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Abstract  
 

Low-pH shotcrete formulations were developed within Module #4 of the Integrated Project ESDRED 
to build repository plugs, needed for the closure of deep geological repositories, in compliance with 
the design criteria established by the major national radioactive waste management agencies. Field 
tests have confirmed that the shotcrete formulations fulfil the design criteria, and two full scale tests: a 
short shotcrete plug constructed and tested in Äspö HRL (Sweden) and a long demonstrator shotcrete 
plug constructed and under testing in the Grimsel URL (Switzerland), have demonstrated that a 
solution for building low-pH shotcrete plugs is now available at industrial scale.  

 

1 Introduction 
 

Module #4 of the Integrated Project ESDRED aims at the demonstration of the technical feasibility, at 
an industrial scale, for the closure of deep geological repositories, intended for the disposal of high 
activity wastes in compliance with technical requirements on operational safety, retrievability and 
monitoring. Both the construction and closure of a deep geological repository will require the use of 
big amounts (up to thousands of tons) of cementitious materials for the construction of auxiliary 
structures needed for the operation of the repositories.  

For instance, plugs are required for confining backfills in repository tunnels and shafts in the waste 
application phase and in the final phase of closing the repository. Temporary plugs that only need to 
provide support and tightness for a period of weeks or months can be of a simple type, like shotcrete 
coatings. However, in practice many temporary plugs may be required to be strong and tight even for 
rather short periods of time. The principal design criterion is that the seal elements must provide at 
least the same degree of radionuclide containment and isolation as the surrounding rock 

One main concern for the use of concrete in radioactive waste repositories comes from the potential 
chemical interaction with the disposal components, which can undergo physicochemical 
transformations and changes in their radionuclide confinement properties. The reduction of the pH of 
the concrete is a long-term safety issue to avoid this interaction. 

Another key issue addressed in relation to the feasibility of the construction of concrete sealing plugs 
in a real repository is the introduction of the shotcreting technique. This technique provides a very 
good contact between concrete and rock, filling all voids and holes, even at the roof part. In addition, a 
good quality shotcrete has a lower porosity and permeability than standard concrete, and can be easily 
reinforced using fibres if needed. Another practical advantage is that forms are not needed, and 
therefore the plug can be constructed very quickly, which is a critical factor in a real repository, in 
cases when a fast temporary or permanent closure of a gallery or drift is required. In terms of safety, 
shotcrete arms and robots make possible to perform this operation in a semi-automated mode, with the 
operator situated at some distance from the working face. 

Although the utilization and performance of standard shotcrete in conventional construction works is 
well known, even in the construction of underground sealing plugs (Bárcena et al., 2003) there was no 
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experience in either the workability or the performance of shotcrete formulated to obtain a final low-
pH product and, therefore, testing of this specific material under realistic conditions was needed. 

Therefore the objectives of the research carried out, from February 2004 up to now, for the 
development of low-pH shotcrete for the construction of sealing plugs for repository disposal galleries 
have been: 

• definition of the design criteria applicable for the construction of low-pH shotcrete plugs in 
underground repositories; 

• development of low-pH cement formulations for industrial shotcrete application in repository 
construction; 

• design of low-pH shotcretes, compliant with some pre-established functional requirements, to 
be used in the construction of repository plugs;  

• adaptation and optimization of the shotcrete technique to the construction of concrete plugs in 
real underground drifts using the low pH concrete formulation designed; 

• full scale demonstration of a low-pH shotcrete plug. 

Thus the laboratory research activities carried out in this sense within Module #4 of the IP ESDRED 
provided a low-pH concrete formulation suitable of being shotcreted (Calvo et al., 2008). 

 

2 Demonstration of the low-pH shotcrete plug  
 

2.1 Objectives  
The required steps at that stage have been: testing the fulfillment of the established functional 
requirements for the low-pH shotcrete (Table 1), testing its bearing capacity, and demonstrating the 
feasibility of a full-scale plug made out of this shotcrete under realistic conditions. 

Table 1.  Main functional requirements for the shotcrete plug established by the national radioactive 
waste management agencies ENRESA, NAGRA, SKB, POSIVA and ANDRA 

Requirement Target 

Pore water pH < 11 

Hydraulic conductivity K < 10-10 m/s 

Final mechanical properties 

Young Modulus 

Compressive strength 

 

< 20 GPa 

≥ 10 MPa 

Workability > 2 h 

Pumpability 250m  

Peak hydration temperature ≤ 40º C 

Construction rate 1 m/day 

 

In this sense, the specific objectives were: 
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• running a series of preliminary field tests to check the behaviour of the shotcrete in terms of 
low-pH, long distance pumpability and sprayability, and to verify the fulfilment of the 
functional requirements by analysing samples taken after different hardening periods; 

• constructing a short low-pH shotcrete plug and determining its bearing capacity with a 
mechanical load test; 

• constructing a full-scale low-pH shotcrete plug or long plug to check the feasibility and 
performance of this type of plug construction under realistic conditions – swelling pressure 
exerted by the saturated bentonite and the local hydraulic gradient. 

 

2.2 Field testing of low-pH formulations  
The shotcreting trials for checking and optimising the formulation developed by ICCET-CSIC were 
carried out by AITEMIN in the facilities of Fundacion Santa Barbara in Leon (Spain), with a view to 
preparing the construction of the short low-pH shotcrete plug at the Äspö HRL (Sweden). 

Shotcreting tests were carried out, pumping the concrete along a pipeline with elevations, over short 
and long distances, and spraying both manually and with a spraying robot, over panel and into a steel 
reinforced concrete tube resembling the Äspö gallery (Figure 1). No problems were detected during 
the tests. The analysis of fresh and hardened concrete samples yielded the expected results in terms of 
mechanical strength and permeability. 

Figure 1: Testing of shotcrete formulation for plug construction in Spain 

The final shotcrete formulation for the construction of the short plug can be found in Table 2. 

Table 2.  Formulation for short plug 

Component kg/m3 

Water 277.2 

Ordinary Portland Cement: CEM I 42.5 R/SR 184.3 

Silica Fume 122.9 

Coarse aggregate (5-12) 615.6 

Medium aggregate  (2-5) 199.7 

Fine aggregate  (0-2) 818.1 
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Component kg/m3 

Superplastizer “Sikament TN-100” 5.5 

Air entrapper “Sika Aer 5” 0.6 

Accelerant "Sigunita L-53 AF S" 18.5 

 

 

2.3 Short plug test  
The short plug test was designed as a parallel 1 meter long shotcrete plug (without keys in the rock) 
constructed in a horizontal drift measuring 1.85 m in diameter, excavated by full face push boring 
technique in the -220 m level of the Äspö HRL. It was possible to apply a mechanical pressure at the 
rear face of the plug up to take it to failure by injecting and pressurising water into a water chamber 
left in the back end of the drift. This water chamber was hydraulically sealed by means of an isolation 
membrane covering the rock walls and the rear face of the plug. A number of sensors (extensometers, 
pressure cells and acoustic sensors) were installed within the plug and surrounding rock for measuring 
different parameters related to the behaviour of the plug during the test (Figure 2).  

 

Figure 2: Short low-pH shotcrete plug test layout 

For the construction of the short low-pH shotcrete plug the concrete was mixed manually by 
introducing all the dosed components directly into a mixer truck. The spraying was done manually 
using a stand-alone concrete pump, over 15 m of distance and 2 m of elevation (Figure 3). Three 
layers with thicknesses from 20 cm to 35 cm were constructed the first day, followed by a fourth layer 
constructed the second day to complete the 1 m long plug. 

The test was performed by increasing the pressure in the water chamber stepwise up to 24 bar. The 
plug overcame elastic deformations during the pressure increases, with recovery when pressure 
dropped. Despite a significant water leakage that was detected at the bottom of the plug, it was 
possible to increase the pressure up to 27 bar (Figure 4), when it was considered that the plug had 
“failed”, given the sudden increase in the rate of displacement and in the number of acoustic hits per 
second registered by the acoustic emission sensors. After releasing the pressure, two more load tests 
were done, and the plug was moved again when reaching a pressure of 25 bar. The plug underwent a 
total displacement of 16 mm. A documented dismantling of the plug was carried out, including the 
collection of samples. 
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Figure 3: Construction of short low-pH plug in Äspö HRL 

 

 Plug “failure” 

 

Figure 4: Data from short low-pH plug testing 

The main findings obtained from the test were: no shrinkage of the concrete had taken place given the 
force needed to move the plug and the existence of slickensides throughout the interface plug/rock; a 
better calibration of the mechanical parameters of the interface plug/rock was obtained; and a valuable 
experience was obtained on how to construct parallel plugs, in difficult working conditions, with a 
good enduring capacity under mechanical load. 
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2.4 Long plug test 
Prior to the tests, shotcrete trials were carried out by AITEMIN, again in the facilities of Fundacion 
Santa Barbara in Leon (Spain), to test the shotcrete formulation adapted (Table 3) to the aggregate 
from Grimsel. The objective of the trials was to check the performance of the adapted mix in terms of 
pumpability, sprayability, etc. The spraying tests were carried out over a panel resembling the long 
plug gallery, which measures 3.5 m in diameter, to check the self-supporting capacity of the fresh 
shotcrete in such large cross section. The tests were successful, and the adapted formulation proved to 
be suitable for the construction of the long plug. 

Furthermore, a final test was performed at the VSH Hagerbach Test Gallery in Flums Hochwiese 
(Switzerland), in order to test the correct behaviour of the equipment with the same set-up to be used 
during the plug construction (mixing procedure, pumping length, spraying section, etc). The test was 
successful, and it was possible to construct one metre of plug without problems in one day. The 
shotcrete layers were constructed with a curved shape in the borders, which allowed the application of 
shotcrete perpendicular to the rock, intended for improving the bonding shotcrete-rock. 

Table 3: Formulation for long plug 

Component  kg/m3 

Water 230 

Ordinary Portland Cement: CEM I 42.5 R/SR 165 

Silica Fume 110 

Filler (limestone) 70 

Sand (0-4) 1,045 

Gravel (4-8) 590 

Superplasticizer “Sikament TN-100” 2.8 

Accelerant "Sigunita L-53 AF S" 16.5 

 

The basic layout of the test consisted of a 4 m long parallel low-pH shotcrete plug constructed at the 
back end of a 3.5 m diameter horizontal gallery, excavated in granite with a TBM in the Grimsel URL 
(Switzerland). The end of the gallery was sealed with 1 m of buffer constructed with blocks of highly 
compacted bentonite (Figure 5). The bentonite was provided with geotextile mats for water injection, 
working as an artificial hydration system to accelerate the saturation process. Besides, a number of 
sensors were installed to follow the evolution of the test, namely total pressure cells, displacement 
sensors, water content sensors and piezometers. Both the tubings from the hydration system and the 
cables from the sensors were led, through a pass through borehole excavated in the rock, to the service 
area, where they were connected to the water injection system and the data acquisition and control 
system respectively. 
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Figure 5: Long low-pH shotcrete plug test layout 

As in the case of the short plug, preliminary mechanical scoping calculations were made with FLAC 
code for a low-pH shotcrete plug measuring 4 m in length and 3.5 m in diameter. An elasto-plastic 
Mohr-Coulumb model without hydraulic coupling was assumed, taking into account the experience 
gained from the Äspö test. According to the calculations, the maximum pressure that the plug can 
support is estimated in 5 MPa. 

The main components of the test were a bentonite buffer comprising a water injection system, the 
sensors and associated Data Acquisition, Display and Control System (DADCS) and the long low-pH 
shotcrete plug. 

Bentonite buffer: A one meter thick bentonite buffer was built at the rear end of the test gallery with 
vertical layers of highly compacted bentonite blocks. They were manufactured from compacted 
powder bentonite “FEBEX” type (Huertas, 2006), with a water content estimated in 12 % in weight, 
and a planned dry density of 1.70 g/cm3, to obtain a planned global dry density of 1.562 g/cm3. The 
mean swelling pressure of the buffer with this global dry density is 4.5 MPa when fully hydrated, that 
is, 0.5 MPa below the design pressure of the plug. For the construction of the buffer (Figure 6), the 
lower part of the buffer up to the middle of the gallery was first completed in its full length of one 
metre and secured with a wooden support, and then the upper part was completed. 

The six hydration mats were installed perpendicular to the gallery axis each three layers of bricks, with 
the first mat located at the back end of the bentonite buffer. The water injection system installed was 
intended to fill with normal tunnel water (formation water) the mats inside the bentonite chamber at a 
low pressure to hydrate the bentonite blocks, and afterwards, if needed, to impose a pore water 
pressure in the buffer. It was composed basically of two pumps fed from a water tank and connected 
through a distribution panel to each mat individually. The injection pressure and water inflow were 
controlled by manual pressure regulators and valves. Pressure transducers were installed to register the 
water pressure. 

The instrumentation was installed as planned in each central layer of bentonite bricks between 
hydration mats.  All cables and tubings from the instrumentation and hydration mats were led to cable 
connection boxes lodged in the hole excavated at right hand side of the gallery, and from those boxes 
to the service area through a connecting borehole running parallel to the gallery. 

All the bricks installed were weighed to control the amount of bentonite installed. A total of 16,588 kg 
of bentonite were installed. 

The construction of the buffer was more difficult than expected, due mainly to the instability of the 
block layers, which called for supporting ties to the rock throughout the whole buffer construction. As 
a consequence, the voids ratio finally obtained was higher than planned, resulting in a global dry 
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density of 1.55 g/cm3 which yields a mean swelling pressure of 4.15 MPa, with a natural variability of 
±25 %, that is, ± 1 MPa approximately. 

 

     

Figure 6: Construction of bentonite buffer 

Sensors and DADCS: In total 13 total pressure cells, 22 humidity sensors of different types, 12 
piezometers and 4 displacement sensors were installed to monitor the plug performance during the test 
at different locations in the rock, in the bentonite and in the shotcrete mass. The sensors are mainly 
conventional (wired) ones but a number of them were connected to a wireless transmission system. 
These wireless transmitted sensors were installed as a part of the TEM Project, which is run by 
NAGRA in the Grimsel URL. 

The sensors were connected, through the necessary data acquisition units, to the main DADCS for the 
monitoring and management of the test, which works in unattended mode and can be contacted with 
modem for remote supervision. 

Finally, NDA (former NIREX) installed a non-intrusive monitoring system. It consists in the 
performance, from six linear boreholes (each 25 m long) excavated around the gallery, of different 
series of non-intrusive seismic tomography measurements, to be carried out along the lifetime of the 
experiment. Besides, 25 single-component geophones with a natural frequency of 100 Hz were 
installed at the front face of the concrete plug after its completion. 

Plug: The plug construction was planned in successive vertical layers of shotcrete, the first one being 
applied directly over the face of the bentonite buffer, with a thickness not exceeding 30 cm each, and 
with a waiting time of several hours between them. The shape of the layers was curved in the borders 
as in the last shotcreting test, so to apply the shotcrete perpendicularly to the rock along the periphery 
of each layer (Figure 7). 

For the construction of the plug, the concrete mixer and pump were installed in the VE cavern, located 
at some 80 m from the construction point. The shotcreting was done with a spraying robot. The plug 
was constructed in 7 curved layers applied during four days in total. After the spraying of each layer, 
the hardening was controlled with penetrometer.  

Right after the start of the buffer saturation phase a water leakage was detected through the contact of 
the rock with the bottom of the plug, and the injection was stopped. Successive injections lasting 
between 24 and 48 hours were carried out afterwards and the water leakage appeared every time. A 
retaining dam was constructed close to the plug front up to mid height of the gallery, so to allow the 
retention of water thus favouring the swelling of bentonite. The water injection was resumed and 
afterwards total pressure and humidity started rising (Figure 8). The buffer saturation was continued 
by injecting water at low pressure only through mat S6, which is located at the back end of the buffer, 
totalling approximately five months of continuous water injection. Then the injection was continued 
through all the six mats. 
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Figure 7: Long plug construction and  ”as built” shape of layers 

 

 

Figure 8: Total pressure increase due to the buffer saturation 

The injection pressure will be increased if necessary to maintain the injection (a decision on this issue 
will be taken upon the water inflow evolution). The objective is to hydrate the buffer as fast as 
possible to reach the target buffer pressure (4.5 MPa) before the maximum planned duration of the 
project (December 2008).  
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If before December 2008 the obtained buffer pressure is below the target pressure, an attempt to 
produce an effective testing pressure of such value on the plug will be made by means of the water 
injection system.  

 

3 Conclusions 
 

Results from preliminary field tests confirmed that the concrete materials selected and the proportions 
used were suitable to fulfil the design criteria and that conventional wet-stream shotcreting technique 
proved to be appropriate for the construction of plugs with the selected low pH concrete.  

Results from a full scale low-pH short shotcrete plug constructed in an horizontal gallery in the Äspö 
Hard Rock Laboratory (Sweden), that was tested up to failure and thereafter dismantled and analysed, 
confirmed the feasibility of the obtained solution and helped to determine the key parameters of the 
bearing capacity of a plug of this type. 

Finally, a full scale low-pH long shotcrete plug demonstrator was designed and constructed in the 
Grimsel underground research laboratory (Switzerland), and is being tested under realistic conditions. 

Both tests demonstrated that a solution for minimising the effects of the hyper alkaline plume from the 
concrete plugs in the repository, in compliance with the design criteria established by the major 
national radioactive waste management agencies, is now available at industrial scale. Furthermore, 
such solution provides the following improvements for the repository:  

• increase of the long term safety due to a more stable multiple barrier system (natural and 
engineered) thanks to the reduction of the hyper alkaline plume effect; 

• better compatibility of engineered materials and natural barriers due to an improved sealing 
material: the low-pH concrete; 

• improvement of seal/plug design because concrete plugs could be built with no reinforcement 
and with no recesses excavated in the rock for competent formations (granite); 

• improvement of seal/plug construction methods and equipment because the concrete plugs 
could be built using the shotcreting emplacement method, which is much faster that the casted 
concrete, can be easily automated and could be almost continue due to the low heat release of 
the low-pH concrete during hardening. 
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