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 15 

The paper describes the performance of a concrete intended for sealing deep boreholes 16 

in the host rock of radioactive repositories. The concrete will form plugs where fracture 17 

zones are intersected and be located between very tight seals of smectite clay installed 18 

where the surrounding rock is tight. The concrete must be able to carry the clay 19 

segments after a couple of days but the bearing capacity does not have to be very high 20 

since the clay soon adheres to the rock and carries itself. The concrete contains talc as 21 

superplasticizer since ordinary organic additives for reaching high fluidity at casting are 22 

unwanted. It has a low cement content for maintaining its low porosity after dissolution 23 

in a long time perspective.  24 
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Deep investigation boreholes for site selection of repositories for high-level 30 

radioactive waste are proposed to be sealed with series of concrete and clay plugs 31 

for preventing released radionuclides to reach the biosphere. Laboratory and field 32 

investigations show that both materials undergo degradation where they are in 33 

contact and that reduction of the cement content in the concrete seals is desired. 34 

Their bearing capacity must still be sufficiently high to carry the clay seals, which 35 

consist of perforated tubes filled with compacted smectite-rich clay. Casting of the 36 

dense concrete requires use of superplasticizers. Organic ones are unwanted since 37 

they give off colloids that can move radionuclides to the biosphere. New types of 38 

concrete have to be developed and one with talc as superplasticizer has been 39 

investigated in this study for finding out if it can serve acceptably.   40 

Following a principle proposed for sealing of long boreholes in a rock mass 41 

hosting a repository for high-level radioactive waste (HLW), those parts of the 42 

holes where the rock has few fractures and a low hydraulic conductivity are 43 

preferably sealed with clay while those intersecting permeable fracture zones 44 

require mechanically strong concrete (Pusch & Ramqvist, 2003), cf. Figure 1. The 45 

average number of clay and concrete seals in 500 to 1000 m long holes is on the 46 

order of 10-20. The concrete does not have to be completely tight since the 47 

fracture zones have a potential to undergo tectonically induced strain and seals 48 

placed in them will be sheared and eventually suffer loss of structural integrity. 49 

 50 

The principle of placing clay plugs of the type mentioned in deep boreholes with 51 

80 mm diameter and casting ordinary concrete over them has been successfully 52 

tested in a 500 m deep hole at Olkiluoto, Finland (Pusch & Ramqvist, 2007). 53 

Further testing is required for development of the technique so that it can be used 54 
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in holes reaching down to 1000 m and more. Installation of clay seals in such 55 

holes will expose them to erosion by adflowing water, which can, however,  be 56 

largely eliminated by coating with smectite/talc paste (Pusch, 2011).   57 

 58 

Figure 1 59 

 60 

The function of the concrete is to provide axial support to the clay seals, which 61 

requires that it remains a mechanical buffer and does not suffer corrosion, i.e. a 62 

criterion that requires high density and a minimum of cement. A further criterion 63 

is that it must not significantly degrade the contacting clay seals. Such impact is 64 

caused by the alkali nature of the concrete solution that originates from the 65 

alteration of Portland cement (Warr, 2011) as concluded from a three year field 66 

experiment (Figure 2). This study indicated extensive alteration of the smectite 67 

clay by dissolution and cation substitution, with transformation to non-expanding 68 

clay minerals and amorphous silicious compounds. Such reactions led to 69 

significant loss in the strength of the concrete within a distance of a few 70 

centimetres from the clay/concrete contact.  71 

 72 

Figure 2 73 

 74 

2. First results of a new concrete for sealing deep boreholes 75 

 76 

2.1 Criteria 77 

 78 
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New types of concrete are under development and one is described in the present 79 

paper. It contains a small amount of Portland cement (<15%), has quartz as the 80 

dominant aggregate mineral, and the mineral talc that provides fluidity. The latter 81 

ingredient can be used to replace organic superplasticizers, such as Glenium 51, 82 

which is unsuitable due to the organic colloids that may be released. Talc is a soft, 83 

hydrated magnesium silicate (Mg3Si4O10(OH)2) with a sheet silicate crystal 84 

structure and it has a characteristic hydrophobic nature (Wallqvist et al. 2006). 85 

Addition of talc to mixtures of common concrete constituents, i.e. aggregates of 86 

granitic type (quartz, feldspars and heavy minerals), cement and water, would 87 

theoretically lead to a fluidity that is similar to that of concrete with organic 88 

superplasticizers when using the same water/cement ratio (w/c). The major aim of 89 

this pilot project was to see if the proposed principle of using talc for reducing the 90 

viscosity of freshly prepared concrete is practical and fulfils the following criteria: 91 

 92 

   The concrete must be fluid directly after preparation for casting in boreholes, 93 

 The concrete must be coherent and not undergo phase separation, 94 

 The concrete should harden to a compressive strength of at least 0.5 MPa in 48 95 

hours, 96 

 The cast concrete must be physically stable under water after hardening. 97 

 98 

Since a long-term function of the concrete is required for 100,000 years, 99 

according to criteria specified by the Swedish Nuclear Fuel and Waste Handling 100 

Co (SKB), (Pusch & Ramqvist, 2003, 2006) and the cement component will 101 

dissolve and be lost in a foreseen time period, the rest, i.e. the aggregate 102 

components must still provide continuing support for the neighbouring sections of 103 
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clay seal. These components must therefore be very dense and have a granular 104 

composition to resist erosion.  105 

 106 

 107 

2.2 Pilot tests 108 

 109 

Exploratory tests with 12.4% ordinary Portland cement mixed with 23% rock flour (<50 110 

m), 37% fine sand (50-250 m), 23% coarse sand (250-1000 m), and 4.6% talc 111 

(Univar Talc Haichen No1) was conducted for finding out if this hydrophobic mineral 112 

can serve as a superplasticizer. The water/cement ratio was 1.0. Load testing made 3 113 

days after casting gave a compressive strength of 3.5 to 4.2 MPa. The appearance of the 114 

freshly prepared concrete is shown in Figure 3 and the hardened samples loaded to 115 

failure in Figure 4. The failure pattern indicates that it behaved as brittle material.  116 

 117 

Figure 3 118 

Figure 4 119 

2.3 Main tests 120 

 121 

A main test series was made with concrete prepared according to Table 1, 122 

employing considerably less cement than in the pilot test. The amount of water 123 

added to the materials was selected to represent: A) condition for filling forms 124 

without compaction or vibration, B) normal fluidity, C) condition requiring 125 

vibration for filling forms.  126 

 127 

Table 1 128 
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 129 

The samples had a cement/aggregate ratio of 0.07, i.e. about half the value for the 130 

samples in the pilot test series. They were stored in a moist environment and 131 

loaded after 2, 7 and 60 days for determining the unconfined compressive strength 132 

(Table 2). Sample A had a compressive strength of 0.38 MPa after 2 days 133 

increasing to 1.0 MPa after 7 days, undergoing no further strengthening up to 60 134 

days. Sample B with the highest w/c ratio (1.3) but nearly the same 135 

cement/aggregate ratio as Sample A had a compressive strength of 0.19 MPa after 136 

2 days and 0.5 MPa after 7 days and 0.6 MPa after 60 days. The compressive 137 

strength of Sample C, which had the lowest w/c (0.6) but about the same 138 

cement/aggregate ratio as A and B was 0.5 MPa after 2 days and 1.7 MPa after 7 139 

days. The data for all the tests are compiled in Table 2, which shows that the 140 

strength approximately doubled after 5 days from the first compression event 141 

compared to what took place 2 days after casting. However, no or very limited 142 

additional improvement took place in the subsequent 7 weeks. The pH of the 143 

freshly prepared concrete was determined to be 12. 144 

 145 

Table 2 146 

The A- and C-samples were less ductile than B. The sample A) had a consistency 147 

required for filling forms without compaction or vibration, sample B) was 148 

sufficiently fluid for being pumped over longer distances, and sample C) was 149 

rather stiff but judged to be suitable for casting by use of vibrators. The fluid 150 

Sample B started stiffening already after about 6 hours and was somewhat ductile 151 

even after 1 day. Its creep properties after 60 days were tested by stepwise 152 

application of an axial load with recording of the strain for 5 minutes per load step 153 
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as shown in Figure 5. The large strain before failure that took place was due to the 154 

ductile behaviour caused by the talc content.  155 

 156 

Figure 5 157 

  158 

2.4 Mineralogy 159 

 160 

In order to test the effect of talc on the cementation reaction we analyzed the 161 

material prepared following the mixture of Case C (Table 1), with 5% of Portland 162 

cement, 11% talc of 95 % purity, and a water to cement ration of 0.6. We 163 

analyzed the starting materials as well as the cement products that were set for 7 164 

as well as 60 days with powder X-ray Diffraction (XRD). The results for the 60 165 

day old cement are shown in Figure 6.  The minerals identified are ettringite, 166 

portlandite, larnite, brownmillerite, calcite and quartz.  The talc-bearing cement 167 

contains exactly the same cement phases present in similar concentrations. 168 

Therefore the addition of talc appears to have no significant effect on cement 169 

phase development. The analyses of the 7 day old cement showed similar 170 

characteristics to that of the 60 day mineralogy. 171 

 172 

Figure 6  173 

 174 

3       Discussion and conclusions 175 

 176 

3.1 Role of the mineral constituents  177 

 178 



 8 

In the case of underground storage of radioactive waste, concrete seals are 179 

necessary where deep boreholes intersect water-bearing fracture zones. To be 180 

effective the concrete must remain coherent when being cast, the puzzolanic 181 

component should be uniformly distributed and the cohesive strength sufficient. 182 

These properties are difficult to achieve without the help of superplasticizers, and 183 

here we propose talc as a safer alternative to the current organic additives used 184 

(e.g. Glenium 51). The challenge of finding alternative superplasticizers is 185 

particularly important when using concrete with very low cement content.  186 

 187 

Microstructural investigation of the talc-cement by scanning electron microscopy 188 

(methodology described in Warr & Grathoff, 2011) revealed a number of features 189 

reflective of the plastic behaviour of an additional talc phase. The most obvious 190 

findings were the formation of skins (cutans) of talc particles oriented parallel to 191 

the surface of aggregate grains (Figure 7), and of several tens of micrometer long 192 

shear zones of roughly oriented talc particles (Figure 8). These features indicate 193 

the flow alignment of talc contributed to the plastic deformation of the localized 194 

cement matrix: a key process required for attaining low viscosity and eventual 195 

high compressive strength. The flow behaviour of the talc can be primarily 196 

attributed to its platy shape, hydrophobic character and very low value of 197 

frictional coefficient (Moore & Lochner, 2008; Prasad et al. 2010) that result in 198 

easy sliding and alignment of particles.  199 

 200 

The shape of the talc particles in the cement indicates that some dissolution has 201 

occurred. The edges are commonly irregularly curved and smooth (Figure 7 and 202 

8), in strong contrast to the straight crystal edges observed in the raw talc material 203 
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(Figure 9). Such dissolution would be expected to release more Mg and Si into 204 

solution, that then contribute to the crystallization of new cement minerals. 205 

 206 

Figure 7  207 

Figure 8 208 

Figure 9 209 

The effective axial pressure from the entire fill in a 1000 m deep borehole acting 210 

on a concrete seal at the bottom will not exceed 5 MPa according to silo pressure 211 

theory (Ravenet,  1981), which gives a total axial compression of less than 0.1 % 212 

over thousands of years even if the cement is dissolved. 213 

 214 

 215 

3.2 Conclusions   216 

 217 

 218 

Concrete for sealing boreholes can be prepared with sufficiently high density, at 219 

least 2200 kg/m
3
, corresponding to that of bottom morains, to resist axial 220 

compression.  221 

 222 

Talc as mineral component serves as an alternative superplasticizer and as 223 

conditioner of the concrete making it cohesive and less sensitive to variations in 224 

water content than ordinary concrete.  225 

 226 

Mixtures of the investigated types presented, giving concrete with a compressive 227 

strength of around 0.5 MPa after 2 days and 1.0 MPa after 7 days, can be taken as 228 
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a basis for further development for constructing concrete seals without the need 229 

for organic superplasticizers.  230 

 231 

The ductile behaviour of the matrix of the cement-poor talc concrete determines 232 

its properties in the preparation phase and during initial hardening. Its 233 

compressive strength is developed early, i.e in about a week, and then remains 234 

constant for the subsequent three weeks. The very dense matrix of aggregate 235 

grains indicates that even after complete loss of cement over a long time period it 236 

would not be expected to cause spontaneous compression of the material. 237 

 238 

 239 
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FIGURE CAPTIONS  276 

Figure 1. Proposed distribution of clay and concrete-sealed parts of a deep borehole at 277 

Forsmark (Borehole KFM07A, Pusch & Ramqvist, 2003). 278 
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 279 

Figure 2. Field experiment with clay plug consisting of highly compacted smectite-rich 280 

clay in perforated copper over which concrete of quartz/cement (Q/C) was cast to create 281 

a mechanical support to the underlying clay plug.   282 

 283 

Figure 3. Semi-liquid concrete prepared with w/c 1.0 and a cement/aggregate ratio of 284 

0.15. 285 

 286 

Figure 4. Typical failure mode showing the formations of axial fractures under 1.0 MPa 287 

pressure.  288 

 289 

Figure 5. Creep strain of Sample B under stepwise increased uniaxial force. The 290 

material showed ductility but the failure, reached for a pressure of 1.1 MPa, was of the 291 

type shown by the failed sample in Figure 3, i.e. indicating brittleness.  292 

 293 

Figure 6.  Powder X-ray Diffraction patterns of two cements (without added aggregate) 294 

that set for 60 days.  Top pattern is of solely Portland cement, the middle pattern is the 295 

cement with 11.7%  talc.  The bottom scan shows the relative difference between the 296 

two.  The talc peaks are all labeled. The other peaks all belong to cement minerals 297 

including portlandite (Port), ettringite (E), brownmillerite (B), larnite (L) and others as 298 

well as  quartz (Q) and calcite (C).  The most intense ones are labeled..  Instrument 299 

parameters: Cu-Kα radiation, 40kV 30mA, Ni filter, Lynx Eye detector.   300 

 301 

Figure 7. Residue of talc particles oriented around a spherical quartz grain (not shown) 302 

in the concrete.  303 
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 304 

Figure 8. Micrograph showing high degree of filling of the void between densely 305 

located aggregate grains and a shear zone of oriented talc particles. The about 100 m 306 

long zone starts in the lower left and extends to the upper right. 307 

 308 

Figure 9. SEM images of the raw talc material that was added to the Portland Cement. 309 

 310 

 311 

FIGURES 312 
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Figure 2 317 
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Figure 3 322 

 323 

Clay plug of basic

type

Q/C concrete of 

KR-24 type

Sand/gravel
56 mm borehole extending to water-
bearing zone under pressure. The hole is 

filled with gravel

Note: The 80 mm hole is filled

with tap water before the clay

plug is inserted, and the Q/C plug

is cast 24 hours thereafter

0.8 m

1.5 m

2.5m

0.2 m

5 m

Packer



 15 

 324 

Figure 4 325 

 326 

 327 

Figure 5.  328 
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 330 

Figure 6 331 

 332 
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 333 

Figure 7 334 

 335 

 336 

Figure 8 337 
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 338 

Figure 9 339 

 340 
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TABLES 342 

Table 1. Composition of second generation of talc/cement concrete. 343 

 344 

Case  Ce-

ment, 

% 

Water

% 

w/c Talc
1

% 

Sil. 

flour 

% 

Aggre

-gate
2
,  

% 

Cement

/aggr. 

ratio 

Volume

cm
3
 

 

Weight

g 

Den-

sity  

kg/m
3
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 345 

1) Univar Talc Haichen No1 346 

2) The material was the same as in the pilot test series  347 

 348 

 349 

 350 

Table 2. Compressive strength results in MPa for the main test series.  351 

 352 

Sample  2 days  7 days 60 days 

A 0.38 1.0 1.0 

B 0.19 0.5  0.6 

C 0.50 1.7 1.2* 

* Slightly non-parallel basal planes of compressed sample 353 

 354 

 355 

A 5 5.8 1.2 11.7 5 72.4 0.069 260 598 2300 

B 5 6.7 1.3 11.7 5 71.4 0.071 260 595 2270 

C 5 3 0.6 11.1 5 75.8 0.067 210 495 2360 


