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ABSTRACT 
The Amethyst hydro scheme aims to address the increasing demand for power in the area. It 

involves diverting water from the Amethyst Ravine through penstocks in a 1040 m tunnel to a 

powerhouse on the floodplain of the Wanganui River. The 3.5 x 3.5 m horseshoe shaped tunnel 

was excavated using drill and blast methods and is the focus of this paper. The tunnel was 

constructed in Haast Schist, between the Alpine Fault (2km Southeast) and the Amethyst 

Ravine Fault (intake portal). This regional tectonic regime has had an impact on the orientation 

of defects within the rock mass. It was found that large shear zones form major structural 

controls within the rock mass, and schistosity orientation changes either side of these shear 

zones. Schistosity steepens and dip direction becomes more parallel to the tunnel alignment 

away from the Alpine Fault. Water is linked to shear location, and a few major incursions of 

water (up to 205 l/s) were linked to large (1.6 m thick) shear zones. 3DEC numerical modelling 

shows that the tunnel is likely to deform in the invert, with movement also occurring in the right 

rib above the springline. This is due to the angle of schistosity and the interaction of joints, 

which act as cut off planes.  

 

1 INTRODUCTION 

 
1.1 Scheme Overview 
The Amethyst Hydro Project was proposed to supply the increase in demand for energy due to 

an increase in tourism and dairy farming on the West Coast of New Zealand. The scheme 

involves a horseshoe shaped tunnel 1km long connecting the Amethyst River to the Wanganui 

River on the Harihari coastal plain via a 7MW power station (Figure 1). This investigation was 

undertaken as an academic study during construction of the tunnel, in order to analyse the 

engineering geology of the site and assess the influence of the nearby Alpine Fault on the nature 

of the fractured schistose rock mass. The factors controlling stability of the rock mass were 

examined through numerical modelling with the aim to inform support optimisation in fractured 

schistose rock masses. 
 
1.2 Site Geology 
The tunnel was constructed entirely within Haast Schist, at a distance of approximately 1-2km 

from the Alpine Fault (Figure 1). The close proximity to the fault has had implications for the 

strength and overall characteristics of the rock mass, such as providing conduits for fluid flow 

and inducing shearing of the rock mass. A second fault running parallel to the Alpine fault along 

the Amethyst ravine also had an associated influence. 
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Figure 1: Location map showing the intake, tunnel, penstocks and power station of the 

Amethyst Hydro Scheme. The location within NZ is shown by a red star (inset (EERI, 

2013)). 

The Haast Schist has prominent light and dark coloured quartzofeldspathic and micaceous 

segregation layering varying in thickness and orientation (Cox & Barrell, 2007). During 

construction of the tunnel a number of earthquakes less than magnitude 5 were felt on nearby 

fault lines, which illustrates the high level of tectonic activity associated with the scheme area, 

and its close proximity to a major fault zone. 

 
2 ENGINEERING GEOLOGICAL AND GEOTECHNICAL INVESTIGATIONS 
The tunnel had advanced to approximately 750m when field investigations commenced; 

therefore, some data in the first 750m was compromised by shotcrete and other installed 

infrastructure; or due to exposure and onset of weathering.  

 

Scanline mapping was undertaken in accordance with the NZ Geotechnical Society Guide to 

describing Soil and Rock (NZGS, 2005), and captured rock mass characteristics, defect 

attributes and some hydrogeology for input into the engineering geological model. In addition to 

lithology and weathering of the rock mass, defect attributes collected included orientation, 

length, type, roughness, aperture, infill, Jr (joint roughness number, used for the Q classification 

system) and large-scale planarity.  Laboratory testing of samples collected from the tunnel 

included unconfined compressive strength (UCS) testing, seismic velocity testing and point load 

testing, all according to ISRM (2007). These provided input parameters for intact and rock mass 

strength used to complement the rock mass characteristics in the engineering geological model.  

 

3 ENGINEERING GEOLOGICAL MODEL 
 

3.1 Rock Mass Characteristics 
The Haast Schist exhibits varying degrees of weathering and alteration and was described as 

fresh to slightly weathered, grey, foliated schist with strength assessed as moderately strong to 

strong (58 MPa ±10), well developed foliation dipping 30-84
o
; and several sheared zones along 

the foliation. Variably oriented, persistent joints also present. A maximum (68MPa) and 
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minimum (48 MPa) intact strength were acquired through laboratory testing, but due to the 

difficulty of obtaining a large number of samples at different orientations with respect to the 

schistosity, these values were used with caution. Strength changes throughout the tunnel were 

minimal on the scale of the model, although areas of higher metamorphism created more intact 

and stronger rock. Rock mass strength parameters are shown in Table 1. A disturbance factor of 

0.8 was used for blasting damage to the rock mass according to Hoek et al. (1980). In 

accordance with this, a Geological Strength Index value of 80 was applied to all domains (Hoek 

et al. 1992).  

 
3.2 Defect Characteristics 
Three main types of defects were observed along the tunnel alignment. 

 

3.2.1 Schistosity 
Schistosity was the most pervasive and continuous defect type observed, and so was considered 

the most important in terms of impact to rock mass stability. Schistosity was present along the 

length of the tunnel, although near the intake end of the tunnel instances of gneissic banding  

 

Table 1: Rock mass strength parameters (all domains). 
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fit at tunnel depth 

c 3.33MPa 
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Figure 2: Orientation of schistosity showing change in dip and dip direction with 

increasing chainage. Black line shows tunnel alignment. 

suggested a change in metamorphic grade. Thickness of the schistose banding varied from 0.1 

mm to 20 mm thick. Thickness was found to be highly variable at the metre scale. Infill was 

also variable, although the majority of open foliations were clean, with no infill present. Clay 

derived from weathered micas was the most common infill on open foliation surfaces. Some 

instances of light brown silt or fine sand were also found but these were rare. Orientation of 

schistosity changed along the alignment of the tunnel. Schistosity dip was steeper at the intake 
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end, and dip direction moved from 156
o
 at the intake end to a more easterly direction (135

o
) at 

the outlet end of the tunnel (Figure 2).  

 
3.2.2 Shears 
Prominent shears and shear zones were found at varying intervals along the tunnel and had a 

large local influence on overall rock mass stability and other defect types. Because of their large 

impact, coupled with the discrete and relative rarity of these shears, they were considered the 

second most important defect type affecting rock mass stability. Unfortunately due to the impact 

these had on stability, the appearance of shears coincided with increased use of shotcrete and 

other tunnel support infrastructure, so limited information about these was obtained. Seven 

shears were logged during tunnel construction. 

 

Shear aperture varied from 10 mm to 200 mm. One shear zone was recorded at 440 m chainage 

measuring 1.4 m wide (Smith, 2011). These shears typically exhibited a blue-grey altered 

clay/gouge material, with some instances of brecciated quartz. The gouge was assessed to be 

extremely weak from field observations, although no strength analysis was undertaken due to 

the unreliability of the properties after exposure during excavation. Shear zones had variable 

orientation, but mainly coincided with the schistosity. More importantly, the shear zones were 

found to impact the orientation of the schistosity – a steepening in dip of the foliation was 

associated with the occurrence of major shear zones.  

 

One important property of the shears was their effect on the hydrogeology of the surrounding 

rock. When drilling into these shear zones large volumes of water would discharge from the 

face, showing the clay gouge was compartmentalising water and could potentially have formed 

an impermeable barrier impeding the flow of fluids (Wahlstrom, 1973). This increase in pore 

pressure could have the effect of reducing effective stress of the defect, which could reduce the 

overall shear strength.  

 
3.2.3 Joints 
Joints were extremely prevalent with an average of 0.8 m spacing. The pervasiveness and 

variability in orientation of these joints resulted in highly variable rock mass characteristics on a 

3 - 5 m scale. Orientation was highly variable, but was grouped into two joint sets. The first set, 

J1 was perpendicular to schistosity (54
o
/313) and the second set displayed a larger scatter 

(average orientation 69
o
/225) (Figure 3). The aperture of the joints was highly variable, mostly 

being between 0 and 5 mm. Infill types were similar to those found along schistosity, namely 

clean joints (86%), brown clay fill (13%) and fine silt fill (1%).  

 

3.3 Domain Identification and Analysis 
The rock mass was divided into geological domains of similar characteristics for input into the 

final engineering geology model.  

 

3.3.1 Structural Model 
The structure of the tunnel was subdivided based on defect orientations, using the orders of 

importance for structures as described in Section 3.2 (Table 2). Domain 1 encompassed solely 

the shears, due to their discrete nature. Domains 2, 3, 4 and 5 represented the majority of the 

rock mass and were based on changes in orientation of the schistosity along chainage. These 

changes were probably related to rotation of the rock mass between the Alpine Fault and the 

Amethyst Ravine Fault at either end of the tunnel. This rotation was accommodated by the 

shears taking up most of the associated strain.  
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Figure 3: Schistosity and tunnel orientations shown in back: Joint Set 1, shown in red 

(54
o
/313) and Joint Set 2, shown in orange (variable orientation). 

 

Table 2: Domain properties associated with the Structural Model. 

  DOMAIN 1 DOMAIN 2 DOMAIN 3 DOMAIN 4 DOMAIN 5 

Chainage 
Variable - 

discrete points 
120m-440m 440m-600m 600m-790m 790m-900m 

Schistosity 

Orientation 
N/A 38.5

o
/135

 o
 50

o
/140  56.5

o
/145  70

o
/148  

Influential 

Structure 
Shears Schistosity Schistosity Schistosity Schistosity 

 

4 3DEC MODELLING 
Distinct Element modelling was undertaken to examine how the defined rock mass in each 

domain behaved as a result of tunnel excavation. The synthetic rock mass built using 3DEC was 

used to model the behaviours of all the defects together without support, and was aimed at 

understanding where displacements would occur in the excavation and which defects the 

behaviour was most sensitive to. The results could be used to better understand how support in 

fractured, schistose rock can be optimised. Domains 2, 3, 4, and 5 were modelled using rock 

mass parameters, but Domain 1 was not modelled due to the discrete nature of the shears. 

 

4.1 Model Parameters 
Each domain was modelled as a rectangular block with an inclined horseshoe shaped tunnel cut 

through it. Input values were obtained from scanline mapping of the defects and RocData 

analysis of the defect and rock mass strength (Table 3).  Observed joint spacing per metre was 

used to define the average spacing for each structure set. Measured trace length was used to 

define joint persistence through the rock mass (on a scale of 0 to 1, with 1 being fully 

persistent), in order to define what percentage of the model should be cut by the various joint 

sets. Schistosity was fully persistent throughout the rock mass. Normal stiffness and shear 

stiffness parameters for the joints were obtained from a UDEC study undertaken in granitic rock 

of similar strength (Varo, Kovacs, & Thomas, 2011). 

 

A negative volumetric force in the z direction simulating gravity was applied, along with fixed 

zero velocity boundary conditions in the x and y directions. In situ stress was added to the rock 

mass to simulate topography, calculated using 2-D elastic finite element stress analyses 

perpendicular and parallel to the tunnel. 
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Table 3: Input Parameters for 3DEC model. 

 Domain 2 Domain 3 Domain 4 Domain 5 
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Joint set ID 1 2 9 1 2 9 1 2 9 1 2 9 

Ave Dip 39 54 69 50 54 69 56 54 69 70 54 69 

Ave Dip 

Direction 
135 313 225 140 313 225 145 313 225 148 313 225 

Spacing 0.15 0.8 1.1 0.15 0.8 1.1 0.15 0.8 1.1 0.15 0.8 1.1 

Persistence 1 0.24 0.21 1 0.24 0.21 1 0.24 0.21 1 0.24 0.21 

Shear stiffness 

(kPa) 
202 202 202 202 202 202 202 202 202 202 202 202 

Normal 

stiffness (kPa) 
132 132 132 132 132 132 132 132 132 132 132 132 

Friction angle 48 48 48 48 48 48 48 48 48 48 48 
48 

 

Cohesion MPa 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 

Normal in situ 

stress (MPa) 
-0.9, -2.7, -3.7 -2.1, -1.9, -7.3 -3.2, -1.8, -9 -1.3-1.7-6 

Shear in situ 

stress (MPa) 
0, -0.3, -2.26 0, -0.5, -0.7 0, -0.7, -0.1 0, -0.6, -0.5 

 

4.2 Model Outputs 
The synthetic rock mass was first created utilising higher values for joint normal and shear 

stiffness than realistic, to knit the rock mass together and prevent initial movement. The model 

was then run to allow displacements to approach zero. Next, the tunnel was excavated through 

the rock mass, the normal and shear stiffness values were softened to realistic values, and the 

model stepped until block displacement was observed. All domains were run separately and had 

varying resilience to deformation. However, similar movement types were found in every 

domain despite the orientation changes of the foliation, and these are summarised in Figures 5 

and 6.  

 

4.3 Model Findings 
The invert in all domains modelled showed some movement of the blocks. The right wall above 

the springline and the left wall below the springline also exhibited displacement in all domains. 

Pre-cast segments were installed in the invert in order to control water flow and limit 

mechanical wear and tear, but also prevented any visual checks of the invert to verify the model 

findings. However, the fact that the invert was already breaking down faster than expected when 

the pre-cast segment solution was designed suggests that some deformation could have been 

occurring here. The model also shows that the joint sets are forming sub-horizontal release 

planes where they intersect the schistosity, contributing to the small block size of the rock mass 

(as seen by the close average spacing of all defects in Table 2). These release planes were also 

seen in the constructed tunnel walls, and were often the cause of over-break in the walls. The 

steepening of schistosity away from the Alpine Fault was shown to have the effect of changing 

the failure mechanism in the roof from sliding to toppling associated with gravity. Gravity-

induced normal stresses act on the more shallow dipping schistosity to clamp the blocks in the 
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Figure 5: Domain 3 step 488. Movement visible in the invert and in the roof. 

 
Figure 6: Domain 2 displacement vectors 

roof, whereas these stresses are not optimally oriented to provide a similar clamping for steeper 

dipping schistosity, as shown by increased block fallout and over-break in the rock mass with 

shallower dipping foliation. 

 

4.4 Limitations 
This model aimed to realistically simulate the rock mass in order to understand the changes in 

its behaviour across the different domains. As with any model, certain aspects of the geology 

were simplified to reflect the data available from mapping. Further investigation would allow a 

more robust verification of the modelled behaviour. The representation of the joints and the 

assumptions behind their representation were generalised within the domains, and as such, 

shape, persistence and spacing are all represented as averages in 3DEC. The results cannot, 

therefore, represent variability within the domains and are indicative of typical behaviour only. 

Rigid, rather than deformable, blocks were used to optimise the model size given the large 

number of blocks arising from the closely spaced defects. Intra-block deformation could not, 

therefore, be modelled, however at this shallow depth inter-block displacement was the key 

behaviour of interest. In-situ stresses were based on gravitational stresses in variable alpine 

topography, and do not consider tectonic stresses nor stress variations at shear zones. Additional 

investigation of the in-situ stress field along the length of the tunnel could lead to a better 

representation of the clamping or shear displacement of blocks. 

 

5 ALPINE FAULT INFLUENCE 
The effects of the Alpine Fault on the rock mass are difficult to quantify, but a number of 

geotechnical implications can be drawn. The presence of shear zones between the Alpine and 

Amethyst Ravine faults show that the rock mass is experiencing heightened stress conditions 
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which are being released along these structures. This implies that the in-situ stress conditions 

include gravitational and tectonic stresses, which may affect the displacements along defects. 

The location of an excavation between these two faults could also create a zone of weakness 

within the rock mass along which preferential stress release may occur. Steepening of 

schistosity between these two faults could also be related to the complex stress field. The Alpine 

fault also affected the project area through the complex hydrogeological associations including 

sodium-bicarbonate rich waters found in the region and manifested in the tunnel through a zone 

of high precipitation (Fe rich) at approximately 500m chainage. The geotechnical implications 

of this include higher pore water pressures within the rock mass leading to decreased overall 

rock mass stability. Higher pore water pressures could have the effect of ‘jacking open’ blocks 

already released by the excavation, creating a higher potential for failure in the walls. Cyclic 

loading during an earthquake event along either of these faults could also compromise tunnel 

stability, and the high recurrence interval and potential for large magnitude earthquakes along 

the Alpine Fault zone must be considered in support design.  

 

6 CONCLUSIONS 
The Amethyst Hydro Scheme Tunnel was built in a highly active tectonic region and affected 

rock mass in which the pervasive presence of structures including schistosity, shears and joints 

create a complex set of rock mass characteristics. It was found that large shear zones present in 

the rock mass were affecting the schistosity orientation and the hydrogeology, leading to 

associated instability within the tunnel. The schistosity orientation was paramount to the 

location and characteristics of displacement due to its persistence and close spacing.  

3DEC numerical modelling undertaken on the rock mass showed that displacement was 

occurring preferentially along defects in the invert, along with block movement in the right rib 

above the springline and the left rib below the springline. This was found to be linked to the 

orientation of the schistosity. Joints formed releasing planes where they intersected the 

schistosity; the close spacing created small blocks making these blocks more likely to move into 

free space when excavated. It was also found that steeper dip of the schistosity with distance 

from the Alpine Fault was leading to a change in failure mechanism from sliding to toppling 

and a decrease in stability of the tunnel roof. 
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