Low Stress and High Stress Phenomena in Basalt Flows
N.R.Barton
Nick Barton & Associates, Oslo, Norway
ABSTRACT: Contrasting  geophysical, rock  mechanics  and  rock  engineering  experience in basalts, caused by either exceedingly low or extremely high stress are described, from projects in the USA and Brazil. The first involves a nuclear waste characterization project in Hanford basalts in the USA, and the second describes, in much more detail, stress-fracturing problems in numerous large tunnels at the 1450 MW Ita hydro-electric project in SE Brazil’s basalts. Particular phenomena that were noted, include linear stress-strain loading curves when columnar basalt is loaded horizontally, and a k0 value reaching about 20-25 at Ita HEP.
1 InTroduction 

The beauty of columnar basalt, and the huge areal extent of basalt flows across large tracts of many countries, are perhaps the features that characterize basalt most profoundly. The Colombia River basalts in USA, and the Parana Basin basalts of S.E. Brazil, are just two of these major accumulations of 10’s of thousands of km2 of basalt. In this paper, some sophisticated characterization in the first location mentioned, in the hope of finding a nuclear waste disposal candidate, and some major rock engineering problems due to extreme horizontal stress in the second location, will form the core of this paper.
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Figure 1. Basalt forms blocks of many shapes and forms.
2  STRESS-DEFORMATION CHARACTER
One of the USA’s nuclear waste disposal candidates of the mid-eighties was the 900 m deep Cohasset flow of the extensive Colombia River basalts. This was found some distance away at a more convenient shallow depth for preliminary but extensive characterization studies, at the so-called Hanford BWIP (basalt waste isolation project). 
Some interesting joint deformation effects were caused by the low horizontal stress levels at this (too) shallow location, as revealed in an in situ block test, and at larger scale in some cross-hole seismic measurements in a tunnel wall, showing strong  EDZ effects. At each scale, behavior was affected in special ways by the anisotropic joint properties and by anisotropic stress levels, particularly the low horizontal stress. The latter could be controlled in the block test, and thermal loading logically caused joint closure: the original state. An unexpected linear stress-deformation behaviour was measured in the block test, apparently due to the contribution of both shear and normal components of joint deformation.
Some site characterization was performed by the author, along exposures of the candidate Cohasset Flow (Figure 2), which formed impressive cliffs along the distant Colombia River. Both joint properties and rock mass properties were described, in an attempt to evaluate their potential effect on disposal tunnels planned for 900 m depth at the candidate site, and possible tunnel support quantities.
Drilling and stress measurements had indicated strongly anisotropic stresses of approximately 60, 40 and 30 MPa, and some cores, presumably drilled  in  the  midst of  columnar basalt, displayed strong core

[image: image2]     Figure 2. Cohasset flow exposed along the  Colombia River.
discing (Figure 3). The likely performance of the planned disposal tunnels at the same depth, was therefore of some concern. A conceptual image of excavation ‘scale’effects’ is shown in Figure 4, to illustrate the likely relative effects of massive columnar basalt and the more jointed and irregular entablature, on the performance to be expected in planned disposal tunnels. Barton, (1986), contract report.
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Figure 3. Cohasset flow sampled at 920 m depth.
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Figure 4. Comparative scales of boreholes in ‘massive’ rock  and tunnels in jointed rock: either columnar or entablature. Stress-fracturing (core-discing or rock-bursting) in cases A, B, and C, but  not  in  case D  due  to  stress  re-distribution and greater deformation. Possible σθ max ≈ 140 MPa at 900 m depth.

with failure initiation at about 0.4 to 0.5 xUCS. Barton, (1986).
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Figure 5. The borehole layout for cross-hole seismic measurements in the wall of a drill-and-blasted experimental tunnel.

King et al., (1986), performed an interesting set of cross-hole seismic measurements, in a part-flow-entablature part-columnar jointed basaltic rock mass, at the BWIP site. The columns were regular but sinuous, 0.15 to 0.36m in thickness, dipping 70 to 90°, with frequent low angle, discontinuous cross-jointing. The measurements were made between four horizontal boreholes drilled 12 metres into the wall of a drill-and-blasted underground opening, at 46 m depth. The objective was to investigate the effect of blast damage and stress redistribution, i.e., two of the assumed chief components of the EDZ or excavation damage and disturbed zone.


[image: image7]
Figure 6. The vertical and horizontal ray-paths showed great contrast due to the low stress across columnar cooling joints.
The  two diagonal  seismic-ray paths #1-4 and #2-4 
showed, in contrast, almost identical seismic velocities, with a plateau at about 5-5.5 km/s, and reduction to about 3.6 to 4.4 km/s in the outer 2 to 3 m.
  
[image: image8]
Figure 7. Seismic and other physical measurements in the face of the tunnel in basalt. Zimmermann and King, (1985).
     The large contrasts in Vp values for the vertical path (#1 to #2) and for the horizontal path (#3 to #4) close to the opening (1.5 to 2.0 km/s difference) are the most clear indication of the easily disturbed columnar jointing. There is also some indication of a tangential stress concentration effect: the background (far-field) velocity of about 5.4 to 5.8 km/s appears to be elevated by about 0.5 m/s from about 4 to 8m depth in the wall, with a lower background velocity.
    The authors registered no consistent trend in RQD

values with depth, but increased crack density was seen close to the opening. The velocity reductions seem to be a product of blast-damage, stress relief (and redistribution) and possible reduction in moisture content. The authors noted water flow from some of the horizontal holes during the tests, and had originally assumed more or less saturated conditions. However, Figure 7 does show a change in saturation level.

    These results are presented in order to emphasise the possibility of drying out of some of the joints, despite water flow from some of the holes. The theoretical analysis of crack density did not appear to be supported by the RQD measurements in general, but is perhaps an expression of joint void ratio changes, with the joints closest to the tunnel wall showing the largest voids and therefore suggesting an apparent (but false) increase in joint density.
     A sophisticated heated block test was one of the main components of the in situ testing at BWIP. Flat jacks were used to load four sides of the large jointed block and confinement on a fifth side was available too. Unusually for jointed rock masses, neither concave nor convex load-deformation curves were produced: rather the load-deformation was linear when performed across the part-columnar part entablature jointing.
     Figure 8 suggests how this may be due to the combination of joint closure phenomena (concave) and joint shearing tendencies (convex). UDEC-BB models of these joint configurations showed such trends.
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 Figure 8. Conceptual explanation of concave, linear and convex load-deformation curves obtained from in situ testing, and UDEC-BB modelling result showing respective joint shearing magnitudes. Barton, (1986), and NGI modelling team.
In Figures 9 and 10, a more simple-minded classification of columnar basalt is suggested, using the first four Q-parameters. Jw and SRF might be extreme.
3. STRESS PROBLEMS AT ITA HYDRO BRAZIL
In the case of the Brazilian 1,450 Mw Ita hydroelectric project, contrasting Q-values in adjacent columnar and entablature flows were the focus of stress-fracturing predictions for various tunnels. It was found that the least jointed flows with high Q-values attracted extremely high stresses in the topographic ridge defining the project location across a meander in the river. Stress fracturing and extensive, many meters deep, ‘dog-earing’ occurred in the five large 150 m2 diversion tunnels. In the higher-elevations of five pressure tunnel linings, cracking occurred when contact grouting, specifically in the 3 o’clock and 9 o’clock positions, over total lengths of hundreds of meters. There was also extensive erosion loss of basalt in the first flood-operation of the spillway, which could be attributed to the stress-aligned fracturing. Stress ratios k0 as high as 25:1 could be interpreted in the 50 to 100 m deep tunnels.
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Figure 9. Columnar basalt displaying large-scale sinuosity and small-scale undulation due to successive cooling allowing joint propagation to greater depth. Locations: Chile and Greenland.
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Figure 10. Mostly small-scale planarity and small-scale roughness down each column. Suggested Q’ classification would be (90-100)/9 x (1.5-3)/1. The six sides of the hexagons are equivalent to Jn = 4.
[image: image1]
Figure 11a. The 1450 MW Ita hydroelectric project was built across a rock ridge formed by a 12 km meander in the Paraguay River in South East Brazil.
The first telltale signs of high horizontal stresses and strong stress anisotropy developed gradually as the project itself progressed, during the four years of construction time. Separate phenomena in different locations in the project eventually built a convincing picture of a highly stressed, narrow rock ridge in which the river meander itself presumably had acted like an ‘over-coring’ agent. (See the satellite photograph reproduced in Figure 12). The assumed regional stress anisotropy was concentrated in the narrow, pillar-like ridge, and with each new excavation,
stress concentrations proved to be close to the limit of stress-induced fracturing – and sometimes exceeded the limit, despite the high strength of the basalts.

      Popping noises, some thin slab ejection, and larger than expected deformations were recorded during excavation of the five diversion tunnels, at depths of only 50 and 100m beneath the ridge.

      Since stress problems and deformations were more notable as the tunnels reached their full height, the previously provided rock bolting in the arch of each top heading proved, in retrospect, to be insufficient, as some areas of excessive scouring in the arch and invert were later experienced following river diversion. Several metres thickness of over-stressed rock were lost in places, in the arch and in the invert.
Figure 11b. Stress-related problems were noted first in the (Tuneis de Desvio) diversion tunnels, later in the (Tuneis Forcado) pressure tunnels and finally in the spillway. 

[image: image15]
Figure 12. Satellite image of project site. The Uruguai River flows from the bottom to the top of this satellite photograph.
     These lost meters of failed rock will be back-calculated as indicators of stress magnitudes. We will also return soon to the deformations measured in the tunnels, when trying to back-figure the likely levels of stress.
      The author’s involvement in the project started at the spillway location, with a Q-system based histogram logging of the characteristics of the four basalt flows G, H, I, J that were now well exposed at this downstream location. Large-scale cracking had been 

noted above the portal of the tunnels, possibly also due to the high, horizontal, ridge-parallel stress.
     Most of the diversion tunnels had been excavated in the central, and most massive H and I flows where most of the ‘popping’ was registered. The Q-logging confirmed the significant difference in the degree of jointing between the basalt flow ‘pairs’ G and J (above and below) and H and I in the centre. In this case we were dealing with a ‘sandwich’ with a hard centre, which was perhaps responsible for concentrating horizontal stresses to an even higher level in the N-S oriented ridge (see Figure 3). The relative magnitudes of the Q-parameters in the two pairs of flows were as follows:

Flows G and J: general character:
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Flows H and I: general character: 
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Prior to the assumption of a significant stress differentiation between the two pairs of flows, we can give the following preliminary Q-ranges of 5 to 13, and 30 to 100 respectively. If we assume general high stress for all these flows, and a preliminary SRF ranging from 0.5 to 2, the above ranges are extended to 2.5 to 26, and 15 to 200 respectively. 

     Correlation of such Q-values with rock mass parameters such as deformation modulus and seismic velocity are improved, following Barton (1995, 2002), by normalization with the uniaxial strength σc.

The normalized value Qc is estimated as follows:
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An estimate of P-wave velocity (for verification with site characterization) is given by the following empirical relation for rock of low porosity, and is also shown in Figure 4:
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The basalt at UHE Ita was unusually hard, with a range of uniaxial strengths of 140 to 280 MPa. If we assume a mean of about 200 MPa for convenience, the above Q-value ranges for the two pairs of flows become Qc estimates of 5 to 52, and 30 to 400 respectively. Ranges of near-surface (nominal 25m depth) VP are therefore 4.2 to 5.2, and 5.0 to 6.1 km/s respectively. These ranges proved, quite independently, to show reasonable agreement with the 4.2 to 5.6 km/s range for ‘sound rock’ measured above the future diversion tunnels many years previously.

     The previously referred ‘sandwich’ of massive flows H and I, in which the diversion tunnels were driven, are likely to have attracted higher levels of horizontal stress than their neighbours, and this can
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Figure 13. Inter-correlations of Q or Qc and Vp and Emass which were used for differentiating the basalt flow properties. Barton, (2002).
be indirectly assessed by the relative magnitudes of deformation moduli that can be estimated from the following equation, again for near-surface (nominal 25m depth) and low porosity. 
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The estimated contrasts in rock mass deformation moduli were perhaps in the range 17 to 37 GPa for flows G and J, and 31 to 74 GPa for flows H and I, in fact roughly a doubling of moduli due to the more massive nature of the central, and eventually very troublesome basalt flows. With greater horizontal stress in the H and I flows, an anisotropic distribution of moduli would probably have been in operation, but this possibility has been ignored in the simple treatment that follows.

2 BACK-CALCULATION OF POSSIBLE STRESS LEVELS

We can first address the magnitude of the deformations actually recorded at up to twenty measurement locations along each of the five diversion tunnels. The convergences were plotted by sadly departed colleague Nelson Infanti, in the approximate log10 Q/(span or height) versus log10 (convergence) format of Barton et al., (1994). Even at the top heading stage, the deformations, which ranged from 0.5 to 13mm, were mostly higher than expected from the central empirical trend of numerous data:
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In the case of TD-5, ten of the twenty instrument locations that were monitored again after benching down to the full 17m height, showed magnitudes of convergence at the triangular monitoring stations that ranged from 13 to 50mm, with a median value of 22mm, and a mean of 25mm.

Back-calculation according to equation 4 suggested much lower ‘stressed’ Q-values, 20mm deformation implying Q ≈ 0.8, and 50mm implying Q ≈ 0.3. So characterization prior to tunnel excavation, was suggesting Q-values for the massive H and I flows of the order of 15 to 200, while classification for tunnel design was, through back-calculation from deformations, suggesting Q-values in the approximate range of 0.3 to 1.5. 
We were clearly mostly within the ‘stress-slabbing’ SRF class (Table 1) of 5-50, Barton and Grimstad, (1994), which implies a σc/σ1 ratio of 5 to 3, or an ‘elastic behaviour’ tangential stress ratio assumption ( σθ /σc ) of  0.5 to 0.66, i.e. a tangential stress high enough to cause failure with rock strength scale effects considered.

Table 1. Extract from Q-system SRF, concerning stress-failure of massive rock. Barton and Grimstad, (1994.
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     In the case considered here, the major principal stress is of course σH and the above ratios are suggesting that its value might be in the approximate range 47 to 56 MPa, when using the 140 and 280 MPa uniaxial strengths in the logical way in relation to the above strength/stress ratios of approximately 5 to 3.

     Measurements performed at the site with an older LNEC STT (stress tube tensor) method were inconsistent, but maximum stresses of 29, 43 and 54 MPa were recorded, and, significantly, the core removed from the 9m deep holes above the over-coring sites, showed ‘disking’, which is a sure sign of strong stress anisotropy and large magnitude. There was also some limited core-disking in deeper parts of two investigation boreholes.
     An alternative way of back-calculating the possible horizontal stress level is to use the set of empirical ‘depth-of-failure’ data assembled in Figure 14. With depths of failure as seen in Figure 15 in the range 2 to 3m for an average tunnel ‘radius’ of about 8m, we see in Figure 14 that ratios of σ max/σc of about 0.6 to 0.7 are implied when Df/a is in the range of (8 + 2 or 3m)/8 = 1.25 to 1.38. Taking σc as an average 200 MPa, the above implies that the maximum tangential stress may have been as high as 120 to 140 MPa. If we further assume relevant vertical 
stress ranges from about 1.25 to 2.5 MPa from 50 to100m overburden depths, and an elastic isotropic
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Figure 14. Empirical data for stress-induced depths of failure in relation to stress/strength ratios. Martin et al., (2002).
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Figure 15. Consistent stress-induced fracturing of 2 to 3 m depth (also in the invert in places where scoured by flood –flows. These large diversion tunnels measure 15 x 17 m.
theoretical σφ (max) = 3σH – σv, we obtain estimates of σH of about 39 to 46 MPa. The implication is therefore that the ratio of principal stresses (σH/σv) may be as high as approximately 20-25, which of course is exceptional.
2.1 An estimation of negative minimum tangential stresses
As the critical pressure tunnel excavations were at a very preliminary stage, some re-evaluations of potential tangential stress anisotropy was appropriate, for the partly horizontal, partly steeply inclined shafts. For the case of excavation through the massive H and I flows, a similar assumption to the above, of σH(max) of 35 to 45 MPa was utilized,
together with a vertical stress range assumption of 1 to 2 MPa. This is an unusually extreme stress anisotropy, but phenomena from around the site appear to support it, as we shall see.
     Based on the above, and application of simple Kirsch equations, the EW oriented pressure tunnels, like the EW oriented diversion tunnels further upstream, might have maximum tangential stress levels in the range 103 to 135 MPa, and minimum tangential  stresses as  low as  (-) 29 to (-) 42 MPa, easily
enough to exceed the tensile strength of the basalts. 
     We know that the former, whatever their real magnitude, had been sufficient to cause stress fracturing in the first tunnels excavated, and loss of 100’s up to 1000’s of m3 of stress-fractured rock during river diversion (Figure 14). The latter (tensile stresses) would clearly be large enough to cause tensile fractures on NS sides (or 3 o’clock and 9 o’clock positions) around the pressure tunnels, which were yet to be completed – if these pressure shafts passed through sufficiently massive flows for the above Kirsch elastic isotropic solutions to be relevant (max. tang. stress =3A-B, min. tang. stress =3B-A, where A and B are the major and minor principal stresses.).
     As it happens it was also discovered during this first involvement with the project that the most massive H and I flows had ‘mysteriously’ given the highest permeabilities. This mystery is easily explained if the minimum horizontal stresses were also of the same order of magnitude as the above vertical stress assumption. Vertical tension cracks along the N and S sides of these parts of the investigation boreholes could readily explain the ‘inexplicable’ high permeabilities in the most massive rock mass. This is another illustration of the need for separate characterization and classification for before and after excavation, at whatever scale. Such differentiation when using the Q-system is emphasised in Barton, 2002.
3 CRACKING OF THE PRESSURE TUNNELS

The foregoing ‘situation report’, which can be summarized effectively by Figure 16, was delivered in 1997, two years before the author’s second visit to the site in 1999, following completed excavation and lining of the five pressure shafts/tunnels (mostly a 55 degrees inclined section of 140m length and a lower horizontal section containing the final steel penstocks). Raised boring of the ‘central’ core of each inclined shaft had been followed by drill-and-blast excavation of the complex (sometimes double-curved) 9m diameter pressure conduits, which had been temporarily supported with fibre-reinforced  shotcrete  and  rock  bolts,  followed  by about 0.5m
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Figure 16. Summary of the probable origin of an elevated horizontal stress and stress anisotropy at UHE Ita, and the reasons for two potential types of rock failure around the tunnel excavations.
of reinforced concrete – but with reinforcement only
in the lower half of each shaft, where the water pressure head would vary from 55 to 110m. This omission of reinforcement proved in the end to be a false economy.
     Some ‘popping’ had been recorded during excavation of the shafts, but only the lower part of each shaft was excavated in the massive H and I flows. The number of locations (3, 5, 6, 9 or 11) in the five shafts where popping noises had been recorded during excavation, were given elevated SRF values (2.5, 5 or 25) in the follow-up Q-logging. A concentrated and rather continuous zone of rock noises and ‘popping’ appears to have occurred in the central section of pressure shaft TF-2, with 8 to 10 close occurrences. Here an SRF of 25 was assumed, giving classification Q-values as low as 1.6. 

     The phenomenon of concern on the occasion of the author’s second site visit was intermittent but rather regular cracks along the NS sides (or 3 o’clock and 9 o’clock positions) of the pressure shaft concrete linings. The rather linear, sometimes sporadic, sometimes semi-continuous cracking mostly stretched for some 60 to 90m down each shaft, and was apparently caused when the contact grouting had been performed, behind the previously sound, cast concrete slip-formed linings. This grouting had been limited to 0.2 MPa excess pressure. The aperture of these mostly leaking cracks in the concrete was from 0.2 to 2mm, with many in the range 0.4 to 0.8mm. The cracks were rough on a small scale (JRC0 about 20 to 25) but remarkably linear on a scale of meters. ‘Fortunately’ they had occurred before filling the pressure tunnels. 
Figure 17 summarizes in graphic form, what is assumed to have happened as a result of the contact grouting in already tension-bearing, and perhaps pre-cracked, but otherwise massive rock. The existing negative total stress ((h minimum) at 3 o’clock and 9 o’clock was already probably an even more negative effective stress because of the near-by reservoir filling (-u), and this was made even more negative by the grouting pressure (-Δu). We thus have potentially four stages of crack development, if the final objective of pressure tunnel filling is included, as suggested in Figure 18.

     It is clear that this situation was completely unacceptable for pressure tunnel operation, and an extensive repair operation was already underway, using ‘epoxy taping’ following the method suggested by Andrioli et al., 1998. This repair operation was extended considerably when the unstable nature of the phenomenon was fully appreciated. Of particular concern were of course the consequences of uncontrolled leakage from the pressure shafts into the rock mass above the deep powerhouse excavation. An extension of the drainage fans from an extension of the existing drainage gallery was recommended, in order to be able to intersect the above cracks (between each pressure shaft) at more acute angles, to improve drainage efficiency. More fans of drain holes were added. Piezometers were already installed and more were added.

     Although some additional drainage capacity was installed, there was preference for the more extensive crack (and potential crack) repair using ‘epoxy taping’. Leakage under first filling was well controlled, though was higher than desirable. A scientifically interesting phenomenon was also discovered. There was a very minor rotation of the powerhouse inclinometers, when a pressure tunnel was taken out of operation for inspection, suggesting a coupled (effective stress controlled) deformation of the rock mass surrounding the pressure shafts, in the hillside above the power house. Needless to say, extensive improvement of the grouting in this area was recommended, in order to reduce sensitivity to potential effective stress changes, and extra drain holes were drilled from the drainage gallery.
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Figure 17. Tensile stress enhancement during contact grouting   is assumed to be the reason for the extensive cracking.

[image: image29]
Figure 18. Longitudinal impression of the grouting induced cracking along considerable lengths of each of the inclined pressure shafts, which unfortunately did not have steel reinforcement in their upper 50 to 60 m.

4 AUXiLIARY SPILLWAY OPERATION

The fourth, major stress related phenomenon at UHE Ita was experienced in the flat bottomed spillway excavations, in other words right to the surface in excavations intersecting the two massive flows H and I. Partly unlined, or  mostly  unlined  auxiliary 
spillways have operated with success in Brazilian dam projects built in basalts in the past, and experienced consultants accepted a similar design for UHE Ita. One of the specific reasons that the basaltic rocks strongly resist erosion during the infrequent, but sometimes extreme water flows, is that they have an interlocked, ‘jigsaw-like’ pattern of vertical and sub-vertical jointing, frequently with curved interlocking roughness (e.g Figures 9 and 10). Alternatively the joints may have a smaller-scale ‘open saw-tooth’ roughness, caused by the brittle-ductile cooling front that allows cooling cracks to develop downwards from the surface, but only as an intermittent process, a few centimetres at a time. There are often minor changes of direction with each cooling-joint propagation, which helps to add to the deformation resistance of blocks that are jointed in this way.
The suspicion of a fourth stress-related phenomenon was occasioned by an unprecedented loss of 18,000m3 of rock from the floor of the 20,000m3/s auxiliary spillway, but during only 2½ hours (!) of spillway operation with flows of only 800m3/s for 1 hour, and 1,600m3/s for 1½ hours in the 2000/2001 rainy season. The author’s third visit to the site in the dry season in mid 2001 coincided with the possibility to inspect, in dry conditions, if there was any evidence to suggest stress-enhanced erosion.

 Besides a previously hidden ‘junta falha’ or joint-fault beneath part of the spillway, the most important phenomenon proved to be the existence of numerous, well-oriented tension fractures, which crossed or ran sub-parallel with some existing NE trending joints. The stress-induced fractures had – inevitably – the familiar NS (ridge-parallel) orientation. There was also an equally pervasive development of sub-horizontal and equally fresh (unweathered) tension fractures, which also satisfy a NS maximum principal stress orientation. Thus the basalt had lost its prime property of non-systematic jointing (if we ignore the familiar columnar jointing, which resists erosion with reasonable efficiency).
The now systematic fracturing of the basalt effectively divided existing, irregular-shaped blocks into smaller, more easily eroded units, and as the upper or front parts were removed by traction and/or pore pressure during spillway operation, the next sub-blocks were exposed for a similar treatment. An existing basalt block, if divided by just one vertical and one horizontal fracture, becomes in the process 4 blocks. A finer division of each existing block with two vertical and two horizontal fractures becomes in the process 9 blocks. With respect to erosion resistance this is a catastrophic increase – and was readily observed in the floor of the spillway, sometimes with greater frequency than this, in one of the directions of fracturing.

Several 1m long cored and instrumented slots had been drilled in the floor of the spillway, following the scouring event, and these showed slow closure when oriented roughly EW (up to 0.5mm surface-measured closure), while an almost NS aligned slot showed opening, by up to 0.15mm. Such is broadly consistent with a strong stress anisotropy, but would need to be modelled in three dimensions for interpretation to be meaningful. The measurements could also be influenced by sub-horizontal fracturing.

Interestingly, occasional ‘radial’ blast-gas induced fracturing seen at the base of some remnant, vertical blast holes, was actually not radial but elliptical – with the long axis inevitably oriented NS, with some particularly extended (gas-and-stress-induced) fractures in this direction. At another location in the spillway floor, a newly stress-fractured slab had lifted (buckled) making a gap of several centimetres, beneath its bridge-like structure. High stress anisotropy was evident in many forms at UHE Ita, and was a valuable learning experience for all parties involved, including the author who was engaged by the consortium of Contractors.
7. CONCLUSIONS
     An unexpected linear stress-deformation behaviour was measured in the block test that was performed at the BWIP project in Hanford, USA. This apparently was due to the contribution of both shear and normal components of joint deformation. Joints that are closing normally exhibit concave load-deformation curves, while joints that are loaded in shear exhibit convex load-deformation curves. These contrasting trends appear to ‘cancel’ and a linear curve results.

Basalt flows encountered near the surface may exhibit low horizontal stress, if there are no topographic or tectonic reasons for stress concentration. This would seem to be related to the tensile nature of joint formation, and is clearest in the case columnar basalt. At the BWIP site, the thermal and flat-jack applied stress in the heated block test was able to close the vertical columnar, part entablature joints, giving much stiffer behaviour. 

Cross-hole seismic performed between four boreholes drilled into the wall of an experimental tunnel, also at shallow depth, exhibited strong contrasts in velocity between horizontal (lowest velocity) and vertical ( highest velocity ) ray paths. Diagonal  ray 
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Figure 19. Views of the site during construction and after reservoir impoundment. The narrowness of the ridge of rock made for a very compact site (compared to 16.6 km of mountain tunnels for a much larger river meander at Jinping II).
paths showed intermediate velocities. In all cases there was a strong reduction of velocity of about 2 km/s in the outer 2 to 3 m of the holes, due to an EDZ caused by blast damage, stress reduction, and somewhat reduced moisture content.
At the candidate waste site, the Cohasset flow was encountered at about 900 m depth, and due to strong stress anisotropy and high stresses (60, 40, 30 MPa) core discing was experienced in the more massive columnar-jointed rock. Stress-induced fracturing was predicted for the tunnels in this massiveflow, but joint deformation maybe would have protected tunnels from rock bursting in the more jointed entablature.
    At the Ita 1,450 MW HEP in Brazil, an anisotropic horizontal stress distribution of ‘normal’ magnitude for SE Brazil appears to have been seriously concentrated by maximum-stress-aligned river erosion. This occurred in the narrow 150m high ridge separating a 12 km river meander, which was chosen for the site of this hydroelectric plant. 
     Further concentation of horizontal stress in this ridge was caused by general stripping and excavation of large surface structures such as the auxiliary spillway. Within the ridge of basalt are two particularly massive, high Q-value, high modulus flows, which probably concentrated the horizontal stress even more. Tunnelling in these flows produced many surprises, even when tunnel depths were only 50 to 100m.

     Excavation of the five diversion tunnels in an E-W direction beneath this highly stressed ridge apparently increased the already high stresses within the massive flows, to tangential stress levels as high as 120 to 140 MPa, even at 50m depth. For the large 15 by 17m temporary diversion tunnels with minimum rock bolting and shotcreting, the resulting 2 to 3 m deep stress-fracturing allowed major erosion, amounting in places to loss of several meters of hard basaltic rock in the invert as a result of river-flood diversion through the tunnels, and of course a similar loss of 2 to 3 m of stress-fractured rock in the arch. 
     For the five pressure shafts excavated in the same E-W direction through the ridge, the most serious consequence of the extreme stress anisotropy was the highly negative minimum tangential stress, which caused tensile cracking of the rock and later of the concrete lining ( in the 3 o’clock and 9 o’clock positions), when even low pressure contact grouting was performed. The location of the cracking followed simple rock mechanics theory, and appears to have been repeated earlier when drilling vertical investigation boreholes, which showed greatest permeability in the most massive flows, probably due to N- and S-side tension cracks down the massive-rock parts of the boreholes. 

     Lessons to be learned include the need for stress measurements in general, when lightly reinforced lined (or unlined) pressure tunnels are contemplated, and topographic reasons suggest insufficient minimum rock stress. The extreme stress anisotropy at Ita HEP would have far exceeded the limits for hydraulic-fracturing based stress measurement – due to drilling induced tensile cracks that would not have given a break-down pressure nor a shut-in pressure, except at a larger, unknown radius. The maximum principal stress could not then have been estimated in the normal manner.
     Extreme, rock stress-induced, systematic tensile fracturing around prospective pressure tunnels, prior to their operation, is rather unusual, and presents a dilemma. High pressure grouting of the rock could probably have helped to eliminate the two regions of negative tangential stress along each pressure shaft, prior to reinforced concrete lining. 
     Partial ‘homogenization’ of the tangential stresses and general rock mass improvements through systematic grouting would also have reduce the need for heavy reinforcement of the concrete liner, but would need to be proved by post-treatment permeability and stress measurement,  and local cross-hole seismic and more general tunnel wall refraction seismic. 
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[image: image36.png]The 125 m-high It concrete-faced rockfill dam and 1450 MW powerplant in Brazil
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