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Preface

This report was prepared for the U. S. Department of Energy (DOE) under
modification AOO8 to contract DE-AI97-81ET 46633. Mixtures were made and test-
ing started later in FY 82 and this testing was continued through late FY 83.
An interim report was prepared through 90-day testing in FY 83; that report
was expanded to include all of the later testing, revised, and completed in
FY 84 as a Milestone under Task 84-5, '"Preparation of Topical Reports on In-
vestigations Conducted Prior to FY 83 for Which No Formal Reporting Had Been

Done."

Mr. Lynn Myers of the Office of Nuclear Waste Isolation (ONWI) was
Project Manager when this work started. Mr. Don Moak of ONWI was Project Mana-
ger during the bulk of the work. Dr. Roger Wu of DOE-Columbus was Project
Manager when the final report was prepared. Mr. Steve Webster of DOE-Columbus
was Project Manager when this report was published. The ONWI consultant,
Dr. David R. Lankard, provided a technical review of the original draft report
that covered the first 90 days of testing.

The report was prepared in the Structures Laboratory (SL) of the U. S.
Army Engineer Waterways Experiment Station (WES) under the direction of
Mrs. Katharine Mather, former Project Leader, and Mr. Alan D. Buck, present
Project Leader. Mr. Bryant Mather was Chief of the SL; Mr. John M. Scanlon,
Jr., was Chief of the Concrete Technology Division (CTD). Mr. T. S. Poole of
the Cement and Pozzolan Unit calculated the mixture proportions and supervised
the making of the mixtures. Mr. R. E. Reinhold (retired) was Chief of the
Cement and Pozzolan Unit. Mr. J. P. Burkes and Mrs. J. Ahlvin made and inter-
preted the X-ray diffraction patterns. This report was prepared by Messrs.
Buck, Burkes, and Poole.

COL Tilford C. Creel, CE, and COL Robert C. Lee, CE, were Commanders and
Directors of WES during the conduct of this study and the preparation of this
report. COL Allen F. Grum, USA, was Director during publication. Mr. Fred

R. Brown and Dr. Robert W. Whalin were Technical Directors.

Accesion For o’
NTIS  CRag ]
DTiC (A3 s
Uea o, i 0
J SCaton
R
coe By .
cory D S e —
WNSPeCTED e e )
l ¥ _ A-u&db”»ity Codes
- Avail a:;d/—Or
Ub\ o Special




v
PRI A A
PR

Preface . . . . . . . . . . . . .
Conversion Factors, Inch-Pound to
Introduction . . . . . . . . . .
Materials . . . . . . « . . . .

Procedure . . . . . . . .. ..

Ettringite phase . . . . .
Chloroaluminate phase .

Results . . . . . ¢ ¢« ¢ ¢« v o o

Preliminary experimentation
Chloroaluminate . . . . . .

Discussion . . . . . . . . . ..
Ettringite . . . . . . .

Conclusions . . . . . . . . . .

References . . . . . . . . . .

Tables

PRI T}
-----
L)

Contents

*® o e« ¢ o s e o =

Metric (SI) Units

e o o e s o .
e o « e = .
. . .
e o « » « . * e
o o . e o 8
* o o o o
. * s . ¢ e e s e
® 2 2 s+ s s o e o
e e o . . e
¢« o o * o o

- . -
. e s e . .

e e e e e
e e et
R o
A A

e & e .

. . .

. « s e

. . « . .
. L )
* ¢ e o o .

« o e & e .

. . * o .

* s s s s & o

.'.-J'.'a'" RIS

.......

o)
]
n

SO W OO0 O N B W e

[ e O N Ry —
o o U oW




Conversion Factors, Inch-Pound to Metric (SI)
Units of Measurement

Inch-pound units of measurement used in this report can be converted to metric

(SI) units as follows:

Multiply By To Obtain
Fahrenheit degrees 5/9 Celsius degrees or Kelvins*
inches 25.4 millimetres
pounds (force) per square inch 6.894757 kilopascals
angstroms 0.1 nanometres

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use
the following formula: C = (5/9)(F - 32). To obtain Kelvin (K) readings,
use: K = (5/9)(F - 32) + 273.15,
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THERMAL STABILITY OF CERTAIN HYDRATED PHASES IN
SYSTEMS MADE USING PORTLAND CEMENT

AL 5

L

Introduction

1. Storage of nuclear wastes underground will probably involve the use
of at least some systems containing portland cement for filling of shafts, tun-
nels, and other spaces. Present indications are that these cement-containing
systems will need to undergo some degree of expansion after emplacement to pro-
duce a tight fit at the contact surface with the host rock. Present belief is
that these materials will not be subjected to temperatures much in excess of
100° C at any time. Therefore, there is need for additional information about
the thermal stability of compounds such as ettringite and tetracalcium aluminate
dichloride-10-hydrate (chloroaluminate) and about what happens to the hydrated
cement system if they are altered by heat.

2. While ettringite has been the subject of many investigations and much
discussion, these have generally concentrated on different treatments of one
phase or cement system (Kalousek and Adams 1951, Jones 1960, Turriziani 1964,
Schwiete and Ludwig 1968, Roberts 1968, Mather et al 1978, Taylor and Roy 1980,
Ghorab et al 1980, Ogawa and Roy 1981, and Mehta 1972). In general, these in-
dicate that ettringite is stable to about 100° C at atmospheric pressure and
that it is usually replaced by tetracalcium aluminate monosulfate-12-hydrate
and some form of calcium sulfate when it is destroyed by heat. Higher pressure
will raise the decomposition temperature (Ogawa and Roy 1981) and vacuum will
lower it (Ghorab et al 1980); Burkes (unpublished) has also found the decompo-
sition temperature is lower in a vacuum. The present work tends to differ from
other work in that only a few things were done to a variety of cement systems
that might well be used in a nuclear waste isolation sealing project. The de-
termination of compressive strength and restrained expansion along with decom-
position temperature is unusual.

3. Considerably less work has been done on the behavior of chlorcalumi-
nate in a cement-containing system (Jones 1960, Turriziani 1964, Schwiete et al
1968, Roberts 1968, Lea 1971, and Bensted 1977). The present work with chloro-

aluminate was abbreviated to meet constraints on available resources and because

of repeated equipment malfunctions.
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Materials

4. The work was divided into two phases: (a) one dealing with ettringite

and (b) one with chlorocaluminate.
5. Materials used in the ettringite work were as follows:

3 a. Portland cement RC-BCHSR. This was a blend of four different

i Class H highly sulfate-resistant oil-well cements. Major char-

acteristics are that the caculated C3A* content is extremely low
(3 percent) and the cement is coarse (2100 cmz/g or 210 mz/kg).

Jor

Plaster AD-661(2 and 3). This was a nonretarded alpha form of

fl Caso, - 1/2H20. It was used to produce an expansive cementitious
{ system. It was obtained from the Georgia Pacific Co. plant in

; Blue Rapids, Kansas.

c. Blending materials. Each of the six materials was used in an
amount to replace 30 percent of the cement on a solid volume
! basis.
L (1) AD-643(2). Granulated blast-furnace slag from the Atlantic
- Cement Co., Ravena, New York.
(2) AD-513. Class C fly ash from the Colorado Public Service
Co., Pueblo, Colorado (Comanche Plant).
(3) AD-629. Class C fly ash from Portage, Wisconsin. The sup-
plier was Diversified Concrete of Santa Ana, California.
(4) AD~-628. Class F fly ash from Trona, California. Same sup-
plier as above.
(5) AD-518. Natural volcanic glass from Hallelujah Junction,
California.
(6) AD-536(3). Silica fume from Reynolds Metal Co., Lister
Hill, Alabama.

d. Each combination of materials was batched and mixed twice. Once
with the amount of distilled water to produce normal consistency
as determined by ASTM C 187-79. Once with enough water to com-
bine with all of the alumina in the cement and the blending mate-
rial to form ettringite plus enough additional water to allow
for the hydration of the remaining cementitious solids at a water
to solids ratio of 0.2.

e. In addition to the mixture described above, the mixture contain-

ing cement, plaster, and fly ash AD-628 with excess water (No. 16)
was repeated using reagent grade sodium sulfate (NaS0,) to re-
place the plaster (No. 18). Compressive strength and length-
change tests were made, but X-ray diffraction (XRD) examination
was not made.

6. Finally, four mixtures were made using salt (NaCl) to replace the

plaster so the expansive product would be chloroaluminate rather than ettringite;

* C = Ca0, A = ALD

3
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these were checked by XRD only. These included one with no pozzolan plus ones
with ashes AD-513 or AD-628 or slag, all with enough water for normal consis-
tency. The mixture with ash AD-513 (3B(2)) was repeated so strength and expan-

sion tests could be made.
Procedure

Ettringite phase

7. A few preliminary experimental mixtures consisting of portland cement
and water; or portland cement, plaster, and water were made and tested for
short periods to determine what test temperatures should be used. It was de-
cided that all specimens should be stored for the first 24 hr at 23° ¢ to be
followed by continual storage at 230, at 500, and at 75° cC. During the course
of making the mixtures, the 50° ¢ temperature was eliminated and 100° C was
added when it was found that 75° C was not always high enough to affect the et-
tringite. All four temperatures were used for Mixture 17.

8. The combination of cement and plaster with or without one of the six
mineral admixtures and two water contents meant that 14 mixtures were required
to test all combinations. A total of 15 mixtures were made since the propor-
tions of Mixture (cast) 2 were somewhat in error. No Mixtures 1 or 15 were
made because of scheduling problems so the numbering sequence was Mixtures 2
through 14 and 16 and 17. There was also the addition of the mixture (No. 18)
substituting sodium sulfate for plaster.

9. Both cubes (ASTM 1983) (2 by 2 by 2 in.) and restrained expansion
bars (ASTM 1983) (2 by 2 by 10 in.) were cast from each mixture and Teflon
vials were filled (none for Mixture 18) for curing at three temperatures (four
for Mixture 17) and testing to 1l year at 12 different ages. The cubes were to
be broken for compressive strength, the bars were measured for length change,
and the vial samples were examined by X-ray diffraction (XRD). The hardened
paste in each vial was removed intact, sawed longitudinally, and cut to a 2-in.

length if needed. After minimal grinding with alcohol and abrasive, these

sawed surfaces were examined by XRD in an atmosphere of static nitrogen; there
was also a small beaker of hot barium hydroxide in the sample chamber to help
minimize carbonation during examination. Each sample was examined quickly (2° 26/
min) from 5 to 60° 20 on a logarithmic scale; repeated from 5 to about 20° 26 !

on a linear 1000 scale to provide quantitative peak intensity data on ettringite,
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gypsum, and calcium hydroxide; and examined slowly (0.4° 28/min) from 5 to

20° 29 on a logarithmic scale to provide additional information. The following
seven XRD peaks were included within these 15 deg plus new peaks, if present:
9.7-A (ettringite), 7.6-A (gypsum), 7.3-A (unhydrated cement), 5.9-A (unhy-
drated cement and plaster (?)), 5.6-A (ettringite), 4.9-A (calcium hydroxide),
and 4.7-A (ettringite). When it was not possible to make the XRD examination
of a vial sample at the scheduled time because of a machine malfunction, the
sample was placed in methanol and kept in a freezer until it could be examined.
It has been found that this procedure will effectively maintain such a sample
for exteuded periods without significant change. In addition to this routine
XRD examination of vial specimens, two special XRD examinations were made.

They included:

a. Addition of an internal standard (hornblende) to ground portions
of 28-day-old Mixture 14 paste and to 21-day-old Mixture 16
paste. The 9.7-A ettringite peak of these powders was then
examined using modified diffractometer settings to provide bet-
ter determination of this peak position. The experimentally
determined ettringite peak position for each paste was then cor-
rected by use of the internal standard hornblende peak at 8.418 A.
This was done to determine if there was a detectable XRD differ-
ence between ettringite stable at 75° C and ettringite whose
crystallinity was destroyed at 75° C.

b. Vial samples ot paste Mixtures 12 and 17 were placed in distilled
water at about 23Y C (73° F) when they were 56 and 42 days old,
respectively. Boti. had been in the 100° C environment and both
had had the routin: XRD examinations to that time. These two
mixtures differ on.y in water content. These two samples were
given limited XRD examination during this new storage condition
after 7, l4, 30 days, and about 5-1/2 months. The intent was to
see if the ettringite changed at the 100° C storage would reform
since recognizable new calcium aluminate sulfate phases had not
been formed after initial storage at 100° C.

10. Since the batch size was quite large, there were problems in mixing
and overcrowded storage facilities. Therefore, it was necessary to reduce
batch size. This was done by reducing the number of cubes broken at each test
age from three as specified in ASTM C 109 to two. Such a reduction in cube
number results in an increase in the standard deviation of the mean (S?) of
about 20 percent. In some cases, insufficient cubes were available to break
two at each age, so only one cube was broken. This reduction represents an in-

crease in the S¢ of about 70 percent over the precision of the strength esti-

mate obtained when three cubes were broken. When such cube shortages occurred,
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the single cube breaks were placed at intermediate ages, allowing the strengths
at extreme ages to be estimated more precisely.

11. A control mixture was made each time a test mixture was made and
specimens from the control batch were tested for strength only. This provided
a measure of reproducibility for quality assurance purposes and data were not
collected beyond 28 days. Since fewer specimens were needed, this control mix-
ture was made in a smaller mixer. Calculations indicate no significant effect
on cube strength due to mixer type. However, the water content of the control
mixture was reduced from a water to cementitious materials ratio of 0.27 and
0.28 to accompany Mixtures 2 and 3, respectively, to 0.22 to accompany all
other mixtures. Once the 0.22 value was used, this meant the control mixture
was then the same as Mixture 12,

12. The cubes and bars were demolded after the first 24 hr; the vials
were not demolded until they were used. All of these specimens were kept in
plastic bags which were placed in polyethylene containers. The containers
which held the bars, cubes, and vials, which were to be stored at elevated tem-
peratures, were immersed in hot water of the desired temperature to within 2
to 3 in. of the top. These containers had plastic lids which tended to become
loose fitting because of deformations caused by high temperatures. As a re-
sult, there was sometimes standing water in these containers, apparently due
to condensation. This water penetrated the plastic bags, consequently, the
moisture conditions were not always as intenc-d1. This was particularly trouble-
some with materials stored at 100° C.

13. There was never a significant problem with identification of cubes
and bars. However, there was a problem with the vials at ages close to 1 year,
especially at the 100° ¢ temperature. Some labels came off at 75° C and addi-
tionally some plastic bags were damaged at 100° C so there was a combining of
mixtures. This problem was largely solved by study of the contents of the vials
in question as immersion mounts with a polarizing microscope plus use of such
parameters as color and hardness. Since there was a familiarity with all of the
starting materials, this system to check identification worked quite well.
There was still some question about Mixture 16 at 75° C which was resolved
later by study of the test data.

Chloroaluminate phase

14. As before, a few experimental mixtures were made to select elevated

. ‘s o . .
test temperatures in addition to the reference 23~ C. Since it was obvious
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that the decomposition temperature of the chloroaluminate was above 100° ¢

(Lea 1971), it was necessary to include both temperature and pressure in these
considerations. Test temperatures of 130° C and 170° C were selected along
with 25 and 100 psi, respectively, for use in autoclaves. Four mixtures were
made and vials were filled for periodic XRD examination. No cubes or bars were
made from them due to lack of storage space in the two autoclaves. The auto-
clave that had been set at 170° C failed when the original four mixtures were
slightly over 2 weeks o0ld and all of those vials were ruined. In the meantime,
one mixture that showed the maximum amount of chloroaluminate was repeated
(3B(2)); a few cubes and restrained expansion bars were made in addition to the

vials for XRD. In order to have storage space for these specimens, the 130° ¢

S vials were placed in moist storage at 23° C and the specimens from the 1e,:at
a mixture were placed in the remaining autoclave for exposure to 170° C and

100 psi and periodic testing. The temperature rose to about 200° C and the

;i pressure dropped to about 20 psi on the day cubes and bars were to be tested

‘ at their 7-day age; complete failure occurred later the same day, so all of
these specimens were ruined. The lower temperature vials that had been placed

, . o . .
in moist storage were returned to a 130  C and 25-psi autoclave after an inter-

ruption of 4 days.

Results

Preliminary experimentation

15. 1If a vial specimen were quickly placed into an elevated temperature
bath after the vial was filled, the vial would distort and an unsatisfactory
porous structure would develop in the paste. Since specimens that were given
24 hr curing at 23° C before being subjected to higher temperature did not show
these problems, this procedure was used with all of the specimens.

16. XRD examination at early ages of a paste made with portland cement
and water showed that ettringite crystallinity was destroyed at a temperature
of 75° C. This was the basis for starting the work using 230, 500, and 75° C.
When other work using portland cement, water, and plaster with or without some
of the pozzolans showed that the ettringite was stable at 75° C, this was the
basis for changing from 50° to 100° C so the test temperatures were 230, 750,

and 100° C. However, this change was not made until Mixture 12 was cast.
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17. The 16 paste mixtures that were made with plaster and were tested

at different ages are shown in Table 1lA. Analytical data for the cement, the
natural pozzolan, the slag, and the silica fume are shown in Tables 1B, 1C, 1D,
and 1E, respectively. Similar data for the plaster (Buck, Burkes, and Reinhold
1981) and the three fly ashes (Buck, Husbands, and Burkes 1983; Buck et al 1983)
are given in other WES reports and will not be duplicated here. Quantitative
XRD data as peak height intensity of the 9.7-A ettringite peak and the 7.6-A
gypsum peak are shown in Tables 2A through 17A with a separate table for each

! mixture. There were no mixtures numbered 1 and 15 so there are no tables with

. these numbers. The main item of interest in these tables is to follow the

; amount of ettringite, as indicated by the 9.7-A peak intensity, as it changes

'Ei with temperature or age or both for the different combinations of materials.

' Gypsum (CaSO4 - 2 HZO) is the crystalline phase that forms when plaster is com-

bined with water. As long as gypsum is present, more ettringite may form if

chemically active alumina (A1203) and water are still available and the tempera-
ture is not too high. Tables 2B through 18B show the average compressive
strengths of 1 or 2 or 3 cubes for the same 16 mixtures plus those of the con-
trol mixture. These show the effect of temperature and age. As indicated
earlier, batch size and thus number of cubes had to be reduced. In addition,
there was the usual situation where some specimens are found to be defective
on stiyipping. The combined result of these two situations is that there were
not always three cubes to be tested at a stipulated age. Tables 2C through 18C
show restrained expansions of individual bars at three different temperatures
for the same 16 mixtures. The system of numbering these tables A, B, C, and
so on was used so the table number would be the same as the mixture number.
The XRD, strength, and expansion data were through 1l year when testing was
stopped.

18. Study of the XRD data for the cement and water mixtures and for the
other mixtures (Tables 2A through 14A, 16A, 17A) showed:

a. Ettringite was present in all mixtures at all ages when stored
at 23° C. For the mixtures without fly ash it increased in
amount for periods of 7 to 56 days, depending on the materials,
and then remained at a rather constant level thereafter; no ef-
fects of water content were found. On the other hand, ettringite
continued to increase in amount with age for the three pairs of
fly ash bearing mixtures (4, 13; 5, 6; 9, 16) and also with in-
creased water content within each pair of mixtures. Apparently,
these fly ashes continue to supply aluminate while the other ma-
terials either don't carry it or effectively cease to supply it.
Gypsum was also always present and seemed generally steady in

amount.

10
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Ettringite and gypsum were always present at 50° C.

Ettringite crystallinity was destroyed at 75° C when the mixture
was just cement and water or also contained plaster and silica
fume (Mixtures 10 and 14).

e}

I

Ettringite was not affected at 75° C in any of the other mix-
tures. This included those with just cement and plaster and
those with one of the three fly ashes or the natural pozzolan
or the slag. Gypsum was almost always present in the mixtures
at 75° C.

I

Ettringite crystallinity was destroyed at 100° C; however, this
sometimes required up to 7 or 14 days to be accomplished. Gyp-
sum was also destroyed at 100° C and seemed to reappear in its
anhydrous form (anhydrite). No significant new phases were
found that could be ascribed to change in the ettringite. Since
ettringite detectable by XRD disappeared and no direct replace-
ment alteration compound such as tetracalcium aluminate
monosulfate-12-hydrate (monosulfoaluminate) replaced the et~
tringite, its crystallinity was destroyed by temperature and it
is no longer ettringite in the sense of being a crystalline com-
pound identifiable by XRD. As indicated later, it did not re-
form when given a more favorable environment.

I

There was a dramatic increase in amount of ettringite with tem-
perature (<100° C) when fly ash was present. This was taken

to show that the ash was continuing to provide alumina for the
formation of more ettringite and that this was faster at higher
temperature as might be expected.

&- When silica fume was present as in Mixtures 10 and 14, the cal-
cium hydroxide (CH) was usually gone or much reduced at both
higher temperatures by the 48-hr age; it was then completely
gone at all temperatures after a few more days. Apart from this
striking behavior with the fume mixtures, there was also some
reduction in amount of CH with increasing temperature, especially
in the mixtures containing the natural pozzolan and the fly ashes.
These data are not in the tables.

=3

There were seven pairs of mixtures that differed only in water
content. These were 12 and 17, 3 and 7, 4 and 13, 6 and 5, 11
and 8, 9 and 16, and 14 and 10. Each pair is listed by increas-
ing water content. Comparison of the ettringite content in the
four pairs of mixtures treated at comparable temperatures (12
and 17, 3 and 7, 11 and 8, and 6 and 5) indicated that there
were no consistent or significant differences for the pairs
without fly ash (12 and 17, 3 and 7, 11 and 8). However, Mix-
tures 6 and 5 with ash AD-513 showed the same sort of trend in
ettringite at 50 and 75° C as mentioned earlier for 23° C (i.e.,
increase with age and water content).

19. The XRD examination of the 9.7-A peak of ettringite crystallinity
lost at 75° C (Mixture 14) and ettringite stable at 75° ¢ (Mixture 16) for more

accurate measurement by use of an internal standard gave the following results:

11
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i Ettringite Peak Corrected

j With Internal Standard

t: Mixture 14 (Unstable) 9.704 A

. Mixture 16 (Stable) 9.710 A

‘5 This difference of 0.006 A may be real but this low value from a single deter-
w mination is not adequate to prove that the difference in temperature stability

" is directly attributable to a crystal lattice modification.

20. The periodic XRD examination of XRD samples (Mixtures 12 and 17)
whose ettringite crystallinity had been destroyed by 100° ¢ temperature showed
the following after these samples had then been kept in distilled water at room
temperature for 7, 14, 30 days, and 5~1/2 months:

a. A small amount of ettringite had reformed after 7 days, but it
did not increase significantly with additional storage time.

) b. Gypsum crystals up to 1l cm in length precipitated on the surface

z of the samples. They presumably came from the anhydrite that
always formed in samples heated enough to destroy gypsum usually
present at 75° C (Tables 2A through 11A).

I

Hydrogarnet was already present when these samples were placed
in water and persisted over the time of storage. The presence
of this aluminum-bearing compound may have precluded formation
of new ettringite because no aluminum was available for it.

. 21. 1In general, the XRD results beyond 90-days age were consistent with
those to the 90-days age. Temperatures to 50° C had no significant effect.
The 75° ¢ temperature was selective in that it destroyed the crystallinity of
some ettringite, and 100° ¢ destroyed the crystallinity of all of the ettringite
even though it sometimes took a few days for this to happen. There was also a
tendency for the formation of some hydrogarnet or sometimes tetracalcium alumi-
nate hemicarbonate-12-hydrate (hemicarboaluminate) or both plus a tendency for
the calcium silicate hydrate (CSH) to improve in crystallinity. A peak at 12+
to 13+ Angstroms tended to show at 100° C; this suggested an increase in crys-
;: tallinity of the CSH. However, none of these can be construed as a direct re-
- placement of the ettringite that lost its crystallinity at this temperature.
22. Tables 2B through 14B along with Tables 16B, 17B, and 18B show com-
pressive strength data. Generally, these data are as expected with strength
increasing with age and with temperature. In addition, there are a few cases
where it seems obvious there was an error of some sort. For example, in

Table 13B in the 100° C row, a strength of 8070 psi at 28 days in between

- 12




strengths of 2890 and 2810 psi at 21 and 56 days, respectively, is indicated.
Additionally, the reduction in batch size plus elimination of obviously defec-
tive cubes which meant that three cubes could not always be tested plus the
scattered moisture variations mentioned earlier will explain some of the data.

23. There is no indication that temperature adversely affects compres-
sive strength for temperatures as high as 75° C. However, three of the five
mixtures cured at 100° C substantially failed to gain as much strength as the
same materials cured at 75o C (Mixtures 13, 16, and 17). The failure of these
mixtures to gain as much strength as when cured at 100° as when cured at 23°
and 75° does not appear to be related to the loss of crystallinity of the et-
tringite. The loss of crystallinity of the ettringite occurred at very early
ages in all five mixtures, but low strength gain became apparent at later ages
in the three mixtures in question and not at all in the other two mixtures
cured at 100°. Thus, although data are incomplete because of the changes in
the experimental design, it appears as though low strengths for materials cured
at 100° were due to factors other than loss of crystallinity of the ettringite.
It is possible that low strength development in these mixtures is a result of
rapid formation of ettringite at elevated temperatures which produced cracks
due to expansion. This could plausibly tie in with the fact that Mixtures 13,
16, and 17 would be lower early strength because of the presence of fly ash
(13, 16) or higher water content (17). The general phenomenon of reduced
strength development at elevated temperatures is well documented in the litera-
ture, along with probable factors underlying it (Lea 1971, pp 397-398; Smith
1978, Mindess and Young 1981, p 530; Carette et al 1982), consequently it will
not be dealt with further here as it is beyond the scope of this report.

24. Restrained expansion data are shown in Tables 2C through 14C and
Tables 16C, 17C, and 18C. The l-day values are for three bars cured at 23° c.
The values thereafter are for single bars stored at different temperatures.
Replication at each temperature was not feasible because of inadequate storage
space. Thus, the only opportunity to evaluate the size of the experimental er-
ror in these data is through analysis of the l-day data. The standard devia-
tion of the percent expansion at 1 day is 0.018 percent. This estimate of ex-
perimental error is probably a minimum figure because of unintended moisture
variations and probable changes in the tensile properties of the restraining
rods with age. This level of error is large relative to the levels of expan-

sion observed in the various mixtures, consequently, in the absence of

13
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replication, detailed interpretations of the expansion data are not warranted.
A thorough quantitative description of the expansive behavior of these mix-
tures would require a more elaborate experimental treatment, which was beyond
the scope of this program. Nonetheless, comparison of XRD data for ettringite
with expansion data for matching mixtures at 75° C and 100° C (12, 13, 14, 16,
17) seem to show that the absence of crystalline ettringite had no detrimental
effect on expansion; this is considered particularly significant in view of the
anticipated usage of grouts or concretes somewhat simulated by these mixtures.
Shrinkage or inhibited expansion of mixtures containing as much replacement of
silica fume for cement (30 percent by solid volume) as Mixtures 10 and 14 is
typical and should be noted in case this material is seriously considered for
use. On the other hand, the use of 5 or 10 percent silica fume replacement for
cement, while still expansion inhibiting, may be useful. This can be seen for
Mixtures M-9-D, E, F in Table 5 of (Buck et al 1983). Finally, it should be
noted that increased temperature per se did not mean an automatic decrease in
expansion under moist storage conditions (Tables 2C through 14C, 16C, 17C, 18C).

Chloroaluminate

25. The work to determine the stability of chloroaluminate was done in
a similar manner to that done to determine ettringite stability. The differ-

ences were:

a. There were 4 different mixtures instead of 16. One mixture was
made twice to include strength and restrained expansion data.
b. Salt was used in place of plaster.

c. Elevated temperatures were intended to be 130 and 170° ¢c. Since
these are above the boiling point of water, it was necessary to
include pressure as a factor. The pressures with these salt
mixtures were 25 and 100 psi instead of 1 atmosphere.

26. Information about the mixtures is given in Table 1A(2).

27. XRD data for ettringite and chloroaluminate peak intensities (9.7-A,
7.8-A) are shown in Tables 19 through 23. Preliminary work with several ex-
perimental mixtures had indicated that chloroaluminate was destroyed at 170° ¢
and 100 psi but not at 130° C and 25 psi; this is generally verified by these
tables. Apparently, there was not enough salt in Mixture 1B (Table 19) to form
chloroaluminate. Mixture 3B (Table 21) formed the most chloroaluminate; this is
the reason this mixture was made again to include compressive strength data
(Table 24) and restrained expansion data (Table 25). Due to the failure of the

autoclaves with subsequent overheating and some drying of the original 170° ¢

14




samples and the 170° C mixture 3B(2) samples, only the XRD data are of much
value. Autoclaving tended to increase the crystallinity of the calcium sili-
cate hydrate as would be expected. As with the plaster mixtures, there was

less CH with increasing temperature.
Discussion

28. Since the mixtures or pairs of mixtures each constitute a different
system and there are different kinds of data along with variables of tempera-
ture, age, and water content or pressure in some cases, detailed study is re-
quired in each case to obtain maximum results.

Ettringite

29. An interesting result is that there is not a constant temperature
for the alteration of ettringite in these different pastes. When the paste is
only portland cement and water or portland cement, water, plaster, and silica
fume (Tables 10A, 14A), ettringite crystallinity is usually wholly or largely
destroyed* at 75° C. With all of the other mixtures of cement, plaster, and
water or cement, plaster, water, and one of the five other mineral admixtures
(three ashes, one slag, one natural pozzolan), ettringite was still present
after exposure to 75° ¢ through 1 year.

30. It is known from some of the present references and from other
literature (Diamond and Lochowski 1983) that ettringite need not be pure; iron
or silica can substitute for aluminum and perhaps hydroxyl or carbonate ions
can substitute for sulfate ions. Often compositional change in a crystalline
phase 1s accompanied by a systematic shift in XRD spacings. Unfortunately,
such changes in ettringite do not appear to produce significant changes as dis-~
cussed earlier. This effort indicated the position of the XRD peak for the
unstable ettringite in Mixture 14 was 9.704 A while it was 9.710 A for stable
ettringite in Mixture 16. While this difference of 0.006 A could be signifi-
cant, it was not considered conclusive in this case. Nonetheless, the most
likely answer to the difference in stability of ettringite with temperature
still appears to be slight differences in composition of the ettringite.

31. As mentioned earlier, there was some concern about identification

of a mixture No. 16 XRD vial at 750 C. Examination of the XRD data in Table 162

* No lorger detectable by XRD.
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does not show anything that is considered a significant change so it is be-

lieved the questionable sample was correctly identified.
Conclusions

32. The literature mentioned earlier generally indicates that ettringite
is destroyed at or about 100° C. This work confirmed that value. In addition,
the most striking finding was that some ettringite became undetectable by XRD
at 757 C while other ettringite was similarly affected at 100° C. It is be-
lieved that the difference is due to its purity with impure ettringite being
stable to the higher temperature.

33. The most significant finding, established by study of ettringite
levels by XRD and compressive strength or expansion levels to 1 year, was that
this loss of detectable ettringite was not reflected in detrimental effects to
the strength or volume of the paste mixtures that were used. This is signifi-
cant for repository sealing considerations because it largely removes the con-
cern about detrimental effects of temperatures to 100° C on candidate mixtures
based on portland cement systems.

34. Subsidiary findings about ettringite included.:

a. If a long-term source of aluminum is available, as for example
from certain fly ashes and there is an ample supply of calcium,

sulfate, and water then ettringite will continue to form at

least to 1 year. In these cases more ettringite formed at higher

water contents. Apart from these special cases additional water

did not usually result in more ettringite.

o

The use of portland cement and plaster with a variety of indi-
vidual mineral admixtures (three ashes, one slag, one natural
pozzolan, one fume) or without these admixtures demonstrates the
range of materials combinations that appears tc b: viable candi-
dates for repository sealing usage.

¢. Once the ettringite was converted to a noncrystalline form by
heat, there was little tendency to reform under moist storage
conditions at room temperature.

d. While monosulfoaluminate was expected to replace ettringite,
this did not happen. The new phase that did tend to form after
heating to 100° C was hydrogarnet; it was not considered a usual
conversion product of ettringite.

35. Although the study of the stability of chloroaluminate was beset by
numerous difficulties, it was found that this compound decomposed between tem-

peratures and pressures of 130° C and 25 psi to 170° C and 100 psi. The strength

16
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and length-change data were not considered useful due to autoclave failures. 3
As in the case of ettringite, no significant new phases were formed. Since )
there was no recognizable deleterious effect on paste strength or volume due ':
to removal of crystalline ettringite, it seems likely the same should also be :‘
<4

true for removal of crystalline chloroaluminate by temperature. {
]
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- Table 1A

Composition and Cascting Dates of Phase A Pastes*

Materials
Admixtures Water
Cement Plaster Water to
Mixture (RC- (AD- Cementitious
(Cast) Casting BCHSR) 661(2,3)), Other, Solids
No.** Date 13 % 2 Amount Ratio
2 3 June 82 81.3 18.7 - Excess 0.32
3 7 June 82 59.2 16.8 24.0 slag Normal con- 0.28
(AD-643(2)) sistency (n.c.)
4 9 June 82 57.6 20.8 21.6 ash n.c. 0.28
(AD-629)
5 11 June 82 53.4 27.4 19.2 ash Excess 0.48
(AD-513)
6 15 June 82 53.4 27.4 19.2 ash n.c. 0.35
(AD-513)
7 17 June 82 59.2 16.8 24.0 slag Excess 0.36
(AD-643(2))
8 21 June 82 59.0 2i.6 19.4 nat. Excess 0.43
pozz. (AD-518)
9 23 June 82 56.7 25.7 17.6 ash n.c. 0.34
(AD-628)
10 25 June 82 69.5 9.3 21.2 silica Excess 0.32
fume (AD-536(4))
11 29 June 82 59.0 21.6 19.4 nat. n.c. 0. 36
pozz. (AD-518)
12 1 July 82 90.8 9.2 - n.c. 0.22
13 5 July 82 57.6 20.8 21.6 ash Excess 0.43
(AD-629)
14 8 July 82 69.5 9.3 21.2 silica n.c. 0.30
fume (AD-536(4))
16 13 July 82 56.7 25.7 17.6 ash Excess 0.46
(AD-628)
17 15 July 82 90.8 9.2 - Excess 0.34
18: 10 August 82

* Made with cement and plaster or cement, pnlﬁi} and 30 percent by solid volume of onc of six
winvral admixtures. Made once with enough water for normal consistency and again with more
water to make all possible cttringite from all alumina and still have cnough water for 0.2
ratio of water to cementitious solids.

®* No mixtures 1 or 15 were made.

Same as Mixture 16 witih sodium sulfate in place of plaster.
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Table 1B
Chemical and Physical Data for Blended

Type H Cement RC-BCHSR

Type of Analysis, %

Chemical Data Wet Instrumental*
Ca0, 7% 64.02 64.16 EDTA
§i09 22.48 22.34 Gravimetric
Al704 3.70%% 3.73 AA
Fe)03y 3.82 3.78 AA
MgO 2.17 1.98 AA
S03 2,12
Loss on Ignition, 7% 0.53
Alkalies - Total as Nay0, 7% 0.56
Nas0, 7% 0.17 AA
K20 , 4 0.58 AA
Insoluble Residue, 7% 0.15
Ti0, 0.21 AA
Py0s, % 0.33 PE
Mnp03, % 0.04 AA
BaO, 7% 0.09 PE
Sr0, 7% 0.15 PE
Calculated Compounds Amount, %

C3S, % 53 55
C3A, % 3 3
CyS, % 24 23

. C3A + C3S, % 57 58

. CLAF, 7% 12 12

L C4AF + 2 C3A, % 18 18

b? Physical Data

F Surface Area, mz/kg 210

; Air Content, % 9.9

i Comp. Strength, psi

G 3d 1520

S 7d 2090

L 28 d 2500

- 90 d 3600
Autoclave Exp., % 0.00
Initial Set, hr/min 4:05

$ Final Set, hr/min 7:15

i‘ "% PE = Plasma Emission, AA = Atomic Absorption-flame.

\ ** Referee Alj0O3 = Corrected for TiOj and P30s.
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Table 1D
Chemical and Physical Properties of Slag AD-643(2)

Chemical Data, %

Test Method

$i07 34.62 ASTM C-114-80 Referee (NH,C1)
Al704 9.32 Ry05 - (Fe203 + P05 + TiOy) Referee
Fe 04 0.88 ASTM C-114 Referee Titration
Cal 41.70 ASTM C-114 Optional A Gravimetric
MgO 10.42 ASTM C-114, Referee Grayimetric
504 0.45 ASTM C-114 Referee
Loss on Ignition 0.83 ASTM C-114-80: 43-44
Insoluble Residue 0.28 ASTM C-114
Alkalies:
Total as Nay0 0.45 ASTM C-114 A-A
Na,0 0.21
K50 0.36
Available as Na,0 0.25 ASTM C-311 A-A
Na20 0.12
K50 0.19
Water Soluble as Nay0 0.05 ASTM C-114 A-A
Na,0 0.02
K50 0.04
TiO2 0.46 ASTM C-114 Rapid A-A
P50q 0.01 ASTM C-114 Referee
Mn,04 0.34 ASTM C-114 Referee A-A
Sulfide Sulfur 1.07 ASTM C-114 Referee
Fe 0 Magnetic Separation
Physical Data Test Method and Remarks
Fineness
No. 325 sieve, % retained: 2 ASTM C-430
A.P. Surface Area, m®/kg: 558 ASTM C-204, e = 0.530
Density, mg/m”: 2.94 ASTM C-188
Compressive Strength, psi Cured as ASTM C-109 cubes
1 day 1,280 N.C. paste cubes
3 days 4,720 Slag + 2% KOH sol'n
7 days 6,490
Compressive Strength at 28 days Cured as ASTM C-311 sec. 30.
N.C. paste, cubes.
RC-688(3) without slag, psi: 16,100 Slag, 35% by vol of cement
Compressive strength of cubes
RC-688(3) with slag, psi: 15,260 in excess of 13,000 psi determined on
Baldwin 450,000-1b capacity universal
RC-853(2) without slag, psi: 15,090 testing machine using the 100,000-1b
range.
RC-853(2) with slag, psi: 14,200
Normal Consistency, 7% ASTM C-187
RC-688(3) 20.7
RC-688(3) with slag 25.1
RC-853(2) 20.9
RC-853(2) with slag 24.9
Slag + 2% KOH sol'n: 29.7
Time of Set, Gillmore: hr:min ASTM C-266
Slag + 2% KOH sol'n, Initial: 3:30

Final:

7:45
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Table 1E
Chemical and Physical Properties of

Silica Fume AD-536(3)*

Chemical Data, %

SiO2 + A1203 + Fe203 97.7
MgO 0.2
SO3 0.3
Available Alkalies 0.5
Moisture Content 0.2
Loss on Ignition 0.7

Physical Data

AP Fineness, cmz/cm3 at porosity e = 0.714 42,550
Amount Retained on 45-ym (No. 325) Sieve, 7 0.4
Combined with Portland Cement RC-688%%

Water Requirement, % of Control: 98
Pozzolanic Activity, % of Control: 140
Control W/C: 0.484, Flow 114%
Test Mix W/C: 0.528, Flow 64%
Autoclave Expansion, %: -0.06

" y—y i s e o aen 4
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Pozzolanic Activity With Lime, psi: 2050 (2-in. cubes)

* Done in general accordance with ASTM C 311.
*% P, C. alone at 28 days at 100° F, psi 5190.
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Table 2A

Stability and Persistence of Ettringite and

Gypsum in Cement, Plaster, and Water Mixture¥*

by X-Ray Diffraction**

Temperature, -C

Age 23 50 15
24 hr ~ Ettringite 4 ~-- -
Gypsum 3 - -

48 hr -~ Ettringite 7 9 11
Gypsum 6 5 12

7 day - Ettringite 10 11 15
Gypsum 4 12 7

14 day - Ettringite 10 14 10
Gypsum 8 7 10

21 day - Ettringite 11 17 14
Gypsum 8 10 12

28 day - Ettringite 15 17 13
Gypsun 11 5 11

56 day - Ettringite 16 20 14
Gypsum 11 14 13

90 day - Ettringite 19 20 17
Gypsum 9 14 20

180 day - Ettringite 17 22 16
Gypsum 12 13 15

270 day - Ettringite 17 21 14
Gypsum 7 7 8

365 day - Ettringite 17 25 16
Gypsum 16 11 9

* Cast 2 made 3 June 1982; water to cementitious
solids ratio (w/s) was 0.32.

** Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.




Table 3A
Stability and Persistene of Ettringite and

Gypsum in Cement, Plaster, Slag, and Water
Mixture* by X-Ray Diffraction**

Temperature, °C
Age 23 50 75
24 hr - Ettringite 6 - -
Gypsum 6 - -
{ 48 hr - Ettringite 8 10 9
Gypsum 7 7 9
- 7 day - Ettringite 10 16 18
h Gypsum 6 9 8
! 14 day - Ettringite 14 20 17
3 Gypsum 10 7
X 21 day - Ettringite 20 23 24
. Gypsum 13 5 5
28 day - Ettringite 18 24 23
Gypsum 9 7
] 56 day - Ettringite 22 25 24
- Gypsum 8 8 4
90 day - Ettringite 21 22 24
Gypsum 10 7 5
180 day - Ettringite 26 25 24
Gypsum 7 4 4
270 day - Ettringite 20 24 28
Gypsum 8 5 4
365 day - Ettringite 23 27 28
Gypsum 8 5 3

¥ * Cast 3 made 7 June 1982; w/s was 0.28.
y ** Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.
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Table 4A
Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, Fly Ash AD-629, and Water
Mixture* by X-Ray Diffraction**

Temperature, °C

Age 23 20 L]

24 hr -~ Ettringite 6 -— -
Gypsum 7 -= --

48 hr - Ettringite 10 14 24
Gypsum 6 9 14

7 day - Ettringite 16 25 33
Gypsum 20 8 10

14 day - Ettringite 20 30 33
21 day ~ Ettringite 18 37 35
Gypsum 11 7 6

28 day ~ Ettringite 21 37 41
Gypsum 12 7 7

56 day ~ Ettringite 23 34 33
Gypsum 12 9 2

90 day ~ Ettringite 13 26 29
Gypsum 6 4 ndt

180 day - Ettringite 32 40 +t
Gypsum 11 10 +t

270 day - Ettringite 31 41 37
Gypsum 11 8 nd

365 day - Ettringite 33 44 37
Gypsum 10 7 nd

* Cast 4 made 9 June 1982; w/s was 0.38.
** Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.
+ Not detected.
t++ Ettringite present, gypsum gone; not run on linear
scale.
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. Table 5A
; Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, Fly Ash AD-513, and Water

Mixture* by X-Ray Diffraction**

Temperature, °C

MMM

Age 23 30 715

24 hr - Ettringite 7 - -

Gypsum 24 - -

N 48 hr - Ettringite 11 17 27
: Gypsum 13 14 12
2 7 day - Ettringite 15 17 39
: Gypsum 11 4 9
14 day - Ettringite 18 39 52

Gypsum 14 7 11

B 21 day - Ettringite 23 49 57
. Gypsum 15 6 10
. 28 day - Ettringite 26 56 60
g Gypsum 22 15 17
i; 59 day - Ettringite 35 62 61
. Gypsum 16 9 8
N 90 day - Ettringite 37 55 51
Gypsum 21 8 10

180 day - Ettringite 44 63 53

g Gypsum 11 9 3
. 270 day - Ettringite 48 65 54
- Gypsum 9 14 8
365 day - Ettringite 53 62 63

Gypsum 10 8 12

) * Cast 5 made 11 June 1982; w/s was 0.48.
X ** Peak intensity values are in net chart units; 9.7-
' and 7.6-A peaks.
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Table 6A

Sl e,

Stability and Persistence of Ettringite and Gypsum

N
. in Cement, Plaster, Fly Ash AD-513, and Water
o
:_ Mixture* by X-Ray Diffraction**
i Temperature, °C
Age 23 50 75
24 hr - Ettringite 8 - -
Gypsum 10 - -
48 hr - Ettringite 11 20 28
Gypsum 9 18 14
7 day - Ettringite 18 33 32
Gypsum 11 11 12
) 14 day - Ettringite 24 37 39
o Gypsum 13 13 16
- 20 day - Ettringite 21 42 45
Gypsum 16 14 10
¥ 28 day - Ettringite 28 46 46
Gypsum 14 17 11
56 day - Ettringite 33 47 46
Gypsum 21 10 11
90 day - Ettringite 24 44 48
Gypsum 12 11 11
\'.
C- 180 day - Ettringite 35 46 48
o Gypsum 16 8 nd+t
N 270 day - Ettringite 35 47 44
s Gypsum 15 7 3
. 365 day - Ettringite 37 49 50
- Gypsum 12 8 Trace
f: * Cast 6 made 15 June 1982; w/s was 0.35.
. *% Peak intensity values are in net chart units; 9.7-
. and 7.6-A peaks.
t Not detected.
-
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Table 7A

Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, Slag, and Water Mixture*

by X-Ray Diffraction**

Temperaturel:bf

Age 23 30 15

24 hr -~ Ettringite 6 -- -
Gypsum 2 - --

48 hr - Ettringite 10 11 12
7 day ~ Ettringite 14 19 21
Gypsum 5 7 7

14 day - Ettringite 17 25 25
Gypsum 10 9 7

21 day ~ Ettringite 19 26 26
Gypsum 7 6 8

28 day - Ettringite 18 24 26
Gypsum 13 8 8

56 day - Ettringite 22 26 29
Gypsum 7 3 5

90 day - Ettringite 19 26 26
Gypsum 8 5 4

180 day - Ettringite 25 30 32
Gypsum 13 6 4

270 day - Ettringite 25 28 31
Gypsum 7 4 3

365 day - Ettringite 26 32 31
Gypsum 5 3 3

4
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* Cast 7 made 17 June 1982; w/s was 0.36.
** Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.




Table 8A

Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, Natural Pozzolan, and Water

Mixture* by X-Ray Diffraction¥**

Temperature, °C

_Age 23 50 75

24 hr ~ Ettringite 7 - -
Gypsum 5 - -

48 hr - Ettringite 9 12 11
Gypsum 12 11 18

7 day - Ettringite 16 19 15
Gypsum 12 15 12

14 day - Ettringite 19 23 20
Gypsum 11 16 11

21 day - Ettringite 21 27 25
Gypsum 15 20 19

28 day ~ Ettringite 21 22 24
Gypsum 9 13 8

56 day - Ettringite 21 14 15
Gypsum 24 7 12

90 day - Ettringite 21 24 21
Gypsum 17 10 18

180 day -~ Ettringite 20 28 18
Gypsum 13 14 12

270 day ~ Ettringite 24 29 20
Gypsum 18 17 14

365 day - Ettringite 24 27 20
Gypsum 14 13 11

* Cast 8 made 21 June 1982; w/s was 0.43.
** Peak intensity values are in net chart units, 9.7-
and 7.6-A peaks.
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Table 9A
Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, Fly Ash AD-628, and Water

Mixture* by X-Ray Diffraction**

Temperature, °c

Age 23 30 75

24 hr - Ettringite 5 -- -

Gypsum 14 - -

48 hr - Ettringite 5 9 8

Gypsunm 15 9 23

7 day - Ettringite 10 22 25

Gypsum 13 13 21

14 day - Ettringite 14 30 28

Gypsum 26 25 19

21 day - Ettringite 15 30 26

Gypsum 25 11 19

28 day - Ettringite 17 31 28

Gypsum 16 22 17

56 day - Ettringite 8 29 24

Gypsum 6 13 10

90 day - Ettringite 15 21 16

Gypsum 13 11 7

180 day - Ettringite 26 36 30
Gypsum 22 19 Trace

270 day - Ettringite 26 33 33
Gypsum 21 14 Trace

365 day - Ettringite 24 33 29

Gypsum 18 9 3

* Cast 9 made 23 June 1982; w/s = 0.34.
** Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.




N 2l o aee ol e ard g LA el At Ml Sl AL s Sne JDAA SR R it B A
S 2L PR I R e ol i i T T i/ o 2 " ) .

Table 10A

Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, Silica Fume, and Water

Mixture* by X-Ray Diffraction**

Temperature, °C

Age 23 X0 75

24 hr - Ettringite 10 - _

i Gypsum 2 - -
3 48 hr - Ettringite 12 10  ndt
{' Gypsum 3 8 7
7 day - Ettringite 10 9 nd

Gypsum 3 6 8

14 day - Ettringite 13 9 4

Gypsum 5 9 9

N 21 day - Ettringite 12 8 Trace
2 Gypsum 9 9 6
28 day - Ettringite 12 8 Trace

Gypsum 10 10 7

- 56 day - Ettringite 11 7 nd
Gypsum 8 7 7

. 90 day - Ettringite 8 7 nd
Gypsum 4 9 8

180 day - Ettringite 13 7 nd

Gypsum 8 8 7

: 270 day - Ettringite 10 7 nd
5 Gypsum 5 8 11
365 day - Ettringite 13 7 nd

: Gypsum 10 7 10

*

N Cast 10 made 25 June 1982; w/s was 0.32.
- **% Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.
+ Not detected; there was sometimes a trace of et-
tringite in the slow pattern.
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Table 11A

in Cement, Plaster, Natural Pozzolan, and Water

Mixture* by X-Ray Diffraction**

Temperature, °C

Age 23 50 15
24 hr - Ettringite 8 - -
Gypsum 5 - -
48 hr - Ettringite 10 13 14
Gypsum 7 12 14
7 day - Ettringite 16 19 19
Gypsum 13 24 17
14 day - Ettringite 19 21 20
Gypsum 15 20 20
21 day - Ettringite 20 22 20
Gypsum 17 14 16
28 day - Ettringite 20 19 19
Gypsum 12 9 16
56 day - Ettringite 22 24 19
Gypsum 13 15 17
90 day - Ettringite 15 22 19
Gypsum 19 10 14
180 day - Ettringite 21 23 21
Gypsum 14 10 19
270 day - Ettringite 20 25 22
Gypsum 17 14 15
365 day - Ettringite 24 30 23
Gypsum 15 13 11

*

**

Cast 11 made 29 June 1982; w/s was 0.36.
Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.
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Table 12A
Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, and Water Mixture¥*

by X-Ray Diffraction*#*

Temperature, °C I
Age 23 75 100
24 hr - Ettringite 5 - -
Gypsum 3 - -
48 hr - Ettringite 8 10 Trace
Gypsum 3 3 ndt
7 day - Ettringite 10 12 Trace
Gypsum 4 4 nd
14 day - Ettringite 10 14 nd
Gypsum 4 4 nd
21 day - Ettringite 13 13 nd
Gypsum 3 4 nd
28 day - Ettringite 12 13 nd
Gypsum 4 2 nd
56 day - Ettringite 11 13 nd
Gypsum Trace Trace nd
90 day ~ Ettringite 12 12 nd
Gypsum 4 nd nd
180 day - Ettringite 14 14 nd |
Gypsum 2 nd nd
270 day - Ettringite 13 14 4
Gypsum 3 nd nd
365 day - Ettringite 16 14 nd
Gypsum 3 Trace nd

* Cast 12 made 1 July 1982; w/s was 0.22.
*%* Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.
t Not detected.
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Table 13A

Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, Fly Ash AD-629, and Water

Mixture* by X-Ray Diffraction**

Temperature, -C

Age 23 75 100
24 hr - Ettringite 11 - --
Gypsum 16 - --
48 hr - Ettringite 14 29 18
Gypsum 11 11 3

7 day - Ettringite 15 42 Trace
Gypsum 11 9 ndt
14 day - Ettringite 17 48 3
Gypsum 10 9 nd
21 day - Ettringite 22 48 nd
Gypsum 7 4 nd
28 day - Ettringite 23 44 nd
Gypsum 10 4 nd
56 day - Ettringite 33 43 nd
Gypsum 6 4 nd
90 day - Ettringite 33 43 nd
Gypsum 7 3 nd
180 day - Ettringite 37 45 nd
Gypsunm 13 nd nd
270 day - Ettringite 45 52 nd
Gypsum 9 nd nd

365 day - Ettringite 48 53 Trace
Gypsum 7 2 nd

* Cast 13 made 5 July 1982; w/s was 0.43.

** Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.

+ Not detected.




Table 14A

Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, Silica Fume, and Water

Mixture* by X-Ray Diffraction**

Temperature,goc

Age 23 75 100
24 hr - Ettringite 10 _— _
Gypsum 3 - -

48 hr - Ettringite 13 3 nd*t
Gypsum 3 11 8

6 day - Ettringite 10 nd nd
Gypsum 6 8 11
13 day - Ettringite 13 nd nd
Gypsum 6 6 9

20 day - Ettringite 12 Trace nd
Gypsunm 7 10 6

28 day - Ettringite 10 nd nd
Gypsum 5 10 6
56 day - Ettringite 11 2 nd
Gypsum 9 9 5
90 day - Ettringite 12 nd nd
Gypsum 10 7 10
180 day - Ettringite 11 nd nd
Gypsum 8 9 2
270 day - Ettringite 10 nd nd
Gypsum 8 10 nd
365 day - Ettringite ++ nd nd
Gypsum T+ 9 nd

* Cast 14 made 8 July 1982; w/s was 0.30.

** Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.

+ Not detected.

F+ Present but not quantified on linear scale.
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Table 16A

Stability and Persistence of Ettringite and Gypsum

in Cement, Plaster, Fly Ash AD-628, and Water

Mixture* by X-Ray Diffraction**

Temperature, °C

_Age 23 15 100
24 hr - Ettringite 6 - -
Gypsum 31 - --
48 hr ~- Ettringite 7 12 9
Gypsum 18 17 18
7 day - Ettringite 8 25 ndt
Gypsum 22 16 nd
14 day - Ettringite 11 32 nd

Gypsum 26 15 Trace
21 day - Ettringite 14 30 nd
Gypsum 20 14 nd
28 day - Ettringite 15 44 nd
Gypsum 13 23 2
57 day - Ettringite 11 29 nd
Gypsum 14 10 nd
90 day - Ettringite 21 42 nd
Gypsum 30 19 nd
180 day - Ettringite 28 40 nd
Gypsum 24 13 nd
270 day ~ Ettringite 29 44 nd
Gypsum 19 17 nd
365 day ~ Ettringite 32 +t nd
Gypsum 30 +t nd

* Cast 16 made 13 July 1982; w/s was 0.46.
k% Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.
+ Not detected.
+t+ Not examined by error.

. . .~ LN Tt T e
e e e T e Sttt e e ey




AT I NG A Mana e R A it ” AREAREI L W prata A i U el S Al Badiied Sl -Sad Ak e Sl S-S el S bl SUM ste Sel nR Sl Sl glac st oA

Table 17A
Stability and Persistence of Ettringite and Gypsum

e e

i
2
| 3
~ Y
:
[

in Cement, Plaster, and Water Mixture¥*
by X-Ray Diffraction**

Temperature, oC

Age 23 50 75 100
24 hr - Ettringite S5 —— - -
Gypsum 2 - - -
48 hr -~ Ettringite 7 10 10 9
Gypsum 5 6 4 7
7 day - Ettringite 9 13 13 6
Gypsum 4 4 4 ndt

14 day - Ettringite 13 17 16 Trace

Gypsum 3 3 4 nd
21 day - Ettringite 13 15 14 nd
Gypsum 2 2 3 nd

28 day - Ettringite 13 18 18 nd
Gypsum 1 1 2 nd

56 day - Ettringite 13 16 14 nd
Gypsum 3 2 2 nd
90 day - Ettringite 16 20 17 nd
Gypsum 3 3 nd nd
180 day - Ettringite 13 2} 15 ?
Gypsum 2 nd nd nd
270 day - Ettringite 16 19 15 nd
Gypsum Trace nd nd =nd
365 day - Ettringite 20 25 20 nd
Gypsum Trace nd nd nd

* Cast 17 made 15 July 1982; w/s was 0.34.
** Peak intensity values are in net chart units; 9.7-
and 7.6-A peaks.
t Not detected.

e T T T T S e T g T e A L T | A ST U N L N NI S I R NI TN e N e
.-':e"_'.'_-".f" ""-’ AT APPSR S '{:‘il.’:-'. v AN o .-'xu" .-f PG T TR 0, N N A VA S S .o -,




v

naelh ast

RN vk areh g

P ot et s SN )

————

‘pauTwiIaIaIp JON 4
*juajuod 193em Y3ty pue ‘a93seTd ‘juswdd fgggl PuUnL ¢ apew g 1Ise) .
*sAep {7 3@ Pasn saqnd IV xxx
*saqnd 3yl
103 sof8eisae aip sanTeA Lep-Gg¢ Pu® -Q/z 9yl ¢sfep Qg1 Y3noiayl sfep gg 3Ie Buruuilaq saqnd aT3urs pue
saqnd om3 103 sofe12A® 9Y] dIB 2aINIXTW 3593 39yl jo so98e 1938 103 sanTea {s3aqnd ‘ul-z Aq -7 £q -7 9I21yY3
jJo @28ex2ae 9yl ST 2aNIXTwW 393 3yl 103 sade Aep-gz pue -] JYJ PUB SINIXTW JOAJUOD BYl I0J ISNTBA YOBF xx
*193seTd pue Juawed Jo d3sed ADOUIISTSUOD TeWION

0I8°‘L 09%‘8 0€9°L 0ZL°‘9 098 09,9 (1YAN A 0849 0729 0zLeE pu xx 3y St
0LL°8 0GZ°OT 068°01 O%1°01 07Z6 0008 095!/ 0549 069¢ 07z  +4Pu xx8AY 0s
ov€‘ZT 0£Z°‘6 CIS‘S 0.L§°‘CL 069 0%09 06€S 06€Y 056¢€ o€l 0weZe xx3AY
n
QIANIXTIN
3189],
- - - - - xx¥ 09%8 068L 0699 0105  081% ¥x3AY €2
S9¢ 0.2 08T 06 9¢ 8z 12 %1 L z 1 ¥ Jo

2INIXTIW  2anieaad
T0x3U0) ~way,

Skep ‘moTog umoyS sady 3e (Isd) syigduailS oATssaiaduo)

So3y pue sainjeladwa) 3JU2i23J3TQ I soqn) 23Iseqd 3JO SYIZUailS dATSSa1dwo)

47 319¢el

P ) " e e e, e, %, %, 8

c. . ' U P s " [ B IR . COT e .

.




e T T

e

: ‘poutwialap ION 4.

2 -3eTs pue ‘193seTd ‘3julwWeO JO 2INIXTW ADUDISISUOD Jewiou $zggl 2un[ / 3Ipew ¢ Ise) 1L

f *sfep gz I pasn saqnd TIV xxx

3 *saqnd

29ay3 103 so8exaae a21e sanJea [eull ayl ¢sdep gl YSnoayl soqnd ar3utrs pue sAep gz y3noiyl saqnd om3l jo
s93el2A® 21® 2INIXTW 3S93 3yl 103 safe 193eT 10J sanleA {saqnd ‘ul-g £q -z £q -7 99143 jo adeisar 2yl

3 ST 2an3xXTw 3593 2yl ioj sa8e LAep-z pPue -1 9yl pue sABp [7 ySnoayl sSINIXTW TOIIUOD BY] 10J SNTBA YOBY yxy

*Z1 3se) se auwes ¢19lse[d pue jJudwed JO 3j3sed ADUIISTSUOD [ERUWIAON

g 0S6°%1 09Z°ST 09S°ST 09Z°TT 0€8°‘w1 0Z6°CI O%6°CT 0LZ‘TT 0986 0819 pu xx3AY Se

m” O%€ ‘€T OIB°“IT 08L°CI O0S%‘ZT O0O%9°IT 08€°0T 08.°8 0Z9‘6é  0O%18 0Z¢s +ipu *x3AY 119

m” 00%‘€T 0S8°IT 09Z‘CT 0%Z‘8 0700l 081‘8 0£6°L 05€‘9  061S 0ocet 00%¢ xx34Y

3 ANIXTK

x 1891

y

L - -- - -- *¥% 0Z1°CT 0%6‘TIT 009°6  OLE8 0658  0£96 x¥3AV €T

. <9€ 081 cel 06 9¢ 82 12 7 [ z T x %%

w sfep ‘moTag umoys sady 3Ie (Isd) sylzduaals 2ATsSsdadmo) 3INIXTIK  9anjeadd

5 10a3U0) ~wax

J s98y pue sainjeiadwa] IUD18IJIQ IB saqn) 33Ised Jo SYl3ual1lg aaTss2a1dwo)

2 g€ °Tqel

y

.
b
‘-

.

.

‘y v 2 s » o 4 o SR, ¢ ¢ F_ 0 . N ¢ o« - ga ey -« L v, .pe g sy . - s .. . B . Vs \- I .

WA Y Ko JC R DOGTOOON TR PoTDr




p

g

v

|

2

o

4

4

i

F.

‘-

1&

"

3

4

9

1

W,

X *pautwialap ION 4.
w *679-aV Use AT3 pue ‘id3seld ‘juswad JO IINIXTU £ouaisIsuod Tewaou $zgel 2un| g dpew H ISE) |
3 -skep gz 1 posn saqnd [TV  sxx
. -skep ¢9¢ pue (/7 1€ saqnd 921yl 103 saZeiase

2 pue ‘skep ogT uSnoaya soqno 213uls ‘sAep gg y3noayy saqnd ‘ut-g Kq -z Aq -z om3 103 sa3eldAe ie

- aaInixIw 1§23 9yl I0J sIanTep “SIQNI I3IYl 103 38154 2yl ST 2INIXTW TOIJUOD dY3 I0J ONTBA UYIOBY ¢«

*Z1 3sed se auwes f1ajserd pue Juawed Jo aised AOudlsTsSuod TeWIAON «
0£Z°ST 0Z6°CT OTZ°CT 08Z°CT1 0LS%T 09Z°%T OL6°CT 0S6°CT OIT“TT 0GL ‘0T 0%99 ‘pu »3Av SL
1
0L9°CT 065°ZT 0OZI‘ZT OLT‘CT 0ZO°0T 08Z°ZT 0L6°0T 061°IT 0096 0IE‘8 O0I9% ++°P'U  xx34Y 0

m 0S8°0T 066 0T 0L6°01 008‘6 000°8 0TL‘L 09€‘L 06£°9 O0OY6°‘S 0L0°C 0E¥e  0%8C xx8aY

3 ¥

. QINIXTIW

3 3183l
IM - - - - - x¥x 00%°0T 090°0T 081°6 0.9°8 0589 029 3 BAY 1 X4

. ¢9¢ 0Lz 08T  GEl 06 9¢ 8¢ 7 Y1 L z i ¥ 9o

N skep ‘moTod umoys s93y 1€ sylsuaalg aarssaaduwo) 2INIXTW 2anieaad

b T0x13u0) ~wag

m sody pue soanjeiadwda] JUaI93IJIT( 3B S°4N) I3Iseq JO sy3guailg aarssaidwo)

ﬁ ay 21qel

., ... ‘-1‘.h-.\‘\-‘ -\_




T

Rk b DAl g & o e

S R R ——

*sep @z I® pasn saqnd TV
*sfep ¢g9¢ e saqnd oml sKep Q/7 IB S9qQNO
23143 {sAep 081 y3noayl soqnd aT3urs {sAep [z y3noayl saqnd oml Jo 28eidAr AY3I ST INIXTW 31893 Y3

*sfep /7 3e paisa) saqnod Juturewsa IV

Iy

‘pauUTWIaIAP ION +4
*as3em Y8BTy pue ‘¢1¢-av yse LT3 ‘1aiseld ‘Jusawed fzge[ dunf [T opem ¢ Ise) .

¥¥¥

103 InTea Yyoed {saqnd ‘UT-z £q -7 £q -7 291yl jo afersar 3yl ST 2INIXTW T[OIJUOD 3YL I10J 3NTPA YOBY 4y
*Z1 Ise) se asuwes ¢193seTd pue Juawad Jo 33sed ADUIISTSUOD TBWAON 4

0869 0L6L 0%99 089¢L 00.9 0z€‘9 029°S 0Lzcs 0s1S 0sel pu m«w>< 174
001L 06%9 0S%9 ovLS 01%9 016°s 010°S 006 ‘¢ 080¢ 0L11 +ipu x¥3ay 0s
+14 0%9Y oviy 1YA1Y 061¢ oy1°Z 0z0°t 09S ‘1 ovZ1 064 (1349 x¥3ay
n
QINIXTH
189y
- - --= - ¥X¥ OETTT 0/9°01 080°0T1 00Z6 0Lt 0L19 x¥34Y 1 %4
G9¢ 04T 081 06 96 8¢ 1¢ 71 L [4 1 ¥ Jo
sAep ‘moTag umoys ssdy 3 (Is5d) syiduai3zg aAIssaidwo) QINIXIN aanjeaad
1013U0) —way
98V pue s9injeiaduwa] JUSI9JJIQ 3I€ Soqn) 93ISEq JO SUIBUaIlS 9ATsSsaxdwo)
g6 2TqeL
RATRANIE . (RO e R A C AN A L e APROT YRR ,...,..




-u
3
4
g
4
v—
’
L
w..
y
%
¥
@
[
.
3
B
B ‘pauTmAdIBP ION 4.1
4 *€16-aV Yse L13 pue ‘a93seTd ‘juswad JO aaInIXTIW ADUSISTSUOD TeRWIOU fZRET 2UN[ G| SpPEW ¢ 3ISe) |
w“ ‘sfep gz 3Ie pasn saqnd TTV xxx
] -sfep ¢Q¢f I soqnd 231yl pue ¢sAep Q[ Ie Saqnd oml
5 fsfep 081 uy3noiyl saqnd 3TButrs {sdep [z YSnoayl saqnd oml 103 sadeisAe 9yl alIe JANIXTW ISId] IY3

103 sanTeA {saqnd ‘ur-z £q -z £q -z 291yl jo 93eISAB 9Y3l ST IINIXTW JOIIUOD 3Yl 10J INTBA YoeY yy

*Z1 3sed se awes (1931seTd pue Juswad jo 33sed AOUDISTSUOD TEWION
: 0€8°6 00¥°0OT 000°0T 088°6 O0E0‘8 00S‘ZI 09L°0T 0Z9°0T 0S6°8 0ST6  0S6Y ‘pru x%3AY St
. 0%Z°IT OT9°TT 0S%‘6 00%‘6 0%0°6 0SE'0OT1 062°6 O0€Z6 OEI‘S 0€T1L ov0¢ 44°pu wx3ay 0S
. 006°L 080°6 0IZ‘6 00v‘L 000°9 O%%‘9 OSI*S OIS*Y 0€6°C 0L6Z 0607 OLET #%3AY
4
INIXIK
\_. 1S3l
g - -= == -= -= ¥¥¥  OST‘IT 086°0T 0DL°OT 0206 0S9L 0%Z9 #x8AV ¥4
3 "C9¢ 0Lz 08T Gl 06 5% 82 12 71 i z 1 ” 5 o
. $Kkep ‘mOlog uMOUg sady 3e syiduail§ aAaTssaadwo) 9INIXTK danjeaad
2 1013U0) -way,
1
.
a Sody puUE seinjeladwa], JusliajlIi( 1€ saqn) a31sed JO sylduaals 2AT1ssaidwo)
m. 49 219el
-
‘..
N PO




*pPRUTWILIIP ION 4.
*aajem Y31y pue ‘8eys ‘iagserd ‘jusdwed $zge[ BuUN[L /] opeU / ISE) I
"SAep g7 3B PIsSn SaqNd TTIV xxx
*sfep Gg9¢ 3B saqnd 231yl pue ¢sep (/g Ie saqnd
oml ¢sfep Qg1 Y3noayl saqno a78urs ${sdep 1z y3noiyiz saqnd oml 103] SaZeASAR I3 II1E IANIXIUW ISI3
. 9yl 103 sanTea saqnd °ur-7 Aq -z £q -z 231yl jyo 98eazA® 9YJ ST 2INIXTW TOAIUOD 3Yl 10J] INTEA YoBY xx
: *Z1 3Ised se auwes {1d931seTd pue Juawdd jo aised AOUSISTSUOD TPWION x

O%0‘TT 09Z2°0T 090°8 O%%‘L 088°01 0%6°‘6 0.G°L 00Z‘6 0S9‘6é 0628 0S6Z ‘pru xx8AV Sl
06€°ZT 00S°ZT O%S“CT1 O1Z‘OT 0L6°0T 0896 0/8°8 0Z.‘8 0S0°‘Q 0879 OLE€ +4+°P°u xx3AY 0S
09€°‘S 086°L 09Z°6 066°L 0758 091°‘L 0O%‘9 0S6°‘GC 08L°‘% 06LE 00ZZ O00ST xx30y
1
QANIXTH
31sal
: - - - -- - ¥xx 0/9°TT 080°TT 0Z6°01 O1L6 066L 0T!9 ¥% 30V €2
. G9¢ 0.3 081 Cel 06 96 87 12 1 L z 1 * 2 o
. sAep ‘molag umoyg sady Je syisuailg aATSsaadwo)d 3IN3IXTW 2an3jeaad
A T0a3uo0) -wa]

s93yV pue seanjeaadua] jua123JI(J 3B Saqn) 931Seq JO SYIZU2IIS BATSSDIdWO)

g4/ 219el




T 1

L Al Sl i

L el Aad

3
A
b
.
3
I
3
2
4 *paUTWI3IBP ION ...
g *2a3em Y81y pue ‘uerozzod Teanleu ‘I93seld ‘Juawed ZRET dunf [Z 2PpBW g ISB)
b ‘sfep gz 3Ie pasn saqnd IV xx¥
. *sfep ¢9¢ pue (/7 3IE SIqNd d31U3
3 {sdep Qg1 y3noayl saqnd 3aT3urs {skep [z ys8noiyj saqnd Om3 10J sadeaase a3yl dIB JINIXTW IS Y3
3 103 sanyea ‘saqnd *ul-z Lq -z Aq -z 991yl 3jo afeiaAe 3Y3l ST 2INIXTW TOIIUOD JYJ JIOJ ANTBA Yoed yu
*Z1 3Ised se auwes f{1331seyd pue jJuawad jo 3Ised ADUIISTSUOD TeWION x
ﬂ 0%98 01¢8 OI%L 068¢S 099¢ 0129 09.°G 008°G 080§ 0Se%?  020¢€ ‘pru ¥¥3AY S¢ .
ﬁ.. 00%L O%€L 0819 0I¢L O%YSS 0695 OTI‘S 00Z°S 08L% 08Z% 099 +4+°P°u #%30V 0S o
08%9 00¢€9 0s8%  0LLY%  0€8Y 0t£0¢s 09%‘% 06L°C O%EE 0142 0621 ots 2% 3AY ﬁ
g 7 ‘
g 9INIXTK 7
- IS99 ..\.q
. \Q
g -- ~- - -- - ¥xx OLT°IT CLITIT 0986 0916 069. 0909 x¥3aV €2 “
e’ 2
2 S9¢ 0L¢ 081 SEl 06 96 8¢ 1 "1 L [4 1 % J o we
WA sKkep ‘molag umoys sady 3e syiduail§ sarssaadwo) 21NIXTK 2an3jexad n
3 1013U0) -way .
-.4 .\.
, v
5 S99y pue soinieioduws], JUsi93jjI( 38 Saqn) 931sed JO syIJuailg aarssaadwo) %
“._ g8 21qel h
r “
1 -
X




‘poutTwialap JoN L.
*879-Qv Us® ATJ pue ‘i23seld ‘Juswed JO 9ANIXTW AOUIJISTSUOD TEBWIOU $ZQET 2unL ¢z 9pew g Isey 4
"sAep g7 1B PIsSn saqND [TV  xyx
*sAep ¢g¢ Ie soqnd oM] fsfep (/7 3I® SIqN2 231yl
fsfep pg1 yYBnoayl saqnd a78urs (sdep [ YSnoiyi saqnd om3l I10j sa8erdaae 3yl 9IB JINIXTW ISII Y3
103 sanTea Isaqnd °ul-z £q -z 4q -z 221yl jo a3eIaAR 39Ul ST SINIXTW [OAIUOD 3Y3 I0J SNTBA YOBY yxx
*Z1 1sed se 2wes {193seTd pue JudwWad Jo 9)1sed AOU3ISTSUOD TJBWIAON

06L°TT 058°6 0ZL°6 080°6 00.9 0SO°IT 08C°‘OT C9SOT 0/96 O%I8  006€ ‘peu xx 34y Sl

085 ‘T 08%°TT 00T‘0OT 06Z°0T 0£86 0.6 OLIOT O%.‘8 0608 0LLS 0S%Z 44+°pru »¥34V oS

0CC‘8 0ST‘6 OIY‘L 08v‘L 00/9 0SS 0Z0°S 091‘¢ 089E€ 0867 0Z0Z OFEST xx3ay

¥
INIXTH

1s3],
F¥X 0S6°0DT1 08501 0O%86 0v88 0TcL 076% xx8Ay 14

0L7 081 SET 06 96 8C 1 971 L [4 1 ¥ J o
SAep ‘molag umoys Sagdy Ie sylsuail§ aATssaiduo) 2aNIXTW 2an3jeaad
10a3u0) -way,

S93y pue sainjeaadwa)] JU31933Id 3IE Saqn) 23sed JO SYIZuail§ IATSS21dulo)

46 219el




Ty

el A S g .' id

\J

Cll Sl

AR AR A A e Som 8.0 4 0 GNA Sea 0 en Bra a4 4

—y—

*3893 03 saqnd ON L.i
*pouTmWIDIBP ION L4
*193em Y31y pue ‘suny BOTTTS ‘ix93serd ‘jusmwed fzge[ dunp Gz 1sed Q1 3Ise) .
*sAep Q7 I pPOSN SOQND TTV yxx
*sfep Q12
le saqnd inojy 1o 991yl fsAep Qg1 Yy3noaya saqno oT3urs fshep gz I® saqnd OM3 ‘skep [z IB SIqnNd IJIUTS
¢sfep 41 y3noiyj saqnd oml 10J sodeiaar 9yl o21e 9INJIXTW 3593 9Y3 103 sanTea {sagnd om3 udayl pue sLep
1Z y3noayl saqno ‘ur-z £q -7 £q -z @921yl 103y =28eiare Yl ST 3INIXTW TOIJUOD 3BY) I0J ONTEBA YdBY 4y
‘1 Ised se awes [123seTd pue Juswed jo a3sed £dualSTsuOd TPWION

$4L 089°8 066°L 06S°L o0gh.  OT9°OT 08T°OT 0ZT1°TI OTI‘ZI 0086  O1/8 ‘pru *x3ay L

+44 06S°0T OTE‘0T 0166 0LE6 0S8°6 0S9°0T OI8O 08T‘6 08T/ 08€/ 14+°p-u PLIN 0S

+44 01E°8 0S0°6 0ST‘OT O%%8  090°6 08L°8 O%SL 0429 099 0897 0861 3 3AY

+
JANIXTW
1S3l
- - - - - *¥x  0S9°0T 096°01 099°01 0116 oviL 0099 ¥y 30y 14
G9¢ 042 081 GET 06 9§ 87 1 Y1 L 4 1 ¥ Jo
sfep ‘moTag umoys so3y Je Sylguall§ o9alsSsaiduo) 3ANIXTIW danjeaad
To13juo) -way

93y pue saanjeiadwa], JUSI2]JI( 1€ S2qn) 935BJ JO SUIJuail§ dATssoaduio)

401 @2149®1

ol e At o -

—

-

I
At e
A

S
Y A A |

-

.,
.




o v rw s

Bl

Lo aldi and i

.

*pauTewa1 saqnd ON .
‘pauTwiaIap IOoN L1
+AoUd3STSUOD TRWIOU 10J Id3em pue ‘ueTozzod feinjeu ‘iaiseld ‘juawad 78T 2unr 7 ISeD L
‘s£ep g7 3B PasSN s3aqNd TIV  xxx
*sfep (/7 Ie soqnd 931yl {sAep Q] Ie Soqnd om)
fsfep ¢¢1 yY8noiyl saqnd a78uls ¢sdep [z uSnoayl saqnd oml 103 sofeiaAe Syl I1B JINIXTW IS3I IYl
103 sanyea fsaqnd -ul-z £q -z £q -z 991yl 103J 93elaar 9yl ST 2INIXTW JOIJUOD 3Yl 103J anTeA Yded yx
*Z1 31seo se auwes fisjseTd pur juawad JO P3sed ADUDISTSUOD TRUWION ¢

444 O6TCIT OBE°TIT 0LS°0OT ovg6 086°0T 0T6°8 0ZL‘8 O0SI‘L 0OIv‘9 00LY ‘pu ¥ 38V SL
144 096°0T 0Z%‘6 0SO°OT g9z 0S8°L 0%S‘9 0OIE‘9 089G OI¥‘S OTLE LLi°P'u ¥¥30V 0S
144 080°L 0SZ°9 0£8‘9 0865 OSI‘L 0L1°9 088°C 001°S 000‘%? 0627 OSSIT xx 30V
1
JANIXIN
3189l
- -- - -- - xxx  09%°CT 080°CZT 0%0°T1T 00T‘0OT 08E8  0L69 ¥x30Y €z
S9¢ 0.2 081 GEl 06 9¢ 8¢ 1T Y1 L z 1 % 2o
SAep ‘molag umoys sady Ie sUyldusilg aarssaadwo) 9INIXTW danjeaad
Tox3uo) ~-wa],

So8y pue seanjedadud], Jua1a3jjyId 3IB saqn) a23sed JO syiluaalg aATsseidwo)d

41T 31qel




.
3
.
.
!
L
b
2
&
g
.
,
.
ﬁn
g
2
s
1 *sfep Lz Inoqe 1e sAep mdJ 103 urede pue a8e sAep-G¢[ INOQe e >I2m U0 103 IBdY ON 4.
3 -pauTwWAIIAP ION .
m, *£oua3sTSuod Tewiou 10J i93em pue ‘iajseld ‘jquawad izgel ATnf [ 3Ise)y L
b *sfep @7 3e pasn S3aqnd IV xxx»
- ‘sdep ¢9¢
- pue (/Z 3t saqnd 22ayl ‘sLep Q8 e saqnd oml °‘sLep G¢T ysSnoayi 1233jesai1ayl saqnd o[3urs ‘sdep [z 1IE
- saqnd om] UdY3 °‘sAep %[ Ie saqnd JTBufs ¢sfep ;/ HNOAY3 Sagqnd oM 103] SOTBIDAER 9IF S9ANIXTW IS23 IY3
“._ 103 sonyea ${saqnd ‘ur-z £q -z £q -z 221y3 10) 23eaaA® 2yl ST SaNIXTW ToAJuod 3Yj 103 INTeA Yded xx
” *2INIXTW 3523 STY] se auwes {yaise]d pue Juawad jJo 3jsed ADUIISTSUOD TBWIAON ¢
- 00%°‘8 OT6°TT 0£Z‘TT 06L°TT 00%“1T 00S°ST OGL°TT 096°%T 0ZE‘ET 056°0T 0Z9°01 °P°Uu x#8AV 111001
0S9°%T 00%°ST 061°%T OT1S‘HT 0Z6°YT 0LS‘ZT 08Z“YT 06%°CT 07T CT 099°CT O€O 1T44°P°u ¥23AY St
{ 00S“ET 06T°CT 06%°TT 000°CT 0SZ‘CI 06Z°CT CIS‘TT O%0°TT 08%‘6 0%9°‘6 06Z°8 0609 PY-IN g
g 4 ..“.c
- ANIXTH g
., UmW,H -...J
3 - - - -- -- sxx 0CTT'TT 06£°TT 0T6°0T 0016 O¥Z‘8 09ZL xx 30V 144 -
b-,
A c9¢ 0l 081 GEl 06 9¢ 8z 1z 7 L z T . 5 o ]
SAep ‘MOT2g UMOUS S23y 1B SYlduailg aarssaadwo)d 21INIXTR 2anieaad o
10a3uo0) —-wal 4..
._ »
2 S99y pue soinjeiodwa] JUsI93JId 1B SI9qn) 23Sed JO SYIZUDIIG aat1ssaadwo) ,;_
- 471 @T9qel h
-~. 4
'.n
=
5
IWVIY R JORARNLDE PR ANAY PSR




iv v

T g

*pOUTWIIIDIP ION L

*123BM SSIOXD pue ‘gZ9-QV Use LT3 ‘aoiseld ‘jusweo {ggel AInr ¢ 3Ised |

*sAep gz 3B PISn saqnd [TV xxx

*sfep ¢9f pue (/7 3B ‘92ayl AJTensn ‘saqnd InoJ o3 oml :isfep g1 ysnoayl

3 sAep gz 1933e urede pue sfep #] Ik s3qnd 9T3uTSs YITm SaqnNd om) 10J S38eISAE 3ie 2INIXTW IS3T IY)
J 103 sonyea ¢saqnd *ul-z £q -z £q -z 221yl 103 a8eisae a2yl ST 2anIXIw JoIJued Yl I0J INTeA Ydeq

*Z1 3sed se sues {193seTd pue Juauwed Jo 93sed ADu23ISTSUOD TRWION i

¥

sAep °‘moTag umoyg sadvy 3e sylsuslilS aAIsSsaadwo)

aIn3IXTW @anjeaad

1013u0)

”. 00Tz OYIE O%€Z 0SSZ 0€ez OT8C  0L0°8 068°C 098°C 09L°C 06ST *pru xx3ay 001
\ nEyL  0SLL OLI8 09%8 0S0L 0626 091°6 0S6°L 00L°8 O0TZI‘L 0SZE 44°P-u »x3AY L
3 0619 0STIS  08L% 08%% 068 096€ 08€‘€ 0L6°C 061‘C 0SE‘C O00ET 08¢ »¥3AY

o

. I}

X SINMIXTIN

. 1S3],

1”. -= - - -= -= *¥x  061°CT 08T°CT OLY“IT 009°1T O%16 O01ZL ¥x34V €T
g <9t 0fZ___ 081 _GeT_ 06 9c ¢ T B z T ¥ 5 o

-way

593y pue sainjexadws] JualajjTq 3B Saqn) 93Ised JO SYIBUldIlg 3ATssaadwo)

ge1 9@1qel

RPN AN o e - e e e




wwewy

wre—

LR

. .

*£OUd3STSUOD

G9¢ pue Q/Z 3IE saqnd I\IYl
103 sanyea f{saqnd °"uil-z 4Aq

*pautemal sagnd ON Jti
‘paUTWI=233p ION L4
TBWIOuU I0J I93BM pue ‘dunj BOTI[FISs ‘I93seld ‘juswad 7861 AInr g 3sey
‘sAep gz 1e posnh saqnd TIV xxx
*sfep
ATTensn fsfep Qg7 YSnoayl saqnd oml I0J sasfeisAe 21 2INIXIW I$9I A3
-7 £q -z @91yl 103 o98eI9AE ®Y} ST 2INIXIW TOIJUOD dY] IO0J IANTEA YdBd xx
*Z1 1sed se aues {1331seld pue judwsd jJo 23sed ADUIISTSUOD TEWION »

+4+ 0c0°c 086°L 0067 06S‘IT 0S08 C6%°L 096°0T 08%“L 0S8°yT 08L°0T ‘P°U xx3Ay 001
0S96 008°Z1 08E‘9 08%6 OIC‘IT 0628 08E“0I O16°L 0SZ‘OT 0L6°L O0ST‘9 ++°P°U PTG Sl
0629 078°8 Ov/°OT 08€8 0I18‘8 0868 O018°01 0%8°9 0L0°L 0LT°S 06L°€ 0.8 532y
1
DANIXTIY
189l
- - - - - x¥x  OEL°TT OLL°OT OTIO‘TT 0/LL°6 08%‘8 00€L xx3av 1974

S9¢ 0.7 081 SET

06 9% 8¢ 1Z KA L [4 1 ¥ 20

SAep ‘molag umoys sody 3 syldualls aATSsaadwo)

2aNIXTK 2anjexad

T0a3u0)

~uaj,

%71 919El

AR R S e . [Py CRRENENES R o

3

~-.

2 sa3y pue sainjeiadwa], juaaajjr(q I Saqn) Iised jo SUy33Ua13g IATSSIICUWO)
g

‘

] P R ..
. [T T e, .-...... . oo,

L reteten
'y ety




Phu AN At

4

~

e 2o Avan 4

-

AL IR A i B A

¥

‘pauTwialI3P ION 4.
-193BM SS9OX® pue ‘gz9-qV Yse ATJF ‘ieiserd ‘juswad zgel ATnf €1 3ISBD .
*sfep gz e udyoaq saqnd TIV xx»x
*sfep
G9¢ pue gz 3I® Saqud Inoj 1o 291yl {sAep 081 YySnoayl saqnd oMl 103J sadeiase die IINIXTW ISV Y3
103 sonyea fsaqnd *uf-z £q -~z £q -z 991yl 103 a3eadae 3Yl ST aaniXIuw TOIJUOD Y3 103 3NTBA YOBF xx
*Z1 Ised se dwes {I19)Iseld pue JuswEd 3JOo 93sed LOUIISTSUOD TEWION ¢

(1 JRAY 00S€ Ot TE 0zve 019¢ 0€ce 09€‘c 0E€T1‘E 001°C o08LC 0207 ‘p°u »x8ay 001
0108 0£9¢L 0889 068L 0989 0LTL 01Z‘9 091°9 06%‘S 096% o8%1 44°pcu xx3AY St
06.S 09%%  08%t 006¢ 0582 08s¢ 086°T 06L°T 0SS‘T 08T 0o%8 096 P18
I
IMIXIN
3Is9aL
-- -- -- -- -- ¥x¥ 078°0T1 OTI‘IT 00£‘OT 0866 OY8L  09€9 x84V X4
S9¢ 042 081 SE1 06 96 8¢ |14 71 L [4 1 % J o
sAep ‘molog umoys s33y 3B sy3jsuailg aATssaaduwo) 2INIXTIW 2anjexad
10a3u0) -way,

$33v pue seinaeiadua] juUa19331d 3T saqn) 21sed 3O syiduaiasg aATSSsaadwo)

991 31qel




‘pauTeWal sSaqnd ON 1.4
*pautwaalap JoN 4.
*133emM S$S30%x3 pue ‘iaiserd ‘Juawad fzgel ATnr G Ise)
*sfep gz 1e pI¥sn saqnd TIV xxx
*sep (/7 3Ie saqnd 321yl ¢sAep Qg YSnoiyl saqnd oml 103 s23eIIAR Iie 2INIXTW 3ISIY I3
103 sanTea (saqnd ‘utr-z £q -7 4q -z 991yl 10jJ 28e13A®B 3yl ST 2INIXTW T[OIIUOD 3yl IOJ SNTBA YdeT xx
*Z1 Ised se auwes {123se7d pue juawad jJo 3a3sed ASUIISTSUOD TERWAON x

++4 0665  090S 0S6% 0Z0S Ow%%?  0[8°S 0O%%°S 060°9 099°% 099% ‘pru »¥34V 001

+++ 0098 066./ 0788 0SLL 09€8 086°L 06Z°8 O0LL‘L 00£‘% 0SO0% 4+4+°P'u »¥34v St

+++ 0LE8  0SL8 0568 069L 0L69 0L0°9 088°S 0LZ°GC 0%0°‘% 025z OTL1 #¥ 34V

+
IMIXTW
isal
- - - - - L3 2 061°CT 08S‘OT 0%Z°0T 0%0°01 0058 08%9 LN X4
S9¢ 0L 081 SEl 06 96 8C 12 KA L 4 1 ¥ Jo
sAep ‘moT9g umoyg so3y I syiduaals aaTssaadwo) 2INIXTK danjerad
1013U0) -way

sady pue soanjeladwa], jJualiayjIg e Saqn) aiseq Jo syiJuailg aaTssaadwo)d

9.1 2198l

.

v




|

T

2

2

.

.

.

.

.

3

-

v-u

2

£

3

L

f | €

b,

S ‘POUTWIAIBP ION 44

e “9T 2ANIXTH YItm .
", axedwoy -gz9-qv Use A3 pue ‘%osleNy ‘juswed Jo 2anIXTW I93IBM SS9IXD £Z861 3Isn3ny Q1 opem g1 3Isey .
J ‘sAep g7 31® pasn saqNd [TV yyy .y
L *sdep ¢9¢ pue (/7 I® Saqnd Iayl pue ¢skep 081 pPu®e GE] 3Ie saqnd oml Ayfensn m
“u ‘anoy o3 omy !sfep 9¢ 3e saqnd IT3urs ‘sfep gz Y3noayl saqnd om3 103j saleisae ay3j aae 3INIXTU 31833 V
. 243 103 sonTea Isaqnd ‘uf-z £q -z £q -z 291y3 jo aBeidAe a9yl ST PInIXTW TOA3U0D 3Y3 103 INTRA YOBY 4y b
N "C1 _3se) se aues (133seTd pue juawed jo a3sed AdualsTsuod TemION ¥ .

042z 09€2Z 0012 0z12z 0$81 0Z8‘T  08%‘T 08L°‘T OTST 0921 44 »x84y 001 .
ov%e 0/81 0912 0122 0L22 00T‘z 0Z0‘C OII‘Z 0691 006 +4 ¥x8AY SL m
o%0Yy 0LZY 01ZY 09%% 086€ 01s‘€  0€0‘T  019°C  OfTIT 096 00¢ xx3AY

T B

QANIXTH o

1s9] ’

- - - - ¥¥¥ O%8°TT 09/°0T 0L6°0T 0%86 00LL 098S »x3AY £¢

S9¢ 0Lz 081 CEl 95 87 2 T 7 Z T * 9% 5
sAep ‘moTag umoysg sody 3IE sy3i3uailg sATsseiduo) QANIXTH aanjeaad .

1013u09) ~way o

s98y pue sein3tieduo] JUSI9IJIQ IE SOqN) 915€q JO SY38UailS 9AISS91dWo) N
481 21qel




‘u81s snutu ® £q papedaiad ssaTun aarlTsod aae sanTea TIV xx
*X93em SS90X9 pue ‘ia3serd ‘jusws)

. §Z0°0 1900 6%¥0°0 LZO'O0 0T10°0- T10°0 0Z0°0 LIT'0 £90°0 SL 000°0 € Ieg
660°0  [ZT1°0 TTI"O0 9600 %0°0  %90°0 %¥90°0 TL0°0 £90°0 0S £00°0 ¢ aeq

.. €00°0- 6%0°0 S€0°0 6Z0°0 6100  ¥Z0'0 S20°0 €10°0 ¥I0°0 €2 xx600°0- 1 Ieg
_ €9¢ 0.2 081 06 9¢ 8¢ 1z 1 L 4 Do (0 o€2)  *xT "ON
. 2anjeas 1 QIANIXTH
—dwa] 31s3]

: % ‘moTag umoyg sa3dy 1® sieg 9T3ulg Jjo uofsuedxy paufealsay

saanjeiadwd] 12Yy3iQ Pu®F ) o€ 3B P21035 UYL PUB ) €7 3T 1y y¢ paan) sieg 3O uojsuedxy paulex3say

" JC 919el




3 *u8Ts snutw ® Aq popeoaid ssaTun 2ATITSOd dae SANTBA IV yx
W *AOUdISTSUOD TRWIOU JOJ I93em pue ‘Sels ‘i1aiseld ‘jusme)y
w €eT’0 £01°0 ¢L0°0 L£L0°0 120°0- 000°0 L00°0 £€0°0 650°0 L£0°0 SL Z10°0~- I1 xegq
-\\

m 1o 8%1°0 8C1°0 890°0 6£0°0 8¢60°0 0S0°0 9%0°0 960°0 910°0 19 £€00°0 6 1ieq
3

m %%0°0 £€90°0 LS00 100°0- 8T10°0 9¢0°0 920°0 L20°0 820°0 900°0 124 *x¥00 0~ 9 1eq
p: S9¢€ 081 GET 06 9¢ 8¢ 12 71 L Z 9 (0 o£2) x€ ‘ON
p’ aanjexa 1 JANIXIR
a ~dway, 189y

7 °‘MOTag umoyg s93y 3Je sileg o[JULS JO UOJSUEBdXy paureilsay

et 4

B 2

soanjeisduwdl Xa2Yy3Q pue o ofC 3T P21015 UYL PUE ) €7 3B Iy y7 peIn) sieg Jo UOTsuedxy paureilsey
Y ot °Tqel

oo TR D




Ak ¢

A
b
-.
L
L
L
.
'-
.
‘-
g
.
.
;
{
B
.
# ‘u81s snutw B Aq papadoad ssoTun 9ATITSOd 1B SONTBA TIV ¥y
M. *£OUa1STSUOD TERWIOU I0J 133BM pu®B ‘g79-QV yse L3 ‘aaiserd ‘jusuwen
5
w LET°0 %ST°0 O%Z°0 %0Z°0 %60°0 1%0°0 1%0°0 0€0°0 %€0°0 9€0°0 680°0 St 110°0 v¢ xeq
2 e1°0- 860°0- €OT°0 %06°0 899°0 Z61°0 Z81I°0 6ST°0 S80°0 €80°0 0L0°0 0s %00°0 ST aeq
Z¢Y'1T TIS'T 061°0 €91°0 8z1°0 S80°0 %80°0 %L0°0 %91°0 €€0°0 6T10°0 | X4 ¥x600°0 v aed
. S9¢ 0L7 081 SET 06 9¢ 8¢ 12 KA L 4 Jdo (D ofC) = % "ON
. JanJIea? 1 JINIXTH
) ~dua], 1891
m 9 ‘moTag umoys so38y 3® sieg °2[3UIS JO uorsuedxy pauleilIsSay
3 saanjeaadwa] 19ylQ pue ) o£C 38 P3103g udYL pue ) g7 3I® 1Y %z paan) sieq jo uorsuedxy pauIBIISIY
3 o @1qel
. .
.
. N
. 4
o
y {
. .




T

———r

A SaENaiite T v Ve Sl it

‘opem 3uypeax ou ¢{paporiod JIAISUT L
‘u8ts snutw B Aq papedaiad ssoTun 2AT3Tsod 918 SONTBA TV yx
*193BM SSIOXD pue ‘g1G¢-qv Yse LT3 ‘aaaseld ‘jusway

L T Clait il A Sar Sarn o 2 o 2 foy o §

- %Z1°0 0%0°0 GE0'0 €00°0- T€0°0 €90°0 Z60°0 880°0 060°0 Sl 800°0 L1 1eg

€L1°0 81€°0 O0£LE'0 2ST'0 6L1°0 L[8T°0 TLT°0 €%1°0 €60°0 T90°0 0S 900°0 91 1eg

L12°0 8L1°0 #%1°'0 OII'0 Z60°0 090°0 8Y0°0 8€0°0 %Z0'0 600°0 14 ¥x£00°0 €1 ieg
Go¢ 0.7 08T 06 96 82 12 %1 L 4 Jdo (0 of?7) ¥S °ON .

3injeaa 1 3ANIXTK

-duay 3183

% ‘moTag umoysg so93y 3Ie sieq o[dul§ jo uojsuedxy poureIISoy

sainjeiadwa] 19430 pue o ofC 38 P31035 UdYL pu® ) €7 3I® 1Y yz paIn) SIeg JO uUOfsuedxg paujeilsey

06 21qEL




. -
i .n
N
. "]
. .
2 A
1 A
p ....-
3 >
X i
g
. o
p. ..“.4
. "]
g
-.. .., B
; *u8ys snurm ® Aq paparaid ssaTun aaf3rsod aie sanTva TIV 4 y
R ‘POUTWA3IAP ION ¢ A
2 *ADU9]STSUOD TPWIOU I03F 133em pue ‘Cl¢-QV Yse AT7J ‘1o3seld ‘jusms) ,%“
m 1¢2°0 ST1T°0 8%C'0 <SIC°0 €ZT1°0 ¢760°0 (¢81°0 €%1°0 O€TI°0 0Z1°0 6£1°0 St ‘pru 8¢ aeg mu
W OTL0 T189°0 979°0 79S°0 %/%°0 8IE€°0 8S7z°0 1€T°0 €L1'0 (90°0 €20°0 0s ‘pru GZ 1eg mx
2 061°0 €.2°0 %0T1°0 OETI°0 6TT°0 101°0 280°0 %L0°0 6SI*0 %%0°0 4010°0 | X4 ¥y PU 61 1ed UL
) X
g 3 0Lz 081 3 06 9¢ 8¢ 1z 1 L 2 do (O ofZ) *9 °ON
8 2In3jeas 1 JANIXIN um
g ~duay 1s9] P
g T 7 MOTeg umoy§ sody JE sieqg o[8UIS JO uolsuedxy paureIlISay o
WU M
-, saanjeaadwa] 19Yy3lQg pue ) ofC 3B P2I03IS UYL PUB J €7 3I® XY HZ PIin) sieg jo uorsuedxy paureaisay Y
g n-oL
wu J9 3T1qel mh
‘k
B
\ £
.-. -D- ]
d




L

-

9

b.

:

-

4

.,

4

.

A

3

g

3

.

.

..

p

2

g

V.

m‘ ‘u8ts snutu e £q pepodead ssayun aafirsod aae soniea IV !

m. +paUTWISIAP ION xx

ﬂw *1231eM SS9Dxa pue ‘Bels ‘i193se]d ‘Juswe)

u_ %€1°0 600°0 9¢1°0 ¢2¢1°0 GOT°'0 8€0°0 ZTLO°O 0L0°0 2/L0°0 %90°0 8t0°0 St ‘pru L teg

ﬂ” 99T1°'0 €91°0 €81°0 €91°0 O%1°0 6Z1°0C €010 680°0 090°0 8200 L10°0 0s ¥¥'pu 0z ieg

m. SY¥1°0 6T1°0 680°0 990°0 T1L0°0 6%¥0°0 H%¥0°0 8%¥0°0 9¢0°0 0£0°0 +110°0 %4 ¢00°0 71 1eg

2

. s9¢ 0L2 081 GeT 06 9¢ 8¢ 1¢ 71 L [4 Jdo (0 of7) =* L "ON

3 ainjeis 1 JANIXIN

g ~dwag, 1s3] Lo

= ¥ *AOTog UMOUS 553y TP SIBY STSUTS JO UOTSURUXY PoUTEIISTY o

‘. . ..«.L

£ seinjeiadwa] Iaylp pue ) o£C 38 pa10Ig UBUL PUE D €7 I 1Y yg Pain) Sieg JO uotsuedxy pauTeEIISIY o
JL a1qel "1




' *ud1s snutw B Aq papadaid ssayun aarirsod aie SONTBA TV g«
*1931em SS3OX3 pue ‘ue|ozzod Teanjeu ‘ia3seld ‘iusws)y

_. L90°0 €/0°0 690°0 Z/0°0 190°0 OT0°0- TIO'O 6£0°0 %90°0 ¢s0°0 €10°0 4 §00°0 it aeq

9¢1°'0 6S1°0 1¥1°0 2Z€1°'0 €11°0 ¢C60°0 960°0 8%0°0 0S0°0 0200 (L10°0 0¢ 110°0 81 led

£

5 I€0°0 9S0°0 0€0°0 600°0 O10°0 OT0°0 600°0 ZIOD°0 %IO'O 600°0 600°0 €Z  *¥900°'0 1 aeq

g S9¢ 02 081 GET 06 96 8¢ 1z vl L F4 do (D of?) %8 ‘oN

" ainje1d 1 INMIXTK

4 ~dway, 1s9],

T_ o *MO19¢ UMOUS S95v JE Sieg o[dUTS JO UOTSUBAXY paUIEIIsoy ’

3 "

3 sainjeiadwa] 19Ylp pue o o£¢ i€ pal1ols uay] v:@JWMWM?Mm iy y7 paan) sieg Jo uorsuedxy paurealsay mw

Y 08 °1qvL ]
Bt
.o,
e

-

,-'ﬂ

e




[

—

v

T TR e p—

‘u3ts snuim B Aq popodaid ssafun 2ATITSod 2ae sonIBA IV gy
*AoUa31STSUOD TBWIOU 10J I193em PUEB ‘Qzo-(Qv Yse ATJ ‘a93sed ‘juswa)

€61°0 661°0 ZH%T°0 061°0 8{ZT°C (OT°0 Z€0°0 T%0°0 €L0°0 LSO'0 910°0 SL 600°0- ¢% aeg
6L£°0 €9¢°0 %ST°0 9.2°0 627°0 %1Z°0 (TT°0 SGIT°0 %.[0°0 8L0°0 SO0°0 0S *x600°0- 67 =g |
660°0 T10T°0 <STI0°0 TE£0°0 0£0°0 G20°0 020°0 910°0 620°0 910°0 800°0 144 %00°0 17 xeq
S9¢ 0.2 081 GET 06 9¢ 8¢ 12 71 L [4 Jo (D o€2) % 6 "ON
2anje1a 1 2ANIXTH
—duay 1831

9 *MOT3g UMOUS S3dy 3B exeg BTaUTS JO UOTISUBAXY POUTLIISIY

o

saanjeaadwa] 19Y3lQ pue ) o£C & Pa1035 UYL PUE O €7 3B Y §Z paanD sieq jo uorsuedxy paureIISaYy

26 °14EL

L R R ISR AT R
A PR R ) . ....--. »
P TG SR e | N




SPLTRY

Y.y

- %

A e It Mie 4

VT

™

RSN

T

RAWE e s il s

NEAREANL S

e

‘u3drs snuiu e
*I9JeM SSIIX® pue ‘auny eOITIS ‘aoiserd ‘juswme)y

£q popevaad ssayun 9ATITsod aae sonTeA TV xx

910°0 ?90°0 &L0°0 8L0°0 €20°0 ¢200°0 8I0°0 100°0 ¢CO0°0 ¢€20°0- L90°0O- 1T A %00°0- g% aeg
S00°0 0€0°0 8T10°0 LI0°0 T1%0°0- 900°0- #00°0~ OT10°0- 1100~ £10°0- %L0°0- 0s 0T10°0- Le ed
8€0°0~- S00°0- S00°0- 910°0- %#90°0~ %00°0- [80°0- 1SO0°0- %10°0- 2ZO'0 <TT10°0- €7 *¥x010°0- 9¢ 1eq
S9¢ 0.7 081 GET 06 9¢ 87 1z (2 L z Jo (D o€7) x0T "ON
21njeia 1 BIANIXTIK
~dua], 389l

Y *ROTSg UMOUS S$93v J¢ SiBg o[Juls Jo uofsuedXy poureilsay

Lasen

seinjeradway 13YlQ PU® D €7 3B P2103§ UYL PUB D €7
J01 °Iqel

3e Iy 7 paan) sieqg 3JO uorsuedxXy pauTeIIsay




»*
Nmo.o m L] . . L] .
S0°0 %90°0 €S0°0 8STI'0 €80°0 T00°0- TT0°0 600°0 910°0 0S0°0 Sl G00°0- TE Ied
6€1°0 €2Z° . . . .
0 ¢¥1°0 %%1°0 SIT°0 (TI'0 8%0°'0 <CZO0°0 920°0 1Z0°0 110°0 ]9 .00°0- Of aeg
LT0°0 8%0° . . . .
o 0'0 870°0 Z10°0 ¢TO0°0 900°0 800°0 910°0 2Z00°0- LOO'0- ¥00°0- €2 ¥x010°0 67 1eg
3 0L 5
F2 081 [ 06 96 8T 1¢ 91 L 2 Do (0 0of7) *I1 °"ON
. 2anjea .ﬂ wu:uxﬁz
~dway], 1s9]

o, L4
% ‘mOTag umoys sady I s5i1Pg S[JUTS JO uorsuedxy paulBilsoy

saanjeaadwa] I9YyiaQ pue e
P 0] OmN Je paiolg uayj pue ) omm Je 1Y H7 pain) saeg JO uoTsuedxy pouUTeIISIY

J11 31qel

e e e E
KR .,
[ A R LRPLEPLAFUIE M)

»
B ]
NN SN AN DR N

e 3 S
e e . PR ) _......
PR I LY - - . . ’ SR e T e po .
., o0t AT . ot e ' ...-
0 o et Wty fe ' st et et PR

y R AR !




:

X

2

b.

.

.

3

.

)

3

b

2

4

2

F

]

3 ‘ufys snutw B £q papadaad ssaTun aAT3ITsod axe sonyTea TV  xx
1 +AoUD1ISISUOD Tewliou 10j iaiem pue ¢193seld ‘JjuluR) «
1 .

w 910°0 800°0 £TO0°'0 910°0 L[00°0 910°0 ¥I0°0 S00°0 900°0 800°0 100°0- 001 £00°0 6L 1ied
2

*. . . . m
m 6£0°0 9S0°0 [S0°0 8€0°0 T€0°0 S00°0 G10°0- 610°0- €10°0- Z00°0 600°0- 74 100°0 zL 1ed
T-. .

§ 6v0°0 1%0°0 T00°0 T100°0 0Z0°0 1€0°0 %00°'0- €00°0- T00°0- Z00'0~ T00°0- €2 xx100°0- 69 1°®€
. z ] (0 of7) =TT "ON
4 S5 "oz 08T <t o6 95 & <t v L e @
4 ~-duay i 1s9]
., - o TmOT9g uUmOUS sa3y 3B sied STJUTS JO UOTSUEBAUXY PAUTEIISIY

X

A edx dUTLrIISIAY

w. seanjexadwd] I3Yio pue ) €T 3T paio3g ueyl pue J €T I8 IU ¥T pean) saeg jo uorsuedxy paur

4 071 2198l

‘.

m..

v.‘ﬂ

b

»

e

AL

N

AR ]
PR LS\

.

\

et A
R o .
NS R

-
-

et
. .
TRV WA

-..
BATYY

.
egn

e

PN O3 PG
RGNS S




2 Cé T S T N Y T e

‘udrs snurw ® £q popadaid ssajun aay3lIsod 3ie sanyeA TIV xx
*I91BM SSIDXI pu® ‘679-qV UYse LT3 ‘aeiserd ‘juswan

9%0°0 ST0°0 €90°0 €80°0 €/0°0 £L0°0 6ST°0 €010 8ST°0 180°0 €90°0 001 110°0 08 2aeq

L12°0 L6T1°0 O0€Z°0 C2ET'0 BIZ'0 E91°0 H6I'D0 €LI'0 ¥ZI'O €£60°0 %90°0 174 00°0 8. 1eg

06C°0 6£2°0 691°0 SET°0 €21°0 TYI'0O 980°0 990°0 €S0°0 Z%0°'0 0£0°0 1 X4 ¥¥00°0 1¢ zed

S9¢ 0Le 08T SET 06 9¢ 8¢ 1C kAl L 4 Jo (0 ofZ) €1 °ON
2aI138I1d 1 JINIXTH
—dwag, 183l

% "MOT9g UMOYS S98Y 3¢ sieg o[JUT5 JO UOTSUBAXY DPOUTEiI59Y]

saanjexadwd] I9YiQ pue ) ofC I® P3103g USYYL pue ) €7 3® IY 4z paxn) sieg jo UOFsuedxy paureiIssy
JET 21qe1




: *ugTs snutw ® £q papodaid ssaTun aATITSod 21 SanTBA TIV ¢x
i *A0U8]STSUOD TewiIou I10J I93eM pue ‘sumy BITTIS ‘1aiseld ‘Jusma)y

160°0 000°0 €S0°0 €90°0 ¢€00°0 600°0- SI0°0- 600°0- 610°0- 9T0°0- 6Z0°0- oot ¢00°0- Z9 1eyg

L1070~ Z10°0- S00°0- 200°0- 210°0— 1£0°0- ¥10°0 810°0- %%0°0- L¥%0°0- SSO°O- S¢ 010°0- (S Ied

100°0- Z%0°0- OI0°0- %00°0- 800°0- LI0°0- SOT°0- L80°0- $SO°0-pP2ddTIis %00°0- €Z  xx700°0 0y aeg

G9¢ 0L 081 cel 06 9< 8¢ 1t 71 L 4 Jo (O ofZ) x%1 °ON
2anjex? 1 INIXTR
—duag, 1sal

¥y ‘mOoTag uMOYS S93y 1® Sakg 9[dSulS§ jJO UOTsSUedXy pauleIlsay

seanjeladwa] 1943l0 pPUB ) _f¢ I® Po1031§ UYL pue ) €¢ 3B a4 yZ paan) saeqg jo uorsuedxy pauyealsay
o o

I%T1 @19el

oAt WL A, %



77]

Lafontiey P

PN N R Nt

P AR i ]

T

- '.‘ ‘..

v

hdaalh Ml

b S

w0

<

[N

9 e

[ AN

Ched

R

O

‘u8Ts snutm B Aq popedaad ssoTun 2AT3ITsod a1e sonTeA IV  xx
*197eM SS90X2 puB ‘gr9-(qv Use A13 ‘i193seld ‘juswld)

610°0 610°0 9Z0°0 910°0 %SO0°0 %S0°0 T€0°0 6£0°0 160°0 670°0 0€£0°0 001 ¢00°0~- €9 xed
8Z1°0 TE€T1°0 9S1°0 (%1°0 (LET1°0 9E1°0 LET°0 TIT°0 €60°0 9%0°0 610°0 SL 060°0 ¢S aeg
6%0°0- 820°0 9Z0°0 €00°0 T1Z0'0 9%0°0 970°0 0Z0°0 800°0 %00°0- %00°0- €Z #x710°0- %t I®9
S9¢ 0L¢ 081 Gel 06 9¢ 8¢ 1¢ 71 L [4 Jdo (0 o£7) =91 "oN
21nlead 1 IANIXTH

-dwa], 3831

o Tmolog umouS sedy 3Je sieg 21JUIS 3O UOTsueBdXy pauUTBRIISIY

saanjexadwa] Ia2yiQ pue D omN

Je poioag UaYl Pue 9 g¢ 3€ I4 7 Paan) sieq 3O Uorsuedxy pouyealIsay
o 3 P

091 314qel

. RN TAC I
- PP PLE LT




Pt Rt She g ngh by G Py -0 iu Sla l S Ry S

i DA S A )

-3

S S T —p—

PN

P

*u8ts snutm ® £q papedaiad ssoyun aallrsod aie sanTeA IV xx
*Adus3sTSuUOd Tewaou 103J i133em pue ‘idiseld ‘Juswe)y

020°0 08Z°0 661°0 6110 <C€C'0 2E€O°0 %I0°0 [ZO°O0 (LT1I0°0 €E€I°0 S00°0 001 100°0 1. xeq
LT0°0 32%0°0 1I%0°0 1I%0°0 T1€0°Q0 1¢£0°0- 0Z0°0 6I0°0 €20°0 800°0- TI0°O 4 100°0- 19 axeq
990°0—- ¢S0°0- L80°0— 00T°0- 180°0- %80°0- €2Z0°0 1¢0°0 610°0 900°0 900°0 €T  xx%00°0 8S aed
S9¢ 0Lc 081 SEl 06 95 8¢ 1C 71 L 4 Jo (O 0€Z) LT °ON
2Injeas 1 SANIXIN
~duag 3593}

9 ‘moTag umoyg sa2dy 1B saeg aT3ur§ Jo vorsuedxy peoureilsay

seanjeiadwa] a9Ulp pue ) ofC 38 P3101g UdYL pue ) €7 3I® 1Y HZ paan) sieq jo uotrsuedxy poujealsay

L1 21qel

N .. e NN - . . . . . . B
X . . e e ey . . LR . . . . -
) ! N ‘L, » et el SN A AR USRI fa

» AR I

. --.---l-m-\ﬂ‘o- --. lnl » e .\ @

-
-

CCe

\‘.'p

RN, PRPG

LR R R
-
s Yo, 31

N2,

o

o
-’
N

1

_-

»

(]
iy
b

<AL L S LN,

LN




. *£1p sem ¢g 1eg flaede Suy[rey a2a9m g pue g saeg .
. ‘ud1s snujw e £q popedaid ssaTun aAFITsod 21 sONTEA IV xx

. *091 Tqel UF 97 2INIXTR Y3ITm a2aedwo) ‘I93em SS90XD pue ‘gzo-qv yse LT3 ‘YosleN ‘jusme)y
’ 8%0°0 S80°0 0£0°0- ¢L0°0 190°0 $60°0 650°0 L%0°0 LS0°0 0%0°0 00T 810°0 68 1eg
660°0 LO0T°0 Z10°0- L80°0 290°0 v0°0 26070 L£0°0 %%0°0 8710°0 Se %00°0 8 1ed
%10°0- 190°0 660 0- 0£0°0 ¢20°0 €€0°0 ¢v0°0 1%0°0 9%0°0 0€0°0 | X4 ¥xGT10°0 18 1eq
S9¢ 0Lz +08T GET 9¢ 87 12 Y1 L z J0 (D o€2) «81 'ON
21INn3eI?d 1 JINIXTH

. ~dwag 1s9]

s, 9 ‘mOTag UMOYS S99y 3Je saeg 9[8ULS JO UOTsuedxy poufei3soy

saanjeiadwe] 13Yyl0 PU® D _E¢ 3¢ Pai03§ USYL PuUE O oEC 3% IU yg pain) sieqg jo uofsuedxy paujeilssy
. 381 °19Bl

.
.
» ..
17¢% 0y A A N
.t

. o« 0 . e N T oty STttt P LS EPE P R LR I U RPN S Lo
o PR R . --wa\.--‘--\-Q.f. ..-............,...... . A [ o, .~.u. A .-.-..ﬂ oo B . SRR AR ..J. St A A ....-... RN AU PO o e




Table 19
Stability and Persistence of Chloroaluminate

and Ettringite in Cement, Salt, and Water

Mixture* by X~Ray Diffraction**

Temperature, °C

Age 23° 130° (25 psi)tt 1700 (100 psi)***
24 hr - Ettringite 9 - -
Chloroaluminate ndt - -
g 48 hr - Ettringite 6 nd nd
S Chloroaluminate nd nd nd
1
r 7 day - Ettringite 4 nd nd
. Chloroaluminate nd nd nd
- 14 day - Ettringite 5 nd nd
1 Chloroaluminate Trace nd nd
3 28 day - Ettringite 9 nd
3 Chloroaluminate nd nd
56 day - Ettringite 9 nd
E Chloroaluminate nd nd
. 90 day - Ettringite 6 nd
Chloroaluminate nd nd
150 day - Ettringite 6 nd
Chloroaluminate nd nd
1 year - Ettringite 6 nd
Chloroaluminate nd nd

* Cast 1-B made 31 August 1982, w/c ratio was 0.24.

**k Peak intensity values are in net chart units; 9.7- and 7.8-A peaks.
*** Test had to be stopped after 14 days.

T Not detected.
vt Specimens kept at 23° ¢ for 4 days between 14 and 28 days.

-------
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Table 20
Stability and Persistence of Chloroaluminate

and Ettringite in Cement, Salt, Fly Ash AD-628,

and Water Mixture* by X-Ray Diffraction**

Temperature, °C

Age 2390 130° (25 psi)tt 1700 (100 psi)**%
24 hr - Ettringite 7 - --=
Chloroaluminate ndt - -
48 hr - Ettringite 7 nd nd
Chloroaluminate 2 Trace nd
7 day - Ettringite 8 nd nd
Chloroaluminate 5 nd nd
14 day - Fttringite 7 nd nd
Cinloroaluminate 7 nd nd
28 day - Ettringite 8 nd
Chloroaluminate 8 nd
56 day - Ettringite 9 nd
Chloroaluminate 8 nd
90 day - Ettringite 8 nd
Chloroaluminate 10 Trace
150 day - Ettringite 8 nd
Chloroaluminate 7 nd
1 year - Ettringite 7 nd
Chloroaluminate 7 nd

* Cast 2-B made 31 August 1982; w/c ratio was 0.29.

** Peak intensity values are in net chart units; 9.7- and 7.8-A peaks.
*** Test had to be stopped after 14 days.

T Not detected.

+v Specimens kept at 23° ¢ for 4 days between 14 and 28 days.
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Table 21

Stability and Persistence of Chloroaluminate

and Ettringite 'in Cement, Salt, Fly Ash AD-513,

and Water Mixture* by X~Ray Diffraction**

Temperature, °C

Age 230 130° (25 psi)tt 1700 (100 psi)#***
24 hr - Ettringite ndt - -
Chloroaluminate 2 - -
48 hr - Ettringite nd nd nd
Chloroaluminate 5 9 nd
7 day - Ettringite nd nd nd
Chloroaluminate 11 Trace nd
14 day ~ Ettringite nd nd nd
Chloroaluminate 20 Trace nd
28 day - Ettringite nd nd
Chloroaluminate 22 nd
56 day - Ettringite nd nd
Chloroaluminate 26 nd
90 day - Ettringite nd nd
Chloroaluminate 24 nd
150 day - Ettringite nd nd
Chloroaluminate 27 nd
1 year - Ettringite nd nd
Chloroaluminate 25 nd

* Cast 3~B made 1 September 1982; w/c ratio was 0.30.

** Peak intensity values are in net chart units; 9.7- and 7.8-A peaks.
**% Test had to be stopped after 14 days.

t+ Not detected. o
vt Specimens kept at 23~ C for 4 days between 14 and 28 days.
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Table 22

Stability and Persistence of Chloroaluminate and

Ettringite in Cement, Salt, Fly Ash AD-513

and Water Mixture* by X-Ray Diffraction¥**

Temperature, °C

Age 230 170° (100 psi)tt
24 hr - Ettringite ndt -
Chloroaluminate 3 -
48 hr - Ettringite nd nd
Chloroaluminate 3 nd
7 day - Ettringite nd nd*#*
Chloroaluminate 13 nd

14 day - Ettringite
Chloroaluminate

21 day - Ettringite
Chloroaluminate

28 day - Ettringite
Chloroaluminate

* Cast 3-B(2) made 17 September 1982; this was a re-
peat; w/c ratio was 0.30.
**% Peak intensity values are in net chart units; 9.7-
and 7.8-A peaks.,
*** Temperature had exceeded 200° C for short time.
t Not detected.
v+ Test had to be stopped after 48 hr; tests of low
temperature specimens were also stopped.

PP




B M e MRt B e it wruey il Janlh Stnes e 0 - T -
D S SRt M /e M = e 7 e i i M, Ao S St P A Sl B T N S e Iy I Y ™ T T~" T T T Ty

Table 23

Stability and Persistence of Chloroaluminate

and Ettringite in Cement, Salt, Slag, and

Water Mixture* by X-Ray Diffraction**

Temperature, °C

Age 230 1300 (25 psi)tt 170° (100 psi)***
24 hr - Ettringite 2 - --
Chloroaluminate Trace - -
48 hr - Ettringite 2 ndt nd
Chloroaluminate 5 5 6
7 day - Ettringite 2 nd nd
Chloroaluminate 9 5 nd
14 day - Ettringite Trace nd nd
Chloroaluminate 13 6 Trace
28 day - Ettringite 3 nd
Chloroaluminate 12 7
56 day - Ettringite Trace nd
Chloroaluminate 13 5
90 day - Ettringite 4 nd
Chloroaluminate 14 7
150 day - Ettringite nd nd
Chloroaluminate 12 Trace
1 year - Ettringite nd nd
Chloroaluminate 15 Trace

* Cast 4-B made 1 September 1982; w/c ratio was 0.26.

*%* Peak intensity values are in net chart units; 9.7- and 7.8-A peaks.
**% Test had to be stopped after 14 days.

7 Not detected. o

-t Specimens kept at 23" C for 4 days between 14 and 28 days.
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Table 24

Compressive Strengths of Paste Cubes at

Different Temperatures and Ages*™

Compressive Strength
at Ages Shown Below,

Temperature, days**
oC 4 7+
23 2720 3490
170 3080 2590+t

* Mixture 3B(2) made of cement, fly ash AD-513, salt,

and water (w/s, 0.30).

*#% Single cubes at 23° ¢; average of two cubes at
170° c.

t Test had to be stopped after 7 days.

Tt Temperature had risen to about 200° € and pressure
had dropped to about 20 psi before cubes were
broken.

Table 25
Restrained Expansion of Bars Cured 24 hr at 230 C

and Then Stored at 23° C and 170° C

Restrained Expansion
(AL) of Bars at Ages

Temperature, Shown, %*%*
Mixture 3B(2)* oc 2 7t
Bar 1 23 0.102 0.020
Bar 2 0.104 0.011
Average 0.103 0.016
Bar 3 170 0.124 -0.026%+t

Mixture 3B(Z) made of cement, fly ash AD-5!3, salt,
and water (w/s, 0.30).
%% 7 AL = (test length -~ initial length) x (100/10).
+ Test had to be stopped after 7 days.
tr Values are positive unless preceded by a minus sign.







