Some rock mechanics tasks in nuclear waste disposal projects
Nick Barton, NB&A, Oslo

During a long rock mechanics career the undersigned has had the opportunity to gain some insight into various national and international nuclear waste related studies. Personal and company involvement has been in the USA (several projects), Canada, Sweden (several projects) and a major site characterization in the UK.
A first field task when joining TerraTek in Salt Lake City for four years in 1980 was to assist and later help interpret the hydraulic parts of the first fully coupled HTM in situ block test, which was performed on a heavily instrumented and flat-jack loaded, heated and flow tested 8m3 of tough-to-core high strength quartz monzonite in the CSM mine in Colorado. This was funded by ONWI – the Office of Nuclear Waste Isolation. They contracted TerraTek to test many instruments in parallel, so that more confidence could be gained about the performance of instrumentation subjected to heating, used in various experiments. A glimpse of the principles is shown in Fig. 1. 
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Fig. 1 The ONWI/TerraTek heated block test for testing the coupled HTM (hydro-thermo-mechanical) behaviour of a jointed crystalline rock. Mean jointing trends are shown. A range of strain and deformation gauges are seen. (Hardin et al. 1981, Barton, 1982).
ONWI subsequently funded the development of the Barton-Bandis joint constitutive model, which was finalized in Barton,1982, with the strong software-savvy help of Khosrow Bakhtar, and was immediately used to help illustrate a two-volume report for AECL and CANMET in Canada concerning its potential application in fractured parts of the Underground Research Laboratory in Manitoba granite. The BB model for joint behaviour was subsequently incorporated in UDEC as UDEC-BB by Itasca/NGI in 1985, following soon after the pioneering Peter Cundall development of UDEC.
There followed a contract with Hanford BWIP (basalt waste isolation project) concerning the possibility of nuclear waste disposal in basalt, in the deep part of the Cohasset Flow in Washington State. The more massive columnar basalt and the more irregular and heavily jointed entablature posed different stress (or strain) related fracturing problems, suggesting possible bursting or larger deformation respectively.
Yucca Mountain, DoE
Some 15 years later the undersigned also performed reviews on behalf of the American DoE, of the Bechtel/SAIC (BSC) and the Morrison Knudsen/TRW consortia’s extensive characterization studies at the Yucca Mountain test site in Nevada, which was to be developed in both the lithophysal and non-lithophysal jointed welded tuff. Much of this concerned the repository site characterization application of the RMR (rock mass rating) method of Bieniawski and of the Q-system developed by the undersigned. 
Besides using core from numerous boreholes, and a variety of down-hole testing, characterization at Yucca Mountain was mostly performed after two TBM tunnels had been bored for several kilometers beneath a length of the mountain, the second one angled into potential repository material – which included the remarkable lithophysal or void-bearing tuff which was mostly without systematic jointing. These two geologic media are glimpsed in Fig. 2.
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Fig. 2 The jointed and fractured non-lithophysal is on the left (actually inside the fractured wall of the TBM tunnel), and the void-bearing lithophysal is on the right: also a TBM wall.
Planned future disposal in cannisters on rail cars included options for retrievability, assuming the eventually heated tunnel arches and inverts did not fracture too extensively along the parallel disposal tunnels. Numerical modelling performed at the time had surprisingly not distinguished between the properties of the different joint sets and had some inconsistent input data. As indicated in Fig. 3 there were distinct differences in joint roughness, and actually a third set of intermediate roughness. Two of the three sets would have helped improve stability. Fig. 3 illustrates how these differences can be described by means of the (#3) BB model for shear strength. The large diameter cores illustrated, are about to be direct shear tested in a USBR lab in Denver, and soon yielded back-calculated JRC values of 1 and 15, respectively very planar and very rough, representing two of the several joint sets at Yucca Mountain. The non-linear peak strength BB equation (#3 in the figure) was verified against tests on 130 joint samples (ten are shown in the figure). JRC (the joint roughness coefficient) has at least fifty equations to its name, developed by those who do not perform tilt or shear tests but instead analyse 3D roughness. The non-linear term that includes JRC incorporates the ratio of stress/wall-strength, and correction for scale or block size, thanks to scaling equations suggested by Bandis. (Bandis et al. 1981). More realistic modelling would have greatly reduced long-term modelled-earthquake damage at Yucca Mountain.
	[image: ]
	[image: ]

	[image: ]
	[image: ]


 Fig. 3 Central elements of the BB model used in UDEC-BB for tunnel and cavern modelling concerns estimation of the shear strength of the jointing. (The smallest blue arrow draws attention to no cohesion intercept.) The large diameter cores from Yucca Mountain had JRC values of 1 and 15. Barton and Choubey, 1977, Barton and Bandis, 1990.
Sellafield, UK Nirex Ltd.
While still at NGI the undersigned managed six years (1990-1996) of characterization and modelling for UK Nirex at the Sellafield site in Borrowdale volcanics (a welded tuff called ignimbrite). We were assisted by geologists from Atkins. (See Barton et al. 1992a). Among other tasks: logging of 11km of deep core mostly using the Q-system, also logging some cores with RMR. We selected hundreds of rock joint samples for index testing and a lesser number for shear tests. Based on the results we performed extensive UDEC-BB modelling of the planned 700m deep disposal caverns.
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Fig. 4 UDEC-BB modelling of a section of the proposed TBM spiral-access ramp to the once planned UK Nirex Ltd. RCF (rock characterization facility) in welded tuff (ignimbrite). Principal stresses, joint shearing and conducting apertures are shown.
An example of UDEC-BB modelling of a planned spiral TBM access tunnel to 700m depth, is shown in Fig. 4. This tunnel would first pass through the overlying St. Bees sandstone and then penetrate the deeper Borrowdale volcanics ignimbrite. The illustrated model was performed by former NGI colleague Harald Hansteen, with the geometry of the BVG rock mass estimated by engineering geologist Fredric Løset. The joint geometry, and many others for cavern modelling, was digitised. Note (in 2D) several joint sets and a fracture zone from this part of the much larger ‘joint mozaic’.
Figure 5 illustrates the tilt test equipment used in the UK Nirex Ltd. Sellafield site characterization project. Here we are testing for the basic friction angle of the St. Bees sandstone, using smooth (but not polished) core in line contact. The tilt apparatus on the right is the TerraTek model designed for projects in the USA. It is seen here tilt testing an ideal diametrically jointed core. Often, sawing is needed.
This simple joint characterization test was also performed on joints from the permeability test hole in Fig. 1. Such tests usually represent input to UDEC-BB tunnel and cavern modelling, but in this first applied case gave insight into permeability changes with joint closure, also as a function of temperature. Details are given in Barton, 1982, and Barton et al. 1985. With Bakhtar UDEC-BB can be UDEC-BBB.
	[image: JOINT character tilt for phi b NIREX lab photo]
	[image: ]

	[image: ]
	[image: ]



Fig. 5 Mechanised or manual tilt test devices for characterizing (left) basic friction angles, and (right) the JRC value of an initially interlocked rock joint. Some examples of the joints in the BVG ignimbrite from Sellafield RCF 1 borehole are also shown.
SKB, Sweden
The above rock mechanics experiences gained in the USA, the UK and Canada were performed both before and concurrently with work for Sweden’s SKB projects at Stripa, Äspö, Simpevarp and Forsmark. This included in situ testing and occasional modelling of EDZ (excavation disturbed zone) and extensive Q-based core logging. NGI had two years of rock mechanics consultant tasks in the SCV (site characterization and validation) project at Stripa in the late 1980’s, and NB&A had subsequent work on characterization at Äspö, Simpevarp and Forsmark. 
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Fig. 6 Successive scales of site characterization, prediction, and validation in the SCV project at Stripa. The final EDZ modelling with UDEC-BB (not shown here) was performed by Karstein Monsen, formerly of NGI. Barton et al. 1992b.
The logic behind the SCV for the case of our rock mechanics projects at Stripa is shown in Fig. 6. The BB model was an essential part of the core-logging, index testing, and coupled shear-flow test interpretation at the different SCV scales shown on the left in Fig. 6. On the right, the BB behaviour is sketched: from A to C: shear-dilation-aperture-permeability, from D to E: normal stiffness-closure cycling-aperture-permeability. We worked in parallel with an international team of fracture-flow modellers (in particular Bill Dersowitz, Alan Herbert and John Black) who had their own sequential measure-predict-validate tasks.
The undersigned, working subsequently as NB&A, provided site characterization assistance to SKB in the APSE tunnel project of Äspö. Some of the Q-logging and part of this tunnel are shown in Fig. 7a and 7b. This set of Q-histograms represents the overall rock mass quality. Logging was also performed at 5m intervals to help locate a pillar-loading experiment. The Q-statistics indicate ‘extremely good’ quality rock mass, as also reflected in the frequent half-rounds following careful blasting. From the Q-value (and Qc = Q x UCS/100) results one can also estimate depth-dependent deformation moduli for modelling, and depth-dependent seismic P-wave velocities for correlation with (or interpretation from) geophysical testing. 
The most frequent quality of Q = 200 shown at the top of Fig. 7a means ‘extremely good’, and the typical maximum of 2,000 is basically without jointing – an apparent ‘ideal’ but seldom realised goal for waste disposal. However, this is actually not so ideal as there may be no hydration of cannister-surrounding bentonite if there is too low (crystalline matrix) permeability. There is then the dilemma of not wanting too significant jointing, as finally discussed in this short review. The undersigned also logged four 1,000 m deep cores drilled at the Simpevarp and Forsmark sites. These generally gave similarly high-quality Q-value results except in fracture zones. One of the cores (KFM 01A) from Forsmark is shown in the SKB core shed in Fig. 8. Surface-exposure logging was also performed above both sites, on each occasion using the Q-system and employing the same Q-parameter histograms as in Fig. 7a.
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Fig. 7a Q-histogram logging for SKB in order to help locate a planned pillar loading and heating/pressurizing project. Barton, 2003.
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Fig. 7b Part of the APSE tunnel at Äspö. Note half-rounds and general very good quality.

Discussion
Q as a measure of rock mass quality, with its simple inter-relationships to rock mass deformability and seismic velocity (and also to permeability via QH2O) is clearly of some help in the choice and local design of underground facilities in general. However, for nuclear waste disposal there will be chosen media like over-consolidated clays and shales in some countries with HLW, where the Q method is clearly inadequate if not actually inappropriate. 
Besides rock mass quality we have to be well aware, of course, of the huge associated efforts in managing to site a repository of several km2 area in plan-view between major fracture zones, based on extensive hydrological 2D and preferably 3D testing and modelling of the possible site. In addition, and critically, there is the very demanding waste-packaging and disposal methods, perhaps involving the KBS 3 large-diameter boreholes and long copper cannisters, with their surrounding initially dry bentonite-block annuli. 
There are also other aspects of behaviour that ‘rock quality’ per se cannot solve, but can warn about, where Q-values are lower. This concerns the unconventional and not yet widely known behaviour of rock joints of different roughness. Heating and cooling (just cooling in the case of geothermal energy) is now known – after a lot of accumulated and synthesised underground research – to cause thermal over-closure of rock joints (or fractures) if these have significant roughness like JRC > 10. In effect the joints or fractures belonging to such sets (if they are present) will tend to stay closed when cooled due to actual tensile strength. Their roughness locks the joints closed. This is because they have very good fit when hot or heated i.e. when bought 
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Fig. 8 Part of the SKB core shed at Forsmark. Former NGI colleague Panayiotis Chryssanthakis is busy recording for a separate contract with SKB. 

closer to their likely elevated formation temperatures. Smoother joints will tend to open to compensate for the cooling. This is believed to have caused strong divergence (preferential capture) of injected water in the case of some geothermal projects. In the case of heat-generating HLW, smoother fractures will need to be avoided when large-diameter drilling for cannister lay-out is occurring. This over-closure phenomenon has been of concern to the author since 1971, and was published about in 1985, 2006 and 2007, and finally synthesised in more detail in Barton, 2020.
Fracture zones in general are problematic, and obviously cause a marked reduction in Q-values, but if temporarily removed from the data, the generally high rock mass quality and low permeability of candidate disposal sites in crystalline rock is easily appreciated. As is well known for various more obvious reasons, we must watch out for the fracture zones, and for jointing in general, due to the potential for loss of shear strength and increased permeability when cooling occurs. This is particularly so if we have the combination of both rough and smoother joint sets. One set (the rough one) may remain closed, the other may slowly slightly open and lose shear strength and gain permeability to compensate for the necessary shrinkage. 
We must ideally isolate HLW in almost unjointed/unfractured rock at depth, but not too deep, as we need to avoid extensional strain fracturing. ‘Stress-induced’ fracturing has traditionally been related to the maximum tangential stress exceeding 0.4 (+/- 0.1) x UCS (also in the 1993 Q-system SRF), but in fact this ‘0.4’ ratio is due to tensile strength divided by Poisson’s ratio. They are arithmetically equivalent, and the extensional fracturing starts before possible unstable propagation in shear. This new approach to fracture initiation is described by Shen and Barton, 2018. 
Both types of fracturing must be avoided if possible, perhaps by siting at less than 500m depth, and where stress anisotropy is moderate. It would be very inconvenient to have extension-strain fracturing in connecting (transport) tunnels, even if avoided in the disposal tunnels that are at right-angles. Avoid strain (traditionally stress) induced fracturing (a design/modelling criterium) and avoid joint sets and local fracture zones (a local disposal-hole decision). Extensive deep permeability measurements and core logging are essential of course, and have been widely performed at many sites already decades ago.
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Figure 1.2

A UDEC-BB model of TBM excavation in tuff-ignimbrite.
Note tangential stress variations, joint shear and hydraulic
apertures in the EDZ. NGI, 1994.
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