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ÉTUDE DE LIXIVIATION DES BÉTONS LOURDS POUR CONTENEURS

D'IMMOBILISATION DES DÉCHETS DE COMBUSTIBLE NUCLÉAIRE

par

M. Onofrei, D. Raine, L. Brown et R.D. Hooton*

RÉSUMÉ

On a étudié le comportement sous corrosion d'un béton à haute
densité dans le cadre d'un programme destiné à évaluer son utilisation
possible comme matériau pour conteneurs de déchets de combustible nucléaire
en milieu d'évacuation géologique à grande profondeur. On a lixivié des
échantillons de béton dans de l'eau distillée désionisée, dans la solution
Saline Titrée du Bouclier Canadien (SSTBC), dans la SCSSS additionnée de
20X de bentonite à Na et dans la SSTBC additionnée de granite et de 20X de
bentonite à Na en milieu statique à 100°C pendant des périodes allant
Jusqu'à 365 jours.

Les résultats de ces essais de lixiviation laissent supposer que
la stabilité du béton est fonction des variations structurelles internes
possibles dues aux réactions d'hydratation des éléments non hydratés
conduisant à la formation de gel C-S-H et de portlandite (Ca(0H)2). Les
facteurs régissant le processus de lixiviation du béton sont la composition
de la solution de lixiviation et la concentration d'éléments en solution
pouvant former des précipités sur la surface de béton, par ex. le silicium,
le Mg2+ et le Ca2+.

L'effet principal observé au cours de la lixiviation est le
passage du pH de l'eau souterraine de 7 à 9. Toutefois, l'addition de
bentonite à Na a supprimé la tendance normale du pH de l'eau souterraine,
en contact avec la bentonite, à s'élever rapidement. Il est établi, qu'en
présence de bentonite à Na, la concentration dans la solution des éléments
libérés par le béton, en particulier le potassium, baisse.
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M. Onofrei, D. Raine, L. Brown and R.D. Hooton*

ABSTRACT

The leaching behaviour of a high-density concrete was studied as
part of a program to evaluate its potential use as a container material for
nuclear fuel waste under conditions of deep geologic disposal. Samples of
concrete material were leached in deionized distilled water, Standard Can-
adian Shield Saline Solution (SCSSS), SCSSS plus 20% Na-bentonite, and
SCSSS plus granite and 202 Na-bentonite under static conditions at 100°C
for periods up to 365 days.

The results of these leaching experiments suggest that the sta-
bility of concrete depends on the possible internal structural changes due
to hydration reactions of unhydrated components, leading to the formation
of C-S-H gel plus portlandite (Ca(0H)2). The factors controlling the con-
crete leaching process were the composition of the leachant and the concen-
tration of elements in solution capable of forming precipitates on the
concrete surface, e.g., silicon, Mg2+ and Ca2+.

The main effect observed during leaching was an increase in
groundwater pH (from 7 to 9). However, the addition of Na-bentonite sup-
pressed the normal tendency of the pH of the groundwater in contact with
concrete to rise rapidly. It was shown that the solution concentration of
elements released from the concrete, particularly potassium, increased in
the presence of Na-bentonite.
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1. INTRODUCTION

Considerable effort is being devoted in the Canadian Nuclear Fuel
Waste Management Program to develop engineered barriers for the containment
of nuclear fuel waste under conditions of deep geologic disposal [1-4].
These barriers include a durable waste form, containers to isolate the
waste until the fission product activity and associated heat emissions have
decayed to a negligible level (-500 years), and buffer and backfill mate-
rials to inhibit radionuclide transport. The disposal concept being as-
sessed in Canada involves placing the containers at a depth of 500 to
1000 m in plutonic rock in the Canadian Shield [5-8].

Various materials are potentially suitable for nuclear fuel-waste
containers. Ideally, such materials should possess good chemical, mechani-
cal, thermal and radiation stability and should be easily fabricated by
simple, inexpensive techniques. Part of the container materials evaluation
program consists of a study to evaluate the potential use of ceramics. The
ceramic materials considered include both relatively specialized, high-
quality ceramics, and much more economical materials for which the fabrica-
tion technology is simple and well established [9,10].

A high-density concrete is one possible ceramic material for the
manufacture of waste containers. Engineering practice suggests that the
concrete should fulfill the requirements of long-term physical stability
and resistance to radiation damage. With an appropriate system of metal
reinforcement, it should be possible to obtain the tensile and impact
strength required to avoid the risk of mechanical damage during handling
and emplacement. Extensive investigations have been carried out into the
use of cement and concrete for the management of used fuel and the immo-
bilization of radioactive waste [11-22].

In Canada, used fuel is presently stored in water-filled pools
located at the nuclear generating stations. Ontario Hydro will need addi-
tional storage facilities at its Pickering and Bruce generating stations
during the 1990s. Evaluations are under way to assess a number of dry
storage options against the reference water pool design on the basis of
economic and technical feasibility. One of the concepts being considered
for dry storage is the use of a reinforced concrete canister. The concrete
canister program [12] at the Whiteshell Nuclear Research Establishment has
demonstrated that dry storage of used fuel is an economical and practical
alternative to water-pool storage.

Ontario Hydro has examined the economic incentives and the con-
ceptual feasibility of using one concrete canister for the storage, trans-
portation and disposal of used fuel [23,24]. It was concluded that this
integrated system has the potential of providing greater flexibility and
simplifying opertions.

The primary role of the container, as a part of a multi-barrier
system, is to isolate the waste form at least until the fission product
activity has decayed to a negligible level; this will occur after about 500
to 1000 years [25,26].
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The durability of concrete containers during disposal will depend
on interactions between the concrete and the groundwater permeating the
disposal vault.

As a result of the preliminary economic and technical evaluations
of the use of a concrete cask for the management of used fuel, Ontario
Hydro has initiated a research program to develop a chemically durable,
high-density, high-strength, low-permeability concrete that, with a
suitable cask design, will meet the required performance criteria. This
report discusses the results of static leaching experiments on one of the
high-density concretes being used by Ontario Hydro for the concrete inte-
grated cask (CIC) program, with reference to anticipated conditions in the
disposal vault.

2. MATERIAL AND METHODS

In its basic form, concrete consists of a mixture of aggregates
and cement paste. The cement paste forms a continuous matrix between the
aggregate particles, thus determining the stability and leaching resistance
of the concrete. The curing and setting of cement involves the formation
of various hydration products. With Portland cements, calcium hydroxide is
released during the hydration of tricalcium silicate and dicalcium sili-
cate. Solid salts do not attack concrete. However, when present in solu-
tion, they can react with hardened cement paste. For instance, the pore
water in clays containing alkali and alkaline earth sulphates can attack
cement, the sulphate reacting with Ca(OH)2 and with calcium aluminate
hydrate. The products of the reactions, gypsum and calcium sulphoalumi-
nate, have a considerably greater volume than the compounds they replace,
leading to expansion and disruption of the concrete.

The reaction of sodium and magnesium sulphates with Ca(OH)2 can
be written as:

(1) Ca(OH)2 + Na2S04-10H20 -> CaSO4-2H2O + 2NaOH + 8H20

(2) Ca(OH)2 + MgSO4 -> CaS04

A
Ca2++SO|- solid

gypsum

The reaction with calcium aluminate hydrate can be written as:

(3) 2(3CaO-2Al2O3-12H2O) + 3(Na2SO4 • 3OH2O)

-> 3CaO-Al2O3-3CaSO4-31H2O + 2Al(0H)3 + 6NaOH + 17H2O.

Calcium sulphate attacks only calcium aluminate hydrate, forming
calcium sulphoaluminate (3CaO*Al2O3•3CaSO4•31H2O).
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Magnesium sulphate also attacks calcium silicate hydrates and
calcium aluminate hydrates. The former reaction can be written as:

3CaO-2SiO2(aq) + MgSO4-7H2O -> CaSO4-2H2O + Mg(OH)2 + SiO2(aq). (4)

In addition to this dependence on the concentration of the sul-
phate, the rate at which concrete is attacked also depends on the rate at
which the sulphate can be replenished. Thus, in estimating the sulphate
attack, the movement of groundwater has to be known. The sulphate attack
can be reduced by the use of cement low in CSA*.

Improved resistance to sulphate attack is also obtained by the
addition of pozzolans. Fozzolans limit the proportion of free Ca(OH)2 and
render the alumina-bearing phases inactive. However, sufficient time must
be allowed for the pozzolanic activity to develop before the concrete is
exposed to sulphates. Many pozzolans have been found to be very effective
in making concrete resistant to sulphate attack, particularly when used in
conjunction with sulphate-resisting cement. The resistance of concrete to
sulphate attack also depends on its permeability. To achieve a high den-
sity, the concrete must have a low water/cement ratio.

In the preliminary Concrete Integrated Cask (CIC) program at
Ontario Hydro, a binder of 60 wt.% amorphous blast furnace slag, 20 vt.%
sulphate-resisting portland cement (CSA type-50) and 20 wt.% silica flour
(ground quartz) was selected. This was based partially on a previous study
of autoclaved pastes where this binder was found to exhibit a very fine
pore size distribution, no residual calcium hydroxide and partially crys-
talline tobermorite hydrate [27]. The chemical and mineralogical analysis
of the portland cement, blast furnace slag and silica flour are summarized
in Table 1. Subsequent cement development trials, for the CIC, have con-
centrated on silica fume more as the supplementary cementing material [28].

The aggregates are added to the concrete in order to produce the
high-density concrete that is required for shielding purposes. Once opti-
mized, the aggregate composition and its size distribution are generally
fixed. Specularite fine aggregate (relative density - 4.96) and 28-mm
magnetite coarse aggregate (relative density - 4.26) were used as the mix-
ture aggregate. These materials and the basic mix proportions were based
on those employed for containment concrete at the Darlington Nuclear
Generating Station. The final mix proportion was adjusted so as to achieve
the lowest water/cementitious materials ratio for a workable consistency.
Only half of the prescribed dose of PDA-25XL, a napthalated sulphonate
condensate based water reducing admixture, was used. The half dose was
used to prevent the formation of excess quantities of entrapped air which
would lower the relative density of the concrete. The actual mix propor-
tions are listed in Table 2.

The concrete specimens were prepared at the Ontario Hydro
Research Division Laboratory according to the flowsheet in Figure 1. The
curing regime included moist-curing for 14 days after demolding, followed

* Canadian Standards Association nomenclature for cement:
C = CaO, S - SiO2, A = A12O3, H = H20.
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by autoclaving for 24 hours at 182°C (saturated steam pressure of approxi-
mately 1 MPa). The concrete was then moist-cured for 21 days and finally
allowed to air-dry for 7 days prior to shipment to Whiteshell Nuclear
Research Establishment (WNRE). The autoclaved curing accelerated the hy-
dration and helped stabilize the hydration products.

The mix proportions and properties of the hardened concrete are
summarized in Tables 2 to 4. The autoclave curing did not appear to have
any significant effect on the density compared with that of fresh concrete
(Table 2). The autoclaved concrete specimens were found to have an average
density of 3620 kg/m3 after 37 days. The mix 13256-3 (Table 2) was used in
this study.

The effect of the autoclave curing period on the compressive
strength of the concrete is shown in Table 3. A large increase in strength
with time was observed up to 12 hours at 182°C, after which the increase
was very small. The compressive strengths of normally moist-cured (at
23°C) concrete are shown in Table 4. The lower values of compressive
strengths are expected since normally cured concrete has a higher residual
moisture content than autoclaved concrete.

X-ray diffraction (XRD) analysis of samples of cement paste from
the centre and near the surface of test cylinders autoclaved for 4 hours
revealed the presence of unreacted SiO2 from the silica flour and hematite
from the specularite fine aggregate. No calcium hydroxide was detected and
the only indication of calcium silicate hydrates was an amorphous halo
between 0.25 and 0.35 nm (Figure 2).

The XRD patterns for cylinders autoclaved for 12 and 24 hours
revealed a wide peak at 0.303 nm which indicates a partially crystalline
calcium silicate hydrate (C-S-H). From the bulk Ca0/Si02 ratio (0.78) of
the cement, slag and silica combination, it would be expected that 1.1 nm
tobermorite (C5S6H) would be the major hydrate. Also, 1.1-nm tobermorite
is a stable phase at temperatures less than 140°C [28]. However, alumina
substitution for silica in the tobermorite structure will increase its
stability relative to xonolite (C6S6H) (which is stable at temperatures
above 140°C). Due to the alumina available in the slag and the cement, the
tobermorite will likely contain this substitution and should be stable at
the 182°C autoclave temperature.

The concrete material was received as 30 identical concrete cubes
(89 x 102 x 102 mm). Monolithic concrete samples, with geometric surface
areas in the range of 26.5 to 90.2 cm2, were cut with a diamond saw, ultra-
sonically cleaned in absolute alcohol, and dried in a vacuum. Figure 3
shows a typical concrete sample, after cutting with a diamond saw, and the
distribution, shape and sizes of large and fine aggregates. Selected
samples were analyzed by XRD prior to the leaching tests. The locations of
the areas analyzed were recorded to facilitate analysis of the identical
areas on the samples after leaching. A typical XRD pattern is given in
Figure 4. The main constituents of the concrete samples are quartz, tober-
morite and specularite (hematite).

Figures 5 and 6 show scanning electron micrographs (SEM) and
Energy Dispersive X-Ray (EDX) analyses of an unleached concrete surface.
The low-magnification micrographs (Figures 5(a) and 6(a)) reveal the
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complex phase assemblage present and the distribution of large and fine
aggregates in the cementitious paste. The higher magnifications of the
areas, indicated by arrows in the low magnification micrographs (Figures
5(b) and 6(b)) also show the presence of cracks in the interface between
the aggregates and the cementitious matrix (perhaps due to shrinkage in the
vacuum of the scanning electron microscope). The EDX spectra(EDX) of
various areas in Figures 5(b) (area 1) and 6(b) (areas 2 and 3) show a
predominance of calcium-silicate phases. This was expected because the
calcium-rich solutions from the portland cement were expected to react with
SiO2 present in silica flour and slag to form cementitious phases (calcium-
silicate). Another phase present in these samples was a silica-rich phase
from either unreacted slag or silica flour. The EDX spectra also exhibits
strong Fe peaks (Figure 5, area 2), consistent with the presence of fine
aggregates (specularite) and coarse aggregate (magnetite).

The leaching tests were conducted in PFA Teflon* jars with a
capacity of 500 mL. The concrete specimens were placed in Teflon* grids
near the centre of the jars. Leachant was added to yield a sample surface
area to solution volume ratio of 0.1 cm"1. The leachants used in these
experiments included deionized distilled water (DDW) and synthetic ground-
water (SCSSS)**. The compositions of the leachants are given in Table 5.

The clay used in the leaching tests was a Na-bentonite (a poten-
tial buffer material) from Avonlea Mineral Industries Ltd., Regina,
Saskatchewan, with a cation exchange capacity of 82 meq/100 g [29]. The
chemical composition is summarized in Table 6. The 20 wt.% Na-bentonite
was added to a series of experiments to simulate clay-groundwater-concrete
interactions. Finally, granite (grey) from the 1080-m level of borehole
Underground Research Laboratory URL-2 was added as thin disks to the
experiments designed to simulate rock-groundwater-concrete and rock-ground-
water-clay-concrete interactions; a concrete sample to granite surface area
ratio of 0.06 cm"1 was used. The chemical composition of the granite is
given in Table 7. It was anticipated that the major effect of these addi-
tions would be the rapid saturation of groundwater with respect to Al 3 + and
Si02(aq).

Leach times of 15, 30, 60, 90, 120 and 365 days at 100°c were
used, and all the tests were duplicated. Solution analyses were performed
at the termination of each test using atomic adsorption spectroscopy for
Ca, Na, K, Mg, Si and Fe, and inductively-coupled plasma spectrometry for
Al. Scanning electron microscopy combined with energy-dispersive X-ray
analysis and X-ray diffraction were performed on the leached specimens.

3. RESULTS AND DISCUSSION

3.1 CONCRETE + DEIONIZED DISTILLED WATER (DDV)

Results from the DDV experiments are shown in Figures 7 and 8.
The Ca concentration shows a steady increase with time, reaching 84 mg/L
after 120 days. This suggests that, prior to leaching, the concrete

* Savillex Corp., Minnesota
** Standard Canadian Shield Saline Solution
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contains components such as C2S and C3S in addition to hydrated phases such
as calcium silicate hydrate (C-S-H), which the X-ray diffraction suggest
tobermorite (Figure 2). The C2S and C3S are the main constituents of port-
land cement, (Table 1). The calcium-silicates in portland cement react
slowly with water, forming calcium silicate gel (C-S-H) and calcium hydrox-
ide (CH). The possible hydration reactions are:

2C3S + 4H -» C3S2H + 3CH (5)
and

2C2S + 2H -> C3S2H :- CH . (6)

The dissolution of Ca(OH)2 liberated by the hydrolysis of calcium silicates
results in a continuous release of Ca2+ to solution (Figure 7).

The potassium and sodium release data, also shown in Figure 7,
indicate that both elements have an initially increasing release rate,
reaching a maximum of 40 mg/L after 60 days, and then decreasing to 30 mg/L
and 21 mg/L, respectively. It should be noted that sodium and potassium
are minor constituents in the binder materials. It appears that a large
portion of both elements are present in soluble forms in the concrete,
possibly as NaOH and KOH. This is also supported by pH measurements which
showed that the pH quickly rose to over 11, decreased and then remained
near 10 for the duration of the tests (Figure 9). Since X-ray diffraction
of the unleached concrete samples indicated no residual portlandite,
Ca(0H)2, the increase in pH is probably due to dissolution of NaOH and KOH.
The silicon release, also shown in Figure 7, indicates a constant concen-
tration of about 10 mg/L up to 60 days, after which the concentration rose
steeply, reaching 22 mg/L after 120 days. The silicon values are 4 orders
of magnitude lower than calcium release values, suggesting that silicon
release is not controlled by the hydration reactions and is mainly due to
dissolution of unreacted quartz from the silica flour.

The plot of aluminum release in DDW (Figure 8) shows that leach-
ing occurs rapidly, reaching a value of 1.9 mg/L after 30 days, and then
decreases with time. Aluminum is present initially in the minor component
calcium aluminate (3CaO-Al2O3) of portland cement. The hydration reactions
of 3CaO-Al2O3 can be written as

3CaO-Al2O3 + 15H2O = 3CaO-Al2O3-2H2O + 9H20 (7)

3CaO-Al2O3 + 15H20 = 3/4(4CaO-3Al2O3-19H2O) + 1/4(3A12O3-3H20) (8)

Therefore, the decrease in Al concentration after 30 days leaching could be
due to the precipitation of aluminum hydroxide as indicated in equation 8.

Scanning electron microscope-EDX examination of the concrete
samples leached in DDW revealed that dissolution and change in the cement
phase of the concrete had occurred (Figure 10). After 120 days, the leached
surface showed a matrix with high porosity, the presence of cracks, and a
decrease in crystallinity. Three predominant phases (Figure 10(b)) were
identified by EDX; C-S-H (area 3) which abounds in the matrix, a Si-rich
phase containing small amounts of Ca and Fe (area 1), and a Ca-rich phase
which is probably Ca(0H)2 (area 2). SEM examination of the specimen also
showed the presence of fine precipitate and debris preferentialiy on the
magnetite (large aggregate) (Figure ll(b)). The fine precipitate was too
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small to permit EDX analysis; the debris was identified by EDX as a Si-rich
phase. The composition corresponded to the Si-rich phase present in the
leached matrix and (area 1 in Figure 10) are probably particles that were
detached from i.he matrix and redeposited on the surface.

In summary, the dominant chemical interactions in the concrete/
DDW system appear to be dissolution and hydration of the primary phases.
The SEM examination of the leached concrete revealed extensive attack. In
addition, solution analysis results showed that the concentrations of dis-
solved calcium and silicon, the major constituents of the primary phases
such as C3S and C2S, increased with time.

3.2 CONCRETE + STANDARD CANADIAN SHIELD SALINE SOLUTION (SCSSS)

The elemental concentrations of Ca, Mg, K, Na, Si, Al and Fe in
solutions obtained by leaching concrete in SCSSS are summarized in Figures
12 and 13. The main effects observed are an increase in potassium content
and pH of the groundwater. The K concentration increased from
50 mg/L, corresponding to the concentration in the SCSSo, to 74 mg/L. The
K release in the SCSSS was slightly lower than in the DDW (Figure 7).

The pH increased to a maximum of 9.6 after 30 days, then dropped
close to 9 and stayed relatively constant. The increase in groundwater pH
was not as large as the pH increase observed after interaction with the DDW
(Figure 9). Magnesium concentrations dropped with time from 200 mg/L (the
original concentration in SCSSS) to 77 mg/L after 120 days, indicating
precipitation. Sodium attained a constant concentration (5050 mg/L) in the
SCSSS. The Si concentration dropped off steeply after 15 days to about
3 mg/L, and then remained essentially constant. This suggests precipita-
tion (magnesium silicates) and/or the formation of a surface layer that
controls the silicon dissolution. The amounts of Al and Fe released
(Figure 13) are quite small and follow the same trend as in the DDW (Figure
8).

Scanning-electron micrographs of the leached concrete samples
after 120 days in SCSSS are shown in Figures 14 and 15. The leached sur-
faces showed a completely different appearance after leaching in DDW. The
examination showed very little visible evidence of matrix dissolution. It
also showed the buildup of a surface layer (Figure 14(b)). Two distinct
phases are seen to have precipitated on the surface of the leached samples.
The elongated crystals were identified by EDX as a Ca phase (Figure 14(b)
area 1), and the rhombohedral morphology is characteristic of calcite
(CaC03). It is known that one of the possible deterioration processes of
cementitious products is carbonation. The CaC03 is formed when Ca(0H)2
dissolving from the concrete reacts with C02 according to

Ca(0H)2 + C02 + H2 -> CaC03 (calcite) + 2H20 . (9)

Examination of the surface suggests that the calcite is preferentially
formed on the area of the concrete where the calcium silicates are the
predominant phases (Figure 14(a) area indicated by arrows). SEM examina-
tion of leached concrete samples form shorter leach tests (i.e., 30 days)
showed no such CaC03 formation (Figure 16). However, most of the surface
is covered with a thick layer whose composition was identified as a Si-Mg
phase (area 1, Figure 16) with a minor amount of Ca and Al. The only



crystals found on the surface were aggregates of platy crystals (areas 3
and 4, Figure 16) identified as a Mg phase, believed to be brucite
<Mg(OH)2). This is supported by the fact that cementitious products react
with Mg-containing solutions (e.g., sea water) according to the reaction:

Mg2+ -> Ca2+ substitution (10)

MgS04 + Ca(0H)2 -> CaSO4 + Mg(OH)2 (11)

The absence of calcite after 30 days leaching suggests a lack of
reaction of calcium with carbonate species in solution. This is consistent
with the fact that the concrete material does not originally contain port-
landite, Ca(0H)2. However, it appears that portlandite accumulates with
time in concrete as a result of hydration reactions of the unhydrated com-
ponents of portland cement (such as Ca3Si05 or Ca2Si04) that take place in
the concrete in the presence of water, and produce C-S-H gel and portlan-
dite.

Thus, the gradual formation and dissolution of Ca(0H)2 can pro-
duce an extremely alkaline environment in pore water, thereby creating a pH
gradient between the pore water and the surrounding groundwater. This pH
gradient can constitute a driving force for the formation of CaC03 crystals
which deposit on the surface.

In other parts of the concrete samples leached in SCSSS for
120 days, the SEM examination revealed the presence of agglomerates of
round particles (Figure 15, area 1). The EDX spectrum indicated a mag-
nesium silicate phase. Silicon and magnesium are present in the SCSSS
solution. The phase was also found on the concrete sample leached in SCSSS
after only 30 days of leaching (Figure 16, areas 1 and 2).

The dominant chemical interaction in the concrete/SCSSS system
appears to be gradual dissolution of primary solid phases accompanied by
precipitation and growth of an assemblage of secondary alteration phases
such as portlandite and magnesium silicate that are more stable than the
primary phases under the given conditions.

3.3 CONCRETE + SCSSS 4 Na-BENTONITE

The elemental concentrations of K, Ca, Mg, Na, Si, Al and Fe
obtained by leaching concrete in SCSSS in the presence of 20 wt.% Na-
bentonite at 100°C for various lengths of time are summarized in Figures 17
and 18.

It was anticipated that the composition of the groundwater would
be somewhat altered when in contact with the bentonite. The changes in
groundwater composition are due mainly to clay dissolution and ion exchange
reactions between cations in the minerals and groundwater components. The
cation exchange capacity of the Na-bentonite used in the test is
82 meq/100 g clay. Therefore, control tests (without concrete samples)
were run in parallel with the concrete leach tests. The results from the
120 day experiments are summarized in Table 8.

The results in Table 8 show clearly how the presence of Na-
bentonite modified the groundwater conditions and how this affected the
leaching behaviour of the concrete.
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Figure 17 shows that the concentration of Ca and Mg decreased
steadily with time reaching values of 11 700 mg/L and 59 mg/L, respec-
tively, after 120 days. However, Table 8 shows that the decrease in Ca
concentration is due mainly to the exchange reactions. The Ca concen-
tration in a control test reached a value of 10 900 mg/L, which is close to
the value obtained in the leach tests with the concrete present. In the
case of Mg, the value is slightly lower in the concrete leach tests. The
decrease in Mg concentration is due to the combined effect of ion exchange
reactions and precipitation as magnesium silicates.

The plot for Na concentrations (Figure 17) shows that the concen-
tration rises to a relatively high value in 15 days (8280 mg/L), drops to a
value of 7200 mg/L, and then falls slowly to a value of
5600 mg/L in 120 days. The value is much below the concentration expected
to be reached in solution due to cation exchange reactions. If all the Na
was exchanged from the clay by Ca and Mg, the Na concentration in solution
should increase by ~ 3150 mg/L. This suggests that the decrease in concen-
tration of Ca and Mg is also attributable to adsorption and precipitation
on the clay particles.

The silicon concentrations shown in Figure 17 indicate a higher
release value than in absence of clay. However, the principal source of
silicon in solution would be dissolution of the clay (Table 8).

The Fe concentration increased slightly in the presence of
Na-bentonite (Figure 18), compared to its concentration in the absence of
Na-bentonite. The iron in the solution dissolved from the fine aggregates
(specularite) and the large aggregates (magnetite) present in the concrete
sample.

The concentration of K rose steeply from an initial value of
52 mg/L to 157 mg/L within 15 days then dropped with time and appeared to
level off after 90 days of leaching. After a 120-day experiment, the K
concentration (134 mg/L) was almost 4 times higher than the concentration
of K in the concrete/SCSSS experiments (Table 8), indicating that potassium
dissolution increased when Na-bentonite was added to the solution.

In addition to its ion exchange properties, Na-bentonite is also
an effective pH buffer. The high pH produced by dissolution of alkaline
components in SCSSS is buffered by Na-bentonite to a value of 7.

Scanning-electron micrographs of specimen surfaces after 120 days
leaching in SCSSS plus 20 wt.% Na-bentonite are shown in Figures 19 and 20.
SEM examination revealed a roughened surface from which the cementitious
binder had been corroded selectively around the margins of the aggregates
(magnetite and specularite). Higher magnification of various areas on the
samples revealed extensive porosity and a network of microcracks (Figures
19(b) and 20(b)). EDX analysis of the leached surface revealed the
presence of a Si-rich phase (area 1 and 2 in Figures 19 and 20), probably
unreacted silica from silica flour or slag, and phases that contained pre-
dominantly Ca and Si with a relatively small amount of Mg and Al (Figure
19, area 4 and Figure 20, areas 4 and 5). Identifying individual phases
within the cementitious binder is difficult because of the intergrowth of
the cementitious binder phases as they hydrate. However, it appears that
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the concrete surface consists of a silica-rich phase in a C-S-H gel matrix
after 120 days leaching in the presence of Na-bentonite.

A comparison between the degree of concrete surface alteration in
groundwater and in groundwater plus Na-bentonite indicates that the reac-
tivity of concrete is increased in the presence of Na-bentonite. The mor-
phology of the surface leached in the presence of Na-bentonite resembles
the morphology of the sample leached in the DDW. The significant differ-
ence in the durability between concrete in SCSSS and SCSSS plus Na-
bentonite may be due to the fact that groundwater composition is altered
vhen it is in contact with bentonite. The groundwater is depleted in Ca
and Mg, and is enriched in Na and Si.

3.4 CONCRETE + GROUNDWATER + GRANITE

Table 9 lists the chemical compositions of solutions from con-
crete + groundwater + granite and groundwater + granite (control experi-
ment) after a continuous leaching experiment lasting .165 days.

A comparison of the elemental concentrations in the solutions
indicates the Na, K, Ca and Si concentrations are slightly higher when
concrete is present. The leaching experiments with concrete yield a low
value of Mg (0.75 mg/L). The value is well below 200 mg/L, the original
concentration in groundwater. The main effect observed due to the presence
of concrete was an increase in pH. Leach solutions with concrete reach a
high value of 9.24 (Table 9).

SEM examination of the specimen surfaces after 365 days leaching
showed a buildup of a multiphase layer (Figure 21). The primary phase was
present in relatively large quantities as a fibrous coating on the con-
crete, covering the entire surface of the leached sample. The other major
phase appeared as large aggregates of connected plate-like crystals adher-
ing to the surface.

The fibrous coating phase was identified by EDX as a magnesium-
silicate phase, with traces of Ca and Al (area 2-3-5, Figure 21). This
phase resembled the one found on most of the concrete surfaces leached in
SCSSS, which was tentatively identified as chrysotile, Mg3(Si205)(0H)4 from
its morphology. Equilibrium solubility calculations, using the computer
program SOLMNQ [10,30] also suggest the formation of chrysotile. The for-
mation of magnesium silicates would explain the lower value of the Mg con-
centration in solution.

The plate-like crystals were identified by EDX as a Ca-S phase
with traces of Si and Fe (area 1, Figure 21). It is probable that this
phase is gypsum (CaS04*2H20).

Whether the primary phase (magnesium silicate) grows by means of
a surface dissolution/precipitation process is not yet clear. However, it
appears to control the release of elements from the concrete, probably by
inhibiting the diffusion of ions through the layer to the leachant.

3.5 CONCRETE + GROUNDWATER + Na-BENTONITE + GRANITE

The chemical composition of solutions from concrete + groundwater
+ granite + Na-bentonite and groundwater + granite + Na-bentdnite (control



- 11 -

experiment) after a continuous leaching experiment lasting 365 days are
given in Table 9. The results show that any release from the concrete
could not be measured due to the high background concentration of most of
the elements produced by SCSSS, granite and Na-bentonite. The high pH
(9.24) attained when the concrete is leached in SCSSS + granite was not
achieved, a value of 7.64 being obtained in the presence of 20% Na-
bentonite. SEM examination of specimen surfaces after leaching in SCSSS +
granite + Na-bentonite for 365 days showed that relatively little dissolu-
tion of concrete had occurred, confirming the results of the solution
analysis (Figures 22(a) and 23(a)).

The leached surface at high magnification (Figure 22(b)) reveals
a wide spectrum of pore sizes. Large pores appeared to be preferentially
located in areas where Ca-rich (Ca-Si) is a predominant phase (areas 1 to 5,
Figure 22(b)). SEM examination of other parts of this surface (Figure
23(b)) revealed a different surface appearance. The surface appeared to
exhibit less porosity and also contained debris. EDX analysis of this
debris revealed a Si-Al-Ca rich (areas 1 to 4, Figure 23(b)) material, most
probably original or altered clay debris. The presence of Na-bentonite in
solution inhibited the surface precipitation found when concrete was
leached in SCSSS + granite.

4. CONCLUSIONS

The present study was limited to leaching tests under static
conditions at 100°C. Under these conditions, the preliminary results
showed that:

(1) The stability of concrete appears to depend on the possible
internal structural changes due to hydration reactions of
unhydrated components to form C-S-H gel plus portlandite
(Ca(0H)2).

(2) Deionized, distilled water was found to be the most aggressive
solution towards concrete. The studies revealed that the short-
term static leach behaviour was controlled by gradual dissolution
of coexisting primary phases.

(3) The dissolution of concrete in groundwater is accompanied by
precipitation and growth of an assemblage of secondary alteration
phases that appear to be more stable than the primary concrete
phases unde " the experimental conditions. The concrete surface
acts as a site for the formation of a surface phase identified as
magnesium silicate. This phase appears to control the release of
elements in solution, probably by inhibiting the diffusion of
ions from beneath to the leachant. The results also indicated
that the concrete is sensitive to changes in groundwater compo-
sition produced by Na-bentonite or granite.

(4) In the presence of Na-bentonite, the concentration of elements
released from the concrete increases, particularly for potassium.
In all experiments involving Na-bentonite, the most significant
feature observed was that the clay inhibited the surface precipi-
tation found in bentonite-free solutions.
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(5) The main effect observed, due to chemical interaction between
concrete and groundwater, is an increase in pH of groundwater;
this is probably due to release of OH" from Ca(OH)2.

(6) The addition of Na-bentonite suppressed the normal tendency of
the pH of the groundwater in contact with the concrete to rije
rapidly. Concrete/groundwater interaction results in a ground-
water that is mainly modified vith respect to K, Mg and Si.

The long-term effects of the concrete on groundwater chemistry
are not yet completely known. Further studies are needed to obtain a bet-
ter understanding of all the possible effects concrete may have on the
chemical conditions. In particular, an increase in the pH of groundwater,
due to the concrete, may influence the dissolution rate of the waste form
and the sorption of radionuclides.

REFERENCES

1. W.T. Hancox, "Progress in the Canadian Nuclear Fuel Waste Manage-
ment Program," Proceedings of the International Conference on
Radioactive Waste Management, Winnipeg, Canadian Nuclear Society
(1986).

2. T.E. Rummery, D. Lisle, D.H. Charlesworth and J. Howieson,
"Radioactive Waste Management Policy and Its Implementation in
Canada," Atomic Energy of Canada Limited Report, AECL-8033
(1983).

3. T.E. Rummery and E.L.J. Rosinger, "The Canadian Nuclear Fuel
Waste Management Program," In: Proc. of International Topical
Meeting on Fuel Reprocessing and Waste Management, American
Nuclear Society, Jackson, Wyoming (1984).

4. D.J. Cameron, "Fuel Isolation Research for the Canadian Nuclear
Fuel Waste Management Program," Atomic Energy of Canada Limited
Report, AECL-6834 (1982).

5. K. Nuttall, D.J. Cameron and F.P. Sargent, "The Canadian
Engineered Barriers Program," In: Proc. International Conference
of Radioactive Waste Management, p. 46, Canadian Nuclear Society,
Toronto (1982).

6. D.J. Cameron, J.L. Crosthwaite and K. Nuttall, "The Development
of Durable Man-Made Containment Systems for Fuel Isolation," Can.
Metal. Q. 22, 87 (1983).

7. K. Nuttall et al., "The Canadian Container Development Program
for Fuel Isolation," In: Scientific Basis for Nuclear Waste
Management VI, p. 677, Elsevier Science Publishing Co., Inc., New
York (1983).



- 13 -

8. K. Nuttall and V.F. Urbanic, "An Assessment of Materials for
Nuclear Fuel Immobilization Containers," Atomic Energy of Canada
Limited Report, AECL-6440 (1981).

9. P. McKay, M. Onofrei and B. Ikeda, "Container Material Evalua-
tion," In: Proc. Eighteenth Information Meeting of the Nuclear
Fuel Waste Management Program (General Meeting), Atomic Energy of
Canada Limited Technical Record, TR-320* (1984).

10. M. Onofrei, D.K. Raine, L. Brown and F. Stanchell, "Leaching
Studies of Non Metallic Materials for Nuclear Fuel Immobilization
Containers," In: Scientific Basis for Nuclear Waste Management,
Vol. 8, Boston, pp. 395-404 (1985).

11. C.E.L. Hunt et al., "Seventeen Years of Experience with Storage
of Irradiated Candu Fuel Under Water," Paper 169 of the Interna-
tional Corrosion Forum, Toronto, April, 1981.

12. M. Ohta and S.A. Mayman, "Air Cooled Storage of CANDU Fuel,"
Nuclear Engineering International, pp. 69-70, May, 1979.

13. P.K.M. Rao, "Management of Irradiated Fuel: Extended Storage
Alternatives," Ontario Hydro Design and Development Division
Report No. 80124 (1980). Unpublished report available from
Ontario Hydro, 700 University Avenue, Toronto, Ontario M5G 1X6.

14. D. Deacon, "The Long-Term Dry Storage of Irradiated Oxide Fuel
and Vitrified Waste," Nuclear Engineering International, pp. 32-
36, August 1981.

15. M. Ohta, "The Concrete Canister Program," Atomic Energy of Canada
Limited Report, AECL-5965 (1978).

16. M. Ohta, "Status of Dry Storage of Irradiated Fuel in Canada,"
Presented to IAEA Specialists Meeting, Las Vegas, Nevada, U.S.A.,
November, 1980.

17. J.A. Stone, "Evaluation of Concrete as a Matrix for Solidifica-
tion of Savannah River Plant Waste," Du Pont de Nemours and Co.
Report, DP-1448 (1977).

18. P. Colombo and R.M. Neilson, "Techniques for the Solidification
of Radioactive Wastes in Concrete," Nuclear Technology 32, 30-38
(1977).

19. A. Donato, "Incorporation of Radioactive Wastes in Polymer Im-
pregnated Cement," IAEA-SM-107/87, pp. 143-153, International
Atomic Energy Agency, Vienna, 1976.

* Unrestricted, unpublished report, available from Scientific Document
Distribution Office, Chalk River Nuclear Laboratories, Chalk River,
Ontario KOJ 1J0.



20. D.M. Roy and G. Gouda, "High Level Radioactive Waste Incorpora-
tion into (Special) Cements," Nuclear Technology 40, 214-219
(1978).

21. D.M. Roy and S. Komarneni, "Mechanisms of Immobilization of
Nuclear Waste Elements by Cement Minerals, Cement and Mortar,"
Cement and Concrete Research 11, 789-794 (1981).

22. CM. Jantzen and P.F. Glasser, "Stabilization of Nuclear Waste
Constituents in Portland Cement," J. Am. Ceramic Bulletin Vol. 58
No. 4, p. 459 (1978).

23. N.C. Burnett and R.D. Hooton, "Evaluation of Concrete Casks for
the Management of Irradiated Fuel in Canada," Proc. of 2nd
International Symposium on Ceramics in Nuclear Waste Management,
Chicago, April, 1983.

24. J. Freire-Canosa, "Preliminary Economic and Technical Evaluation
of Concrete Casks for Irradiated Fuel Management," In: Interna-
tional Conference on Radioactive Waste Management, pp. 443-451,
Canadian Nuclear Society, Toronto, 1982.

25. R.D. Hooton, "Pelletized Slag Cement: Hydraulic Potential and
Autoclave Reactivity," Ph.D. Thesis, McMaster University, 1981.

26. H.F.W. Taylor, "The Chemistry of Cements," Vol. 1, pp. 167-232,
Academic Press, New York, 1964.

27. Y.K. Kharaka and I. Barnes, "SOLMNEQ: Solution-Mineral Equili-
brium Computations," U.S. Geological Survey Report, WRD-73-002
(1973).

28. R.D. Hooton and N.C. Burnett, "Development of Highly Durable
Concrete for the Storage, Transport and Disposal of Irradiated
Fuel," American Concrete Institute Special Publication, in press.

29. R.M. Quigley, "Quantitative Mineralogy and Preliminary Pore-Water
Chemistry of Candidate Buffer and Backfill Materials for a Nucle-
ar Fuel Waste Disposal Vault," Atomic Energy of Canada Limited
Report, AECL-7827 (1984).

30. B.W. Goodwin and M. Munday, " A Reference Guide to SOLMNQ - An
Interactive Solution-Mineral Equilibrium Program," Atomic Energy
of Canada Limited Report, AECL-7800 (1983).



- 15 -

TABLE 1

CHEMICAL AND MINERALOGICAL COMPOSITIONS
OF THE BINDER MATERIALS

(vt.%)

Material

Source

Cl Number

CaO
SiO2
A12°3MgO
Fe2O3
SO3
K2O
Na2O
TiO2
P2°5
Mn2O3
SrO
ZnO
Loss on Ignition

mineralogical
composition**

Type 50
Portland
Cement*

Canada Cement
Lafarge

69747

63.76
22.82
2.85
3.23
3.83
1.95
0.38
0.39
0.15
0.05
0.07
0.03
0.01
1.19

C3S = 54.5
C2S = 24.3
C3A = 1.6
C4AF =11.7

Blast
Furnace
Slag

Standard
Slag Cement

69777

38.16
37.89
8.39
11.55

(1.42 as Fe)
(2.01 as S)

0.47
0.17
_

0.01
(0.62 as Mn)

-
-
-

mostly glass
C2MS2-C2AS
composition

Silica
Flour**

Indusmin

69941

0.12
95.83
2.34
0.06
-
-

0.62
0.08
0.12
-
-
-
-
0.45

quartz with
sericate.
(KA3S6H2)
impurity

* Also meets API oil well type G specification.
** Typical analysis obtained from Reference 2.
*** Cement Chemical Notation: C=CaO, S=SiO2, A=A12O3,

H=H2OF=Fe2O3,



TABLE 2

ACTUAL MIX PROPORTION AND PROPERTIES OF OF FRESH CONCRETE MATERIAL

Serial
No.

13256-11

13256-22

13256-33

Mix Proportions (kg/m3)

Cement

88
87
87

Slag

263
262
262

Silica
Flour

88
87
87

Fine
Agg.

1367
1364
1365

Coarse
Agg.

1602
1598
1600

Water

284
183
183

Admixture
(mL/kg cem)
Material

1.09
1.09
1.09

V/Cementing
Ratio/Gross

0.42
0.42
0.42

Slump
(•m)

40
65
50

Air 7.
Gross

2.3
2.2
2.3

Density
(kg/m3)

3590
3582
3586

Materials: Cement - CL 69747 Type 50 20%
Slag - CL 69777 Type 50 60*
Silica Flour - CL 69941 Type 50 202
Fine Agg. - S-7374 Specularite
Coarse Agg. - S-7375 magnetite
Admixture - PDA 25XL
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TABLE 3

COMPRESSIVE STRENGTH OF THE AUTOCLAVED CONCRETE

Autoclave Period
at 182oC
(hours)

4
12
24
24*
24**

No.
of

Cylinders

1
2
2
2
3**

Compressive
Strength

(MPa)

23.0
35.1
37.7
35.7
55.8

* Moist-cured for 8 days after autoclaving.
** 89 mm x 102 mm x 102 mm cubes tested after

dry storage in the laboratory for 29 months.

TABLE 4

COMPRESSIVE STRENGTH OF THE MOIST-CURED CONCRETE
(not autoclaved)

Curing
Time
(days)

7
14
28

No.
of

Cylinders

2
2
2

Compressive
Strength

(MPa)

14.4*
21.1
22.8

All cylinders were demoulded at 7 days.
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TABLE 5

CHEMICAL COMPOSITION OF SIMULATED STANDARD
CANADIAN SHIELD SALINE SOLUTION (SCSSS)
AND DISTILLED DEIONIZED WATER (DDV)

(mg/L)

Chemical
Species

Ca
Mg
Na
K
Si
Al
ci-
NO3

SO<
HCO3

DDV*

<0.03
<O.O3
<O.O3

O.O7+/O.O3
<1
<0.5
<0.13
<0.2

<0.1
<2

SCSSS**

15000+/-600
200+/-15
5050+/-300
50+/-5
15+/-4
<0.5

34260+/-2600
50+/-4

79O+/-25
25+/-2

pH = 6.7+/-O.1
pH = 7.0+/-0.1

TABLE 6

CHEMICAL ANALYSIS OF AVONLEA Na-BENTONITE

Oxide

SiO2
TiO2
A12O3
Fe2O3
MnO
HgO
CaO
K20
Na2O
H2O"
H2O

+

wt.Z

67.0
0.4
18.4
5.4
0.2
1.58
3.3
0.8
2.14
3.27
6.73
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TABLE 7

CHEMICAL ANALYSES OF ROCK SAMPLES FROM BOREHOLE URL-2

Elements

SiO2

A12O3

Fe2O3(T)
FeO
MgO
CaO
Na20
K.,0
TiO2O
CO2
MnO
P2O5

S
H2O
Oxidation Ratio
Rb
Sr
Zr
Ba
Be
Li
Th
U(dna)

Grey Granite (75)

Mean

73.45
14.66
0.46
1.11
0.29
1.33
3.33
4.89
0.17
-

0.02
0.05
0.04
0.16
27.55
230.65
184.72
227.79
790.11
1.81

31.31
35.69
7.06

S.D.

1.41
0.63
0.27
0.33
0.12
0.30
0.60
0.86
0.06
-

0.01
0.03
0.03
0.07
10.9
32.06
46.86
307.18
488.41
0.53
12.50
12.95
3.45

S.D. = Standard Deviation
* SiO2, A12O3, Fe2O3, FeO, MgO, CaO, Na20, K2O,
TiO2, P205, C02, MnO, S, H20 all in vt.%;
Rb, Sr, Zr, Ba, Be, Li, Th, U(dna), Cu,
Pb, Zn, in yg/g.
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TABLE 8

MODIFIED GROUNDWATER CONDITIONS
DUE TO Na-BENTONITE AND CONCRETE

Ion

Na
K
Mg
Ca
Fe
Si

so4Cl
pH

Initial Cone.
(mg/L)

5000+/-300
5Z+/-3
212+/-4

15300+/-300
N/A

15+/-1
790+/-25

43200+/-2590
6.9+/-0.1

Concentration after 120 d
ai

Na-Bent.
(mg/L)

6500+/-300
93+/-3
7B+/-3

10900+/-300
0.59+/-0.1
56+/-1
740+/-10

24300+/-1300
7.63+/-0.04

': 100°C in contact with

Concrete
(mg/L)

4600+/-300
77+/-6
78+/-3

15OOO+/-7OO
0.b+/-0.1
4+/-1

943+/-19
N/A

8.80+/-0.04

Concrete + Bent.
(mg/L)

5600+/-300
134+/-7
59+/-3

117OO+/-6OO
0.9+/-0.1
33+/-1

916+/-19
N/A

7.O1+/-O.O4

TABLE 9

MODIFIED GROUNDVATER CONDITIONS DUE TO
Na-BENTONITE, CONCRETE AND GRANITE

(mg/L)

Ion

Na
K
Mg
Ca
Fe
Si
PH

Concentration after 365
at 100°C in

SCSSS SCSSS + Granite
+ Granite + Na-Bentonite

4600+/-100 6000+/-200
78+/-2 160+/-4
133+/-3 21.5+/-0.8

13900+/-300 13500+/-400
<0.050 1.00+/-0.07
18+/-1 24.3+/-0.6

7.84+/-0.04 7.67+/-0.04

Concentration ;ifter 356 d
at 100°C in contact with

SCSSS + Concrete
+ Granite

4750+/-100
82+/-3

O.75+/-O.O3
14400+/-400
0.5+/-0.05
35+/-2

9.24+/-0.04

SCSSS + Concrete
+ Granite

+ Na-Bentonite

5000+/-500
159+/-4
5.9+/-0.2

13400+/-400
0.77+/-0.05
31+/-2

7.64+/-O.O4
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CONCRETE PRODUCTION FLOW SHEET

Cementing materials High-density aggregates

20%
Portland
cement

60%
blast

furnace
slag

20%
silica
flour

Fine
hematite

Coarse ]
magnetite
(28 mm

max.)

1MPa

Moist cured _
for 14 days "

Test specimens
cast Autoclave-cured for

24 h

Moist-cured for 21 days

Air dried for 7 days

FIGURE 1: Flowsheet for Concrete Production
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FIGURE 2: X-Ray Diffraction Patterns of Heavy Concrete Autoclaved for Different Periods
Q = quartz (SiO2), H = hematite (Fe2O3), CSB = calcium silicate hydrate
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5mm

FIGURE 3: Concrete Sample

1. specularite (fine aggregate)
2. magnetite (coarse aggregate)
3. cementitious binder (blast

furnace, sulfate resistant
cement and silica flour)



FIGURE 4: X-Ray Diffraction Patterns of Heavy Concrete Before Leaching
Q = quartz (SiO2), H = hematite (Fe203), CSH = calcium silicate hydrate
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FIGURE 5: SEM-EDX Analyses of an Unleached Concrete [calcium silicate phase (Area 1), Fe phase (Area 2)]
(a) Low magnification, (b) High magnification of areas indicated by arrow in (a)
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FIGURE 6: SEM-EDX Analyses of an Unleached Concrete [calcium silicate phases (Areas 2 and 3)]
(a) Low magnification, (b) High magnification of areas indicated by arrow in (a)
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by Leaching Concrete in DDW at 100°C
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FIGURE 9: Variation of pH with time for Concrete Leachant Interaction
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FIGURE 10: SEM-EDX Analyses of Concrete Leached in DDW for 120 days at 100°C
Area 1: silicate-rich phase, Area 2: Ca-rich phase, Area 3: C-S-H

(a) Low magnification, (b) High magnification of area indicated by arrow in (a)
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FIGURE 11: SEM-EDX Analyses of Concrete Leached in DDW for 120 days at 100°C

(a) Low magnification, (b) High magnification of area indicated by arrow in (a)
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FIGURE 12: Solution Concentrations of Ca, Mg, K, Na, Si, obtained
by Leaching Concrete in SCSSS at 100°c
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FIGURE 13: Solution Concentrations of Al, Fe, obtained
by Leaching Concrete in SCSSS at 100°C
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FIGURE 14: SEM-EDX Analyses of Concrete Leached in SCSSS for 120 days at 100°C
Area 1: calcite (CaC03), Area 2: Mg-Si phase

(a) Low magnification, (b) High magnification of area indicated by arrow in (a)

i



(a)

(b)

ENERGY

ENERGY

FIGURE 15: SEM-EDX Analyses of Concrete Leached for 120 days at 100°C
(a) Low magnification, (b) High magnification of area indicated by arrow in (a)
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FIGURE 17: Solution Concentrations of K, Ca, Mg, Na, Si obtained
by Leaching Concrete in SCSSS + Na-bentonite at 100°C
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FIGURE 19: SEM-EDX Analyses of Concrete Leached in SCSSS + Na-Bentonite for 120 days at 100°C
Areas 1 and 2: Si-rich phase, Area A: Ca-Si phase

(a) Low magnification, (b) High magnification of area indicated by arrow in (a)
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FIGURE 20: SEM-EDX Analyses of Concrete Leached in SCSSS + Na-Bentonite for 120 days at 100°C

Areas 1 and 2: Si-rich phase, Areas 4 and 5: Ca-Si phase
(a) Low magnification, (b) High magnification of area indicated by arrow in (a)
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FIGURE 21: SEM-EDX Analyses of Concrete Leached in SCSSS + Granite for 365 days at 100°C
Area 1: gypsum/CaS04, Area 2-3-5: Si-Mg phase



(a)

o
o

ENERGY

(b)

Oo

ENERGY
FIGURE 22: SEM-EDX Analyses of Concrete Leached in SCSSS + Na-Bentonite + Granite for 365 days at 100°C

Area 1-5: Ca-rich phase, Area 6-7: Si-rich phase
(a) Low magnification, (b) High magnification of area indicated by arrow in (a)
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FIGURE 23: SEM-EDX Analyses of Concrete Leached in SCS5S + Na-Bentonite + Granite for 365 days at 100°C

Area 1-4: Si-Ca-Al rich phase, Area 5: Ca-Si phase
(a) Low magnification, (b) High magnification of area indicated by arrov in (a)
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