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The durability of type K and H cement based grouts under
conditions potentially found to be in high level nuclear waste
repositories was studied. Tests have been carried out to determine
the effects of temperature on the hydraulic conductivity and the
leaching resistance of the grouts. Measurements of mercury intru-
sion porosimetry and scanning electron microscopy with energy
dispersive X-ray analysis have been used to investigate the changes
in the pore structures of both grouts as function of leaching and
permeating time. Type K and type H cement based grouts, made
with low water to cementitious materials ratio, silica fume, and
superplasticizer, were exposed to high temperature and pressure.
Preliminary results indicate that both hydraulic properties and
leaching behavior of the grouts investigated are affected by the
increase in temperature. However, data show that leaching rate and
hydraulic conductivity of the grouts decrease with time. The results
shoawed clearly that chemical reactions, presumably accelerated by
the elevated temperatures (100°C), led to the formation of a
precipitate in the microcracks and on the surface of the leached
specimens. This precipitate is likely the cause of the observed
decrease in  the hydraulic conductivity and leaching rate.
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urrent repository designs for the disposal of
radioactive waste envisage extensive use of
cement based materials (i.e., grouts, concrete)
[1-4]. These materials may be used for the waste form
matrix, as construction materials for walls and floor, as
a grout to fill in gaps between waste packages, and to
seal boreholes, shafts, tunnels, and natural fractures or
fractures generated during vault excavation. The ce-
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ment based materials will fulfil different functions in
each of these applications. They are used in these
applications due to inherent strength, durability, and
versatility.

Cement based grouts have been identified as poten-
tial grouting materials. The required performance of
cement based grouts includes not only an ability for the
material to penetrate and seal very fine fracture, but
also a potential for long-term mechanical and chemical
stability in disposal vault environment. Under many
conditions, the deterioration of cement based materials
is not attributed to any single cause, but arises from the
combined action of a number of potentially destructive
agents. There are many possible environmental factors
and processes by which the design properties of the
cement based grouts may change over long periods of
time. These include reaction with the environment
through the aqueous phases, internal microstructural
changes, temperature, action of microorganism, and
radiation (i.e., radiolysis). It is commonly held that the
hydraulic performance of cement based grouts would
change as water passed through the pores in the mate-
rials. The cement will dissolve in a saturated environ-
ment, and porosity and hydraulic conductivity would
increase with time. The rates of change would be
influenced by spontaneous changes in microstructure
of the material. It is obvious that the hydraulic dynam-
ics in the vicinity of the grout are an important factor in
estimating the long-term durability of cement based
grouts.

It is generally known that the durability of hardened
cement exposed to aggressive aqueous environments is
related to permeability and, thereby, to the pore struc-
ture of the hardened cement. Durability is an important
parameter; it is defined as the capacity of a cementitious
material to resist under given environmental conditions
[5]. This article presents the results of laboratory studies
carried out to determine the effects of temperature, type
of cement, and hardened grout porosity on the hydrau-
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TABLE 1. Composition of grouts studied

Type of Ratio Silica Super
Mix Cement WiIC Fume (%) plasticizer (%)
1 K 0.5 10 1
2 H 0.3 15 1

lic conductivity and leaching behavior of cement based
grouts.

Materials

Type K cement is the most common expansive cement
used today [6,7]. In this cement, the aluminate source
for the ettringite formation is calcium sulfoaluminate
(C4A5S). An expansive cement normally is used in a
situation where shrinkage of the cement based material
cannot be tolerated [8]. In the case of cement based
grout, the required expansion is higher than the shrink-
age to create a contact force between the grout and its
environment. This balance between expansion and
shrinkage reduces cracking.

Type H cement is an oil-well cement; specifications
were established by the American Petroleum Institute.
It is a slow-setting cement that is used to seal deep wells
under high temperature and pressure. Type H cement
can be used as a basic well cement from the surface to
depths of 2500 m. Its typical fineness is about 160
m”/kg. This cement is a high sulfate resistance cement,
as determined by C;A content {(maximum 3%).

Two different grout mixes, one with type K cement
and the other with type H cement, were studied. The
mixes are shown in Table 1. Silica fume and a naphtha-
lene based superplasticizer were added to each cement
to improve grout properties such as low permeability
and long-term leaching resistance. All the grout com-
ponents (cement, distilled water, silica fume, and su-
perplasticizer) were mixed for 300 s at a speed of 40
rpm with a laboratory mixer. After the mixing, the
grout specimens were cast in molds and placed in a
humid chamber for 24 hours. The samples were de-
molded and cured under a saturated Ca(OH), water at
20°C for 28 days.

Experimental Procedures

Permeability Tests

The hydraulic conductivity tests were carried out in a
specially constructed permeameter (Figures 1 and 2)
[9,10]. It is a radial flowing permeameter and allows the
study of samples under high temperature and pressure.
This permeameter permits the creation of medium
depth conditions. Cylindrical samples with a central
cylindrical opening parallel to the longitudinal axis
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FIGURE 1. Radial-type permeametric cell [9,10].
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were tested. The dimensions of the samples are 50 mm
in diameter and 110 mm in length with an axial hole
diameter of 13 mm. Before testing, the samples were
saturated, for at least 2 days, with deionized, deaerated
water. Tests were done by the convergent method,
which forces the flow from the outside to the inside. In
other words, the sample is subjected to a radial com-
pressive stress field. The samples were tested at three
different temperatures (20°, 50°, and 100°C) in a sequen-
tial manner with a 10-MPa pressure differential. The
temperature was increased as soon as the hydraulic
conductivity reached a constant value. In general, the
test at each temperature was carried out for approxi-
mately 30 days.

Static Leaching Tests
The full description of the experimental design and

method has been given elsewhere [11]. The test is used
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FIGURE 2. Environmental permeameter [9,10].
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TABLE 2. Nominal composition and pH of Whiteshell N-1
synthetic groundwater

Concentration Concentration
Ion (mg/L) Ion (mg/L)
Ca 1890 Si 4
Na 1830 1 5790
Mg 55 S0, 1000
Sr 22 HCO; 40
K 13 pH 7

to investigate the behavior of cement based grouts
under various conditions of temperature, water chem-
istries, and lengths of time in contact with the leachant.
The leaching tests were carried out at 25°, 50°and 100°C
in Teflon containers of 90-mL volume. The grout spec-
imens were placed on Teflon grids at the bottom of each
container to ensure full contact between the sample and
the solution. Leachant was added to yield a sample
surface area to solution volume ratio of 0.1 cm
Prismatic-shaped samples were cut to obtain a surface
area of approximately 6 cm”. The amount of water used
in each container was about 60 mL. The leachants used
in this study included deionized distilled wafter and
Whiteshell N-1 synthetic groundwater; they were not
renewed during the test. Table 2 shows the composition
and pH of the synthetic groundwater used. Leach times
of 7, 14, 28, and 35 days were used. The grout samples
were removed from the container at their predeter-
mined leaching times.
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Analytical Method

Characterization of the microstructure and the chemical
properties were done before and after the permeability
tests and the static leaching tests to find any changes in
the cement grouts attributable to different test condi-
tions. Any changes in porosity, chemical composition of
the samples, or liquids deriving from the leaching tests
were determined. Optical, chemical, and microstruc-
tural methods were used to measure these changes
occurring as a result of the durability tests.

Microstructure Characterization

Surface analysis of the test specimens at the termination
of the hydraulic conductivity and leaching tests were
performed by scanning electron microscopy (SEM).
Before the analysis began, the grout specimens were
impregnated with epoxy based resin and polished with
increasingly finer diamond powders (15, 3, and 1 pm).
The microscope used was a JEOL JMS 840A connected
to a microprobe LINK 10,000.

Techniques such as mercury intrusion porosimetry
have also been used to investigate the changes in pore
structure of both grouts. Before measurements, the
grout samples were dry by placing them in acetone for
4 hours and then in an oven at 60°C for 12 hours.

Chemical Characterization

Crystalline phases were determined by X-ray diffrac-
tion (XRD). Samples were crushed under a controlled

1E-10

1E-11 25°¢

50° C 100°

1E-12

/-"\_

1E-13

1E-14 —TypeK

= = =TypeH

~

1E-15

1E-16

Hydraulic conductivity (m/s)

1E-17

Detection

g |

limit
1000

T T 1

1500 2000 2500

Time (hour)

FIGURE 3. Effect of percolating time and temperature on the hydraulic conductivity of the grouts studied.
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TABLE 3. Variation of water viscosity with temperature {12]

Temperature Viscosity
O (v - 10° m%s)
20 0.995
60 0.480 (Av = —50%)
100 0.290 (Av = ~70%)

nitrogen atmosphere to prevent carbonation and ana-
lyzed by a Rigaku DMAXB apparatus. Solution analy-
ses were performed at the termination of each static
leaching test. Calcium was analyzed by inductively
couple plasma spectroscopy.

Results and Discussion

Permeability Tests

Hydraulic conductivity was assessed with grout speci-
mens under compression. Figure 3 presents the effects
of percolating time and temperature on hydraulic con-
ductivity of both grouts under investigation. A mean
hydraulic conductivity was calculated for each temper-
ature.

The results show that, under the test conditions, both
grouts had a permeability lower than the detection
limits (< 107! m/s) at 25°C and even at 50°C for the
type H cement based grout (Figure 3). Type K cement
based grout has shown a moderate flow at 50°C and a
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more important hydraulic conductivity at 100°C. As a
comparison, the conductivity measured for this grout at
100°C (107’2 m/s) corresponds to the conductivity at
25°C of sound granite. The important fact to notice is
the considerably low hydraulic conductivity of type H
cement based grout.

As expected, permeability increases along with the
temperature increases. The observed increase in hy-
draulic conductivity may be attributed to changes in
microstructure and the decrease in the viscosity of
permeated water. The viscosity of water is lower (Table
3) and it moves easily through the grout samples.

A high permeability was measured at the initiation of
the tests. Temperature can bring thermal expansion that
creates fractures and cracks. Examination of the speci-
mens after the tests revealed the presence of cracks
parallel to their longitudinal axis. The presence of these
cracks may explain the high permeability at the initia-
tion of the tests. However, this increase in hydraulic
conductivity is observed for a short period of time, after
which the hydraulic conductivity decreases with time.
This was attributed to the self-sealing properties of the
grouts. Microscopic examination of the grouts at the
termination of the tests showed that chemical reaction,
accelerated by the elevated temperature, led to the
formation of a precipitate in the cracks in the grout
specimens. This precipitate is the likely cause of the
temperature-induced decrease in the hydraulic conduc-
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FIGURE 4. SEM/energy dispersive X-ray analyses of the deposit in a crack from the type K cement based grout.
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tivity of the grout. The mechanism of self-sealing of
cracks in the cement based materials is not well under-
stood even though the phenomenon is well-established.
Several authors have indicated that the most likely
mechanisms responsible for the crack sealing are dep-
osition of calcium carbonate and/or formation of new
hydration products [13-15]. Under the experimental
conditions used in this study, the results suggest that
the most likely process responsible for the crack sealing
is continued hydration reaction. The SEM/energy dis-
persive X-ray analyses of the filling material indicated
that it consisted mainly of Ca and Si (Figure 4). The
morphology and the chemical composition of the filling
material suggest CSH. Figure 5 shows a general view of
a fracture observed in the type K cement based grout
and filled up with reaction product.

It is a known fact that the pore structure of cement
paste controls to a large extent the permeability of the
material. Therefore, any factors affecting either the total
porosity or the pore size distribution of hardened grout
should affect the hydraulic properties of the material.
Medium size capillary pores (0.01 to 0.05 pm) and large
pores (0.05 to 10 pm) control permeability [16]. As
shown in Figures 6 and 7, each grout has a low
percentage of large capillary pores due to the use of
silica fume admixture. This may explain the very low
results obtained for permeability. However, the type K
cement based grout contains a higher percentage of
medium capillary pores, which may explain the higher
hydraulic conductivity in comparison with the other
one. Classification used in these figures comes from
[17].

An increase in total porosity is observed in both
grouts relative to the initial values obtained for the
control specimens: 6% for the type K cement based
grout and 4% for the type H (Figures 6 and 7).
However, despite the fractures observed, classes 1

FIGURE 5. Deposit in a crack from the type K cement based
grout (2,200x).
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FIGURE 6. Pore size distribution of type K grout before and
after the permeability tests (see nomenclature).

and 2 have not increased excessively: a slight increase
was observed in type K cement paste. This may be
attributed to the formation of precipitate. Class 3
shows no change, whereas for the fourth one, an
increase of 5% is measured (Figure 6). The increase in
class 4 may indicate the increase in the CSH gel as the
result of continue hydration. Finally, the type H
cement based grout shows a low increase for classes
3 and 4 (Figure 7).

SEM in backscattered electron induced mode exami-
nations revealed the presence of unhydrated phases in
the hardened grouts: approximately 10% of the matrix
for the type K cement based grout and 25% for the type
H grout. Some particles have an hydrated layer on their
margin, whereas others show only a remnant of their
initial structure. The hydration of these unhydrated
phases when in contact with the permeating water may
explain the delay before the water flowed through the
grout. In the control samples, the initial unhydrated
phases represented approximately 20% in the type K
cement based grout and 40% in the type H grout.

The increase in classes 2 and 3 in type K grout may be
attributed to ettringite [Ca,Al,(SO,),(OH),, - 25H,0]
decomposition above 60°C. These observations have
been confirmed by XRD analysis performed on the
specimen after the permeability tests. The results show
the presence of katoite [Ca;AL(SiO,)(OH)g]. This min-
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FIGURE 7. Pore size distribution of type H grout before and
after the permeability tests.
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FIGURE 8. Effect of leaching time and temperature on the
leach rate of calcium for the type K grout reacted with
deionized water.

eral and calcium sulfates, CaSO,xH,0, appear after the
decomposition of ettringite.

Static Leaching Tests

As for the permeability tests, the increase in tempera-
ture to 100°C brings more important changes in the
grout in comparison to 25°C or 50°C. In fact, at 100°C,
the results show higher calcium leaching rates, leaching
depth, and porosity. Figures 8 and 9 show the calcium
leaching rate for the type K and type H grouts sub-
merged in deionized water: leaching increases at higher
temperatures. However, after a certain period of time,
the system tends to approach a steady state attributed
to calcium concentration approaching solubility limits
and/or due to formation of a surface protective layer.
SEM examination confirmed the formation of a precip-
itate layer on the surface of the leached specimens. This
layer was identified, by XRD, as being in major part
composed of calcium carbonate. The samples leached in
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FIGURE 9. Effect of leaching time and temperature on the
leach rate of calcium for the type H grout reacted with
deionized water.
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FIGURE 10. Porosity distribution in the type K cement based
grout after 35 days of leaching (see nomenclature).

synthetic groundwater also show traces of Mg(OH), on
the external surface. A solution with MgSO, or MgCl,
leaches the calcium hydroxide and brings the formation
of brucite deposits [18].

The calcium leaching originates mostly from the port-
landite Ca(OH),, of which the decrease can be seen
semi-quantitatively by XRD. The dissolution of this min-
eral increases the porosity of the grouts and may affect
their long-term durability. Figures 10 and 11 show the
pore size distribution in the type K and type H cement
based grouts. The porosity does not change significantly
at 25°C in comparison with the control sample, but at
100°C, a significant difference is observed.

The decomposition of ettringite at high temperature
also may contribute to the increase in porosity. This is
more important in the type K grout, because it contains
agglomerations of ettringite crystals. This may explain
the increase of class 2 at 100°C for this grout.

Furthermore, fewer differences are observed in the
porosity classes between 25°and 50°C; it is at 100°C that
the changes are really important. At the two first
temperatures, the hydration is more important, which
is represented by an increase for class 4. However, at
100°C, it is class 3 (and 2) that increases: leaching is
more important than hydration.
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FIGURE 11. Porosity distribution in the type H cement based
grout after 35 days of leaching.
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Finally, SEM observations show that the leaching
depths increase with temperature, especially at 100°C,
and duration of test. This results in higher porosity.

Conclusions

The study shows that both, hydraulic conductivity and
leaching properties of the grouts investigated, were
affected by the increase in temperature. However, the
results show that both leaching and hydraulic conduc-
tivity of the grouts tend to decrease with time. The
observed changes were attributed to the formation of
new hydration products resulting from the increase in
the degree of hydration and associated reactions.

The work discussed here revealed that the porosity of
the grout does change with leaching time, but in the
limits that depend on grout composition, temperature
and initial porosity. The results confirm that the grouts
investigated have the potential to self-seal.

Nomenclature
Class 1 (%) 300-0.9 um
Class 2 (%) 0.9-0.06 um
Class 3 (%) 0.06-0.009 pum

Class 4 (%) 0.009-0.003 pm

Kand H Cement type

Dand W  Water type

25 and 100 Temperature (°C)

35 Test duration (days)
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