 290° F brine these materials were changed from a highly
flexible state to a hard, brittle and cracked condition at standard temperature and
humidity. When immersed in water they would swell over 100 percent and take on a
gel~like structure. A similar condition occurred after 120 days at 250° F in brine ex-
cept that the material was not cracked nor quite as brittle in the dry state. Testing
has been discontinued on samples exposed to the 250° and 290° F brine environment.

V.5.1.17. Rubbers R-29 and R-30. --

No significant change has occurred during the maximum-exposure of 60 days.
V.5.1.18. Rubber R-31. -~
No results available at report time.

V.5.2. Coatings
V.5.2.1. Coatings C-1 and C-4, --

As shown in Figure V-24A on concrete, Coating C-1, neoprene, shows a consider-
able change in weight for the first 30 days in the 203°, 225°, 250°, and 290° F loops.
A plateau in the rate of weight change was reached at about 60 days. On the 290° F
specimen, a blister appeared accounting for the sharp rise in the weight change
from the previous 90 days. The 100° F specimen weight continues to change as it
approaches the plateau of the higher temperatures. On the steel specimens, the
weight change is small as shown in Figure V-24B, with temperature and concentra-
tions having little effect. To date the performance of the C-1 neoprene has been
satisfactory on concrete up to 250° and to 290° F on steel. Coating C-4, similar to
C-1 except for accelerator and heat curing, presented some application problems;
however, the difficulties have been solved. Exposure on Coating C-4 tests will
begin in June.
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V.5.2.2. Coatings C-2 and C-3. -~

Coatings C-2 and C-3, epoxy-phenolics, shown in Figures V-25 and V-26, plateaued
in 60 days for 203°, 225°, 250°, and 290° F at about 48 grams of weight change on
concrete. At 210 days some cracking was noted with sharp changes in weight for
the 290° F specimens. On steel the weight changes are small and may be caused

by very slight delamination. The performance of the epoxy-phenolic coatings is
satisfactory so far on concrete and on steel.

V.5.2.3. Coating C-5.--

Figure V-27B shows for Coating C-5 a neoprene on steel that environments with
atmospheric pressure or above result in positive weight changes. The environment
with vacuum shows a negative weight change. On concrete, the 203° F specimen
developed a large blister in the first 30 days and thus plateaued several grams
higher than the 225°, 250°, and 290° F loop specimens. Coating C-5 appears to be
performing well to date, discounting the early appearance of the blister.

V.5.2.4. Coatings C-6 and C-7. -~

Coatings C-6 and C-17, chlorosulfonated polyethylene, on concrete and steel have
shown very poor performance at all temperatures from 203° F and above as indi-
cated by Figures V-28 and V-29. The coatings appear to be deteriorating at 203° F
after 210 days on concrete, but appear better on steel at that point. The coatings
show little effect from exposure at 100° F for 300 days on concrete and steel.

V.5.2.5. Coating C-8. -~

Resin varnish Coating C-8 on concrete, as shown in Figure V-30A, has had inter-
coat adhesion failure with delamination between coats at 203°, 225°, 250°, and 290° F.
Blisters and cracks were evident on the concrete specimens at 225°, 250°, and

290° F in 150 days. The concrete specimen at 100° F is performing satisfactorily.
Coating C-8 on steel appears to be doing a satisfactory job of protecting the steel
substrate at all temperatures.

V.5.2.6. Coating C-9. -~

Phenolic Coating C-9 on concrete, as shown in Figure V-31A, has performed satis-
factorily. The 290° F specimen showed a crack at 150 days and was repaired at
180 days which accounts for the sharp increase in weight at 210 days. The 250° F
specimen has a negative weight change which is presently not fully explainable but
thought to be related to loss due to volatile. C-9 is performing satisfactorily on
steel at all temperatures under test.

V.5.2.7 Coatings C-10, C-21, and C-22, -~

Vinyl coatings C-10, C-21, and C-22, shown in Figures V-32, V-43, and V-44,
were only exposed at 100° F. On concrete the weight changes are nearly the same
with satisfactory performance to date. There are nearly no weight changes on steel
for these three vinyl coatings and they have shown excellent performance so far for
the 100° F exposure.

V.5.2.8. Coating C-11. --

Bituminous, Coating C-11, has performed poorly on concrete, Figure V-33. It has
numerous pinhead blisters. At 290° F, the blisters have broken exposing the con-
crete and causing large weight changes. On steel the coating has blistered and
peeled at 100° F in 150 days, but at 203°, 225°, 250°, and 290° F, this coating appar-
ently is performing satisfactorily.

V.5.2.9, Coatings C-12, C-13, and C-32. --

Coatings C-12, C-13, and C-32 are phenolics and applied only on steel. As shown
in Figures V-34, V-35, and V-48, there are little weight changes. Coatings C-12
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and C-13 have shown edge delamination of the top coat. All three coatings are
showing good performance at all temperatures under test.

V.5.2.10. Coatings C-14, C-17, and C-18. -~

Coal-tar epoxy coatings, C-14, C-17, and C-18, shown in Figures V-36, V-39, and
V-40, are applied on both concrete and steel for temperatures of 100°, 203°, 225°,
and 250° F. All failed in 30 days at 250° F on concrete. Coating C-14 has failed at
203° F in 30 days and 225° F in 60 days. Coating C-17 on concrete is still perform-
ing satisfactorily at 203° and 225° F. Coating C-18 failed in 60 days on concrete at
225° F', but is still performing satisfactorily at 203° F. Each coating on steel shows
large negative weight changes for 203°, 225°, and 250° F. This is probably due to
losses of oils from the coal tar. However, all three coatings apparently are still
performing well on steel.

V.5.2.11. Coating C-15. -~

Coating C-15, a polyester, performed unsatisfactorily at 203°, 225°, and 250° F on
both steel and concrete as shown in Figure V-37. The polyester blistered and peeled
from both the concrete and steel at these temperatures. It appears to be performing
well at 100° F on the steel and concrete.

V.5.2.12. Coating C-16, -~

EPT (ethylene-propylene terpolymer), Coating C~16, peeled off both concrete and
steel at 100° F, Figure V-38. The coating was EPT in solvent which did not cure.
A soft film resulted which had very poor performance.

V.5.2.13. Coating C-19, -~

Coating C-19, hexafluoropropylene-vinylidene fluoride in solvent over an epoxy
primer, shown in Figure V-41, blistered on concrete at 203° F and 60 days, but has
shown no other defects at this temperature with continued exposure. At 290° F on
concrete, this coating showed broken blisters (three tear spots) at 90 days. At

240 days at 290° F severe peeling from the broken blisters has caused failure of the
coating. Also at 250° F at 120 days the coating has begun peeling. Performance is
fair on concrete at 225° and 100° F. On steel C-19 looks good at all temperatures
under test.

V.5.2.14. Coating C-20. -~

Neoprene-asphalt, Coating C-20, has reached plateaus on weight change in 60 days
at 225°, 250°, and 290° F on concrete. After reaching these plateaus, the weight
change has held nearly constant as shown by Figure V-42. At 203° and 100° F, the
weight change has nct plateaued, but still continues to rise. For temperatures of
203° F and above, each specimen showed surface sags after the first 30 days which
did not increase with continued exposure. The sags appeared on the steel as well
as the concrete. The neoprene-~asphalt appears to be providing good protection for
the substrates at all temperatures under test.

V.5.2.15. Coating C-23. -~

C-23 is the same material as C-19 except without a primer. On concrete Coat-

ing C-23 started blistering and peeling in the first 60 to 90 days for the 203°, 225°,
250° and 290° F as shown by Figure V-45. As indicated in Figure V-45A on concrete
the coating test was discontinued when blistering and peeling became severe. C-23
appears to be satisfactory on concrete at 100° F as well as on steel at all tempera-
tures tested to date.

V.5.2.16. Coating C-24. -~
Coating C-24, a glass reinforced polyester, has performed unsatisfactorily as shown

in Figure V-46. The coating showed cracking and peeling in the first 30 days on
both steel and concrete.
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V.5.2.17. Coating C-26. -~

Coating C-26, a styrene modified acrylic epoxy, showed cracking and peeling in the
first 30 days on concrete for temperatures 203°, 225°, 250°, and 290° F as indicated
by Figure V-47A. Cracking and peeling occurred in 30 days on steel at 250° and
290° F; at 90 days at 225° F'; and 120 days at 203° F. Performance is satisfactory
on concrete and steel at 100° F.

Vv.5.2.18. Coatings C-33 and C-34. ~-

Performance of trifunctional silicone, Coating C-33 on concrete and Coating C-34
on steel are shown in Figure V~49A and B. The concrete specimens were coated
by dipping and the steel specimens by spraying, all by the resin manufacturer. The
coating peeled off the steel at all temperatures tested. After 210 days on concrete
at 290° F, the coating appears gone and disintegration of the concrete has begun.

At the other four test temperatures, it is still undetermined if any coating is left.

V.5.2.19. Coating C-36. -~

Coating C-36, flame sprayed polypropylene, showed disintegration and peeling on
steel and concrete at 203°, 225°, 250°, and 290° F as indicated in Figure V-50. The
coating has performed satisfactorily at 100° F for both concrete and steel.

Vv.5.2.20. Coating C-37. --

Coating C-37, chlorinated polyether, on steel only has performed generally satis-
factorily for the 90 days which it has been under test. Blisters developed in the
first 30 days at 225°, 250°, and 290° F, but the blisters are not progressing and
apparently are not effecting the protective performance, Figure V-51.

V.5.2.21. Coating C-38. --

Coating C-38, polyarylether, on concrete, shown in Figure V-52, plateaued as ex-~
pected. The curves of weight change versus time show very little difference between
225° and the 250° F performance. At 210 days at 290° F severe peeling occurred
causing a large positive weight change. After 180 days at 290° F on steel, severe
peeling and erosion developed causing failure of the coating. The polyarylether has
performed poorly on concrete and steel at all temperatures tested.

V.5.2.22. Coating C-39. --

Polyethylene-polyvinyl acetate copolymer, Coating C-39, showed disintegration and
peeling on steel and concrete at 203°, 225°, 250°, and at 290° F on steel as indicated
in Figure V-53. After failures below 290° F on concrete, the 290° F specimen was

not exposed. Coating C~39 has performed fair at 100° F on both steel and concrete.

V.5.2,23. Coating C-40. --

Coating C-40, porcelain enamel, is being tested only at 290° F on steel. As shown
in Figure V-54, this coating has little weight change. It has shown excellent per-
formance for the test to date.

V.5. 2. 24, Coating C-41. --

Coating C-41, a cross-linked phenoxy, has not been tested because satisfactory
applications could not be achieved. The supplier could not offer assistance. Work
has been discontinued on C-41.

V.5.2.25. Coating C-43. --

An epoxy, Coating C-43, has proved unsatisfactory after 30 days exposure at 225°,
250°, and 290° F on both steel and concrete. At 203° F at 60 days it also failed.
Severe cracking, blistering, and peeling occurred on both steel and concrete at
203°, 225°, 250°, and 290° F causing failure. The coating appears to be satisfactory
after 90 days at 100° F on steel and concrete, Figure V-55,
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V.5.2,26. Coating C-44. --

Coating C-44, a flexible epoxy, developed cracking and peeling in 30 days at 203° F
on concrete and steel. Since the cracking and peeling were severe, further expo-
sure at this temperature was discontinued. After 150 days at 100° F, the flexible
epoxy appears to be satisfactory as shown in Figure V-56.

V.5.2.27 Coating C-45. --

Coating C-45, a polyimide, applied only on steel, has performed well at 100° F as
indicated in Figure V-57; however, the coating disintegrated at 203°, 225°, 250°,
and 290° F.

V.5.2.28. Coating C-47. --

Coating C-47, an epoxy system, on steel and concrete has performed well for 90 days
at 100°, 203°, 225°, 250°, and 290° F. As indicated in Figure V-58A, the 203°, 225°,
250°, and 290° F, the epoxy reached plateaus at 60 days for the weight change versus
time curves. The 100° F specimen shows a straight line weight change versus time
for the first 90 days. On steel small drops in weight are detected and are possibly
caused by solvent losses.

V.5.2.29. Coating C-48. -~

Coating C~48, an inorganic zinc with stainless steel finish, was applied only on
steel. Surface erosion developed at 203°, 225°, 250° and 290° F causing failure of
the coating at these temperatures. This coating appears to be satisfactory at 100° F
after 90 days as indicated in Figure V-59.

V.5.2.30. Coating C-49, -~

Coating C-49, a silicone, shown in Figure V-60, showed early bond failure and
large blisters at 203°, 225°, 250°, and 290° F on concrete. Bond failures on steel
at 250° and 290° F are also evident. The coating has kept its rubberiness at all
temperatures; however, because of the bond failures it appears to be satisfactory
only at 100° F on steel and concrete.

V.5.2.31. Coating C-50, -~

Coating C-50, a polyurethane, shown in Figure V-61, had only 30 days exposure at
report time. It looks poor at 203° F having formed numerous pinhead blisters on
both steel and concrete. After 30 days at 100° F, it appears to be satisfactory on
both steel and concrete.

V.5.2.32. Coatings C-51 and C-52., -~

Coating C-51, a modified epoxy, and Coating C-52, sulfur, were started in April 1967.
There are no results available for this report.

V.5.2.33. Coating C-53. -~

An epoxy, Coating C-53, which is used only to line a pipe in the 290° F coating's
loop has performed satisfactorily after 90 days' test.

V.5.2.34. Water absorption of concrete. --

Figure V-62, water absorption of the concrete specimens used for coating studies
shows most of the water was absorbed in the first 5 hours. After 70 hours at 77° F,
the specimens absorbed 103. 5 to 105. 0 grams of water. These curves show that
some coatings have allowed near the maximum possible water absorption.
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V.5.3. Joint Sealers

Joint Sealer J-2 is the only joint material still under test. Specimens are being exposed
in all brine environments. No performance data are yet available, but the appearance
is good to date.

The other joint materials showed early disintegration at all temperatures except 100° F
and are not suitable for the environment.

V.6. Conclusions
Major conclusions reached from tests conducted to date are as follows:

*1. Coating materials listed in Table V-1 are not suitable for extended 350° F wet
exposure. (February 1966)

*2. RTYV silicones and high-temperature polysulfides of the types tested (Table V-1)
are not suitable in 350° F wet exposure as joint sealants. (February 1966)

3. Epoxy-asphalt concrete is not suitable in 350° F wet exposure. (February 1966)

4. Degassing and drying of concrete or mortar surfaces prior to coating applications
will be necessary to prevent coating disruptions from entrapped gases and water as
the temperature of coated surfaces increases above the application temperature.
(February 1966)

5. The test results and visual observations indicate that the following rubber materials
would not provide satisfactory service at the brine temperatures indicated and testing
has been discontinued at these conditions:

R-9 290°F
R-18 290° F
R-19 203°, 225°, 250°, 290° F
R-22 290° F
R-24 290°F
R-27 250°, 290° F
R-28 250°, 290° F
(April 1967)

6. EPT and butyl-rubber materials generally appear to date to be least affected by
any exposure condition; the exceptions to this point out the importance of formulation
within families of elastomers. (April 1967)

7. Neoprene rubber coatings as a class are showing good performance to date on both
steel and concrete at all test temperatures through 290° F. Elastic properties are
showing little change with increased exposure time. One type of neoprene joint sealant
is showing good promise for extended service at 290° F. (April 1967)

8. The phenolic and epoxy modified phenolics as a class are showing excellent per-
formance on steel at all test temperatures up through 290° F. These coatings are
showing good performance on concrete with just occasional occurrence of small cracks
amenable to repair through 290° F temperatures. (April 1967)

9. Many test materials such as the epoxies, vinyls, and others are performing well
at 100° and/or 203° F, but are unsatisfactory at the higher temperatures. Better per-
formance is generally found on steel substrates. (April 1967)

10. Moisture transfer rates through the test coatings on concrete increase as the
temperature of the exposure increases as evidenced by greater weight increases at
the higher temperatures. (April 1967)

*Conclusions from preliminary tests; see Sections V. 3. and V. 3.1.
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11. It appears that the materials that are showing degradation and changes are being
affected more by the temperature levels of the wet exposure than by the brine concen-

tration. (April 1967)

12. Sufficient data are not yet available to predict useful lives or behavior trends of
the various materials showing good service at the various test conditions. (April 1967)
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V.7.1. Electronic Data Processing

In order to eliminate the tedious and lengthy process of calculating specific gravity,
average thickness, tear strength, tensile strength and sample volume, a small com-
puter program was written. The program was then enlarged to allow for automatic
sorting and tabulation of final data. A work form was prepared to allow measurements
and instrument readings to be recorded directly on punch card data sheets. The com-
puter program and a standardized documentation are included on the following pages.

273



.3A

an

[y
OCNno

12
11

16
17

04/24/67

PROGRAM C2JSAL
0 DIMENSION SN(100), AGE (100.11), BLNG (100.11), WTH (100.11), NC (100),
1 TWTH (100.11), TNTH (100.11), TRTH (100.11), WT (100. 11), SMWT (100. 11),
2 TNLD (100, 11), TRLD (100.11), ELONG (100.11), SHORE (100.11), TH (100.11),
3SPG (100.11), TEAR (100.11), TENSIL (100.11), VOLUME (100, 11), CK (13)

READ (2.1) N, AST

FORMAT (14, 4X,A4)

READ (2. 2) (SN(J), J=1,N)

FORMAT (10F8.0)

N IS THE NUMBER OF SAMPLES BEING SENT

SN(J) ARE THE SAMPLE NUMBERS

DO 4K=1, N

NC(K) = 0

DO 5 K=1, 1000

READ (2. 3) (CK(J), J=1,13), FINAL

FORMAT (F8.0,F4.0,F6.0, 2F5.0, 8F6.0, A4)

DO6L =1, N

IF (CK(1l) .EQ. SN(L)) GO TO 7

CONTINUE

WRITE (3, 8) CK(1)

FORMAT (1HO, 5X, 36H THERE IS DISAGREEMENT IN SAMPLE NO.,F8.1)

GO TO 10

NC(L) = NC(L)+1

NS = NC(L)

AGE (L.,NS) = CK(2)

BLNG (L,NS) = CK(3)

WTH (L,NS) = CK(4)

TWTH (L, NS) = CK(5)

TNTH (L, NS) = CK(6)

TRTH (L,NS) = CK(7)

WT (L, NS) = CK(8)

SMWT (L,NS) = CK(9)

TNLD (L,NS) = CK(10)

TRLD (L,NS) = CK(11)

ELONG (L, NS) = CK(12)

SHORE (L, NS) = CK(13)

IF (FINAL .EQ. AST) GO TO 9

CONTINUE

DO11, K=1, N

NS = NC(K)

IF (NS .EQ. 0) GO TO 11

DO 12, JR =1, NS

TH(K,JR) = (TNTH(K,JR) + TRTH(K,JR))/ 2.0

SPG(K, JR) = WT(K,JR)/ (WT(K, JR)-SMWT(K, JR))

TEAR(K, JR)= TRLD(K,JR)/ TRTH(K,JR)

TENSIL(K,JR) = TNLD(K, JR)/ (TWTH(K, JR)* TNTH(K, JR))

VOLUME(K,JR) = WT(K,JR) - SMWT(K,JR)

CONTINUE

CONTINUE

DO15K =1, N

WRITE (3, 16) SN(K)

FORMAT (1H1, 5X, 14H SAMPLE NUMBER, F8.1)

WRITE (3,17)
0FORMAT (1HO, 5X, 80H AGE WT LNG WTH TH SPG SHO
1RE TEAR TENSIL ELONG VOLUME )

NS = NC(K)
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IF (NS .EQ. 0) GO TO 15
DO15L =1, NS
0 WRITE (3, 18) AGE(K, L), WT(K,L), BLNG(K,L), WTH(K,L), TH(X, L),
1SPG(K,L), SHORE(K,L), TEAR(K, L), TENSIL(K, L), ELONG(K, L).
2 VOLUME(K, L) ) }
18 0FORMAT (10X, F5.0,F7.1,2F6.2, F6.3, F6.2, F6.0, F8.0, 9.0, F8.0,
1F7.1)
15 CONTINUE
CALL EXIT
END

PROGRAM DOCUMENTATION

PURPOSE
* COMPUTATION AND DISPLAY OF ELESTOMER DATA AFTER EXPOSURE
TO SALINE WATER.

NECESSARY INPUT VARIABLES

* N. LAST, SN(I). AGE(I,J), BLNG(I,J), WTH(,J), TWTH(,J), TNTH(,J).
TRTH(L,J), WT(,J), SMWT(,J), TNLD({,J), TRLD(,J), ELONG(I,J)
SHORE(L, J)

ARRAY LIMITS

* SEE ABOVE - FOR ALL ARRAYSI = 100
J=11
DESCRIPTIONS
* N = NUMBER OF SAMPLES

LAST = CHECK VARIABLE, MUST BE IN FIRST AND LAST CARD.
SN(I) = SAMPLE IDENTIFICATION CODE

AGE(, J) = MONTHS OF EXPOSURE

BLNG(I, J) = SPECIMEN LENGTH - INCHES

WTH(, J) = SPECIMEN WIDTH - INCHES

TWTH(, J) = TENSILE SPECIMEN WIDTH - INCHES
TNTH(I, J) = TENSILE SPECIMEN THICKNESS - INCHES
TRTH(I,J) = TEAR SPECIMEN THICKNESS - INCHES
WT(,J) = SAMPLE DRY WEIGHT - GRAMS

SMWT(I,J) = SAMPLE IMMERSED WEIGHT - GRAMS
TNLD(, J) = ULTIMATE TENSIL LOAD - POUNDS
TRLD(,J) = TEAR LOAD - POUNDS

ELONG(I,J) = ULTIMATE ELONGATION - PERCENT
SHORE(I, J) = SHORE HARDNESS - A OR D UNITS
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5.3A 04/24/67

VARIABLE TYPES

* STANDARD REAL, INTEGRS AND ALPHANUMERIC.
OUTPUT VARIABLES

*  SN(@), AGE(,J), wT({,J), BLNG(,J), WTH({,J), TH(,J), SPG(,J)
SHOREC(I, J), TEAR(I,J), TENSIL(,J), ELONG(,J), VOLUME(, J)

ARRAYS

* “Sf-E-I;‘-A]—BOVE - FOR ALL ARRAYS I =100
DESCRIPTIONS

* -:I'.I-I(-I-,-J;-;X\-’;ERAGE SAMPLE THICKNESS -~ INCHES

SPG(1, J) = SPECIFIC GRAVITY AT 73 DEGREES F.

TEAR(,J) = TEARING STRENGTH - POUNDS PER INCH THICKNESS.

TENSIL(I, J) = TENSILE STRENGTH - POUNDS PER SQUARE INCH.

VOLUME(I, J) = SAMPLE VOLUME - CUBIC CM. (CONVERTED TO
CUBIC INCHES)

VARIABLE TYPES

* ALL VARIABLES ARE STANDARD REAL AND INTEGRS.
STORAGE REQUIRED

* STORAGE REQUIRED IS ABOUT
TAPES USED

* TAPE 2 READ
TAPE 3 WRITE

WRITTEN BY DATE

*  BERNIE JONES 4/3/67
PHILLIP F. ENGER

ADDITIONAL INFORMATION

* END DOCUMENTATION
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Table V-9
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Table V-10

RUBBER R-6
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Table V-11
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Table V-12
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Table V-13

RUBBER R-11
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SECTION VI
PART IV--CORROSION STUDIES ON REINFORCING STEEL
VI. 1. Introduction

In order to determine the effect of the hot brines on the reinforcement in reinforced
concrete, samples of steel reinforcing bars and steel pretensioning rods were embedded
in concrete bars and cylinders.

Three types of specimens were used to monitor the corrosion (1) steel reinforcing rods,
(2) steel pretensioning rods, and (3) electrical resistance corrosion meter probes with
mild steel test elements. All steel specimens were embedded in concrete and the con-
crete was cured and tested in the same manner as the other specimens, Section III.

A steel reinforcing bar was embedded in a standard 4- by 4- by 30-inch concrete speci-
men (two specimens total). Electrical lead wires were brought from the rebar through
the concrete to the outside to provide the necessary electrical connections for determina-
tion of the corrosion rate on the bar. Pretensioned 4- by 4- by 30-inch bar specimens
were fabricated. No leads were required in this case as access to the pretensioning rods
was available at the pretensioning anchorplates. Two specimens each were made using
steel reinforcing and steel pretensioning rods for each separate loop. A single 6- by
12-inch cylinder specimen for the 290° F loop was fabricated and four electrical resist-
ance corrosion measuring probes were embedded parallel to the axis of the cylinder at
distances from the outer surface of 3/4, 1-1/2, 2-1/2, and 3 inches.

VI. 2. Corrosion Measurement

Laboratory investigation generally consists of determining the extent of corrosion by
specimen weight loss or pit depth measurements. Application of either measurement

to evaluate the effect of brine exposure on concrete embedded steel as a function of time
requires the use of numerous similar specimens to be removed at different times and
destructively tested to evaluate the progress of corrosion. It can be seen that the dif-
ficulties associated with weight loss and pit depth measurements preclude their use in a
small test system where the number of specimens which may be tested is severely limited.
In order to reduce the number of specimens required to moniter the corrosion, a non-
destructive test was employed which permitted the test to be resumed without appreciable
alteration of the test specimen.

To provide a nondestructive method of evaluating the corrosion rates of concrete embedded
steel the electrochemical approach has been used to compute weight loss as a function of
the corrosion current flowing in the steel. Determination of the corrosion current was
made on the basis of the polarization break method devised by Schwerdtfegar2/3/8/ from
the National Bureau of Standards. A list of general references on polarization curves is
given at the end of this chapter. The basis of Schwerdtfegar's method is the determina-
tion of the minimum current necessary to reverse the anodic and cathodic corrosion
currents respectively., From the current values the total corrosion current for the steel
can be calculated and the corresponding corrosion rate determined by Faraday's electro-
chemical equivalent number.

The currents required to reverse the anodic and cathodic corrosion currents can be
determined by plotting a polarization or V-log I curve for the steel involved.

Another method of corrosion measurement has been the use of corrosion meter test
probes. This method uses the decreases in conducting cross section of a tube element
in a corrosive environment to measure the progress of corrosion. The resistance of
the corroding element is compared with a standard resistance and the resulting ratio of
resistances is a measure of the corrosion of the exposed element. These elements are
fabricated into probes which can be placed in the environment to be tested. For these
tests, four probes were cast parallel to the axis in a concrete 6- by 12-inch cylinder at
various distances from the outer surface of the cylinder. The probes were placed so
that the electrical connection for making the required measurement was exposed.

295



VI. 3. Laboratory Procedure and Measurements

Corrosion determinations were made on all specimens at 28, 90, and 180 days. The
270-day and 2-year determinations were made on the 100° F specimens and 270-day
readings were made on the 290° F specimens. Polarization curves were run on the

4- by 4- by 30-inch rebar specimens and pretensioned specimens. The test apparatus
used is shown in the following schematic diagram.

Ta electrode———»d] <4— water electrolyte

potentiometer - variable resistor
-_:-\ ammeter
—® T
-
calomel electrical lead to rebar
reference "
cell ———T™! H !
1]
L
1l
1
¥
o
(R}
"

je1— reinforced concrete specimen

C

Figure VI-l; Pclarization curve apparatus

As a current is applied the potential between the reference cell and the embedded rebar
increases slowly, if at all, until the value of the impressed current is sufficient to over-
ride the anodic corrosion current, Ia. At this point the potential rises quite rapidly with
increasing current. Thus the current to be measured is taken as the current at the break
point of the potential-current curve. Similarly the cathodic current, Ic, is measured
and the total cell current ic is computed from the relationship

ic =Ja_(Ic)
Ia + Ic

The corrosion rate W is then equal to the cell current times Faraday's number, F, or
W = Fic/t where t is time.

The corrosion meter probes were monitored during the tests using a commerical device
for which the probes were made.

VI.4. Test Results
VI.4.1. Conclusions

Based upon results obtained from the aforementioned corrosion tests the following
conclusions seem justified:

1. No significant corrosion of the steel reinforcing bars or the steel preten-
sioning rods has occurred as a result of exposure to flowing synthetic sea
water brine regardless of length of time or temperature.

2. Results of tests conducted on corrosion meter probes cast in 6- by 12-inch

cylinders substantiate the results obtained by use of the polarization curves;
i.e., no significant corrosion of embedded steel has occurred.
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VI.4.2. Discussion

Typical corrosion data taken from the concrete-embedded steel reinforcing bars and
pretensioning rods are listed in Table VI-1.

VI.5. Test Programs

The present program consists of evaluating the different corrosion test specimens at
the end of each programmed test period. This program has been expanded to include
specimens from all test loops (100°, 203°, 225°, 250° and 290° F).

In addition to mild steel reinforcing materials, a stainless steel (302) and a nickel alloy
will also be tested in the saline waters as reinforcing.
Table Vi-1

CORROSION RATES OF EMBEDDED STEEL REINFORCING
BARS AND PRETENSIONING RODS

. Accumulative
Specimen test period Corrosion rate of steel at end of test period
(days) (gm/year for the bar)

CCI-BH3 28

90

180
270

1 year
18 months w3
CCI-BH4 28

90

180

270

1 year

18 months
CCI-BH5 28

90

180

270

1 year

18 months
CCI-BH6 28

90

180

270

1 year

18 months
CCI-BL3 28 *
90

180

270

1 year

18 months
2 years
CCI-BL4 28

90

180

270

1 year

18 months
2 years NSC

COOCZ2NeNrrZdroNNWwZO0000ACOROR

1 OO0
Pk b

reezz,

2,
L1 oocorniy
e

*L = less than,
**NSC = no significant corrosion.
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Table VI-1--Continued

CORROSION RATES OF EMBEDDED STEEL REINFORCING
BARS AND PRETENSIONING RODS

Accumulative
Specimen test period Corrosion rate of steel at end of test period
(days) (gm/year for the bar)

CCI-BLS5 28 15
90 *xNSC
180 0.9
270 0.6
1 year -
18 months NSC
2 years NSC

CCI-BL6 28 16
90 NSC
180 0.2
270 0.4
1 year -
18 months NSC
2 years NSC

*¥NSC = no significant corrosion,
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VII. 1.

SECTION VII
PART V--CONCRETE MICROSTRUCTURAL INVESTIGATIONS

Introduction

Concrete samples exposed for various times to synthetic sea water brines at elevated

tempe
effect

ratures in laboratory test loops were examined petrographically and the progressive
of this exposure on the concrete are described herein.

The samples consisted of 1- to 2-1/2-inch-thick slices from 4- by 4- by 30-inch concrete

bars.

Examination was made by stereoscopic microscope, polarizing microscope, X-ray

diffraction, differential thermal analysis, and various other chemical and physical means
as needed., The impact hammer (Type L) was used to give another index of durability (see
Figure VII-1). The concrete was exposed to five environments of sea water and two en-
vironments of distilled water as shown in Table VII-1 and previously described in Part III
of this report.

VII. 2.
Vil

Expos

Expos

Expos

Expos

Conclusions

.2.1., Sea Water Environment

1. Concrete exposed to 100° F synthetic sea water brine for 18 months was sound
and in good condition,

2. The interior of concrete specimens exposed to 290° F sea water brine for

18 months was sound; however, the exterior concrete was moderately deteriorated
and shows chemical alteration, extensive microfractures, and some separation by
large cracks. There was also a loss of surface hardness. The crushed quartz ag-
gregate was beginnifg to show signs of poor bond, but the natural aggregate was af-
fected to a lesser degree.

3. Concrete exposed to 203°, 225°, and 250° F sea water brine for 180 days was
sound with only slight chemical reaction in the exterior surface. However, the
limestone aggregate was being dissolved on the cut face of the samples. The nat-
ural aggregate was not so affected.

Table VII-1
CONCRETE SPECIMEN EXPOSURES

ure to 18 months (100° F System) Brine containing nominally
175, 000 ppm salts, Quartz
and natural aggregates.

ure to 180 days (203° F System) Synthetic sea water
(225° F System) 73,000 ppm salts. Lime-
stone and natural aggregate.

ure to 90 days (250° F System) Synthetic sea water containing
73,000 ppm salts. Epoxy-
cement concrete and natural
aggregate,

ure to 18 months (290° F System) Synthetic sea water containing
38, 640 ppm salts. Quartz
and natural aggregate.

Exposure to 126 days {150° F System) Distilled water. Quartz and

(350° ¥ System) natural aggregate,
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Figure-VII-1. Photograph of impact hammer (small concrete test hammer--Type ""L'").
Photo PX-D-60857
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VII.2.2. Distilled Water Environment

1. The surface of concrete exposed to dripping distilled water was highly deterio-
rated, Loss of calcium hydroxide has occurred and some aggregate showed signs
of deterioration,

VII.2.3. Miscellaneous Tests

1. The reinforced pipe section was deteriorated and fractured. The fractures were
probably due to mechanical external stresses, Sulfate attack of the concrete and
corrosion of the bars was due to penetration of the brine in the cracks.

2. The asbestos-cement pipe was slightly deteriorated along the outer surfaces to
a depth of 3-6 mm., No sulfate crystals were visible. The epoxy lining was sepa-
rated from half the surface.

VII.3. Unexposed Concrete

VII.3.1, Control Concrete

The concrete for these tests was made with Type V cement, fly ash, and a natural ag-
gregate consisting of amphibolite schist, amphibolite, granite, diorite, quartz, quartz-
ite, and metasandstone. There is an increasing amount of feldspar grains in the sand
sizes and a small amount of opal. The concrete after curing and drying was hard,
sound, and the aggregate bonding good. About 5 percent of entrained air voids were
present and well distributed, The air voids were empty and smooth, There was the
usual superficial coating of calcite on the exterior surfaces of the 4- by 4-inch bars
caused by surface carbonation, About 3 percent of calcium hydroxide was present in
the concrete, Other hydration products appear to be subcrystalline and were not de-
tected by X-ray diffraction which is generally the case with concrete made with Type V
cement, A moderate amount of unhydrated cement clinker mineral, mostly beta CsS,
was present which is normal for concrete of the age of these specimens, A second
series contained limestone coarse aggregate.

VII.3.2. Epoxy Concrete

This concrete was a mixture of a natural aggregate, epoxy, pozzolan, and portland
cement., The cement paste was well hydrated and homogenous. The voids were
spherical and the size of the voids was slightly larger than ordinary mass concrete,.
The bond was good,

VII.3.3. Plastic Impregnated and Irradiated Concrete

The study of plastic impregnated and irradiated concrete is being conducted under other
agreements and will be reported elsewhere. However, a few specimens of such treated
concrete from a preliminary investigation are being subjected to the environments re-
ported herein.

The petrographic analysis included two types of samples: methyl metacrylate and
styrene impregnated and irradiated mortar bars, These bars were impregnated by the
soak or vacuum method, The results indicated a thorough penetration by the styrene
into bars while occasional patches of dry paste occurred in the methyl methacrylate
impregnated bars. The strength of the impregnated bars increased from 2 to 2.4 times
as compared with the unimpregnated bars. The styrene had the greatest increase in
strength, The absorption had decreased by 86 to 98 percent with the vacuum impreg-
nated samples having the greatest decrease. The comparative hardness increased from
1.4 to 1.9 times. The methyl methacrylate samples had the greatest increase in
hardness.

VII.4, Interim Report on Concrete Deterioration

VII.4,1, General Outline

The progressive concrete deterioration for the successive test periods is outlined in
Table VII.2. The deterioration which has occurred during the full test period covered
by this report is outlined in greater detail in the following paragraphs.
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Table VII-2

SUMMARY OF VISUAL EXAMINATION
OSW--CONCRETE

May 1967
: Sample Coating or : Depth : :
Temperature--Time : No, alteration (mm) : Hammer : Description
100° F 28 days BL-30 : Aragonite coating : - : Rings : Good
XBL-31 : : : :
90 days BL-30 : Aragonite coating : - : Rings : Good
XBL-31 : : : :
180 days BL-30 : Aragonite coating : - : Rings : Good
XBL-31 : : : :
270 days BL-30 : Aragonite coating : - : Rings : Good
XBL-31 : : :
360 days BL-30 : Aragonite coating : - : - : Good
: XBL-31 : : : :
18 months : BL-30 : Aragonite coating : -~ : - : Good
: XBL-31 : : : :
203° 28 days BK : Oxide coating 0.75 %30,8 : Good
BLK 29.6 :
90 days BK : Oxide coating 1.0 30.2 : Good
BLK : : 29.5 :
180 days : BK : Sulfate crystals 1.5 31.7 : Slightly deteriorated#
: BIK : 1.5 32.6 :
225° 28 days : BW : Oxide coating 0.5 - : Good
: BIW : :
90 days : BW : Oxide coating 1.5 - : Good
: BIW : 1.5 - :
180 days : BW : Sulfate crystals 1.5 24.2 : Slightly deteriorated
: oxide coating :
BLW : 31.1 :
250° 28 days BT : Sulfate crystals 1.5 34.1 : Good
BLS : Oxide coating 34.0 :
90 days BT : Sulfate crystals, 1.0 34.8 : Good
BLS : Oxide coating 1.5 34.3 :
180 days BT : Sulfate crystals, 2.0 32.0 : Slightly deteriorated
: oxide coating 1.5 31.5 :
BLS : Sulfate crystals 1.5 : 31.5 :
290° 28 days BH-30 : Zinc coating 1.0 : Rings : Good
XBH-31 : : :
90 days BH-30 : Sulfate formed 2.0 : Rings : Good
XBH-31 : : 2.0 ¢ :
180 days BH-30 : Sulfate increased : 5,0 : Slightly dull : Slightly deteriorated»x
XBH-31 : 5.0 : Slightly dull : Slightly deterioratedx
290° 208 days (Reinf : Cracked and cor- 2.5 : - : Highly deteriorated
pipe):s roded rebar : :
270 days BH-30 : Sulfate increased : 5,0 : Dull : Slightly deteriorated
XBH-31 : 5.0 : Dull : Slightly deteriorated
360 days BH : Sulfate increased,: 5.0 : - : Slightly deteriorated
: : oxide coating :
18 months : BH : Abundant sulfate 8.0 11.0 : Moderately deteriorated
: : magnetite :
: : coating :
¢ XBH : Abundant sulfate, 8.0 12.0 : Moderately deteriorated
: magnetite
coating

*Represents rebound values of impact hammer (Type L)
*xDeterioration:
case), moderate chemical attack, few fractures; slight, no fractures, occasional reaction
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VII.4.2. 100° F Temperature System 18 Months' Exposure

A coating of black iron oxide was present, but no deterioration was observed in pre-
liminary examination. The cement paste was good and the rebound test indicated no
decrease in surface hardness.

In thin section, the interior paste was well hydrated and well bonded. A small amount
of clinker was present. Slight crystalline areas were found near the exposed edge of
the bar, No sulfate crystals were observed in the voids or the cement.

VII.4.3. 290° F Temperature System 18 Months' Exposure

The surface of the quartz aggregate samples disaggregated and broke off at the altered
layer (5-8 mm) when the slab samples were sawed. The cement at the broken surface
appeared dry and friable. There was a slight increase in thickness of the altered layer
from the 1-year samples (4-5 mm). The outer surface of the samples was coated with
black magnetite. The altered layer ranged from red to tan in color and was more po-
rous and cracked. In thin section, the altered layer consisted of bands of calcium sul-
fate (anhydrite) with some iron oxide in the cement and crystals of anhydrite in the
voids (Table VII-3, Figures VII-2 and VII-3). Near the border the bands of anhydrite
weakened the bond and caused microcracking between aggregate and cement, Carbona-
tion of the altered layer was also present (Table VII-4), In the interior concrete, a
small quantity of tobermorite (calcium silicate) was still present, The tobermorite
fills voids in most cases, but had not caused any cracking. The impact hardness test,
as well as the rebound tests, showed a significant loss of hardness.

VII.4.4. 203° F Temperature System 180 Days' Exposure

The samples were sound, with the altered layer increasing to 1.5 mm. The samples
were coated with a brown oxide mineral. In thin section, calcium sulfate crystals
(0.10 mm) appear rarely and slight carbonation was seen at the rim of the samples
(Table VII-4) and the surface hardness had increased (Tables VII-5 and VII-7).

VII.4.5. 225° F Temperature System 180 Days' Exposure

The samples were sound and alteration of the samples has increased from a depth of
0.25to 1.5 mm. The samples have a greenish coating. In thin section, scarce calcium
sulfate crystals (anhydrite) were seen in the natural aggregate samples. Slight carbo-
nation was visible in the altered layer. The interior cement paste was good and there
was no evidence of secondary minerals., A slight quantity of calcium hydroxide was
present. No signs of calcium sulfate crystals or calcium hydroxide were observed in
the limestone samples. Only slight carbonation was observed (Table VII-4). The
limestone showed a slight decrease in hardness by the impact hardness and rebound
tests (Table VII-5). -

The permeability of the surface coating (magnetite) was tested by the dye-soak test
overnight and showed the maximum penetration of the dye in the coated concrete was
0.5 cm, while the maximum penetration was about 1.5 cm in the uncoated surface.
This was a difference of about 200 percent in penetration. More comprehensive in-
vestigation will be made to determine the permeability of the magnetite coating and

its possible effect on the rate of alteration of the concrete. Radiocisotope tracers as
well as specimens with known permeabilities will be used in this investigation. It is
believed the magnetite is a corrosion product from the loops and may have some effect
on the rate of brine attack on the concrete.

VII.4.6, 250° F Temperature System 180 Days' Exposure

The samples were good and the altered layer had increased to 2.0 mm thickness.
Numerous empty pebble sockets were observed on the cut face of the sample that was
fabricated with limestone aggregate (see Figure VII-4), The loss of aggregate was ap-
parently due to the aggregate having been dissolved by the brine. The samples now
have a black coating. In thin section, crystals of calcium sulfate (0.33 mm) were more
easily visible in the voids of the altered layer. The edges of the concrete were carbo-
nated., The interior cement paste remains unchanged (Figure VII-4), Several of the
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Table VII-3
SUMMARY OF MINERALOGICAL ANALYSIS

: Sample : Calcium : : :
Temperature - Time : No, hydroxide : Anhydrite : Costing : Tobermoritess
100° F 0 days : BL-30 : Present : - : - : -
: XBL-31 : Present : - : - : -
28 days : BL-30 : Less present : - : Aragonitex: -
: XBL-31 : : : Arsgonite
90 deys : BL-30 : Half present : - : Aragonite -
: XBL-31 : - : - : Arsgonite : -
180 days : BL-30 : - : Ettringitews : Arasgonite : -
¢ XBL-31 : - : - : Aragonite : -
270 days : BL-30 : - : - : Aragonite : -
: XBL-31 : - : - : Aragonite -
360 days : BL-30 : - : - : Aragonite : -
: XBL-31 : - : - s Aragonite -
18 months: BL-30 : - : - : Aragonite : -
: XBL-31 : - : - : Aragonitewx: -
203 F 28 days : BK : Slight : - : Yellow -
: BLK : Slight : - H : -
90 days : BK : - : - : Yellow : -
: BIK : - : - : :
180 days : BK : - : Incipient crystals : Calcite : -
: : : of snhydrite : Brown
: BLK : - : Incipient crystals :
: : : of anhydrite : H
225° F 28 days : BW : - : Incipient crystals : Yellow B -
: : : of anhydrite : :
: BLW : - : Incipient crystels : : -
: : : of enhydrite : :
90 days : BW : - : Anhydrite : Yellow : -
s BLW : - : : :
180 days : BW - : - : Anhydrite : Megnetic -
: : : :  green :
: BLW : - : : :
250° F 28 days : BT : - : Incipient crystels : Yellow :
: : of anhydrite : :
: BLS - : Incipient crystals : : -
90 days : BT - : Anhydrite : Yellow : -
: BLS - : : :
80 days : BT : - : Anhydrite increased: Magnetite : -
: BLS : - : H - :
290° F 0 days : BH-30 : Present : - : - : -
: XBH-31 : : : :
28 days : BH-30 : Trace® : - : Willemite®™*: Small amount
: : : H :  of erystsls
: XBH-31 : Trace® : - : Willemite**: Small amount
: : : : : of crystals
90 deys : BH-30 : None : Anhydrite : Brown : Small amount
: : : : : of crystals
: XBH-31 : - : : : Smell amount
: : : : : of crystals
180 deys : BH-30 - : Anhydrite layer : Magnetite : Small amount
: : :  increasing : : of crystals
: XBH-31 : - : Mnhydrite lasyer : Msgnetite : Smell emount
: : : increasing : : of crystals
270 days : BH-30 : - : Anhydrite layer : Magnetite : Small amount
: : H increasing : : of crystals
: XBH-31 : - : : - :
360 deys : BH-30 : - : Increased anhydrite: Megnetite, : Smell amount
: : : layer : serpen- present
: : : : tinesx
: XBH-31 : - : : :
18 months: BH-30 : - : Anhydrite, gypsum : Magnetite, : No dats
: : : : clay, :
: : : :  serpen- :
: : : : tine¥* :
: XBH-31 : - : Anhydrite, gypsum : :
#The fact thet calcium hydroxide was not detected by X-rey diffraction could be due to

interference by other minerals in the aggregate.

**X-ray diffraction analysis.
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Table VII-5

IMPACT TEST RESULTS

OSW - Concrete

strength*

Compressive

Absorption ;

Age
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Temperature
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Table VII-6

DEPTH OF ALTERED LAYER VERSUS AGE
290° F System

¢ Time : : Depth
Temperature : (days) : Alteration : (mm)
290° F o - 0.0
: 28 : : 1.0
90 : Sulfate formed : 1.5
180 : Sulfate 5.0
: increasing
+ 270 : Sulfate 5.0
: increasing
360 : Sulfate 5.0
increasing
Table VII-T

COMPARTSON OF CONCRETE SURFACE LAYER ALTERATION

203° F 0
: 28

90

: 180

225° F 0
: 28

90

: 180

250° F 0
: 28

90

180

: Sulfate formed :

: Sulfate formed :

; Sulfate formed :

: Sulfate

: increasing

: Sulfate
increasing
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Figure VII-2. Cross-sectional view of concrete showing altered layer on surface after
1 year's exposure to 290° F brine, The horizontal pencil line across the
middle of the photograph shows the line of demarcation between the altered
layer at the top and unaltered concrete at bottom. Photo PX-D-53379 NA
Magnification 12X
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Figure VII-3,

Photomicrograph of thin section of altered layer of concrete at 270 days

and 290° F. Narrow, elongated white areas are anhydrite filled cracks.
Circular white areas are anhydrite filled voids. Irregular and angular
white areas are aggregate., Dark area is cement paste. Photo PX-D-60897

Crossed Nicols Magnification 25X
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Figure VII-4, Photograph showing dissolution of limestone aggregate after 90 days in
sea water brine at 250° F. Photo PX-D-60858
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empty pebble sockets contained dolomite crystals (remnants of limestone)., There has
been a slight decrease in hardness by the impact-hammer tests (see Tables VII-5,
and VII-T7).

VII.4.7. Comparison of Test Results on Concrete

Graphic comparisons of test results for the different test systems are given in
Figures VII-5, VII-6, and VII-T7.

VII.4.8. Epoxy Concrete 90 Days' Exposure 250° F (Manufactured Bars and Cylinders)

The concrete was in good condition and a brown coating covered the surface of the
specimens, The cement paste was well hydrated and homogenous. The voids were
spherical and the size of the voids was slightly larger than ordinary mass concrete.
The bond was good. There has been a slight increase in hardness over the 7-day
samples,

VII.4.9. Concrete Subjected to Distilled Water Environment

Samples of concrete 7 by 3 by 1 inch were examined visually after being subjected to
treatment by dripping 350° F and 150° F temperature distilled water for 126 days.

VII.4.10. Distilled Water 350° F Temperature System

The cement paste was gray, well hydrated and homogenous. There was a moderate
amount of calcium hydroxide present and some carbonation has taken place, Dissolution
and erosion of the surface layer of cement has washed away the fine aggregate and ex-
posed the coarse aggregate to a depth of 6 mm. The remaining surface layer of cement
was soft and chalky. A thin coating of iron oxide was on the surface (Table VII-8).

Some very slight erosion of the feldspar and mica in the schistose rocks has occurred
but the quartz and more resistant minerals show no deterioration.

VII.4.11, Distilled Water 150° F Temperature System

The samples were similar in appearance to the samples above, but the deterioration
was less severe.

VII.4.12. Reinforced Concrete Pipe in 290° F Brine System

The inner surface of the pipe was deteriorated from the brine after 208 days' exposure.
The pipe wall was cracked part way through and the rebars were corroded. Several
cracks about 3 inches in length along the outer concrete surface were seen, These
cracks are open and iron stained and extend to a depth of 2 inches (the pipe wall is

4 inches thick). One of the fracters was around the circumference and another was
along the length of the pipe forming a "T'. These fractures intersect the reinforcing
steel at numerous places (Figure VII-8),

The cement paste in general was in good condition, but the paste adjacent to the inner
surfaces of the pipe was deteriorated to a depth of 2.4 mm (0.1 inch). This was about
the same amount of deterioration as in the 4- by 4- by 36-inch bars of approximately
the same exposure. A coating of iron oxide and anhydrite (calcium sulfate) was present
which was soft and porous. There was also a thin zone of alteration under the brown
coating which contains anhydrite in the voids and microcracks. Another area of de-
terioration was in the concrete which was in contact with the corroded rebars. The
bond between the concrete and rebars has apparently been broken by corrosion of the
rebars, The cement was carbonated at the surface of the cracks.

The reinforcing bars that intersect the cracks exhibit corrosion in the form of iron
oxide scale on the surface of the bars, The bars that do not intersect the cracks show
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only slight corrosion. The corrosion experienced by the embedded reinforcing bars
was probably due to the lack of corrosion inhibiting free lime in the concrete. The free
lime content of the test specimens had been purposefully reduced in order to reduce the
content of soluble constituents in concrete. The extent of the cracking found in the rein-
forced concrete pipe permitted significant corrosion to occur whereas in the 6- by 6-

by 30-inch bar specimen's the cracking was not extensive enough to destroy the protec-
tive environment afforded the steel by the concrete.

The fractures intersecting the reinforcing bars contain sodium chloride and iron oxide.
These fractures appear to have been caused or started by external stresses upon the
concrete, such as attachment of the pipe to the loop.

In the samples examined, there was no evidence of a continuous crack completely
through the pipe wall. Instead, the brine entered the pipe wall in a crack in the angle
of the flange about 1 inch in from the outer surface where the concrete pipe was fitted
into the loop. In this area, corrosion of the rebar and penetration of the corrosion
products into the crack were more extensive than in any other areas examined.

The fractures in the reinforced concrete pipe appear to have been caused by external
stresses upon the concrete. The concrete was deteriorated but was comparable in
quality to the other specimens of the same age and environment. The reinforcing steel
was corroded where exposed to the brine. (See related photographs in Section III,)

VII.4.13. Asbestos-cement Pipe in 290° F Brine Solution

The 8-inch-diameter (7/8-inch-thick) and 6-inch-diameter (9/16-inch-thick) autoclaved
asbestos pipe samples were slightly deteriorated and discolored along the outer sur-
faces to a depth of 3 to 6 mm. The surface was intact but soft and porous. The in-
terior of the sample was sound (Figure VII-9).

This outer surface cement was moderately carbonated, cracked and slightly leached
but no sulfate crystals were visible. There was no apparent difference in the samples
except that the thicker pipe (7/8 inch) showed a deeper (6 mm) alteration layer. Also
the epoxy lining protected the pipe where it was still bonded to the pipe, but it had
separated from half the inner circumference of the pipe.

VII.5. Discussion

VII.5.1. 100° and 290° F Brine Systems

A comparison of the concrete exposed to high (290° F) and low (100° F) temperatures
and saline conditions and containing natural and quartz aggregates, indicated that at

18 months in the high temperature loop (290° F), surface deterioration due to sulfate
attack has progressed. The maximum depth of the altered layer was 8 mm. However,
the tan layer is relatively porous and soft, and microcracks occur frequently. The
depth of the thin reddish layer containing abundant anhydrite had slightly increased.
The outer layer of magnetite had also increased. A comparison of the data (Fig-

ure VII-10) shows that the rate of deterioration was increasing. If the deteriorated
portion of the concrete remains intact over a 30-year period (the curve becomes
asymptotic), the amount of deterioration would be 0.2 inch. This must be regarded
with some caution as petrographic analysis shows that sulfate activity was still present.
However, the data indicated that the curve for a special case of the parabolax =0.2 t
gives the best fit with a standard deviation of 1 mm. This curve representing the rate
of deterioration projected for a period of 30 years would indicate a loss of 1.3 inches
of concrete. It is believed the most likely effect is for the deterioration to follow a
curve somewhere between the asymptotic and parabolic curves. In another case where
the deteriorated layer might disintegrate and fall off, the curve would lie somewhere
between a parabola (1.3 inches loss) and a straight line (7.8 inches loss) like a series
of steps. The data give a general indication of the possible range of deterioration.

The apparent leveling off or lack of change in the depth of the altered layer for a period

of 6 months was being examined. This appears to have occurred at about the same time
the superficial oxide coating has reached a certain thickness and changed to magnetite.
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Figure VII-8. Photograph of reinforced pipe section showing staining around rebar,
Photo PX-D-60859
Magnification . 8X
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Figure VII-9., Photograph of asbestos-cement pipe showing alteration of outer surfaces
(left and right sides). Photo PX-D-60860
Magnification TX
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At the low temperature (100° F) at 18 months' exposure no secondary products of sul-
fate attack were visible. The presence of easily altered minerals such as carbonate
of calcium or iron in an unaltered state suggests that no alteration has taken place.
The cement paste was well hydrated, homogenous, and well bonded. No loss of
surface hardness has occurred.

VII.5.2. 203°, 225° and 250° F Brine Systems

The concretes at the intermediate temperatures (203°, 225°, and 250° F) and containing
natural and lirnestone aggretates at 180 days show surface deterioration but at a sub-
stantially lower rate than for the 290° F exposure depending on the temperature. The
maximum depth of the altered layer was 2 mm compared with 5 mm for the 290° F
samples at the same age. At 250° F the oxide coating has changed to magnetite as

was the case with the higher temperature samples.
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Figure VII-11. Photograph of quartz aggregate concrete after 12 and 18 months 100° F
brine exposure. Photo PX-D-60861

Magnification . 7X
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Figure VII-12, Photograph of natural aggregate concrete after 12 and 18 months 290° F
brine exposure. Photo PX-D-60862

Magnification . 7X
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Figure VII-13. Photograph of natural aggregate concrete after 90 and 180 days exposure
to 203° F brine. Photo PX-D-60863
Magnification . TX

Figure VII-14. Photograph of natural aggregate concrete after 90 and 180 days' exposure
to 225° F brine. Photo PX-D-60864
Magnification . 7X
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Figure VII-15. Photograph of natural aggregate concrete after 90 and 180 days' exposure
to 250° F brine. Photo PX-D-60865

Magnification , 7X
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SECTION VIII
STABLE BINDERS
Work Order No. 6
VIII. 1. Introduction

The paucity of information on behavior of concrete in saline and distilled water at ele-
vated temperatures necessitated an investigation of potential binders of concrete at ex-
pected service temperatures. Much is known about sea water attack on concrete at
normal temperatures and correctives for this problem have been developed. At elevated
temperatures, it is expected that the reactions between sea water and concrete binders
are different than at normal temperatures and that prevention of attack will require modi-
fications in the chemical makeup of the binders.

Portland cement is the principal source of the binder for concrete. A calcium aluminate
(CA) cement by the trade name of Lumnite has been used as a protective lining of steel
pipe against corrosion. At the Freeport, Texas, sulfur plant, pipes so lined carry saline
solutions at temperatures up to 320° ¥. The principal property of CA cements in struc-
tural concrete is high 24-hour strength. Many failures of such structures have been at-
tributed to transformation of the hydrated cement to a denser phase known as hydrogarnet
or isometric tricalcium aluminate hexahydrate (C3AHg). Moisture, temperatures in ex-
cess of about 80° F, and permeability of the paste are conditions that accelerate the for-
mation of C3AHg. Information on behavior of CA cements at elevated temperatures is
meager. The present program includes tests on these cements as possible lining mate-
rials for steel pipe, chambers, etc. in desalination plants.

VIII. 2. Conclusions

Based upon the tests conducted to date and described herein, the following conclusions
seem justified:

1. Although the time of exposure of the specimens, made with portland cement and
additions in sea water at 250° F is too short to permit extrapolations for predicting
long time results, the overall results appear promising. The phases expected to
cause difficulty by reducing strength have not formed or only in a small amount in the
temperature range of 210° to 290° F.

2. The present study on CA cement showed that in the 90° to 110° F range, the
strengths are highly variable among mixes made on different days. High strength was
invariably associated with presence of calcium aluminate decahydrate (CAHj0) as
major binder phase and low strengths with aluminum hydroxide/gibbsite (AH3/G). The
present results do not substantiate previous hypothesis that curing at temperatures
above about 80° F causes conversion of the CAH]10 to hydrogarnet (HG) and reduced
strength. The formation of AH3 is a factor at early ages. Only after 7 days' curing
at 115° and 130° F was HG observed.

3. Apparently, the nucleation and formation of CAHjg as a major binder phase is the
factor contributing most to early high and uniform strengths. Experiments are under-
way to secure preferential nucleation and, therefore, formation of CAH10. "'Seeding"
with CAH]0 and prehydration for 6 to 24 hours at 40° F had given the desired result.

A search is underway for a low cost ''seeding' material as addition to the cement.
Success in these experiments would eliminate the unpredictable and eratic behavior
during curing of calcium aluminate cements.

VIII. 3. Procedure of Tests

VIII.3.1. Raw Materials and Proportions

The raw materials were ground to desired finenesses. These results and composition
data are recorded in Tables III-13, 1II-14, and VIII-1 and VIII-2 for the Type V cement,
fly ash, Type I cement and electric furnace slag, respectively. Blends in following
proportions were prepared in a laboratory mill containing a few pebbles.
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1. Type V cement with replacements of 0.0, 7.5, 15.0, 22.5, 30.0, and 37.5 per-
cent fly ash .

2. Type I cement-fly ash blends of above compositions were also prepared.

3. Type V cement with 30, 40, 50, and 60 percent replacement by the electric
furnace slag.

4. Type V cement with 1.4 to 6.5 percent SO3 as gypsum.

5. No percent Type V cement: 30 percent fly ash blend with 1.4 to 5.5 percent
SO3 as gypsum.

6. Blend of 50 percent Type V: 50 percent slag with 1 to 3 percent SO3 as gypsum.
7. Other individual materials or blends in limited numbers.

VIII. 3.2. Screening Tests on Portland Cement Binders

The tests on portland cements were designed to eliminate early in the program any
binders not possessing desirable properties; the first among these being strength. It
was possible to take a short cut in the preliminary tests through results of examina-
tion of cured pastes by X-ray diffraction (XRD) and differential thermal analysis (DTA).
The phases in the pastes known to cause lowered strengths are readily identified.

These are alpha dicalcium silicate hydrate (ordxcst) and the isometric solid solution
known as hydrogarnets with a generalized formula of

C3AHg-C3AS3
C3FHg-C3FS3.

Presence of these phases in large amounts would immediately make the binder suspect

as being of low strength, At the higher proposed temperatures of plant operations and
using pozzolans, the most probable reaction product is tobermorite having a composi-

tion of C5SgHy and readily identified by a unique XRD pattern. This hydrate is a binder

of excellent strength, Also, autoclaved cement-silica products have a sulfate resistance
superior to that of normally cured cements, Well crystallized tobermorite, as shown

by Soviet research, tends to be highly permeable, Low permeability is a desired property
of the binders for purposes of reducing or stopping ingress of the corrosive solutions into
the interior of the concrete.

The pastes were prepared generally with a water/cement ratio (W/C) of 0. 25 because
such pastes were neither too stiff for good placing nor too fluid to result in segregation.
Additional W/C ratios (0.40 and 0. 55) were used for development of specific informa-
tion principally for determining any possible effect high water content may have on
hydrated pastes. In the first preliminary tests, the pastes were contained in small
nickel crucibles. These tests were conducted to determine if @AC9SH, the hydro-
garnets, or well crystallized tobermorite formed in moderate to large amounts. As
the program progressed, the pastes were cast as 1-inch cubes for compressive
strength determination. After a strength test, a cube was crushed, washed with dry
acetone, and then degassed for 18 hours under a final vacuum of 0.04 to 0.05 mm Hg
(40 to 50 torr). The dried sample was examined by DTA and XRD.

VIII, 3.3. Equipment

The required equipment was essentially that used in research in high-pressure steam
(autoclave) curing. The small autoclaves or pressure pots were available in part in

the laboratory. Others were purchased, still others in the laboratory were modified
for this program. Some of the accessories: 1-inch cube molds, racks for the pres-

sure pots, pressure controllers for the autoclaves, etc., were built or assembled in
the Bureau shops.

As mentioned in the introduction, it was unknown if disruptive compounds would form
in reaction between the cement pastes and sea water at the elevated temperatures.
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Table VIII-1
CEMENT TEST DATA
Stable Binder Investigation for OSW

————

Project: Den ver Oﬂ‘ice--t‘emenf Researcﬁ

—————

Sample No, M-5097 Specifications No.: Federal No, S5-C-192d
Date Received: 2 5 Amount Received:Approx. 1coo 1bg--
Type of Cement: I TLow Alkali Mill: Kaigser Cement and ngsum CorE.L
Reference Letter: Date To Permanente, Calif. Plant
From Subject

— PHYSICAL PROPERTIES CHEMICAL ANALYSIS
Specific Gravity: 1 —¥TITcon Dioxide (5105) 01 Percent
Autoclave Expansion: -0, 005 “Pércent :Aluminum Oxide (A1203) 5.05 Percent
Normal Consistency: 23 2 Percent:Ferric Oxide (Fey03) 9 1] Percent
Initial Set: Hours 3 Minutes 15 sCalcium Oxide (Ca0) 6 Percent
Final Set: Hours 4 Minutes 30 :Magnesium Oxide (MgO 0.72 Percent
Compressive Strength of 2- by 2-inch Cubes tSulfur Trioxide (SO ) Percent

1-day nsi:Sodium Oxide (Na.
3 days 2808 psi:Potassium Oxide %K
7 days 4179 psi:Total Alkalies, as
28 days 6198 psi:Loss on Ignition

Naz

—_—a22
207_6_____—"%:&25_

Percent
Percent
Percent

1,69 Percent

Percent Air in Mortar: 7.9 :Insoluble Residue 0,17 Percent
False Set: :
Initial, 1/4-min pen.,, mm 34 : CHEMICAL CMHUNB
S-min pen., mm 8 sTricalcium cate 43,73 VYercent
Remix 1/4-min pen., mm 15 sDicalcium Silicate (c 23.06 Percent
Remix 5-min pen., mm 8 sTricalcium Aluminate fCSAi _9.82 Percent
Percent Passing Noz 325 STeve: :Tetracal cium
Blaine Surface, cm“/g: 3,924 ¢+ Aluminoferrite (C,AF) 5.41 Percent
Heat of Hydration- - :Calcium Sulfate (Cag04) 3.81 Percent
3 days cal/gram:
7 days cal/gram:
28 days cal/gram:

Other Tests:

Remarks:
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Table VII1-2
POZZOLAN TEST DATA
Stable Binder Investigation for OSW

L
Project: _Research

Sample No._DM-3975 Specifications No. _USBR, 3/1/61
Date Received:_1/20/61 Amount Received: 460
Identification of material: __ Electric furnace slag

Reference lLetter: Date To

From Subject,

Name of Deposit: Location: _M t
Ownership: __ Monsanto Chemical Company Estimated Quantity: ==

PETROGRAPHIC ANALYSIS

Description of Material: Sand-gized angular particles of crushed slag. The slag is quite
—glassy (about 60 percent) and the refractive index of the glass averages about 1.61.

PHYSICAL PROPERTIES

Grinding Time: Hours Minutes
Fineness:

Alr Permeability 8,765 em?/cubic centimeter

Percent Retained on No. 325 Sieve 7.7
Specific Gravity: 2,87
Water Requirement: 99 Percent of Control
Difference in Percent Drying Shrinkage (Test bar minus control bar): 0.010
Reduction of Reactive Expansion at 14 Days: 59 Percent

ressive h of 2-inch Cubes PS1 Percent of Control

Control Cement: Sealed cured, 7 days
M-3650, Type 1I, Sealed cured, 28 days
—law alkall ____ Sealed cured, 90 days

With Pozzolan Sealed cured, 7 days 3,578 86
Replacement:35% Sealed cured, 28 days 5,583 96

be bo be b be bo ke |

Sealed cured, 90 days e
Compressive Strength of 2- by 4-inch Cylinders of Pozzolan-lime Mortar at 7 days, psi: 2275

CHEMICAL ANALYSIS

Silicon dioxide (SiOg) plus Aluminum Oxide (Alp03) plus Ferric Oxide (Fes03)_49,88 Percent
Magnesium oxide (MgO 1,83 Percent
Sulfur trioxide (S03) 0,13 Percent
Loss on ignition 0,22 Percent
Moisture content 0. 06__Percent
Exchangeable alkalies as Na,0 0.55 Percent
Remarks:

CaO = 44. 46 percent, Py Og = 1.01 percent
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Attack of sea water and sulfate solutions at room temperatures are easily and reliably
determined by measuring expansion (increase in length of prisms) with a laboratory
comparator. At elevated temperatures, deterioration might possibly occur without
significant volume change. New test method or methods had to be developed for this

purpose.

The products of reaction of sea water and cement pastes above about 200° F would be
Mg(OH)2, anhydrite (CaSO4) and possibly other new phases (one to be described in
this report). The formation of these phases can be detected by XRD/DTA and the
amounts estimated. These reaction products may form only on or in the surfaces of
the test specimen and cause clogging of the pores. Permeable paste specimens de-
liberately included as companion test specimens to ones of low permeability, would
permit ingress of the solutions towards the interior of the specimen and early forma-
tion of the reaction products.

The progress of the reactions from the specimen surface inwardly can be followed by
examination of 'cuts'' of the Pastes at different and controlled depths from the surface.
Facilities for collecting ''cut" speciméns at different and controlled depths have been
designed and built by modifications of a metal turning lathe. The specimens for this
purpose are 2- by 4-inch paste cylinders.

The suitability of dynamic modulus results for detecting deterioration is being exam-
ined using 1- by 1- by 11-1/4-inch mortar bars. These specimens are provided with
reference points for measuring length change, if any, due to sea water attack.

The technique of collecting samples as lathe turnings from the surface of a cylinder
is now being used and appears satisfactory. It still is too early for judging the poten-
tial of the dynamic modulus or length changes as measures of sea water attack at
elevated temperatures.

VIII.4. Results (Portland Cement Binders)

VIII.4.1. XRD and DTA Tests

The series of pastes made of Type I--0.0 to 37. 5 percent fly ash, Type V--0.0 to
37.5 percent fly ash, and cured for 7 days at 210° to 290° F were examined by DTA
and XRD.

The results are summarized in Table VIII-3 with exception of a few mixes. o(CgSH
was generally not detected and when present it was found in small amount, This
phase is not expected to be a problem,

The hydrogarnets appeared in medium amount in mixes of highest fly ash content.
Appearance in other samples was eratic and amounts were small to none. Formation
of hydrogarnets is not expected to cause difficulty.

Tobermorite when detected was present in poorly crystallized form. High permeability
due to presence of well-crystallized tobermorite is not expected, on basis of present
results, to be a problem. However, because permeabilities have not yet been corre-
lated with XRD data, the interpretation on XRD data is tentative at this point. Perme-
ability tests will be conducted as required.

VIII.4.2. Strength Results

Strengths of Type I cement-fly ash and Type V cement-fly ash blends cured for 7 days
at 250° F are reported in Figure VIII-1. The cements without fly ash gave highest
strengths (by small amounts only). Increasing amount of fly ash caused steadily de-
creasing strengths, but none of the decreases were large. Both cements showed
about the same strengths using a W/C ratio of 0.25. The Type I cement with W/C
ratio of 0.40 gave higher strengths than corresponding mixes of the Type V cements.
These and other results indicate that all fly ash compositions studied would be candi-
dates for tests in saline water.
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Table VIII-3

PHASES IN TYPE V-FLY ASH PASTES
CURED AT 210° to 290° F FOR 7 DAYS

d\Cst Present in small amounts in 0.0 and
7.5 percent fly ash pastes, slightly
more at higher temperatures. Amounts
not considered harmful to strength.

Hydrogarnets Most 37.5 percent fly ash pastes con-
tained small to medium amounts ap-
parently independent of temperature
of curing. Presence was sporadic
most generally only small amounts to
none were observed.

Tobermorite The 30.0 and 37.5 percent of fly ash
mixes approach compositions of tober-
morite. The diffraction lines of pastes
of these mixes were generally weak and
diffuse. Well-crystallized tobermorite
did not form even in the 290° F cured
for 7 days.
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Strength data for determination of optimum SOg content are given in Figure VIII-2 for
Type V, 70 percent Type V: 30 percent fly ash, and 50 percent Type V: 50 percent
slag cements. The Type V cement showed the highest optimum SO3 content at 2.5 per-
cent, the Type V fly ash blend at 1.4 percent and the Type V slag blend at 1.5 percent.
The strength decreases are large and abrupt with SO3 additions in excess of the opti-
mum content.

More detailed information on smaller increments of SO3 addition will be determined
later if required.

VIII.4.3. Discussion of Strength Results

With the exception of mixes containing SO3 in excess of the optimum, it appears that
all compositions studied to date probably have satisfactory strength at 250° F curing.
Because of the similarity in XRD and DTA data on all pastes cured at 210° and 290° F
to those cured at 250° F, it is expected that results for temperatures of curing other
than 250° F would probably also give satisfactory results.

The 50 percent Type V cement: 50 percent slag mix gave the highest strength at its
optimum SOg3 content. The XRD results indicated a binder somewhat different from
that found in the Type I and Type V cement-fly ash mixes. The significance of this is
not yet apparent but will be watched especially in the specimens exposed to saline
solutions.

VIII.4.4. Exposure of Selected Compositions in Sea Water

A total of 12 representative compositions each with W/C ratios of 0. 30 and 0. 50 were
autoclaved at 250° F for 7 days then immersed in sea water of 2.1 times normal con-
centration at 250° F. The specimens are 2- by 4-inch paste cylinders for turning on
the lathe as described, and 1- by 1- by 11-1/4-inch mortar bars for length measure-
ments and dynamic modulus determination. A companion set of all specimens is in
moist air storage possibly for exposure at 290° F to concentrated sea water,

Two examinations through 28 days of sea water exposures shows no indication of any
physical change. Lathe turnings of 0.005-inch depth on two compositions show a
pickup of significant amount of Mg(OH)9 as expected. Lathe turnings with progres-
sively increasing depths are expected to show if Mg(OH)g deposits only in the surface
of the specimens with resulting clogging of the pores.

VIII.4.5. New Sulfate Bearing Phase

Examinations of specimens containing different amounts of SO3 culminated in the dis-
covery of an SO3 bearing phase previously undetected. This compound is known as
ellastadite with composition of 10 CaO '35i0g -3S03 *(?)H9O. Its presence in the paste
in this investigation has been associated with large strength decreases.

Buildup of SO3 in concrete in excess of the optimum amounts of 1.5-2.5 percent in the
cements from sea water would be expected to decrease strength. Ellastadite was syn-
thesized and complete XRD data obtained on it. Using these reference XRD data in a
re-examination of all the concrete specimens exposed at temperatures of 103° to 290° F
did not reveal presence of ellastadite in any specimen. On basis of these observations,
it has been tentatively concluded that some constituent in sea water inhibits formation
of this phase in concrete.

VIII.5. Tests and Results on CA Cement

Lumnite prepared as a paste with a W/C ratio of 0.32, and a 50:50 mortar with graded
Ottawa sand and W/C ratio of 0. 50 is under test. Series of 1-inch cubes of both mixes
have been cured at 90°, 110°, 140°, 170°, 200°, 230°, 260° and 290° F for 7 days, tested
for compressive strength and examined for phase content by XRD and DTA. In another
series as a sequel to the above tests, both mixes are being cured at 73°, 90°, 100°, 115°,
and 130° F for 1, 7, and 28 days and tested as above.

336



COMPRESSIVE STRENGTH, PSI

20,000

18,000

16,000

14,000

12,000

10,000

8,000

6,000

4,000

2,000

e__._TYPE V CEMENT
A___70% TYPE V CEMENT:

30 % SLAG
W/C RATI0:0.25

50% TYPE X CEMENT: 50% SLAG

W— 0.25 w/C

0.40 W/C })

D

p— @

) 6 0 l 2 3
SOz CONTENT, PERCENT

FIGURE ¥YTIIT - 2: STRENGTH VS SO3 GCONTENT
FOR DIFFERENT BLENDS

337




The 7-day strengths for the 90° to 290° F series are presented in Figure VIII-3. Before
interpreting these results, the following description of potential hydration products is
given. The hydrate, CaO-Aly03-10HoO (CAHjq) is the principal binder. Under certain
conditions as will become apparent, the phase 2Ca0O :Al303- 8H9O (C2AHg) also forms.
Aluminum hydroxide (AH3) is a normal reaction product and is not detectable by XRD.
Its presence can be detected by DTA.

AH3 recrystallizes to gibbsite (G} a monohydrate AlgO3-HoO (AH). The recrystallization
is accelerated by increasing temperatures. A clear-cut identification of AHg and G as
separate phases in some of the preparations has not yet been developed. For this reason
AH3/G in following discussions mean aluminum hydroxide and/or gibbsite. Gibbsite, in
turn, with increasing temperature transformed to another monohydrate known as
boehmite (B). The isometric phase C3AHg especially at higher temperature may contain
some Feg03 and SiO2 substituted in its lattice. For this reason, the general name hydro-
garnet (HG) will be used.

In general, the 7-day paste strength (Figure VIII-3) is about double that of the mortar at
temperatures of 90° to 290° F. The highest strength, contrary to expectations occurred
at 110° F, In the lower half of Figure VIII-3 are given the relative amounts of the hydra-
tion product as average of test result on pastes and mortars. These are qualitative re-
sults based on the comparative sizes of the DTA endotherms except for boehmite which
was determined by XRD. At 90° F the binder is essentially CAH;g. At 110° F the binder
is a mixture of CAH;g9 and AH3/G. Between 90° and 170° F, the CAH g was transformed
to AH3 /G and the HG with a maximum of G at 170° F. Between 170° and 230° F, G trans-
formed to B, and B and the HG comprised the binder at temperatures of 230° and 290° F.

With the exception of the high strength at 110° F, the variations in strength over the full
temperature range were hot particularly large.

In these 7-day strengths (90°-290° F), the presence of the graded Ottawa sand had no ap-
parent effect on the kind or relative amount of phases nucleated. The lower strengths of
the mortars are probably dué to dilution of the paste by sand compared to the pastes. In
the temperature range of 73° to 130° F curing, strengths were obtained at 1, 7, and

28 days. The 1-day strengths are given in Figure VIII-4. The presence of silica sand
had a variable effect. At 73° F, the mortar was stronger than the paste and the binder
was essentially all CAHj0. The binder of the paste consisted of a mixture of C9AHg and
CAH10. Lower mortar strengths were obtained at 90° to 130° F compared to 73° F. The
paste strength dropped to a low value at 90° F, but increased to a maximum at 100° F.
The paste and mortar strengths were about the same at 115° and 130° F, the binder in all
specimens was essentially AH3/AH and CoAHg.

The large variations in paste strengths prompted additional tests as Runs No. 2 and 3
(Run No. 1 results are those plotted in Figure VIII-3). The strengths in psi and kinds
of binders are as follows:

Run No. 73°F Binder 90° F Binder 100° F Binder

1 10, 950 CAH, 3, 300 CaAHg 12, 500 CyAHg

AH3/G CAH;g

2 12, 830 CAH,, 2, 330 CyAHg 1, 250 AH3/G
AHq /G

3 13, 700 CAH, 12, 530 CAfllo 1, 000 AH3/G

The 73° F strengths were consistently high and the binder was CAHj0. One test at 90° F
and one at 100° F showed high strength, and CAHjg as binder. The other strengths at
90° and 100° F were drastically reduced and the binders contained much AH3/AH. CAHjg
gives high strength. Low strengths are due to AH3/AH.

The 7-day strengths of the 73° to 130° F paste and mortar series are given in Fig-

ure VIII-5, the 110° F results are from the 90° to 290° F series. The 73° F mortar
strength was slightly higher than the paste strength and both contained essentially CAHg.
At 7 days, as at 1 day, high strengths were associated with CAH,4. Only the 115° and
130° F samples of low strength, had binders consisting essentially of CoAHg and AH3/AH.
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CONVERSION FACTORS--BRITISH TO METRIC UNITS OF MEASUREMENT

The following conversion factors adopted by the Bureau of Reclamation are thosigubushed by the American Soclety for
Testing and Materials (ASTM Metric Practice Guide, January 1964) except that additional factors (*) commonly used in
the Bureau have been added. Further discussion of definitions of quantities and units is given on pages 10-11 of the
ASTM Metric Practice Guide.

The metric units and conversion factors adopted by the ASTM are based on the "International System of Units" (designated
SI for Systeme International d*Unites), fixed by the International Committee for Weights and Measures; this system Is
also known as the Glorgl or MKSA (meter-kilogram (mass)-second-ampere) system. This system has been adopted by the
International Organization for Standardization in ISO Recommendation R-31.

The metric technical unit of force 1s the kilogram-force; this is the force which, when applied to & body having a

mass of 1 kg, gives it an acceleration of 9. 8068656 m/sec/sec, the standard acceleration of free fall toward the earth's
center for sea level at 46 deg latitude. The metric unit of force in SI units is the newton (N), which is deflned as

that force which, when applied to a body having a mass of 1 kg, gives it an acceleration of 1 m/sec/sec. These units
must be distinguished from the (inconstant) local weight of a body having a mass of 1 kg; that is, the weight of a

body is that force with which a body is attracted to the earth and is equal to the mass of a body multiplied by the
acceleration due tucl)‘gravity. However, because it is general practice to use "pound" rather than the technically

¢orrect term "pound-force," the term "kilogram" (or derived mass unit) has been used in this guide instead of "kilogram-
force';iiax.ll ?xpsrlels’figg the conversion factors for forces. The newton unit of force will find increasing use, and is

essen n S,

Table I
QUANTITIES AND UNITS OF SPACE
Multiply By To obtain
LENGTH
Mil, . . ... L. Ce 25.4 (exactly). . . . . . . . Micron
Inches . . . . .. .. ... 25.4 (exmctly). . . . . . . . Millimeters
e e e e e e e e e 2.54 (exactly)*. . . . . . Centimeters
Feet. .. ... e e 30.48 (exactly) . . . . . . . Centlmeters
e e e e e e e e e e 0.3048 (exactly)*. . . . . . Meters
I c e e e e e e 0.0003048 (exactly)* . . . . Kllometers
Yards . . . . 0 o0 004 . 0.9144 (exactly) . . . . . . Meters
Miles (statute). . . . . . . . 1,608.344 (exactly)* . . . . . . Meters
. e e s s s e e 4 a e s 1.609344 (exactly) . . . . . Kilometers
AREA
Square inches. . . . . . .. 6.4516 (exactly) . . . . . . Square centimeters
Squerefeet . . . . . . ... 920.03%, . « « + « « « . . . Square centimeters
e e e e e e e e 0.082903 . . . . . . . . . Square meters
Squareyards . . . . . . . . 0.836127 . . . . . . . . . Square meters
ACPeS .+ v v ¢« v s o o o o o 0. 40469* . e e e e e . Hectares
e e e e e e e e e .. 4,048,9%, ... .. ... .. Square meters
C e e e e e e e e e 0.0040469* . . . . . . . . Square kllometers
Sguaremiles . . . . . . . . 2.68998. . . . . . . . . . Square kllometers
VOLUME
Cubicinches . . . . . ... 16,3871 . . . . . . . . . . Cublc centimeters
Cubicfeet. . . . . . . . .. 0.0283168. . . . . . . . Cubic meters
Cublcyards, . . . o o o o . 0.764655 . . . . . . . Cubic meters
CAPACITY
Fluid ounces (U.8.) . . . . 29.6737. . ... ... . . Cublc centimeters
20.6729 . . . . . . . . . . Milliters
Liquid pints (U.S.) . . . . 0.473179 . . . . . . . . . Cubic decimeters
0.473166. . . . . . . . . Liters
Quarts (U.S.) . + ¢« ¢ o + & 046,358 , ., . . . . . . . . Cublc centimeters
0.946331%, . . . . .. . . Liters
Gallons (U.S.). . . . . .. 3,785.43* . . ... ... . . Cublc centimeters
c e e e 3. 78543. e ¢ e s s o+ » Cuble decimeters
3.78633. . . ... ... . Liters
0.00378543*. . . . . . . . Cubic meters
Galions (U.K.) . . . . .. 464609 . . . . . . . . . Cubic decimeters
4,54506 . ... ... .. Liters
Cublcfeet. . . . . . . .. 28.3160. . ... ... .. Liters
Cubic 764,56* . ... ... ... Liters
Acre-feet. . . . . . . .. 1,233,5* . . . ... . .. . . Cubic meters
e o s o s+ o s . .1,233,600% . e + e o s o . . o Liters
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