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Abstract 

Subsidence is an environmental issue at New Zealand geothermal fields, particularly Wairakei. 

It has resulted in submissions to geothermal resource consent hearings, subsequent operational 

consent conditions and long-term monitoring programs. Wairakei geothermal field has a 

complex subsidence history. It is an example of where withdrawal of geothermal fluid for 

generation of electricity and the presence of weak and soft highly compressible rocks have 

caused surface subsidence.  

For predicting subsidence, there was a need to develop coupled thermal-hydro-mechanical 

(THM) models. A hierarchy of 1-D, R-Z and 3-D THM models were set up using data and 

knowledge from the comprehensive investigation programme conducted by Contact Energy 

Ltd. This subsidence analysis was performed using a coupled approach where two codes 

(TOUGH2 and ABAQUS) were used to model subsidence.  

The TOUGH2 code is an established finite volume code that simulates complex multiphase, 

multi-component subsurface flows. It is used worldwide to model geothermal reservoirs. 

ABAQUS code is a special general purpose finite element code that can be used to provide 

solutions to geomechanical problems. It can handle 3-D problems for heterogeneous geological 

materials together with simple or complex constitutive modelling laws such as those applied in 

the study carried out here.  

Pressure and temperature information from the reservoir model over 50 years of production 

history are interpolated to provide input for the ABAQUS rock mechanics model where 

subsequent calculation of subsidence takes place. The subsidence model utilised both elastic 

and nonlinear elasto-plastic deformations and allowed for varied geological strata each 

characterised by distinct elastic constants and elasto-plastic parameters.  

Calibration of the reservoir model and geomechanics model was achieved by matching the 

models output to the measured pressure profiles and subsidence history at a few representative 

points. Automatic calibration with PEST was used in calibrating the R-Z model. PEST 

calibration software (Doherty, 2004) was integrated with the TOUGH2 and ABAQUS 
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simulators to carry out a joint inversion of both reservoir and rock mechanics models together, 

after a reasonably good TOUGH2 model had been obtained.  

Using parameters determined from field and laboratory measurements together with calibration 

yielded good subsidence results. The match of the modelled subsidence to the data showed that 

these models are capable of well representing subsidence that has occurred at Wairakei 

geothermal field. 

The subsidence results were compared with measured subsidence in the Wairakei geothermal 

field and agreed very well for the 1-D and R-Z models. But for the 3-D model, pressures in the 

shallow zones did not satisfactorily match. This affected prediction of subsidence and therefore 

the match to the shape of the bowl is qualitatively satisfactory but does not match the 

magnitude. This study shows that the shape of the subsidence profile over a period of time can 

be predicted well by using non-linear elastoplastic constitutive model and realistic material 

properties.  
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Chapter 1 

 

1. Introduction and Literature Review 

1.1  Introduction  

Land subsidence involves gradual settling of the Earth’s surface relative to a stable reference 

point. Horizontal motion may also be experienced. Subsidence often occurs when fluid 

withdrawal from underlying strata results in reduction of pore pressure and hence an increase 

in effective stress. An increase in effective stress induces compaction of the reservoir rock 

matrix that results in cumulative deformation appearing at the ground surface as subsidence. 

For geothermal projects, reduction of pore pressure often occurs when water and steam are 

withdrawn from the reservoir for electricity generation.  

The Earth’s heat, i.e., geothermal energy, has the potential to provide a substantial portion of 

the world’s energy requirements. The global geothermal electricity generation capacity at 

October 2017 was 14 GW, spread across 24 countries (IEA, 2018). It is not surprising then that 

geothermal power has received increased publicity and attention in industry, government and 

public circles. Interest in geothermal power has been stimulated in part by the success of the 

long term operation of geothermal fields in countries such as USA, Philippines, Iceland and 

New Zealand, and by the increasing demand for green and sustainable renewable energy 

resources. However development of geothermal energy resources must include consideration 

and mitigation of potential environmental degradation, including land subsidence. 

The geothermal field at Wairakei, New Zealand has experienced up to 15 m of subsidence at a 

rate of up to 500 mm/year in the late 1970s (Allis, 2000; White et al., 2005). The significant 

subsidence observed at Wairakei field motivated this study.  

Ground subsidence impacts may vary widely, for instance, damage to infrastructure such as 

buildings, steam lines and road network can be costly. At Wairakei, displacements have been 

large enough to bring about structural damage to the network of pipes leading to and from the 

power station and to concrete drains. Subsidence has also resulted in changes in the run-off 

characteristics of land and roads (Allis, 2000). Thus, land subsidence associated with the 
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development of a geothermal resource is potentially an environmental problem as well as an 

engineering problem.  

 

1.2 Thesis Objectives and Motivation  

Objectives of the study 

The general aim of this research was to develop improved models of subsidence in geothermal 

fields, with particular application to the Wairakei bowl.  In order to develop a better model of 

subsidence at Wairakei the following objectives were set: 

1. Base the conceptual model and model parameters on the data from field measurements 

and laboratory tests 

2. Apply a loosely coupled THM approach with TOUGH2 used to calculate pressures and 

temperatures and ABAQUS used to calculate rock mechanics and hence subsidence 

3. Include non-linear stress-strain laws in the model 

4. Set up a hierarchy of models:1-D, 2-D (R-Z) radially symmetric model and fully 3-D 

Motivation for the Study  

Wairakei geothermal field is an example of where withdrawal of geothermal fluids for 

generation of electricity and presence of weak and soft, highly compressible rocks have caused 

subsidence. The following information provided the motivation for carrying out this modelling 

study of subsidence in geothermal fields, particularly at Wairakei: 

1. Continuous monitoring of subsidence at the bowl near the eastern boundary of Wairakei 

field has shown that it is the world’s deepest geothermal production-induced subsidence 

anomaly (15m maximum). 

2. New data shows the role of soft materials in contributing to subsidence. A 

comprehensive subsidence investigation program was carried out by Contact Energy 

Ltd during 2006 – 2010 that involved extensive geotechnical analyses. It included 

compressibility measurements, measurement of bulk rock properties and petrology tests 

(X-ray, diffraction, smectite abundance and scanning electron microscopy) (Bromley 
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et al., 2010; Lynne et al., 2011). These investigations led to a substantial increase in 

knowledge of the geotechnical properties of the subsurface near the Wairakei bowl. 

3. The recent data allowed the development of a new and better conceptual model of the 

Wairakei subsidence bowl, which in turn made it possible to set up improved THM 

models. The conceptual model is as follows: 

i. In the centre of the bowl (near WKM15), there is some very soft, weak and possibly 

yielding material at a narrow range within sub-units of the Huka Falls Formation 

(HFF) (292.5-202.5 m.a.s.l) and Upper Waiora formation (WAF) (139-117.5 

m.a.s.l).  

ii. Outside the bowl (near WKM14), the soft material does not occur and the 

corresponding formations of Huka Falls sub-units and Upper Waiora at elevation 

intervals of 292.5-202.5 and 139-117.5 m.a.s.l, respectively, are quite hard. 

iii. The rock structure in the localised subsidence anomalies has probably arisen from 

past hydrothermal eruptions. These sites experienced changes in the level of activity 

of existing steaming vents or hot acidic pools, experienced infill, weak compaction 

and continuing hydrothermal alteration. The hydrothermal alteration process 

weakened the lithology through mineral dissolution inside the bowl. This is because 

of the boiling processes along subsurface outflow paths that tend to generate acidic 

steam condensate. The resulting low pH fluids are chemically aggressive and 

readily alter the rocks to clay minerals (e.g. smectite and kaolinite). Nearby, 

heterogeneous secondary deposition of minerals such as silica may have occurred 

outside the bowl as a result of water-rock interaction (within spring discharge 

areas). This tends to locally strengthen the rocks and reduce compressibility.  

4. Computing resources and software for THM modelling have evolved over time, thus making 

this study feasible. 
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1.3 Past Experience with Geothermal Subsidence 

Generalizing comments on geothermal subsidence is difficult because of the widely varying 

experiences among the various geothermal fields.   A summary of the published information 

on subsidence in geothermal fields is presented here. 

Yangbajing, China 

At Yangbajing geothermal field in China, the maximum ground surface subsidence measured 

in the period 1983-1994 was 360 mm, i.e., a rate of approximately 35 mm/year. The monitoring 

process was terminated in 1994 (Xiaoping, 2002), but was resumed using InSAR technology 

in 2006 (Li et al., 2016). A multi-temporal InSAR algorithm was applied to interpret 

subsidence in this geothermal field using ENVISAT/SAR images acquired from 2006 - 2010. 

Subsidence of up to 20 mm/year has been detected in the southern part of Yangbajing field. 

The northern part of the field has experienced less subsidence, generally at a rate smaller than 

10 mm/year. This subsidence is a result of geothermal exploitation in the field (Hu et al., 2016). 

 

Tianjin, China 

Subsidence in Tianjin is located in three districts: Tanggu, Hangu and Dagang. The total 

maximum cumulative subsidence measured is over 3 m, occurring at a maximum rate of 100 

mm/year (1995) and is now occurring at a rate of between 25 – 30 mm/year (Sheng and Bai, 

2010). 

 

Reyjanes, Iceland 

Researchers at Reykjavik have used Interferometric Synthetic Aparture Radar (InSAR) for the 

periods 1992 – 1999 and 2003 – 2008 and GPS data for 2000- 2009 to determine the magnitude 

of subsidence at the Reykjanes Peninsula in South West Iceland. They reported that subsidence 

of 0.1 m (June, 2005 – May, 2008), caused by extraction of geothermal fluid, was observed in 

the first two years of production (in May 2006) at Reykjanes geothermal power plant. The 

subsidence became slower after 2008 due to an increase in fluid recharge (Keiding et al., 2010).  
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Krafla and Bjarnarflag, Iceland 

Levelling, a global positioning system (GPS) and InSAR observations (1993 – 2015) have been 

used to detect localised surface displacements at Krafla and Bjargnarflag geothermal fields. An 

average subsidence rate of 5 mm/year has been observed in both areas, caused by geothermal 

processes (Drouin et al., 2017). 

 

Larderello, Italy 

Larderello geothermal field in Italy has been in operation for over a century with little or no 

subsidence observed (Narisimhan and Goyal, 1984; Nerri,1988; Dini and Rossi,1990).  

 

Travale-Radicondoli, Italy 

Different geodetic techniques, including levelling, GPS and Electronic Distance Measurement 

(EDM), have been used during different periods between 1973 and 2003 to survey subsidence 

in this geothermal field. A maximum total subsidence of 0.5 m has been experienced at a rate 

of 230 mm/year (Ciulli et al., 2005). Previous studies noted that initial subsidence was higher 

than in subsequent years, though the levelling network over the first five years did not cover 

the area with the highest subsidence rate at that time (Di Filippo et al., 1985; Geri et al., 1984). 

 

Hatchobaru, Japan 

Hatchobaru geothermal field experienced subsidence of about 0.015 m (2.1 mm/year) between 

1990 and 1996 (Ehara et al., 1998). Ground subsidence rate of about 20 mm/year by Global 

Positioning System (GPS) between 1998 – 1999 was reported around production area 

(Motoyama et al.,1999). A surface displacement rate of 15 mm/year is reported to have 

occurred around Hatchobaru geothermal field between 2007 and 2010. This was detected using 

PS-InSAR processing of ALOS/PALSAR images (7/2007 to 12/2010). The analysis detected 

a maximum subsidence rate of 15 mm/year with a magnitude of total subsidence of about 0.045 
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m. This subsidence is attributed to changes in mass and pressure in the geothermal reservoir 

(Ishitsuka et al., 2016).  

Olkaria, Kenya 

Levelling surveys and InSAR techniques have been used to study subsidence at Olkaria 

geothermal field. Envisat images, with acquisition dates (2003 – 2008), from the European 

Satellite Agency (ESA) were used to study subsidence. The analysis showed subsidence at a 

rate of 14 mm/year has been occurring at Olkaria (Koros and Agustin, 2016). 

 

Cerro Prieto, Mexico 

Analysis of levelling surveys by the Office of National Territory Studies from 1977-1997 in 

the Cerro Prieto geothermal field (CPGF) in Mexico showed an increase in subsidence rate 

over the whole of the production area, located at centre of the field (Glowacka et al., 1999). 

The use of InSAR satellite image analyses by Carnec and Fabriol (1999) and Hanssen (2001) 

confirmed this observation. Data recorded during the 1994-1997 period showed an elliptical 

area of subsidence in this field, with the area of highest subsidence rate located at the centre 

(Glowacka et al., 1999; Glowacka et al., 2005; Suarez-Vidal et al., 2008; Glowacka et al., 

2010).  The CPFG has experienced a maximum subsidence rate of 120 mm/year in the area 

where the production wells are located and a maximum rate of 90 mm/year outside the 

production area (Sarychikhina, 2011; Sarychikhina et al., 2011).  

 

Mutnovsky, Russia 

Ground levelling surveys (2004 – 2013) of subsidence at Mutnovsky geothermal field have 

revealed a maximum subsidence rate of about 6 to 8 mm/year. A total subsidence magnitude 

of about 0.05 m has been experienced. The subsidence at Mutnovsky has been attributed to 

changes in pressure resulting from geothermal production (Kiryukhin et al., 2015, Basmanov 

et al., 2016). 
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The Geysers, USA 

Geothermal energy production at the Geysers in California, USA resulted in subsidence during 

the 1970s, with a maximum rate of 45.7 mm/year occurring between 1973 and 1977 (Mossop, 

2001). The zone of maximum subsidence was centred near the area of most active steam 

extraction at that time (Mossop, 1997). The rate of subsidence for the period 1977-1996 

remained close to 45.7 mm/year (Mossop, 2001) despite reinjection of steam condensate.  A 

recent study that utilised interferometric synthetic aperture radar C-band data covering the 

entire Geysers geothermal field indicated a production-induced subsidence rate of 50 mm/year 

from 1992-1999 (Vasco et al., 2013). 

East Mesa, USA 

At East Mesa geothermal field in the Imperial Valley, South California, USA, radar data and 

continuous re-levelling surveys have been used to determine the subsidence rates and areal 

extent of subsidence. The maximum rate of subsidence measured in 1991-1994 surveys was 

about 18 mm/year (Massonnet et al., 1997). A recent study of subsidence at this field involved 

the use of 30 temporally averaged interferograms for the period 1992 – 2000. This study 

concluded that the maximum subsidence rate was 43 mm/year for 1992-1997 and 34 mm/year 

for 1996-2000 (Han et al., 2011; Eneva et al., 2013). 

 

San Emedio, USA 

SqueeSARTM method was applied to images from ERS-1, ERS-2 and Envisat satellite for the 

periods 05/03/1992 – 01/10/2001, 06/23/2004 – 04/28/2010 and 10/29/2003 – 06/09/2010 

respectively. The InSAR analysis of these datasets indicated a subsidence rate of 10 mm/year 

has occurred in this geothermal field (Eneva et al., 2011). 

 

Heber, USA 

InSAR was applied to Envisat satellite data for the period 2003 – 2010 in order to detect 

subsidence at Heber geothermal field in Imperial Valley of southern California, USA. This 

technique made use of permanent and distributed scatterers using SqueeSARTM. A maximum 

subsidence rate of 46 mm/year was detected (Eneva et al., 2013). 
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Salton Sea Geothermal Field (SSGF), USA 

Subsidence at SSGF was measured between 2003 and 2010 using a persistent scatterer InSAR 

(PS-InSAR) approach to radar acquisitions from Envisat images. This analysis was 

corroborated by TerraSAR-X data and levelling surveys. The analysis indicated a maximum 

subsidence rate of 52 mm/year (Eneva et al., 2012, Barbour et al., 2016). 

 

Brady Hot Springs, USA 

InSAR data acquired by ERS and TerraSAR-X/TanDEM-X satellites were used to study 

deformation caused by production at Brady Hot Springs geothermal field (Oppliger et al., 2004, 

2006; Krieger et al., 2007; Ali et al., 2014, 2015, 2016). Preliminary analysis of data from the 

TanDEM-X satellite mission showed rapid deformation during a three-month time interval in 

autumn 2011. The analysis of deformation in this field revealed a subsidence rate of 10 

mm/year between 2004 and 2014 (Ali et al., 2016). This was measured by two independent 

geodetic techniques: InSAR and GPS. The maximum rate of change here is 34 mm/year 

(Reinisch et al., 2018). 

 

Dixie Valley, USA 

Pressure drawdown in the aquifers, composed of permeable alluvial fan materials, at Dixie 

Valley geothermal field has been identified as the cause of a localised subsidence (Allis et al., 

(1999). Processed InSAR satellite images for different time intervals between 1992 and 1997 

have been used to image ground subsidence at Dixie Valley geothermal field. Interferograms 

for a 10.5 month period between April, 1996 and March, 1997 show rapid subsidence, centred 

south East of Senator fumarole, locally reaching a rate of 105 mm/year (Foxall and Vasco, 

2003). Also between 2006 and 2008, a subsidence rate of 45 mm/year was determined by 

InSAR (Huntington et al., 2014; John Bell, Nevada Bureau of Mines and Geology, written 

communication, 2010). Subsidence in the affected area could total nearly 1.50 m if a 105 

mm/year subsidence rate is applied from 1992 – 2001 and a 45 mm/year rate is applied from 

2001- 2011 (Huntington et al., 2014). 
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Long Valley,USA 

Regional surveys in the Casa Diablo geothermal area have been conducted for a long time. 

These surveys involved first order levelling carried out by different agencies (U.S Geological 

Survey, National Geodetic Survey, California Department of Transportation). The deformation 

within the Long Valley caldera was determined with respect to bench marks established outside 

the caldera. The subsidence in a localised area at Casa Diablo increased to about 0.4 m over 

the 1975 – 1992 period. The pattern and timing of subsidence at Casa Diablo indicates it is 

related to changes in reservoir pressure and temperature associated with geothermal 

development (Sorey et al., 1995; Howle et al., 2003). 

 

1.3.1 Summary of Geothermal Subsidence  

A summary of global geothermal subsidence is presented in Table 1.1. These subsidence 

occurrences in various geothermal fields are due to geothermal fluid production for electricity 

generation. The values in Table 1.1 show subsidence rates in most of the fields reaching a 

maximum and then experiencing a subsequent decline of subsidence rate. This may be due to 

reinjection activities in some of the fields or pressures stabilising over time.
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Table 1.1:  Summary of Geothermal Subsidence 

 
Field Country Maximum rate 

(mm/year) 

Recent rate 

(mm/year) 

Total subsidence 

(m) 

Reference 

Yangbajing China 

 

35 20 0.36 Xiaoping, 2002; Hu et al., 2016 

Tianjin 100 25-30 >3 Sheng and Bai, 2010 

Reyjanes  

Iceland 

14 7-8 0.237 Keiding et al., 2010 

Krafla & Bjargnarflag 5 - 0.11 Drouin et al., 2017 

Larderello  

Italy 

- - - Nerri,1988; Dini and Rossi,1990 

Travale-Radicondoli 230 100 0.5 Ciulli et al., 2005 

Hatchobaru Japan 15 - 0.045 Ehara et al., 1998; Motoyama et al.,1999; Ishitsuka et al., 2016 

Olkaria Kenya 14  0.07 Koros and Agustin, 2016 

Cerro Prieto Mexico 120 - 2.4 Glowacka et al., 1999; Glowacka et al., 2005; Suarez-Vidal et 

al., 2008; Glowacka et al., 2010; Sarychikhina et al., 2011 

Mutnovsky  Russia 8 6 0.05 Basmanov et al., 2016 

The Geysers  

 

 

USA 

50  0.45 Vasco et al., 2013 

East Mesa 43 34 0.215 Han et al., 2011; Eneva et al., 2013 

San Emedio 10 - 0.18 Eneva et al., 2011 

Heber 46 - 0.32 Eneva et al., 2013 

Salton Sea 52 - 0.364 Barbour et al., 2016 

Brady Hot Springs 34 - 0.1 Ali, et al., 2016; Reinisch et al., 2018 

Dixie Valley 105 45 1.5 Foxall and Vasco, 2003; Huntington et al., 2014  

Long Valley 24 - 0.4 Sorey et al., 1995; Howle et al., 2003 
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1.4 Geothermal subsidence in New Zealand 

The experience of subsidence at Wairakei (New Zealand) caused international interest in 

geothermal subsidence and in the early 1970s, the Energy Research and Development 

Administration (USA) funded Lawrence Berkeley Laboratory (LBL) to establish a National 

Geothermal Information Resource. As part of this project LBL produced a report summarising 

pre-1975 studies of geothermal subsidence (Phillips et al., 1975).  

In the late 1970s, LBL initiated the Geothermal Subsidence Research Program (GRSP) 

(Howard et al., 1979) which included case studies of subsidence at four geothermal fields: 

Wairakei, New Zealand; Chocolate Bayou, Texas; The Geysers, California; and Raft River, 

Idaho (Miller et al., 1980). Much of the information on Wairakei came from the report by 

Pritchett et al., (1978) who summarised the available data on production and subsidence at 

Wairakei, including the development of the subsidence bowl. 

Narisimhan and Goyal (1984) carried out a similar review of subsidence related to geothermal 

production, drawing on information from Larderello in Italy, Cerro Prieto in Mexico, Wairakei 

and Broadlands (now called “Ohaaki”) in New Zealand, The Geysers, in California, and 

Chocolate Bayou, in Texas. 

Repeat levelling surveys have shown significant vertical ground movement in parts of 

Wairakei-Tauhara and Ohaaki geothermal fields in New Zealand as a result of production 

(Allis, 2000). In these fields, large subsidence is confined to small areas known as ‘bowls’. 

Subsidence in these fields has been discussed in Allis et al., (2009) and Bromley et al., (2013), 

for example. Accumulated subsidence and subsidence rates within these bowls are shown in 

Table 1.2. 

At Wairakei, a maximum rate of subsidence of 500 mm/year occurred in the subsidence bowl 

during the mid-1970s but it has since declined to about 58mm/year (Energy Surveys, 2010). 

At the centre of the bowl, located 1.5 km away from the centre of the production field, the total 

subsidence is now approximately 15 m.  

At Ohaaki, the maximum subsidence rate exceeded 400 mm/year in the mid-1990s, but it has 

since declined to 170 mm/year and total subsidence, at the centre of kidney-shaped bowl, is 
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now about 6 m (Bromley et al., 2015). The rates of subsidence at the three subsidence bowls, 

in the Tauhara part of the Wairakei-Tauhara field, at Crown Road, Rakaunui Road and Spa 

Valley (see Table 1.2) have also changed with time, with current rates being much lower than 

the maximum rates (Energy Surveys, 2010). 

More details of subsidence at Wairakei-Tauhara are given by Bromley et al., (2013), Bromley 

et al., (2010) and Allis et al., (2009). Considerably smaller, but still significant, subsidence has 

been detected in Kawerau and Ngatamariki geothermal fields (Bromley, 2015; Asadollahfardi, 

2014).   

Table 1.2: Cumulative subsidence and subsidence rates at bowls within Wairakei-Tauhara 

and Ohaaki geothermal fields. 

 

A large part of Wairakei-Tauhara geothermal field has developed subsidence over the last 50 

years ago due to production of fluid for Wairakei power station, and has caused serious damage 

to wells and pipelines. The subsidence rate initially increased with time as effects of the deep 

pressure decline extended upwards into rocks with low permeability but high compressibility. 

However, since the late 1970s, for the Wairakei field, and since the 1990s, for the Tauhara 

field, subsidence rates have stabilized and begun to decrease. This reduction in subsidence rate 

suggest that driving mechanism (pressure decline at the base of steam zone) and consequent 

consolidation of local pockets of weak and soft formations may have stabilized. A targeted 

injection is likely to sustain or raise pressures in shallow zones. However, deformation 

occurring within highly compressible formations is mostly irrecoverable because the process 

is not completely elastic. Consequently, any injection to increase fluid pressure will not lead to 

a significant reversal of the subsidence process. 

The 50 year subsidence history and the recent acquisition of core data from these fields provide 

an excellent database for modelling subsidence (see Chapters 4, 5 and 6). 

Field and bowl Cumulative (m) Maximum rate (mm/yr) Current rate (2015) (mm/yr 

Wairakei 15 500 58 

Tauhara-Spa 3 110 110 

Tauhara- Crown Rd 1 60 20 

Tauhara-Rakaunui Rd 2.5 58 40 

Ohaaki 6 400 170 
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1.5 Methods used for modelling geothermal subsidence 

 The purpose of this section is to discuss several methods that have been used for modelling 

geothermal subsidence or subsidence related to production from ground water aquifers or oil 

and gas reservoirs. These include the nucleus of strain method, finite element methods, finite 

difference methods and analytical methods. For each method, there are a number of different 

types of implementation in terms of the dimension of the model (one-dimensional, two-

dimensional, axisymmetric or three-dimensional) and the material properties (linear or non-

linear, homogeneous or inhomogeneous).   

 

1.5.1 Analytical and Spreadsheets Methods 

 (a) Hand calculation techniques 

One dimensional compaction of reservoirs can be calculated by hand. The reservoir is assumed 

to be one-dimensional and thus compaction is assumed to be laterally uniform. The material 

must be linear elastic, isotropic and homogeneous. This method solves the subsidence 

prediction problem in two steps. First, the pore pressure history (or pressure drawdown) in the 

reservoir system is obtained. This is generally achieved by solving either a one-dimensional or 

pseudo-three-dimensional hydrological model. Then these pore pressure histories are used in a 

one-dimensional consolidation model to calculate the compaction of layers and surface 

subsidence. This method has been successfully applied to simulate subsidence in many places, 

for example: Venice (Gambolati et al., 1973, 1974), San Joaquin Valley (Helm, 1975, 1976) 

and the Geysers and Wairakei by Miller et al., (1980). 

Miller’s hand calculations for the Geysers and Wairakei geothermal fields were based on 

measured or extrapolated pressures. This was due to the fact that there was insufficient 

information for the development of flow models. Also at Wairakei, Robertson (1984) and 

Bromley (2006) applied the hand calculation approach to calculate compaction, and hence 

subsidence, using a simple theory of one-dimensional consolidation.  Their results are further 

discussed in Section 4.2 in Chapter 4. 
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The hand calculation technique has the advantage of simplicity. 

(b) Nucleus of strain method 

This method has been used by a number of investigators (e.g. Geertsma, 1973, Gambolati, 

1972) in order to obtain a better understanding of the 3-D deformation field associated with 

subsidence. The nucleus-of-strain method is based on the effect that isotropic contraction of a 

spherical inclusion in a semi-infinite elastic medium (half-space) has on the displacement of 

the free surface of the medium. It is necessary to make the assumption of linear elasticity in 

order to obtain a solution from the nuclei-of-strain approach, thus precluding solution of 

problems involving deformation of materials such as unconsolidated layers of clay and silt. 

This method has been applied in the geothermal context to establish the depth and size of the 

compaction zone at Wairakei geothermal field (Allis, 2001; Herd and McKibbin, 1985).  

(c) Boundary Integral-Equation Method (BIE) 

The boundary integral-equation (BIE) method is a technique for modelling the effect of 

changes in pore pressure and/or temperature within a homogeneous, isotropic linear elastic 

space. This technique has been well documented in the literature (e.g. Mendelson, 1973; Brady 

and Bray, 1978). In this approach, the solution for a steady state problem is calculated through 

integration of the product of boundary values over the boundary of the domain of interest. This 

method has been applied to modelling geothermal subsidence at The Geysers in California and 

Wairakei in New Zealand, as reported in Miller et al., (1980). Miller’s simulation of Wairakei 

subsidence was restricted purely to deformation modelling; fluid flow was not considered. The 

required pressure change profiles were obtained from Pritchett et al., (1978). With several 

simulations, Miller et al, could not match the pronounced localization of the subsidence bowl 

at Wairakei. Their results appeared to be adequate considering the level of inaccuracy 

introduced by lack of data. 
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1.5.2 Numerical methods 

The reservoir compaction problem, considering only the rock mechanics, requires the solution 

of equilibrium equations and the stress-strain constitutive relations, together with boundary 

conditions. To solve this problem in three dimensions, including geological detail, requires 

numerical techniques.  

As well as the rock mechanics problem the fluid and heat flow problem must be solved using 

a reservoir simulator. This involves solving a set of nonlinear, partial differential equations 

using numerical methods such as Finite Difference, Finite Element or Finite Volume methods. 

Examples of software developed for reservoir simulation include TOUGH2 (Pruess et al., 

1999) and FEHM (Zyvoloski et al., 1997).  

The Finite Element method has usually been employed for conducting stress and deformation 

analysis in geomechanics. The codes of this type include ABAQUS (ABAQUS Inc., 2014), 

FLAC (Itasca, 2007) and PLAXIS (Brinkgreve and Vermeer,1998). This method has the 

advantage of being able to model inhomogeneous anisotropic formations and can include non-

linear constitutive laws.  

In some cases, fluid flow and geomechanical deformation have been coupled (e.g. Minkoff et 

al., 2003; Allis and Zhan, 2000). However, three dimensional deformation models that are fully 

coupled to the non-isothermal, two-phase reservoir behaviour are still under development. 

Similar models with lesser complexity are capable of producing useful and satisfactory 

solutions of coupled isothermal single-phase fluid-flow/deformation problems (Lewis and 

Schrefler, 1989), with linear elastic constitutive relations for the materials.  

Insights into interaction between state of stress in the rock matrix of a reservoir and heat and 

mass transfer within the reservoir can be gained through a coupled rock mechanics and 

reservoir simulator. The interaction of between geomechanics and reservoir heat and mass flow 

may cause changes in permeability and porosity, thus leading to changes in the pressure regime 

causing subsidence. Coupling of geomechanics and reservoir simulations for subsidence can 

be challenging both in terms of simulator development and computational costs. Consequently, 

choosing an efficient coupling approach is very important. Modelling options that deal with 

coupled flow and mechanical interactions can be categorised as follows: 
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(a) Fully coupled THM. In this approach stress analysis for calculating deformation and 

reservoir simulation for calculating flows, pressures and temperatures are performed 

together at every time step (Pan et al., 2009; Philips and Wheeler, 2007; Jean et al., 

2007; Bower and Zyvoloski, 2007). This approach requires development of a unified 

reservoir and geomechanics simulator and can be computationally expensive.  

(b) Partial coupling. A partially coupled approach, such as that implemented in FEHM 

(Kelkar, et al., 2012; Zyvoloski, 2007), lagging changes in porosity and permeability 

can be used though it is probably not required for subsidence calculations. The problem 

in question is highly nonlinear and coupled. Because of nonlinearity of the problem, 

however, stability cannot be guaranteed but it is worth looking at it in the future. 

(c) Loose coupling. A loosely coupled modelling approach has been implemented using, 

for example, TOUGH2 for the thermo-hydro (TH) calculation and ABAQUS or FLAC 

for the rock mechanics (M) calculation. In this approach, the reservoir simulations and 

geomechanics simulations are computed separately. The TOUGH2/ABAQUS 

approach (Yeh and O’Sullivan, 2007; Pogacnik et al., 2015) is used in this research to 

model subsidence at the Wairakei geothermal field.  

A similar approach is used in TOUGH-FLAC (Rutqvist, et al., 2010; Rutqvist, 2011) 

where TOUGH2 is coupled with FLAC3D which is a rock mechanics code. The two 

codes are executed on two separate meshes and are joined with two coupling modules. 

TOUGH-FLAC has been used to model deformation and evolution of permeability 

when a fault is reactivated through deep injection of CO2 (Cappa and Rutvist, 2010). 

Another application of TOUGH-FLAC has been on modelling of reservoir and 

deformation associated with injection of cooler surface water into a well (Vasco, et al., 

2013). 

TOUGH2-Biot (Lei and Xu, 2014) uses this loose coupling approach.  TOUGH2-Biot 

consists of a mechanical module that is based on extended Biot consolidation model. 

This module is then incorporated into TOUGH2 resulting in the TOUGH2-Biot 

simulator. This simulator has been used to analyse the THM response during long term 

geothermal exploitation at the Geysers geothermal field, California (Lei and Xu, 2014). 
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1.6. Review of Subsidence Modelling Work at Wairakei geothermal field  

A summary of review of previous subsidence modelling at Wairakei geothermal field is 

presented in Table 1.3 below. Figures 1.1 (a-e) show compressibility values for some of the 

models compared to those for the current model that was developed as part of this study 

(discussed in Section 4.10.2 of Chapter 4). 
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Table 1.3: Review of previous subsidence modelling work at Wairakei geothermal field. 

Year Subsidence model Review Reference 

 

1970s 

 

 

1-D  

-Simple compaction model 

-Did not match subsidence, because conceptual model used was 

incorrect 

- Assumed that compaction of Waiora formation was responsible for 

subsidence. 

Pritchett et al.,1976b, 1980 

 

1980 

-Used simple 1-D linear elastic consolidation model 

to match subsidence at benchmarks A97 and AA13 (located southern 

edge of Wairakei bowl in the eastern borefield) 

- Used interpolated pressure profiles (1952-1980) and compressible 

values that: 

 (i) she had measured for the Huka Falls   

      formation, 

 (ii) from Allis and Barker (1982) for shallow  

       pumice and  

(iii) from Pritchett (1976b) for the Waiora  

       formation. 

-Her measured compressibility values on core samples from wells 

WK33 and WK301 are somewhat lower in the upper Huka Falls 

formation (2.14 kbar-1) and considerably larger in the mid Huka Falls 

(1.75 kbar-1 ) than the recent lab test on core samples from WKM15.  

-Matched amplitude of subsidence reasonably well, but her model 
assumes linear elastic behaviour for rock deformation when in fact 

some yielding may have occurred in the upper Huka Falls and upper 

Waiora formation. 

 

 

 

 

Robertson, 1984 

 

2000 

-Applied one-dimensional finite-element model and coupled 

compaction and fluid flow in a porous medium.  

-The code used was initially developed by Lewis and collaborators 

(Lewis and Schrefler, 1987; Schrefler and Zhan, 1993). 

 

Allis and Zhan, 2000 



 
19 

 

-Matched subsidence results, though this model is limited. Assumed that 

subsidence occurs at lower layer of mudstone (100 m depth) and upper 

layer of pumice breccia (50 m depth). Also assumed unrealistic elastic 

properties and very low compressibility. Allis and Zhan also used a 

constant temperature throughout their model.  

-At that time there were no reliable measurements of properties or 

thickness of formations suspected to play significant role in the 

anomalous local compaction. 

-Recent investigation revealed upper Waiora (230-360 m depth) and 

upper Huka Falls (75-230 m depth) formations contribute most to 

subsidence. The current model thickness covers up to 415 m (depth) to 

include all the relevant formations within Wairakei bowl. 

-The technique used allows only single-phase, isothermal fluid flow, 

but the Wairakei bowl area has significant variations in temperature 

and there are boiling zones nearby 

- Assumes linear isotropic elastic behaviour for rock deformation when 

in fact some yielding may have occurred 

- Prescribed pressure boundary conditions at the top and bottom of the 

model. Thus prescribing the change in the water table level rather than 

allowing it to be determined by the permeability structure of the model. 

 

2006 

 -Curve fitting with a Boltzmann function (representing diffusion of 

pressure decline through low-permeability, highly-compressible strata) 

- Obtained a good match to historical subsidence data and extrapolated 

into the future at key locations 

- no physics or modelling involved 

 

Bromley, 2006 

 

2010 

 

 

1-D 

-Simple 1-D compaction calculation 

-Including some yielding, in upper Huka Falls and upper Waiora 

formations, similar to the current model. 

-Obtained a reasonable match to the subsidence at Wairakei-Tauhara 

-Calculations in this model were based on extrapolating and 

interpolating (in time and space) measured pressures rather than using 

pressures calculated from a reservoir simulator.  

Bromley et al., 2010; Bromley et al., 

2013 

 -Model 1-D vertical subsidence at selected locations corresponding to 

boreholes in and around the Wairakei-Tauhara bowls 
Wanninayake et al., 2010 
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2010 - 1-D single phase, isothermal, numerical model (M but no TH 

modelling) 

- Implemented in FLAC (Itasca consulting 

Group, 1997a) 

- Applied the same estimated pressures as 

Bromley et al., 2010 

- Their model accounts for yielding and softening behaviour of 

deforming strata similar to the current model. 

-Results were satisfactory but model subsidence occurs earlier than in 

reality. 

  

2005 

2-D(vertical slices) -Used finite element single-phase geomechanical simulator to model 

pressure changes and subsidence. The PLAXIS package was used. 

- Not conclusive due to unavailability of field data for calibration 

- Model limited because it is simple 2-D rather than 3-D 

-Does not allow two-phase flow 

 White et al., 2005 
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(e) 

Figure 1.1: Plots (a-e) show compressibility values applied to each of the investigated models 

described in Table 1.3 and those of current model. 

 

 

 

 

1.7 Outline of the Thesis 

This chapter has provided a brief history of, and introduction to, subsidence in geothermal 

fields. The experience of subsidence in various geothermal fields is highlighted in the chapter 

with special emphasis being given to Wairakei and Ohaaki in New Zealand. Cumulative 

subsidence, past and current maximum subsidence rates at various subsidence bowls in New 

Zealand are highlighted. Methods applied in the modelling of geothermal subsidence are 

introduced.  

Chapter 2 details the mathematical theory of geothermal subsidence, and the computational 

schemes for coupling mass and heat flow and rock mechanics.  

Chapter 3 presents background information on subsidence at Wairakei and Tauhara and the 

data available relevant to subsidence. This includes details of the rock properties of various 

geological formations at Wairakei.  
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Chapter 4 discusses the modelling of subsidence at Wairakei with a one-dimensional, vertical 

column, model. A loosely coupled approach is implemented and the model is calibrated using 

observed data. This model is a significant improvement on previous models because:  

(a) It successfully combines reservoir modelling to match the shallow pressure response 

and rock mechanics modelling to match subsidence. 

(b) It utilizes a nonlinear constitutive law for the rock mechanics with parameters 

determined using data from field measurements and laboratory tests.  

(c) It uses the air-water equation-of-state in TOUGH2 which enables the model to 

accurately represent both non-isothermal and two-phase fluid flow and the dropping 

water table level induced by deep production. 

The second modelling approach, using an R-Z, radially symmetric, model is presented in 

Chapter 5. An axisymmetric localised subsidence model is discussed that combines 

geomechanics modelling using the finite element code ABAQUS and two-phase non-

isothermal reservoir flow modelling using TOUGH2. Important phenomena at Wairakei field 

are the vertical drawdown of boiling zone, the vertical surface recharge and heterogeneity of 

geology which necessitate a need for horizontal detail as well as vertical detail to be 

represented. Because of the special symmetry of the R-Z model presented in this chapter it only 

approximates the true 3-D situation, however it is able to approximately match the horizontal 

extent of subsidence. 

Chapter 6 presents an overview of a reservoir model at Wairakei, and coupled three-

dimensional subsidence model of Wairakei field. The 3-D model considered has high 

resolution in the horizontal and vertical dimensions and is thus potentially able to represent the 

3-D aspects of subsidence at the Wairakei bowl. This model is aimed at producing better results 

by including elastic/plastic behaviour and by using a recent reservoir model with good 

representation of the shallow pressure regime. However the accuracy of the TOUGH2 model 

in representing the shallow pressures is still not good enough to allow very accurate 3-D 

modelling of subsidence at Wairakei. 

A summary and conclusions are presented in Chapter 7. 
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Chapter 2: Mathematical Theory of Geothermal Subsidence 
 

2.1 Introduction 

The rock material constituting a geothermal reservoir is a porous medium through which mass 

and heat move. The reservoir material deforms mainly in response to changes in effective stress 

due to pore pressure reduction. To a much lesser extent changes in temperature can cause 

deformation due to thermal expansion or contraction. Thus, mainly changes in pore pressure 

control compaction and hence subsidence at the surface. The interaction between the thermo-

hydrological processes in the geothermal reservoir and the rock mechanics of the deformation 

of the rock matrix means that geothermal subsidence is a thermo-hydro-mechanical (THM) 

phenomenon. 

This chapter considers the mechanical part of the overall THM problem and introduces the use 

of the solid mechanics of geological materials for calculating deformation resulting from 

changes in pore pressure. It therefore considers the basic theory of subsidence, constitutive 

models and the interaction of fluid and heat flow and rock deformation.  

 

2.2 Basic Theory 

Subsidence is a downward movement of the ground surface as a result of compaction, i.e., a 

reduction in volume of a particular stratum. Mathematical modelling of compaction requires 

the formulation of a theory governing stress changes in a porous medium and determination of 

a constitutive relation for the response of the material to a change in stress. 

The theory of subsidence is based on the concept of effective stress introduced by Terzaghi 

(1943) and the generalized three-dimensional theory of consolidation formulated by Biot 

(1941). The work by Biot included the formulation of the relationship between stress and pore 

pressure changes, later adopted in many applications (e.g. Lewis and Schrefler, 1987; 

Zienkiewicz et al., 1977).  
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2.3 Governing Equation  

A geothermal reservoir undergoing production and injection experiences mechanical 

deformation of the solid matrix, through which there may be a flow of a multiphase non-

isothermal fluid. To describe these processes, mass and heat balance equations are considered 

together with equations describing the rock mechanics. 

2.3.1 Mass and Heat Balance 

The mass and energy balance conservation equations solved by the geothermal simulator, 

TOUGH2 (Pruess et al., 1999) can be written in a form presented in (O’Sullivan et al., 2013) 

as: 

  
𝑑

𝑑𝑡
∫

𝑉
𝐴𝑘𝑑𝑉 = −∫

𝐴
 𝒏. 𝑭𝒌𝑑𝐴 + ∫

𝑉
𝑞𝑘𝑑𝑉            (2.1) 

V is the volume of integration, Ak is the amount of each quantity k within the volume, A is 

surface of the volume, Fk is the flux of quantity k across the surface A, n is the normal vector 

to the surface A, and qk represents any sources or sinks in the control volume. 

The number of quantities for which balance equations must be solved is determined by the 

equation of state (EOS) chosen to represent the geothermal system. The EOS selection is 

determined by the properties of the system under simulation and the nature of the issues being 

investigated. 

The total amount of mass per unit volume is given by 

𝐴𝑘 = 𝜑(𝜌𝑙𝑆𝑙 + 𝜌𝑔𝑆𝑔)                     (2.2) 

Then the amount of each component per unit volume can be calculated as the sum of the 

contributions from each phase, as shown in (2.3): 

𝐴𝑘 = 𝜑(𝜌𝑙𝑆𝑙𝑋𝑘𝑙 + 𝜌𝑔𝑆𝑔𝑋𝑘𝑔)                    (2.3) 

Here 𝜑 is the porosity, and for each phase, 𝛽, the density is given by 𝜌𝛽, saturation by 𝑆𝛽 and 

mass fraction by 𝑋𝑘𝛽.  The liquid and gas phases are represented by subscripts  𝑙  and 𝑔, 
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respectively. The amount of energy per unit volume in the expression below includes an 

additional term for the rock contribution: 

𝐴𝑒 = (1 − 𝜑)𝜌𝑟𝑐𝑟𝑇 + 𝜑(𝜌𝑙𝑢𝑙𝑆𝑙 + 𝜌𝑔𝑢𝑔𝑆𝑔)                                (2.4) 

Here T is the temperature, 𝜌𝑟 is the density of rock, 𝑐𝑟 its heat capacity and 𝑢𝛽 is the internal 

energy of phase 𝛽.  

The flux of each component 𝐹𝑘 in expression (2.1) is calculated using the contribution from 

each phase. The mass flux of each phase is given by a two-phase form of Darcy’s law: 

𝐹𝛽 = −
𝒌𝑘𝑟𝛽

𝜐𝛽
(∇𝑝 + 𝜌𝛽𝒈)                        (2.5) 

 k is the permeability tensor, 𝑘𝑟𝛽 is relative permeability of the phase 𝛽, 𝜐𝛽 its viscosity, p the 

pressure and 𝒈 is the gravity vector. 

The total mass flux, 𝐹𝑚 and energy flux, 𝐹𝑒 , adding the contribution for the two phases, are 

given by: 

𝐹𝑚 = ∑𝐹𝛽            (2.6) 

𝐹𝑒 = ∑ℎ𝛽𝐹𝛽 − 𝐾∇𝑇         (2.7) 

In the expression for 𝐹𝑒, ℎ𝛽 is the enthalpy of each phase and a conductive term is included, 

where 𝐾 is thermal conductivity (of the saturated rock matrix).  

2.3.2 Equilibrium Equation for Rock Matrix 

For the non-transient rock mechanics considered here the momentum balance equation, in the 

absence of inertial effects, reduces to a steady state equilibrium equation that can be expressed 

as follows (see Bonet and Wood, 2008, for example): 

𝑑𝑖𝑣 𝜎 + 𝑓 = 0           (2.8) 
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Here 𝑑𝑖𝑣 𝜎  is the spatial divergence of the Cauchy stress tensor and 𝑓 is a vector of body 

forces, such as gravity. The Cauchy stress tensor involves two parts, including the effects of 

pore fluid pressure on the rock matrix (Lewis and Schrefler, 1998; Ingebristen et al. 2006): 

𝜎 = 𝜎′ − 𝛼𝑝𝐼             (2.9) 

Here 𝜎 and  𝜎′ are components of the total stress tensor and Biot’s effective stress tensor, 

respectively, 𝛼 is Biot’s coefficient, a constant between 0 and 1, 𝑝 is fluid pore pressure and 𝐼 

is the identity tensor.  

The quantity 𝛼 is a very significant hydromechanical parameter used for determining the 

magnitude of effective stress that governs the mechanical response of a rock material due to 

variations in stress and pore pressure.  

Biot (1941) expressed 𝛼  in equation (2.9) as: 

𝛼 =
𝐾

𝐻
              (2.10) 

Here 𝐾 is drained bulk modulus of porous material and 
1

𝐻
 is the poroelastic expansion 

coefficient introduced by Biot. Biot and Willis (1957) recast (2.10) in terms of the 

compressibility of the solid phase 𝐶𝑠 and drained compressibility of the porous material (𝐶) 

resulting in the expression below (e.g. Lade and de Boer, 1997; Detournay and Cheng; 1993; 

Nur and Byerlee, 1971): 

𝛼 = 1 −
𝐶𝑠

𝐶
         (2.11) 

The above expression was derived independently by Bishop and Skempton (Skempton, 1960; 

Bishop, 1973).  

For soft soil material, 𝛼 is set to unity and (2.10) reduces to  𝜎 = 𝜎′ − 𝑝𝐼, an expression used 

by Terzaghi in his original work and one which is valid for most soils. Soils are usually soft 

and their skeleton highly compressible while their particles (solid phase) have small 

compressibility which justifies the use of 𝛼 = 1.  
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However, this is not the case for rocks as shown by typical values of Biot’s coefficient 

presented in (Fairhust, 2014; Mitchell and Soga, 2005). However it is close to 1 if the rock 

material has a high porosity (Franquet and Abass, 1999). Suggested values for Biot’s 

coefficient for soft material, such as mudstone and sandstone, range from 0.4-0.6 (Braun, 2009; 

Hou et al., 2005; Fabre and Gostkiewicz, 1997).  

For Wairakei-Tauhara previously presented values of Biot’s coefficient were based on the 

expression (2.11) that relates the coefficient to material compressibilities (Pender et al., 2013). 

The calculated values of 𝛼  from constrained moduli values for materials obtained from 

Tauhara field were very close to 1.0. Thus, for this study a value of 𝛼 = 1.0 was used for all 

rock types in the subsidence models presented in Chapters 4, 5 and 6. 

 

2.4 Constitutive Laws for Rock Mechanics 

The deformation of reservoir rock material depends on the constitutive or stress-strain 

relationship which is often non-linear: either non-linear elastic or elasto-plastic. 

In the models discussed in later chapters both elastic and elastoplastic behaviour of the material 

are considered.  

 

(i) Linear Elastic 

The effective stress is defined by Hooke’s law in terms of strain as: 

𝜎′ = 𝐷𝑒휀𝑒               (2.12) 

where 𝐷𝑒 is the fourth order elastic material constitutive tensor and 휀𝑒 is the total elastic strain 

tensor. The linear relationship (2.12) applies when the elastic strain is small (less than 5%) 

(ABAQUS, Inc. 2014). For an isotropic material, the fourth order elasticity tensor can be 

defined in indicial notation as follows: 
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𝐷𝑖𝑗𝑘𝑙
𝑒 = (𝐾 −

2

3
𝐺) 𝛿𝑖𝑗𝛿𝑘𝑙 + 𝐺(𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘)                (2.13) 

𝛿𝑖𝑗 is the Kronecker delta which is unity when 𝑖 = 𝑗 and 0 when 𝑖 ≠ 𝑗, 𝐾 is the bulk modulus 

and 𝐺 is the shear modulus (ABAQUS Inc., 2014). 

(ii) Elasto-Plasticity 

As the reservoir rocks experience an increasing effective stress due to reduction in pore 

pressure, they may begin to yield and if this happens plastic strains will develop. Elasto-

plasticity theory has been used extensively to simulate complex behaviour of geomaterials. It 

has fundamental ingredients that include: yield criterion, hardening and flow rules.   

In stress space, the boundary of the region in which yielding occurs is defined by a closed yield 

surface. It bounds the stress space that can be reached without initiating plastic strain. The yield 

surface may change during plastic deformation by expanding uniformly, while maintaining a 

fixed shape (e.g. an ellipse in the case of a von Mises solid) and a fixed centre. Plastic 

deformation occurs if the state of stress reaches a point on the yield surface. The state of stress 

must remain on the yield surface for plastic flow to continue (loading), otherwise the stress 

state drops below the yield value (unloading).    

A general formulation of elasto-plasticity, described in (Zienkiewicz, et al., 1969; Chen and 

Han, 2011; ABAQUS Inc., 2014) and used in this study, is outlined below. This model is 

incorporated in ABAQUS. The constitutive model used is based on infinitesimal strain theory. 

Total strain 휀𝑖𝑗 is divided into three parts: 

휀𝑖𝑗 = 휀𝑖𝑗
𝑒 + 휀𝑖𝑗

𝑖𝑛 + 휀𝑖𝑗
𝑇          (2.14) 

Here 휀𝑖𝑗
𝑒  is the elastic strain tensor, 휀𝑖𝑗

𝑖𝑛 is the inelastic strain tensor and 휀𝑖𝑗
𝑇  is the thermal strain 

tensor. For an elastoplastic model, 휀𝑖𝑗
𝑖𝑛 = 휀𝑖𝑗

𝑝
 , i.e., 휀𝑖𝑗

𝑖𝑛 corresponds to plastic strain. 

Inelastic flow in this model is governed by inelastic flow equation 𝑓 in stress space expressed 

as: 

𝑓 = 𝐽(𝜎𝑖𝑗
′ − 𝑅𝑖𝑗)               (2.15) 
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𝜎𝑖𝑗
′  is effective stress, 𝑅𝑖𝑗 defines the evolution of the elastic limit as a function of equivalent 

plastic strain and temperature and represents isotropic hardening (𝑅𝑖𝑗 = (휀𝑖𝑗
𝑝 , 𝑇) = 𝜎0

′ +

ℎ(휀𝑖𝑗
𝑝 )), ℎ is plastic modulus (ℎ =

∆𝜎𝑖𝑗
′

∆𝜀
𝑖𝑗
𝑝 ) , 𝜎0

′  is initial effective yield stress and  𝑇 is 

temperature), 𝐽 defines the invariant function in stress space. For isotropic hardening, the shape 

and position of yield surface remain fixed while the size of yield surface changes with plastic 

deformation. Yield stress gradually increases proportional to the plastic strain. The von Mises 

invariant below is typically used for isotropic materials and was applied in this study: 

 𝐽(𝑆𝑖𝑗) = √3
2⁄ 𝑆𝑖𝑗𝑆𝑖𝑗         (2.16) 

where 𝑆𝑖𝑗 is deviatoric stress (𝑆𝑖𝑗 = 𝜎𝑖𝑗
′ + 𝑏𝛿𝑖𝑗) and 𝑏 is equivalent stress, 𝑏 = − (

1

3
) ∑ 𝜎𝑖𝑖

′ . 

Theories of inelastic flow included in ABAQUS presume that the total strain rate can be 

partitioned additively. The direction of inelastic strain rate is parallel to a normal to the yield 

surface (ABAQUS Inc., 2016). Thus the inelastic strain rate is directed normal to the yield 

surface. The plastic part of strain rate takes the form expressed below: 

휀�̇�𝑗
𝑖𝑛 = �̇�

𝜕𝑓

𝜕𝜎𝑖𝑗
= �̇�𝑛𝑖𝑗             (2.17) 

Here 휀�̇�𝑗
𝑖𝑛 is the inelastic strain rate tensor and  �̇� is an inelastic multiplier and 𝑛𝑖𝑗 represents a 

function of stress expressed as 𝑛𝑖𝑗 =
3

2

𝑆𝑖𝑗

𝑞
  (where 𝑆𝑖𝑗 is deviatoric stress and 𝑞 is equivalent 

stress (𝑞 = 𝐽(𝑆𝑖𝑗)). In the case of our model, �̇� is determined by a consistency plastic flow 

condition 𝑓 = 𝑓̇ = 0. The use of the von Mises yield function means that there is essentially 

no volumetric plastic strain since the elastic bulk modulus, 𝐾, is large and the volume change 

will be small (ABAQUS Inc., 2016). 

This study utilised a model where elasticity is linear and isotropic and therefore can be written 

in terms of two temperature dependent material parameters, namely: Young’s modulus, 𝐸 and 

Poisson’s ratio, 𝜈. It may be convenient to replace these parameters by bulk modulus 𝐾 and 

shear modulus, 𝐺. These can be computed readily from 𝐸 and 𝜈 using the formulae: 
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𝐾 =  
E

3(1−2𝜈)
  and 𝐺 =

E

2(1+𝜈)
              (2.18) 

 

In the ABAQUS code, the user chooses a version of the hardening rules depending on the 

material used and the application. The rule chosen here for subsidence modelling was isotropic 

hardening. In the model set up, two keywords are used for definition of material properties: 

*ELASTIC and *PLASTIC, HARDENING = ISOTROPIC. They define the variation for the 

different materials in the modulus of elasticity and yield stress, respectively. 

 In the definition of a von Mises elasto-plastic material behaviour in ABAQUS, isotropic 

hardening was specified, by entering tabular data showing material density, elastic material 

properties (𝐸 , 𝜈 ), yield stress (𝜎𝑖𝑗
′ ) and plastic strains (휀𝑖𝑗

𝑝
). 

Linear isotropic elastic materials properties were defined as shown in Table 2.1. 

                    Table 2.1: Elastic material parameter inputs. 

*ELASTIC  

TYPE= ISOTROPIC    𝐸 ,   𝜈 

 

Elasto-plastic material parameters for which yield stress is dependent on equivalent plastic 

strain was defined as shown in Table 2.2 describing the property variations. Plastic strain values 

were used to define the hardening behaviour, with the first data pair corresponding to onset of 

plasticity (the value of plastic strain was set to zero in the first pair). 

 

Table 2.2: Elasto-plastic input material parameters representing material hardening 

behaviour. 

  

 

 

 

Stress ratio at  

critical state  

      Yield stress Equivalent plastic strain 

 

𝑀 

𝜎01
′  휀01

𝑝
 

𝜎02
′  휀02

𝑝
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Constitutive model used in this work using ABAQUS software (ABAQUS Inc., 2014) falls 

under constitutive model type “critical state (clay) plasticity models” in the software. The 

inelastic constitutive theory provided in ABAQUS is based on the critical state plasticity theory 

developed by Roscoe and his colleagues at Cambridge (Schofield et al., 1968 and Parry, 1972). 

It describes inelastic behaviour of materials by a yield function that depends on stress invariants 

and strain hardening theory that changes the size of the yield surface according to strain. It also, 

requires the elastic part of deformation be defined using linear elastic material model within 

same material definition. Further, it allows definition for hardening using a keyword 

HARDENING, that describes post yield plastic behaviour of material. This work applied 

HARDENING= TABULAR. 

A tabular hardening model in ABAQUS operates similarly to traditional elasto-plastic model, 

however, the user has some freedom in specifying a table of plastic stress/strain values as 

presented in Table 2.2. Tables 4.5, 5.2 and 6.1 presented in Chapters 4,5 and 6 respectively 

show input parameters representing material hardening behaviour in the model.  The properties 

given as input to ABAQUS for the elastic and elastoplastic constitutive laws are shown in Table 

2.3 below. The general elasto-plastic, Drucker-Prager and Cam-Clay constitutive models for 

soil-like materials are all advanced elasto-plastic models widely used in geotechniques. 

However, they differ in terms of parameters that each requires to predict the behaviour of 

materials. For example, Cam-Clay model requires more parameters (e.g logarithmic bulk 

modulus) as opposed to general elasto-plastic and Drucker-Prager models respectively 

(ABAQUS Inc., 2014).The subsequent  models described in Chapters 4, 5 and 6 utilise this 

general elasto-plastic model. 
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Table 2.3: Elastic and plastic input parameters for geomechanics model. Elasto-plastic model 

in ABAQUS is invoked with syntax *CLAY PLASTICITY option which defines the yield and 

also the hardening. ABAQUS offers hardening options (i)tabular hardening and (ii) 

exponential hardening for elasto-plastic and Cam-Clay constitutive models respectively.  

Material parameter Elastic Elastoplastic 

*MATERIAL, NAME=” ” ✓ ✓ 

*DENSITY ✓ ✓ 

*DENSITY, PORE FLUID ✓ ✓ 

*ELASTIC ✓ ✓ 

*CLAY PLASTICITY, 

 HARDENING=TABULAR 

✗ ✓ 

*CLAY HARDENING ✗ ✓ 

*CONDUCTIVITY ✓ ✓ 

*EXPANSION ✓ ✓ 

*EXPANSION, PORE FLUID ✓ ✓ 

*PERMEABILITY, 

type=ORTHOTROPIC, 

specific=”” 

 

✓ 

 

✓ 

*Biot’s coefficient ✓ ✓ 

 

 

2.5 Coupling 

Relating subsidence to geothermal fluid production requires coupling between a rock 

mechanics deformation model and an appropriate mass and heat flow reservoir model. The 

following coupling options need to be considered in choosing a modelling technique: 

(a) Loose Coupling 

For loosely coupled models, the mass and heat flow equations are solved to obtain pressures 

and temperatures. The pressures and temperatures are used to calculate changes in pressure and 
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temperature throughout an interval in time, which in turn are used in the solution of a quasi-

static rock mechanics problem for subsidence. In a geothermal context, this coupling involves: 

(i) Using a reservoir simulator (e.g. TOUGH2) to calculate pressure and temperature over 

many years (e.g. 25 to 50).  

(ii) Then a rock mechanics code such as ABAQUS can be used to calculate subsidence at 

a particular time interval (e.g. every five years) by solving a static solid mechanics 

problem at each time, based on the change in pressure and temperature over the time 

interval. 

This approach is used in the current work, utilising both linear elastic and non-linear plastic 

deformation. The previous study of subsidence at Wairakei (O’Sullivan and Yeh, 2007; 

Bromley et al., 2010) applied the loosely coupled approach but used only a linear elastic 

constitutive model.   

Other simulators that use the loosely coupled approach include:  

(1) The TOUGH2-FLAC simulator (Rutqvist, 2011) developed by coupling TOUGH2 and 

FLAC-3D (Itasca, 2009) for analysis of THM processes. FLAC-3D was developed for solving 

rock and soil mechanics problems while TOUGH2 code solves for heat and mass transfer. The 

two codes are sequentially executed. A coupling module performs interpolation from 

TOUGH2 finite volume block centres to FLAC3D finite element nodes. An average pore 

pressure is then calculated at the FLAC3D nodes. A range of material-specific constitutive 

laws are available with FLAC3D (Rutqvist et al., 2002; Rutqvist and Tsang, 2003; Rutqvist, 

2011). The simulator has since been applied to study coupled geomechanical processes under 

multiphase flow conditions for a range of applications that include: CO2 sequestration 

(Rutqvist and Tsang, 2002, 2005; Tsang et al., 2008; Rutqvist et al., 2006a, 2007, 2008b, 

2008c, 2010b; Walsh et al., 2015), nuclear waste disposal (Rutqvist and Tsang, 2003b; 

Rutqvist et al., 2005, 2008a, 2009b, 2009c), geothermal energy extraction (Rutqvist et al., 

2006b; Rutqvist and Oldenburg, 2008) and modelling crustal deformation caused by deep 

underground fluid movements and pressure changes as a result of industrial and natural vents 

(The Geysers geothermal field , In Salah CO2 storage project in Algeria) (Ruqvist, 2010).  
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(2) Lei et al., (2015) developed a mechanical deformation module and combined it with 

TOUGH2 to give an integrated code (TOUGH2Biot). In this integrated code, the heat and 

mass transfer and mechanics calculations are executed sequentially at each time step. Pressure 

and temperature from TOUGH2 are transferred to a rock mechanics module for displacement 

calculations (Lei and Xu, 2014; Lei et al., 2015). TOUGH2Biot has been applied to evaluate 

thermal, hydrodynamic and mechanical response of geothermal production at The Geysers 

geothermal field, California and also to simulate CO2 geological sequestration at the Ordos 

CCS Demonstration Project in China (Lei and Xu, 2014; Lei and Xu, 2015).  

(b) Full Coupling 

In this approach mass flow and heat energy transport equations (both depend on temperature 

and pressure) for a porous medium and geomechanics equations for the rock matrix (for stress, 

strain and displacements) are solved simultaneously at every time step. Material properties 

such as porosity and permeability which control mass and heat transfer are allowed to vary 

with stresses determined from the rock mechanics problem. A formulation of this approach is 

presented in Lewis and Sukirman, (1993); Xikui and Zienkiewicz, (1992), Bower and 

Zyvoloski, 1997 and Chen et al., (2009). This approach gives accurate solutions, however, the 

complexity of the fully coupled system results in a very high computational cost and thus the 

applicability of this approach is limited (Inoue and Fontoura, 2009).  Because of the complexity 

of multiphase fluid flows, this approach has not been used for two-phase flow problems.  

The United States Department of Energy together with the Geothermal Technologies Office 

supported a comparison study of all codes developed at national laboratories and academic 

institutions within United States for modelling enhanced geothermal systems (EGS). The 

purpose of this study was to test, diagnose differences and demonstrate modelling capabilities 

of the codes. Two sets of problems comprised the study: (1) benchmark problems (White et 

al., 2015), (2) challenge problems (White et al., 2016).  

Benchmark problems were defined in terms of properties, driving forces, initial conditions and 

boundary conditions. These benchmark problems did not require a fully coupled approach to 

simulate subsurface processes typical of EGS.  Seven benchmark problems were structured to 

test the ability of twelve simulators (see Table 2.4) to solve combinations of coupled thermal, 

hydrologic, geomechanical and geochemical processes typical of EGS. This phase of the study 
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was completed during the first year and was documented in White and Philips (2015); White 

et al., (2015); Kelkar et al., (2015); Podgorney et al., (2015). 

The challenge problems were based on research activities conducted by Los Alamos National 

Laboratory (LANL) in hot dry rock at Fenton Hill test site, New Mexico, USA. Two challenge 

problems were developed, both addressing the following topical areas: reservoir 

creation/stimulation, reactive and passive transport and thermal recovery. The challenge 

problem (1) considered the Phase II reservoir at Fenton Hill while challenge problem (2) 

considered the shallower Phase I reservoir at Fenton Hill (White et al., 2016b).  

The fully coupled thermo-hydro-mechanical (THM) approach has also been used to study 

problems such as permeability enhancement by cold water injection in idealized geothermal 

reservoirs (e.g. Pogacnik et al., 2014; Zhao et al., 2015; Cao et al., 2016). However, this 

approach has not been used to model subsidence and may be more complicated than is 

necessary.  

 

Table 2.4: Simulators and affiliated institutions (modified after White et al., 2015). 

No. Code (Simulator) Affiliated Institution 

1 FALCON Idaho National Laboratory 

2 FLAC3D Itasca Consulting Group 

3 TOUGH and FLAC3D Lawrence Berkeley National Laboratory 

4 NUFT and GEOS Lawrence Livermore National Laboratory  

5 FEHM Los Alamos National Laboratory 

6 PFLOTRAN Oak Ridge National Laboratory 

7 GeoFrac-Mech and GeoFrac-Stim Oklahoma University 

8 STOMP Pacific Northwest National Laboratory 

9 TR_FLAC3D, TOUGHREACT, FLAC3D Pennsylvania State University 

10 CFRAC_Stanford and GPRS Stanford University 

11 CFRAC_UT University of Texas, Austin 

12 MULTIFLUX, TOUGH2, NUFT, 

TOUGHREACT, 3DEC 

University of Nevada, Reno 
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(c) Partial coupling 

There are other possible levels of coupling, for example, the Finite Element Heat and Mass 

simulator (FEHM) by Zyvoloski et al., (1997; 2007) allows for updating of porosity and 

permeability, though the changes are lagged by one-time step. FEHM has a built-in rock 

mechanics solver and has similar functionality to TOUGH2 in terms of heat and mass transfer 

modelling. 

 

2.6 Summary 

This chapter has presented the mathematical theory that supports modelling of subsidence. A 

set of equations have been defined which govern mass and heat transfer and deformation of 

reservoir materials. Aspects of elasticity and plasticity theory have been presented.  

The models of subsidence in geothermal fields discussed in later chapters use a loosely coupled 

method for thermal-hydro-mechanical analysis. This involved sequential process where one 

process depends on the final state of another, so that order in which they are evaluated becomes 

important.  

Previous studies of subsidence at Wairakei geothermal field considered 1-D linear elastic 

constitutive model (Allis and Zhan, 2000). Their one-dimensional finite-element model 

coupled compaction and fluid flow in a porous medium in order to simulate subsidence at 

Wairakei. The code was initially developed by Lewis and collaborators (Lewis and Schrefler, 

1987; Schrefler and Zhan, 1993) for modelling two-dimensional behaviour of compacting 

sediments, where saturated and unsaturated conditions are present. This code is limited due to 

the following: (1) the modelling technique used allows only for single-phase, isothermal fluid 

flow but the Wairakei bowl area has significant variations in temperature and there are boiling 

zones nearby, (2) the method assumes linear isotropic elastic behaviour for rock deformation 

when in fact some yielding may have occurred and (3) one-dimensional model is limited 

because often fluid-rock interaction produces some three-dimensional effects (Biot, 1941). 
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A model developed by Wanninayake et al., (2010) used a 1-D single phase, isothermal 

numerical model implemented in FLAC (Itasca Consulting Group, 1997a). They used non-

linear modified Cam Clay model. This model utilised pressures interpolated from field data by 

Bromley et al., 2010. Thus only M and no TH modelling was done to solve the overall THM 

problem. 

The current model in this study uses material properties from both field measurements and 

laboratory tests conducted on various samples.  Both linear elastic and non-linear elasto-plastic 

constitutive models are applied to M modelling, while for TH modelling the pressures and 

temperature are obtained from a reservoir simulator where non-isothermal multi-phase 

conditions are considered.  

The rock mechanics model was implemented in the ABAQUS code. This model utilised tabular 

hardening model (under constitutive model type “critical state (clay) plasticity model”) 

provided in ABAQUS software, which operates similar to a classical elasto-plastic model.  

Both elastic and elasto-plastic constitutive models are applied in the subsidence models. The 

reservoir model utilises the TOUGH2 code for solving the heat and mass transfer problem. The 

use of nonlinear constitutive law for the rock mechanics with parameters determined using data 

from field measurements and laboratory tests applied in the current study is an improvement 

on previous subsidence studies. The reservoir model in this work uses the air-water equation-

of-state in TOUGH2. This enables the model to accurately represent both non-isothermal and 

two-phase fluid flow and the dropping water table level induced by deep production. 
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Chapter 3: Background on Subsidence at Wairakei-Tauhara 

3.1 Subsidence at Wairakei 

Wairakei geothermal field is located at the south end of the Taupo Volcanic Zone (TVZ) in 

New Zealand. In its unexploited state, Wairakei is believed to have contained a liquid-

dominated two-phase zone, overlying a single-phase deep liquid zone (Grant and Home 

1980; Donaldson et al., 1983).  Electrical resistivity measurements showed that the field 

extends over an area of more than 15 km2 and consists of two main sectors Wairakei and 

Tauhara (see Figure 3.1). Scientific investigation of the field began in 1949 and shallow 

exploratory drilling started in 1950. After that, many exploration and production wells were 

drilled and the first power plant at Wairakei was commissioned in 1958.   

Subsidence at Wairakei field was recognized early in the 1960s shortly after production 

began and reservoir pressures started to decline (Hatton, 1971; Allis and Barker, 1982; 

Menzies and Lawless, 2000; Allis, 2000; Allis et al., 2009; Bromley et al., 2010). Subsidence 

trends, obtained from a levelling network, were identified in the early 1970s at both Wairakei 

and Tauhara. Information on these trends was extended with subsequent levelling data. An 

extensive, progressively developed and detailed record of the extent and location of 

subsidence at Wairakei exists. The subsidence at Wairakei-Tauhara is characterised by a low 

background level and four bowls (one at Wairakei and three at Tauhara) at which small areas 

of large localised subsidence have occurred. The locations of the bowls are shown in Figure 

3.1. To date levelling survey data shows a maximum of approximately 15 m of subsidence in 

the bowl at Wairakei. The discussion below summarise the trends in each of the subsidence 

bowls given in the re-levelling survey report (Energy Surveys, 2010).  

(a) Spa Valley 

The recent subsidence monitoring results based on the 2009 re-levelling survey show a 

maximum subsidence rate of 89 mm/year (2004-2009). This is similar to the rate measured in 

previous re-levelling surveys during the 2001-2004 and 1997-2001 epochs (Energy Surveys, 

2010).  The shape of this anomaly has not significantly changed with time.  
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Figure 3.1: Map showing subsidence bowls at Wairakei-Taihara. EB=Eastern Borefield, 

WB= Western Borefield and GV= Geyser Valley (modified after Bromley et al.,2010). 

(b) Rakaunui Road 

The maximum measured subsidence rate at the Rakaunui Road bowl reduced from 58 

mm/year to 51 mm/year between the periods 1997-2001 and 2001-2004. Over the period 

2004-2009 re-levelling surveys showed a maximum rate of 40 mm/year (Energy Surveys, 

2010).  

(c) Crown Road 

The Crown Road anomaly experienced a maximum subsidence rate of 60 mm/year during 

2002-2007 according to the survey results. This rate reduced to 42 mm/year in the period 
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2004-2009. The shape and the location of the bowl during this latter period remained similar 

to that recorded in the past. However, recent measurements indicate subsidence here could be 

increasing (Bromley et al., 2009).  

(d) Wairakei bowl 

At Wairakei, subsidence rates in the bowl area have been decreasing since the late 1970s. At 

benchmark P128 located near the centre of Wairakei subsidence bowl (see Figure 3.1), the 

recent field-wide levelling survey (Energy Surveys, 2010) indicated a rate of 45 mm/year 

which is far less than the reported peak rate of 498 mm/year during 1979. 

Table 3.1: Summary of subsidence data at the Wairakei-Tauhara fields.  

Bowl 
Wairakei 

P128 

Spa 

Valley 

BM 9734 

Crown 

Road 

RM59 

Rakaunui 

Road 

TH5 

Current Cumulative 

subsidence (m) 
15.1 3.1 1.0 2.5 

Maximum subsidence rate(mm/year) 

(1960s) 
390 - - - 

Maximum subsidence rate(mm/year) 

(1970s) 
498 - - - 

Maximum subsidence rate(mm/year) 

(1990s) 
200 50 11 - 

Maximum subsidence rate(mm/year) 

(1997-2001) 
143 95 28 58 

Maximum subsidence rate(mm/year) 

(2001-2004) 
70 88 58 51 

Maximum subsidence rate(mm/year) 

(2004-2009) 
45 65 56 39 

 

As shown in Table 3.1, the subsidence rate at the four bowls in the Wairakei-Tauhara field 

has shown both decreases and increases over time. The cumulative subsidence, presented in 

Table 3.1, is based on the 2009 re-levelling surveys. More details of subsidence at Wairakei-

Tauhara are given by Allis et al., (2009), Bromley et al., (2010), Bromley et al., (2013), 

Bromley et al., (2015) and Sepulveda et al., (2017).  
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3.2 Studies of Subsidence bowls at Wairakei-Tauhara  

Since 1956, the levelling network at Wairakei-Tauhara which started with approximately 100 

survey points has grown to over 3000 permanent continuous global positioning system 

(cGPS) stations. The network covers the three local subsidence bowls at Wairakei-Tauhara.  

Satellite based ground deformation images involving InSAR and DinSAR techniques have 

been utilized to provide supporting information (Hole et al., 2007). This information 

confirmed the locations, observed subsidence rates of existing anomalies and also confirmed 

the fact that the benchmarks cover all anomalies. 

In 2007, as part of the process required by the Resource Management Act (RMA) for 

consenting of the Wairakei power station, the need for research into subsidence mechanisms 

across Wairakei-Tauhara was identified. Subsequently Contact Energy Ltd, the developer of 

the field, conducted a comprehensive study of the Wairakei, Rakaunui Road, Spa Valley and 

Crown Road subsidence bowls. Continuously cored wells were drilled to depths of 200m-

1000m within and near each subsidence bowl. This exercise was aimed at investigating the 

geotechnical properties of the retrieved cores to improve understanding of processes that 

cause subsidence.  The following investigations were conducted on the wells drilled within 

and around the subsidence bowls. 

a. Geotechnical investigations  

The continuous cores recovered from wells drilled within and near the bowls were logged and 

subjected to comprehensive geotechnical analyses, which included: compressibility 

measurements (pre-yield, post-yield constrained moduli, yield stress and Poisson’s ratio) and 

petrology tests. Compressibility measurements involved K0 triaxial tests of selected intact 

core samples.  

The petrology tests involved X-Ray Diffraction (XRD), measurement of smectite abundance 

and scanning electron microprobe (SEM) analyses (Bromley et al., 2010). These tests 

allowed characterization of mineralogy and physical properties of core samples. SEM 

analyses revealed fine-scale details of hydrothermal alterations that have taken place in the 

subsurface that may be affecting the strength of various lithologies. A detailed description of 
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these analyses, results and conclusions are presented by Lynne et al., (2011) and Lynne et al., 

2013.  

Core inspection and their description, rock quality designation (RQD) and photography were 

also part of the investigation.  

A summary of geotechnical tests, other than the Ko triaxial tests, conducted on the recovered 

cores is presented in Table 3.2. It shows the number of geotechnical tests conducted on 

samples from each subsidence bowl. These tests, discussed in more detail below, included 

point load tests (PLT) to infer unconfined compressive strength, shear vane and penetrometer 

tests, measurement of density, porosity and Atterberg limits, and particle size-distribution 

analysis. 

 

Table 3.2: Summary of the number of tests completed on cores from Wairakei, Spa Valley, 

Crown Road and Rakaunui Road subsidence bowls.  

 

b. Reservoir measurements 

The pressure measurements at Wairakei, made with bubbler-type piezometers, have been 

mainly confined to higher permeability strata. These strata include the lower Waiora (which 

is a steam source) and the Middle Huka Falls Formation. Pressure measurements and water 

level recordings from these permeable strata provided a basis for deducing pressures in other 

permeable strata (Lower HFF and Upper Huka Falls) prior to steam extraction. To satisfy 

consent conditions imposed by the decision No. A 41/2007, the developer (Contact) was 

required to install other bubbler-type piezometers in the exploratory wells.  

Subsidence bowl Wairakei Spa Crown Rakaunui 

Tests 

Point Load Test (PLT) 451 90 289 288 

Shear Vane 10 2 25 - 

Pocket Penetrometer 24 9 43 - 

Bulk Density 90 21 55 25 

Dry Density 90 21 55 25 

Porosity 90 21 55 25 

Atterberg Limits 2 1 5 - 

Particle Size analysis 5 1 5 1 

Clay test samples 94 159 80 90 
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Because of the availability of a reasonably comprehensive and long duration of pressure 

readings in the Waiora formation and the relatively high permeability of the Waiora 

formation, it was decided that there was no necessity to install further piezometers at or near 

WKM15. 

The geotechnical investigations carried out revealed the presence of some highly 

compressible material at shallow depths (<400m). The point load test (PLT) method of 

testing material strength using strength indices (Broch and Franklin, 1972; ISRM, 1973; 

Bieniawski, 1975) was applied to core samples from well WKM15. This testing method 

involves the mounting of a core sample between two pointed plates and then pressure is 

applied until failure of the sample occurs. Index properties from this test were used to 

determine strength parameters in weaker rock units. The weaker materials presented 

undesirable behaviour such as high plasticity and crumbling and these characteristics made it 

impossible for the soft rocks to be tested in the laboratory. Thus for these samples the index 

properties provided a useful means of extending laboratory strength test results to the full 

range of conditions encountered throughout the depth profile. The tests conducted by Opus 

(2008) together with geology and mineralogical observations (related to alteration) discussed 

by Lynne et al., (2011, 2013) were useful in the estimation of compressibility within 

formations.  

From the suite of geotechnical tests it was deduced that the soft material had sufficient 

thickness to explain the position and size of the subsidence anomalies. At Wairakei, the 

compressible sequences include upper layers of altered tuff breccia in the Waiora formation 

(230 – 330 m depth), sub-units in the Huka Falls Formation (HFF) (75 – 230 m depth) and 

decaying peat/vegetation layers at shallow depth (30 – 45 m). Compressibility measurements 

and other tests carried out on the core samples together with pressure measurements in the 

wells increased the knowledge about the causes and mechanisms of the subsidence bowls. It 

is worth noting that the deep pressure changes have been quite uniform across a very large 

area and therefore do not explain the occurrence of the bowls.  
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3.3 Geotechnical properties of rocks at Wairakei 

Geotechnical properties of rock material at Wairakei are described in this section. The data 

were obtained from test results reported in the site investigation reports (Opus, 2008). The 

geotechnical data were grouped into eight lithologies by Cattell (2015) in order to describe 

the variation in properties down wells WKM15 and WKM14, whose locations are shown in 

Figure 3.2. Well WKM15 was drilled near benchmark P128 at the centre of the Wairakei 

bowl, while well WKM14 is located at the edge of the Eastern borefield outside the bowl. 

The stratigraphies of WKM14 and WKM15 are shown in Figure 3.3.  The lithologies include: 

the Huka falls units, made up of  Upper Huka Falls (UHFF), Middle Huka Falls (MHFF) and 

Lower Huka Falls (LHFF), Waiora formation (WF) and Waiora1- Ignimbrite (WF-Ing).  

 

Figure 3.2: A map showing Wairakei subsidence bowl, key bench marks (BMs) and 

monitoring wells (modified after Bromley et al., 2010). 
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Figure 3.3: Graphic logs illustrating stratigraphic features of WKM15 and WKM14 

(modified after Cattell, 2015). 

 

In order to satisfy conditions attached to its consent for continued fluid extraction from 

Wairakei geothermal field, the field operator (Contact Energy Limited) was required to 

undertake geotechnical investigations, sampling and testing. One of the conditions was for 

operator to provide a programme and methodology for properly taking and conserving core 

samples and for making accurate measurements of geotechnical properties. The aim was to 

identify local anomalies that could explain the causes and mechanisms for occurrence of the 

subsidence bowls. The various geotechnical investigations involved continuous coring and 

sampling of undisturbed cores which ranged in strength from soft and weak to hard and 

strong. 

The objective of the investigation was to determine whether there were significant differences 

in geotechnical profiles both within and outside the subsidence bowls that could explain the 

existence of differential subsidence. To ensure the success of this objective, continuous cores 

were taken, interspersed with the taking of samples suitable for off-site tests. During coring, 

samples were taken for on-site geotechnical tests (point load test, shear vane and pocket 
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penetrometer). Sampling for both on-site and off-site tests was undertaken at pre-determined 

intervals and when significant changes in material properties were noticed. Geotechnical 

laboratory tests were undertaken to characterise materials and to assist in making decisions 

on which of the undisturbed samples should be subjected to specialised testing (e.g. Ko tests) 

to determine compressibility characteristics. 

These laboratory tests also included measurement of density, moisture content, Atterberg 

limits and particle size distribution tests appropriate to the material type. 

Sampling of variety of materials at WKM15 and WKM14 for both on-site and off-site tests 

shown in Table 3.2 were carried out for the reasons summarised in Table 3.3 below. 

Table 3.3: Summary of tests conducted on cores from Wairakei investigation wells. 

  Tests No. of tests 

 

 

           Significance 

On-Site Tests WKM15 WKM14 

Point Load Test 233 218 Samples collected at regular 

intervals (3 m) to test for 

strength of rock  

Pocket Penetrometer 24 - Test for strength of soft soil-

like material 

Pocket Shear Vane 10 - Test for strength of soft 

material (cohesive soil) 

Off-Site Tests 

 

Routine Laboratory Tests 

   

Density  65 25 Conducted on samples to 

characterise and classify 

materials to assist in deciding 

which samples should be 

subjected to specialised testing 

Moisture content 65 25 

Atterberg limits 2 - 

Particle size analysis 5 - 

Clay Test 69 25 Test for smectite content and 

clay abundance 

Specialist Testing    

      Ko 16 - Test of compressibility of 

selected samples at specific 

depths 
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 Density 

Density measurements were made on samples taken every few metres in all the cored wells. 

Figure 3.4 shows that the median value for bulk density of rocks (90 samples) at the Wairakei 

bowl is between 1605 kg/m3-2030 kg/m3 and outside the bowl it ranges from 1800 kg/m3 - 

1930 kg/m3. The results in Figure 3.4 are dominated by Waiora and Huka Falls units and 

show an increase in density with depth in lower stratigraphies (Waiora and Waiora1-

ignimbrite). The median values for dry density lie between 1045 kg/m3 -1680 kg/m3 at 

WKM15 and 1370 kg/m3-1410 kg/m3 at WKM14. 

 

   WKM15     WKM14 

Figure 3.4: Bulk density and dry density of core samples. (a) and (b) are bulk densities 

for core samples from WKM15 and WKM14, respectively, (c) and (d) are dry 

densities for core samples from wells WKM15 and WKM14, respectively. 

 

3.3.2: Moisture content and Porosity 

Laboratory testing was undertaken to determine moisture content (as well as density) of both 

soil and rock samples from every few metres in all the cored wells. Moisture content is 

defined as the volumetric water fraction. The water content is controlled by porosity and 

grain size. Porosity ultimately establishes the upper limit of how much water can be stored in 

a given volume of soil or rock material. Porosity of soil or rock material can vary widely and 

depends on the grain size distribution. The median porosity, shown in Figure 3.5, varies from 

20.8% to 53.6% at WKM15 and from 27.3% to 35.9% at WKM14. Porosity at WKM15 is 

somewhat higher than at WKM14 supporting the conceptual model of the presence of a 
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locally less compacted and more compressible material within the main subsidence bowl. 

Porosity at WKM15 decreases with depth as shown in Figure 3.6.  

Soil or rock material behaves differently with different porosity (and therefore water content 

in a fully saturated material) depending on mineral content. A high water content in a rock 

material may cause its shear strength to decrease, hence affecting subsidence. This happens 

because clays present in a stratum may swell and/or shrink continuously because of changes 

in moisture content. This influences the opening and closing of voids and may change the 

thickness of rock layers. Moisture content (porosity) is an important parameter in determining 

the existence of a subsidence bowl, and therefore is an important input parameter in the 

subsidence analysis models discussed below. 

 

   WKM15     WKM14 

Figure 3.5: Porosity (upper bound for moisture content) of samples from (a) WKM15 and (b) 

WKM14. 

 

 

   WKM15     WKM14 
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Figure 3.6: Moisture content (porosity) with depth profiles for wells: (a) WKM15 and (b) 

WKM14. 

3.3.3: Atterberg Limits 

Atterberg Limits are used to determine whether the soil material is plastic and undergoes a 

volumetric change in response to varying moisture content. The plastic limit is defined by the 

moisture content where the soil changes from a semi-solid state to a plastic state. The liquid 

limit defines the point where soil changes from a plastic state to a viscous fluid state and the 

shrinkage limit defines where the soil volume does not reduce further when the moisture 

content is reduced.   

The strength of connections between soil particles may change with water content in a soil 

that contains clay material. As the water content increases, these soils pass through various 

states of consistency, namely: solid, semi-solid, plastic and liquid. Each of these stages is 

defined by changes in strength, consistency and behaviour. Atterberg limits tests accurately 

delineate these boundaries in terms of water content at specific points where physical changes 

of soil material may occur.  

Only a few Atterberg limits tests were done on soft samples at specific depths where changes 

in material type and lithology was observed in the wells. Table 3.4 shows results for 

Atterberg limit index tests, i.e., liquid limit, plastic limit and plasticity index, respectively. 

These Atterberg limits are related to both the mineralogy and amount of clay present in the 

soil sample. These results are for two clay samples from depths of 151.25 m (214 masl) and 

250.8 m (115 masl) at WKM15. The results indicate the presence at these depths of weak, 

clay-rich soils with a high plasticity index. Such materials are expected to experience plastic 

deformation with an increase in load. 

Table 3.4: Atterberg limits of samples from borehole WKM15. 

 

Depth(m) Liquid 

Limit (%) 

Plasticity 

Index (%) 

Plastic 

Limit (%) 

Water 

content (%) 
% 

< 2𝜇𝑚 

151.25 78 34 44 63.5 52 

250.8 75 47 28 30.9 43 
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3.3.4: Particle Size-Distribution Analysis 

Particle size-distribution (gradation) analysis is descriptive and refers to the proportion by dry 

mass of soil distributed over specified particle size range. Gradation curves generated using 

this method yields the amount of silt, sand, clay size fractions present in soil. This analysis is 

an indicator of material properties such as compressibility and shear strength (ASTM D7928-

17). A few particle size analyses were done on soft soil samples at specific depths guided by 

pre-determined intervals and where significant change in material properties were observed. 

Six determinations of particle size of samples from different depths at WKM15 were made 

(Opus, 2008). The clay content (particle size < 2𝜇𝑚), indicating the presence of minerals 

such as smectite and illite, varies from 44% - 90% across all formations. Particle size 

distribution curves of the samples at WKM15 (plotted using the UK convention) are shown in 

Figure 3.7 and Table 3.5.   

• Sample A consists of 7% gravel size, 33% sand size, 20 % silt size and 21% clay size.  

• Sample B consists of 28 % coarse material (0% gravel size and 28 % sand size), 57% 

silt size and 10% clay size.  

• Sample C consists of 2% gravel size, 7% sand size, 55% silt size and 31% clay size.  

• Sample D consists of 5% gravel size, 50% sand size, 34% silt size and 9% clay size.  

• Sample E consists of 0% gravel size, 37% sand size, 21% silt size and 13% clay size.  

• Sample F consists of 3 % gravel size, 32 % sand size, 25% silt size and 18% clay size.  

The results show that five locations have the grain composition of clayey silt (curves A, B, C, 

E, F) while D has less clay. This analysis on selected samples helped in choosing samples to 

test for compressibility.  
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Figure 3.7: Particle size distribution of samples from WKM15. Curves A to F are for core 

samples from different formations at various depths, as presented in Table 3.5. 

 

 

Table 3.5: Distribution of particles of size < 2𝜇𝑚 at various depths, with formations HFF-

Huka Falls Formation, POS-Post Oruanui Formation represented by curves B to F in Figure 

3.7. 

 

 

 

 

 

 

3.3.5: Smectite Content 

Smectites are products of rock alteration produced by changes in thermal and hydrological 

conditions in near neutral pH geothermal systems, such as Wairakei-Tauhara (Bromley et al. 

2010). The smectite content is of critical importance in determining the mechanical behaviour 

of soft materials at WKM15. Smectite influences the deformation behaviour of rocks by 

Curves Depth(m) Formation Fines (%) 

A 250 Waiora 44 

B 151.25 HFF 82 

C 138.7 HFF 90 

D 50 Oruanui 57 

E 45 POS 47 

F 35.8 POS 58 
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introducing weak interfaces within the formation and thus rock materials with abundant 

smectite are more compressible.  

Samples from WKM14 (21 samples) and WKM15 (51 samples) show a varying smectite 

content (Figure 3.8). The distributions show a higher median value of smectite content within 

the UHFF at WKM15 than in the UHFF at WKM14. Large concentrations of smectite occur 

at two depths, with strong smectite peaks in the middle of the UHFF (100 – 120 m) and at the 

boundary between LHFF and Waiora (230 m).  

 

 

 

   WKM15     WKM14 

 Figure 3.8: Smectite content determined by methylene blue titration (MBT) test analysis for 

samples from (a) WKM15 and (b) WKM14. 

 

3.3.6: Strength tests 

For 16 samples from WKM15, drained-triaxial tests that follow a Ko condition (deformation 

under a constraint of zero lateral strain) were undertaken using specialist testing equipment 

designed for an HQ3 core sample size. This enables replication of the very high confining 

pressures at the depths from which the samples were retrieved. The Ko triaxial tests results, 

reported in Pender (2009a, 2009b), include plots of vertical effective stress versus axial strain 

and effective stress paths for a range of samples taken at various depths. Compressibility 

parameters obtained from these Ko triaxial tests include: pre-yielding (re-compression 

constrained modulus), post-yield (virgin compression constrained modulus) and yield stress 

(pre-consolidation pressure).The test results presented in Table 3.6 below are for core 
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samples from lithological units within the studied interval of WKM15. They show a range of 

material responses at respective effective friction angle measured at critical state. These 

responses are due to effective stresses that various lithologies experience and show that at 

some depths, materials within WKM15 are weak.  Significant local variations of 

compressibility exist because of differences in structure and mineralogy. The tests show 

much higher compressibility in the Upper Waiora formation and sub-units of the Huka Falls 

formation - Upper Huka Falls (UHF) and Lower Huka Falls (LHF). 

Compressive strength tests at a series of confining pressures show that weaker materials 

(from the Waiora and Upper Huka Falls formations) at WKM15 have low values of Young’s 

modulus, and hence are weaker. Figure 3.9 shows relatively low stiffness values for OIF, 

HFF units and the Upper Waiora Formations. The weaker materials were impossible to test in 

the laboratory due to their crumbling and soft characteristics (Bromley et al., 2010). Thus, the 

field tests, such as point load tests, were used to determine their properties rather than the 

laboratory tests.  

Table 3.6: Material response for samples taken in WKM15, near the Wairakei bowl.       

 

 

 

 

 

Formation Type   Material Response           Effective friction 

angle  ∅′      

Post Oruanui Yielding 32°-34° 

Oruanui Yielding/ softening/ failure 17°-32° 

Upper Huka Falls Failure/softening/stiffening 17°-29° 

Middle Huka Falls Yielding 10°-20° 
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Figure 3.9: Stiffness measured at in-situ stress conditions for different lithologies (POS-Post 

Oruanui, Oruanui, UHFF-Upper Huka Falls, MHFF-Middle Huka Falls and Waiora 

formations) vs depth at WKM15 (modified after Bromley et al., 2010). 

 

A variety of terms are used to define the compressibility and strength of materials. These are 

summarised in Table 3.7. 

 

Table 3.7: Mechanics of material: background concepts and definitions. 

Material property Definition 

 

Young’s modulus, 𝐸 
 

 

Measures resistance of a material to elastic deformation under 

load(stress). It determines the stiffness of the material in response 

to applied load and holds provided the sides of material are free to 

move according to Poisson’s ratio, 𝜈  effect.  

Constrained 

modulus, 

 𝑀𝑐𝑜𝑛 =
𝐸(1−𝜈)

(1−2𝜈)(1+𝜈)
 

Ratio of stress to strain condition of no lateral strain (lateral strain 

is constrained). It is inverse of compressibility. If a material cannot 

expand freely, it is much ‘stiffer’ than it would be if it were not 

constrained (higher modulus).  

 

Stiffness 

 

As pointed out by Pender et al. (2013) and Bromley et al. (2010) 

stiffness is an alternative, common-use term for the constrained 

modulus. 

Strength Measures how much stress can be applied to material before it 

deforms permanently.  
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Compressive 

strength 

Maximum load (stress) applied to crush a material over cross-

sectional area. 

 

Compressibility 

Ability of material to decrease in volume when subjected to a 

mechanical load (stress). Compressibility is the inverse of 

constrained modulus 𝑀𝑐𝑜𝑛 (Pender et al., 2013). For unconstrained 

deformation, it is reciprocal of bulk modulus, 𝐾 =
𝐸

3(1−2𝜈)
. 

 

 

3.3.7 Other Tests 

Other techniques shown in Table 3.2 were used for strength measurements. Point load tests 

were undertaken regularly at intervals of 3 m but other tests (pocket penetrometer and shear-

vane tests) were done only on soft material. Point load tests are run with a suitable frequency 

on rock-like materials and are used for calculation of a rock strength index. The pocket 

penetrometer involves pushing vertically into the sample a steel cone mounted on a steel rod. 

The cone shears and compresses the soil material while the point resistance is recorded. The 

shear vane test measures shear resistance by pushing the vane into the clay stratum, rotating it 

and measuring the resulting torque at the time the soil fails in shear around the vane. These 

tests were conducted at the drilling site on cores that appeared to be soil-like clay.  

Pockets of very weak materials occurred, particularly in WKM15. For the cores from various 

depth ranges the point load axial strength tests exhibited variable rock strengths for both 

WKM15 and WKM14, as shown in Figures 3.10. At WKM15, the upper Waiora formation is 

relatively weak with a median point load axial strength of 0.29MPa but at WKM14 it is 

relatively strong with median point load axial strength of 0. 46MPa.The Huka Falls units at 

WKM15 are weak with median point load axial strength of 0.18MPa while at WKM14 they 

are strong with a median point load axial strength of 0.29MPa.  

Shear vane tests values undertaken on soft material were very low thus confirming the 

existence of very weak materials at WKM15, as reported in Bromley et al., (2010). These 

values correlate with, and are consistent with, low values of constrained modulus and point 

load strength. 
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(a)  

   WKM15 

(b)  

   WKM14 

Figure 3.10. Point load axial strength for all lithologies at (a) WKM15 (within the 

subsidence bowl) and (b) WKM14 (outside the subsidence bowl). 

The PLT data were useful for extending data from the Ko tests performed by Pender (2009) as 

far more data were available from the former than the latter over the depth range covered by 

our models (see Chapters 4, 5 and 6). The point load strength index (𝐼𝑠50) values, shown in 

Figure 3.11 can be related to unconfined compressive strength (UCS) using the empirical 

relationship between 𝐼𝑠50 and UCS (Kohno & Maeda, 2011; Tsiambaos and Sabatakaki, 

2004) given by: 

 

𝑈𝐶𝑆 = 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 𝐼𝑠50      (3.1) 
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The conversion factor in (3.1) has been provided for a few classes of rocks in the literature 

(Kohno & Maeda, 2011; Tsiambaos and Sabatakaki, 2004), as presented in Table 3.8. Using 

information from various geotechnical tests and the geology, the conversion factors shown in 

Table 3.9 were assigned to the formations in WKM15, guided by rock-class ranges in Table 

3.8. This augmentation of data was necessary because the core samples taken did not cover 

the whole depth of WKM15. This was due to limits inherent in coring, such as crumbling of 

loose sections.   

Table 3.8: The conversion factors between unconfined compressive strength (UCS) and Point 

Load Index (Is50) for sedimentary rocks (after Tsiambos and Sabatakaki, 2004). 

Class Category Point Load Strength, 

𝐼𝑠50(MPa) 

Conversion 

factor 

I Soft < 2 13 

II Medium 2-5 20 

III Hard > 5 28 

 

Table 3.9: Conversion factors applied to the geological formations at the subsidence bowls 

(at WKM15, THM12, THM13, THM14 and THM16). 

Formation type Conversion factor 

Taupo Formation (TAI) 10 

Post Oruanui Tephra (POT) 10 

Oruanui Formation (OIF) 12 

Upper Huka Falls Formation (UHF) 10 

Middle Huka Falls Formation (MHF) 11 

Lower Huka Falls Formation (LHF) 10 

Waiora Formation (WAF) 15 

Crown Breccia (CXB) 15 

Spa Andesite (SPA) 12 

 

Formations where laboratory tests were not carried out necessitated the use of the empirical 

plot provided by Deer (1968) to guide the selection of Young’s modulus. The relation 

obtained by Deer (1968) depends on the type of rocks. In Figure 3.11a data from WKM15, 

THM12, THM13, THM14 and THM16 are compared with the trend lines for sedimentary 

rocks reported in Deer and Miller (1966).  The ranges of modulus of various rocks presented 

in Figures 3.11 are wide and generally overlap for most of these rocks. Specifically, for 

WKM15 the moduli for materials from different strata are compared with trend lines for 

sedimentary rocks in Figure 3.11b. The classification system by Deer and Miller (1966) 

based on UCS and modulus of elasticity describe rocks as having low modulus ratio for 
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modulus ratios smaller than 1:200 and high modulus ratio for modulus ratios greater than 

1:500. Materials from WKM15 mostly have a low or medium modulus ratio. With a low 

modulus ratio, the rocks are weak with a low resistance to deformation. 

 

 

Figure 3.11. (a) Modulus ratio of rock samples from identified strata for different wells 

(WKM15, THM12, THM13, THM14 and THM16). (b) Modulus ratio of rock samples 

from each formation in WKM15, within the Wairakei bowl. POT=Post Oruanui, 

OIF=Oruanui, UHF=Upper Huka Falls, MHF=Middle Huka Falls, WAF= Waiora 

Formation. 

 

Comprehensive and reliable geotechnical information from various geotechnical tests, based 

on best practice and innovation have been presented. These data have enabled a vastly 

improved understanding of the varying geological strata and provide reasonable 

measurements or estimates of rock compressibility. The data provide parameters such as 
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yield stress, pre-yield stress, Young’s modulus, rock densities and Poisson’s ratio which are 

key inputs for the 1-D, R-Z and 3-D subsidence models discussed in the following chapters.  

 

 

3.4 Summary  

A review of subsidence at Wairakei geothermal field has been presented in this chapter 

together with data that can be used as parameters for input into subsidence models. The 

parametrization of the models allowed for replication of observed surface subsidence. The 

geological and rock material properties, including moisture content (porosity), strength, 

densities, smectite content and states of soil consistency, from WKM15 and WKM14 vary. 

Existences of extremely soft hydrothermal clay-rich material are evident at depths of ~100 m 

to 300 m and consist of Upper Huka Falls and Upper Waiora formations. This material is soft 

because of hydrothermal alterations that weaken the lithology through mineral dissolution 

and deposition (Lynne et al., 2013). The localised bowls may be craters which formed as a 

result of hydrothermal eruptive events at sites that have experienced changes in level of 

activities of existing steaming vents or hot acidic pools. This allows more than usual hot 

upflows through connecting conduits (faults and fractures) hence large amount of alteration 

(Allis, 1984; Bromley and Clotworthy, 2001). Deposition of sediments in a lacustrine 

environment could have also resulted in poorly consolidated materials (Allis, 2009; Bromley 

et al., 2009, 2010; Rosenberg et al., 2010). Based on this information, most subsidence is 

expected to occur in these formations and is associated with yielding.  The weak and yielding 

formations are responsible for subsidence bowl at Wairakei (Bromley et al., 2010). The bowl 

location resulted from anomalous geological structures and properties related to intense 

hydrothermal clay alteration of porous and permeable formations. Presence of highly 

compressible swelling clays made it possible for Bromley et al., (2010) to conclude that 

upper Huka Falls and upper Waiora formations contributed most into localised subsidence 

bowl at Wairakei.  

The most significant finding in terms of conceptual understanding of the subsidence bowl in 

this field is that some material from WKM15 is anomalously compressible and weak 

compared to samples from WKM14 which are less compressible and stronger. Evidence 

available indicate that pockets of localised high compressibility occur within the region of the 
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subsidence bowl. These properties of materials in WKM15 and WKM14 affect the magnitude 

and extent of subsidence both horizontally and vertically, as shown in the succeeding 

Chapters 4, 5 and 6. 
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Chapter 4: 1-D Model of Subsidence at Wairakei 

4.1 Modelling Approach 

The 1-D modelling study described in this chapter involves solving a heat and mass transfer 

problem followed by the solution of a rock mechanics problem that incorporates both linear, 

elastic and non-linear, plastic deformation. A loose coupling approach was used whereby the 

mass and energy transport model is solved separately from the rock mechanics model. A mass 

and heat flow simulation was performed using TOUGH2 (Pruess et al., 1999) followed by a 

rock mechanics simulation using ABAQUS (ABAQUS Inc., 2013). ABAQUS provides for 

either a linear or non-linear response. The effects of deformation on the flow parameters 

(porosity and permeability) are not calculated and therefore are not fed back to the flow model. 

The whole modelling process was performed by linking the two simulators using a Python-

based interface, detailed in Pogacnik et al., (2014).  

For a given time period (50 years), first the TOUGH2 simulation was performed for heat and 

mass transport, using a sequence of time steps, and the results were stored for particular 

intervals of time (five years) The block-centred pressure and temperature values from 

TOUGH2 at the end of each five-year interval were interpolated on to finite element nodal 

locations. Pressure and temperature at every node were fixed in the geomechanics model and 

a quasi-static ABAQUS simulation was executed to determine displacements and stresses in 

the domain. These displacements were subtracted from values determined at the start of the 

time interval being investigated. The difference in surface displacements gives the subsidence 

that occurred at the surface during the selected interval in time. 

The boundary conditions were varied over time at the bottom of the model for the TOUGH2 

simulations, representing the changing rate of deep fluid withdrawal that has occurred within 

the Wairakei geothermal system due to energy production. The TOUGH2 production 

simulation covered a period of 50 years, using small time steps, however subsidence was 

calculated only every five years which was thought to be sufficient for matching the resolution 

of the observed subsidence data (see Figure 4.8). As the coupling between TOUGH2 and 

ABAQUS is loose (see Section 2.5) the ABAQUS results do not feed back to the TOUGH2 

calculations and so calculating the subsidence more frequently, or less frequently, will not 

change the five-yearly model results shown in Figure 4.8. 
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Python scripts were used to control the whole process and extensive use was made of 

pyTOUGH libraries (Croucher, 2011; Wellmann et al., 2012) and PyABAQUS (Puri, 2011). 

The field data and laboratory tests discussed previously were useful for the determination of 

model parameters for both the TOUGH2 and ABAQUS models. Other model parameters had 

to be determined by calibration of the model to match field observations of pressure and 

subsidence, as discussed in Section 4.4. 

4.2 Previous 1-D Subsidence Models 

Subsidence at Wairakei-Tauhara was first modelled by Pritchett et al., (1976b, 1980). These 

researchers used a simple compaction model but established that the elastic modulus required 

for the Waiora formation was an order of magnitude smaller than those measured from core 

samples Pritchett et al., 1976a). This model did not match subsidence at Wairakei bowl very 

well, which is not surprising because the basic conceptual model used was that compaction of 

the Waiora formation (where the greatest pressure decline had been measured) was responsible 

for subsidence. Data gathered recently suggested that this conceptual model is incorrect and 

that the formations most likely to be responsible for compaction at Wairakei bowl are upper 

layers of altered tuff breccia within the Waiora Formation (230-330 m), Huka Falls Formation 

sub-units (75-230 m) and decaying peat/vegetation at shallow depth (30-45 m) (Bromley et al., 

2010; Rosenberg et al., 2009). 

In the 1980s a simple 1-D consolidation model was used to match subsidence at bench marks 

A97 and AA13 (Robertson, 1984). Pressure profiles from 1952 to 1982 provided by Allis 

(private communication) and compressibilities for the Huka Falls formation measured by 

Robertson were used in this simple model. The results from the model matched the 

observations reasonably well. 

Allis and Zhan (2000) applied a one-dimensional finite-element model that coupled 

compaction and fluid flow in a porous medium in order to simulate subsidence at Wairakei 

(also discussed in Allis et al., 1997a, 1998; Allis 2001, 2004). The code was initially developed 

by Lewis and collaborators (Lewis and Schrefler, 1987; Schrefler and Zhan, 1993) for 

modelling two-dimensional behaviour of compacting sediments, where saturated and 

unsaturated conditions are present. The conceptual model used by Allis and Zhan (2000) at the 

time of conducting this work lacked reliable measurement of properties or thickness of 

formations suspected to play significant role in anomalous local compaction. With this model 
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Allis and Zhan (2000) obtained a satisfactory match of model results to the measured 

subsidence, though the model is limited for the following reasons:  

(i) It is only one-dimensional and some three-dimensional effects may be important 

(Terzaghi, 2004),  

(ii) The modelling technique used allows only for single-phase, isothermal fluid flow 

but the Wairakei bowl area has significant variations in temperature and there are 

boiling zones nearby,   

(iii) The method assumes linear isotropic elastic behaviour for rock deformation when 

in fact some yielding may have occurred, 

(iv) Pressure boundary conditions were prescribed at both the top and bottom of the 

model, thus prescribing the change in the water table level rather than allowing it to 

be determined by the permeability structure of the model. 

The scientific investigations and analysis conducted by Contact Energy Ltd., from 2006 to 

2009 allowed much more to be known about the rock properties within and outside the 

subsidence bowls at Wairakei and Tauhara (Bromley et al., 2013, Pender et al., 2013). The 

available data were utilised in studies which used a simple 1-D compaction calculation, 

including some yielding, to obtain a reasonable match to the subsidence at Wairakei-Tauhara 

(Bromley et al., 2010; Bromley et al., 2013). These calculations were however based on 

extrapolating and interpolating (in time and space) measured pressures rather than using 

pressures calculated from a reservoir simulator.  

 A 1-D single phase, isothermal, numerical model, implemented in FLAC (Itasca Consulting 

Group, 1997a) by Wanninayake et al., (2010) applied the same estimated pressures as Bromley. 

Their goal was to model 1-D vertical subsidence at selected locations corresponding to 

boreholes in and around the Wairakei-Tauhara bowls. Results from their model of the Wairakei 

bowl were satisfactory but the model subsidence occurs somewhat earlier than in reality.  

Bromley (2006) also used curve-fitting with a Boltzmann function (representing diffusion of 

pressure decline through low-permeability, highly-compressible strata) to obtain a good match 

to historical subsidence data and to extrapolate into the future at key locations (benchmarks 

P128 and A97).  
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The model discussed in this chapter improves upon some or all of the previous work in four 

distinct ways. First, it uses a full THM model, modelling the mass and heat transfer as well as 

the rock mechanics. Secondly, it utilizes a nonlinear constitutive law for the rock mechanics 

with parameters determined using data from field measurements and laboratory tests. Thirdly, 

it uses the air-water equation-of-state in TOUGH2 which enables the model to accurately 

represent both non-isothermal and two-phase fluid flow and the dropping water table level 

induced by deep production. Fourthly, the model parameters, both for the TOUGH2 reservoir 

model and the ABAQUS rock mechanics model, are based on the field and laboratory data.   

 Design of the TOUGH2 Model 

The model used here is a 1-D vertical model designed to represent the heat and mass flow and 

rock mechanics behaviour immediately beneath the Wairakei bowl. The thermo-hydro (TH) 

part is solved using TOUGH2 (Pruess et al., 1999). The geometry and boundary conditions 

used for the model are described below.   

4.3.1 Geometry 

The vertical thickness of the model is 415 m which is divided into 83 x 5 m blocks. Subsurface 

logs from Bromley et al., (2010) were reviewed to delineate the stratigraphy. The logs included 

drilling data collected during geotechnical investigations. The model was designed particularly 

to give good resolution of the shallow zone between elevations of -50 mRL and 360 mRL 

(surface elevation), which is the region where most of the subsidence is believed to have 

occurred. The distribution of rock types used in the model corresponds to the rock formations 

shown in Figure 3.3 of Chapter 3. The stratigraphic information is based on the analysis of core 

samples from WKM15 presented in Rosenberg et al., (2009).  

A catchment exists to the west of the modelled area and runoff is directed towards the Waikato 

River (see Figure 3.1), thus giving a water table which, pre-exploitation and in proximity to 

bowl, is estimated to have been at an elevation of 390 mRL in 1955. The water table levels in 

the Eastern Borefield declined by 40 m, and stabilised by around 2000 at a reduced level 

slightly above that of the pond in the subsidence bowl (347.4 m) (Bromley et al., 2009, 2000; 

Allis and Zhan, 2000). The causes contributing to the decline and stabilisation of the ground 
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water levels are steam pressure drawdown and reduced upflows of steam and water because of 

production. The top of the model was set at 390 mRL while the bottom was set at -25 mRL, an 

elevation at which the Waiora formation has relatively uniform properties (Figure 3.3 in 

Chapter 3). The high vertical resolution in the model was applied to capture heterogeneity in 

rock properties and to accurately resolve the pressure distribution. Two simulations with the 

TOUGH2 model were run: first a natural state simulation to establish the pre-exploitation 

pressure and temperature profiles and then a production history simulation for a period of 50 

years (1955-2005).   

4.3.2 Boundary and Initial conditions 

The model is closed on the sides while the boundary conditions at the top of the model are 

applied with a constant pressure and temperature block that contains air and water vapour at 

atmospheric conditions (0.1MPa, 15℃). An air-water equation of state (EOS3) was used in the 

TOUGH2 simulation, and thus it was possible to represent the unsaturated zone and the falling 

water table. Also required with this approach is explicit application of meteoric recharge in the 

form of rainfall infiltration which is injected into the top block of the model. Rainfall was 

specified at 10°C and at a rate equivalent to 1200 mm/year with an infiltration rate of 10 %, 

consistent with local conditions and previous modelling exercises (Mannington et al., 2000). 

The natural heat and mass discharge at Wairakei is estimated to have been at around 400 kg/s 

and 600 MWt (Hunt et al., 2009; Allis, 1981). The base temperature indicated from chemistry 

and physical measurements is close to 260°C (Bixley et al., 2009). The natural state pressure 

profile from the model is shown in Figure 4.1a. This natural state simulation involved injection 

of small amount of heat and mass at the bottom of the model in order to obtain a temperature 

profile reasonable for the location of the Wairakei subsidence bowl, which lies inside the 

resistivity boundary of the system (Figure 4.1b). This is away from the hot upflow but adjacent 

to the original primary hot outflow to Geyser Valley. Also included in Figure 4.1a are natural 

state pressure profiles from the reservoir model by Allis and Zhan (2000) and estimated 

pressure profiles used by Wanninayake et al., (2010). Their pressures are discussed further in 

Section 4.10. In Figure 4.1b the temperature profile from the model is compared to 

temperatures measured at nearby monitoring wells (WKM15 and WKM14). Matching the 

reversals in temperature below 100mRL was impossible with 1-D column model and the goal 
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with natural state calibration was to approximately match shallow temperatures above this 

elevation. 

The natural state bottom boundary conditions were also applied during the production history 

simulation but an additional boundary condition was applied withdrawing fluid from the 

bottom of the model, representing deep fluid extraction by production wells. The bottom 

boundary flux was varied during the sequence of production history simulations in order to 

obtain a match to the pressure drawdown at selected elevations and was an important 

calibration parameter, as discussed below.  
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Figure 4.1: (a) Pressure, model results against elevation at natural state and (b) 

Temperature, model results and data. 

4.4 Calibration of the TOUGH2 Model 

The purpose of the TOUGH2 reservoir model was to produce a pressure response that matches 

the observed pressure decline near the Wairakei subsidence bowl and which could then be used 

for predicting subsidence. Parameters calibrated in the model included permeabilities and deep 

fluid withdrawal during the production history. The calibration exercise (results presented in 

Section 4.8) was carried out iteratively with the aim of matching the field measurements of 

pressure at nearby wells at depths of 150 m and 250 m, shown in Figure 4.2.  In the calibration 

process, lower and upper bounds were set for permeability that are within the range of 

previously reported permeability values for the Wairakei geothermal system.  

 

 

Figure 4.2: Model and observed pressure vs time at depths 250 m and 150 m. The 

symbols are measured pressures from various wells. 
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The values of vertical permeability used range from 10-16 m2 to 10-12 m2 (see Figure 4.3 b) 

consistent with previously documented permeability for the Wairakei geothermal system (Allis 

and Zhan, 2000; Trevor and Hunt, 1994).  The smectite content and porosity values discussed 

in Section 3.3.5 guided the choice of permeability, with high smectite content and high porosity 

correlated to low permeability. The best-fit porosity and permeability values applied in the 

model are plotted against elevation in Figure 4.3. There is reasonable agreement between the 

measured and modelled porosity and the low permeability zones correlate with the high 

smectite content. 

 

(a)                                                                   (b) 

Figure 4.3: (a) Calibrated and measured porosity and (b) permeability values with measured 

smectite content plotted against elevation. 

 

4.5 Design of the ABAQUS Model  

The same grid structure used in the TOUGH2 model was used for the ABAQUS model. 

TOUGH2 utilizes a finite volume approach for mass and heat transfer computation, while 

ABAQUS uses a finite element approach for the calculation of rock deformation. Thus, for the 

ABAQUS model, the grid contains 83 elements with 336 nodes.  The use of the same grid for 

both ABAQUS and TOUGH2 models meant the distribution of rock types in the TOUGH2 

model was directly transferable to the ABAQUS model. 
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4.5.1 Boundary condition 

The following are the boundary conditions applied to the ABAQUS model for the rock 

deformation calculation: 

(i) The vertical component  of displacement at the base was fixed (uz=0) 

(ii) Horizontal normal displacements on the sides were fixed at zero (ux =0 in the x direction 

and uy=0 in the y direction) and shear stress was set to zero on the sides (𝜏𝑥 = 𝜏𝑦 = 0). 

(iii)  Shear stress was set to zero on the base (𝜏𝑥𝑧 = 𝜏𝑦𝑧 = 0) 

(iv)  A zero traction boundary condition was applied at the surface of the model. 

The constitutive relationship applied was the elasto-plastic model described in Chapter 2. This 

model requires the use of the following parameters: Young’s modulus, Poisson’s ratio, stress 

ratio, mean effective yield stress, final effective yield stress and initial yield surface size, initial 

and final plastic strain. These parameters were assigned values based on the laboratory data. 

A value of Biot’s coefficient had to be assigned to enable calculation of effective stress from 

the fluid pressure distribution. The value assigned is 𝛼 = 1, as described previously in Section 

2.3.2. 

4.6 Calibration of ABAQUS Model 

Laboratory tests conducted (Pender, 2009) provided values for rock properties from samples 

at only a few elevations.  Some samples tested were from shallow formations while others were 

from below 100 m depth (one in the Mid-Huka Falls formation and one in the Waiora 

formation).  Thus, most sub-units were not subjected to laboratory testing, and hence their rock 

properties became calibration parameters, but the values used were guided by field 

measurements such as point load tests and smectite content.  The ABAQUS model was 

calibrated by performing adjustments of these properties and comparing the modelled 

subsidence history with corresponding field measurements. At the end of each simulation, time 

history plots of deformation, stress and strain in each model block were used to identify how 

best to modify the rock properties of each sub-unit, with the aim of achieving a better match to 

the observed subsidence history. 
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As mentioned above, the available field data were used to guide the choice of parameter values. 

Point load measurements made on core samples at a spacing of approximately 3 m gave some 

indication of rock strength. These measurements, correlated with laboratory measurements of 

constrained modulus, were applied to guide the choice of rock strength parameters. Field 

measurement data presented in Chapter 3 show a very high water content and low point load 

strength at the bottom of the Upper Huka Falls and the Upper Waiora Formations.  Laboratory 

measurements for Young’s modulus values from these formations were used to identify the 

most likely zones where yielding may have occurred. These zones were identified also in the 

previous studies as likely to have yielded and to be responsible for subsidence (Bromley et al., 

2010; Allis, 2000). The mean effective yield stress, mean effective final yield stress and stress 

ratio became the key model parameters in these zones to be adjusted to match the magnitude 

and timing of subsidence. Input parameters for the ABAQUS model are shown in Table 4.5 in 

Section 4.10. 

4.7 Coupling of TOUGH2 and ABAQUS Models 

Modelling of subsidence in this study involved sequential coupling where the TOUGH2 mass 

and energy transport model is solved separately from the ABAQUS rock mechanics model. 

The effects of deformation on the rock parameters (stress, strain, displacement) that affect flow 

parameters (porosity and permeability) are not calculated and therefore there is no feed back 

to the flow model.  The two simulators (TOUGH2 and ABAQUS) were linked using a python-

based interface as detailed below (and in Pogacnik et al., 2015).  The PyTOUGH library 

(Croucher 2011) provides an interface for TOUGH2 simulator while ABAQUS uses Python to 

allow access to ABAQUS output. A pseudo Python code used in this coupled simulations is 

shown in Figure 4.4 and summarised below: 

(i) The TOUGH2 simulation results in block-centred pressures and temperatures which 

were interpolated on to the finite element nodal locations. 

(ii)  At each time step, a quasi-static rock mechanics model simulation using ABAQUS was 

executed with pressures and temperatures applied at each node. 

(iii)  The production history simulation involved using the ABAQUS restart procedure with 

results from the previous time-step used as initial values. This model was run in ten 

steps by extracting TOUGH2 results at five yearly intervals. 
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Two constitutive models were applied in this model: elastic and elasto-plastic, categorised 

respectively as Case I and Case II. 

 

Figure 4.4: A Pseudo Python code used to couple TOUGH2 to ABAQUS. (Adopted from 

Pogacnik et al., 2015). 

 

4.8 Results for the TOUGH2 Model 

Figure 4.5a shows the calculated pressure distribution from the reservoir model at five-yearly 

intervals over 50 years of production (1950-2000). The best-fit permeability profile is also 

shown in Figure 4.5a as an aid to understanding the pressure profiles. The pressure profiles in 

the figure illustrate that low permeability values, corresponding to high smectite content (see 

Figure 4.5b) present in Huka Falls Units, causes steep pressure gradients to develop around 

250 masl and 130 masl respectively. The presence of a high smectite content significantly 

affects rock porosity and permeability, resulting in a low permeability barrier. The production 

history pressure results from the model at depths 150 m and 250 m are plotted with field data 

from surrounding wells in Figure 4.6. The match at these elevations is good and indicates the 

model is accurately representing the pressure drawdown observed at 250 m and 150 m.  

The permeability value used by Allis and Zhan (2000) in their model was very low (0.063E-15 

m2) and thus their pressure profile for 1975 shows a reversal. The higher permeability used in 

our model allows the pressure to decline and spread to shallower levels and produces a more 

realistic pressure profile (see the 1975 profile shown in Figure 4.7). More discussion of 

pressures from the different models is presented in Section 4.10. 
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Figure 4.5: (a) Pressure-elevation trends between 1955 and 2005 at 5-yearly time increments 

and the permeability profile (log k vs elevation). (b) Plot of smectite content and 

permeability against elevation. 

 

Figure 4.6: Model pressure trends at four depths (250m, 150m, 90m, 30m), with symbols 

showing observed pressure data from nearby wells. 
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Figure 4.7: Pressure profiles at year 0 and year 25 compared with those given by Allis and 

Zhan (2000). 

The whole exercise required a joint calibration process for the TOUGH2 model and the 

ABAQUS model. We experimented with various permeability and porosity values in the 

reservoir model. Parameters calibrated in the TOUGH2 model were the permeabilities and deep 

fluid withdrawal during the production history. The ABAQUS model was also calibrated by 

performing adjustments of material properties. Adjustments to the ABAQUS model were 

assessed in terms of their implications for the TOUGH2 model. For example if some material 

was made softer and more clay-like in the ABAQUS model its permeability was made smaller 

in the TOUGH2 model. 

At each calibration step, the TOUGH2 model was run in two versions: first, was the natural 

state simulation to establish pre-exploitation pressures and temperature, then followed by a 

production history simulation for a period of 50 years. The output of the TOUGH2 model was 

passed over to the ABAQUS model for the subsidence calculation process. At the end of each 

calibration step, based on simulations with both the TOUGH2 and ABAQUS models, time 

history plots of deformation, stress and strain in each model block were used to identify how 

best to modify the rock properties of each rock sub-unit, with the aim of achieving a better 

match to the observed subsidence history. This process was performed iteratively by comparing 

the modelled subsidence history with corresponding field measurements until a good match to 

measured subsidence was achieved. 
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4.9 Results for the ABAQUS model 

The best calibrated model produced a good match to the measured time history of subsidence. 

The subsidence model results shown in Figures 4.8(b,c) are compared with field observations 

at Bench Mark P128 within the subsidence bowl, as presented in Figure 3.15 in Chapter 3. 

 

 

Figure 4.8: Subsidence vs time: (a) elastic only and (b) with plastic deformation also (c) 

subsidence calculated every 10 years with plastic deformation. Calculated subsidence 

at every 5 years better matched resolution of observed subsidence data unlike those 

calculated every 10 years which are sparse.   

 

A very important result is that the agreement of the model output and observed data was 

achieved with the use of model parameters which are consistent with laboratory tests and field 

measurements. The yielding of soft materials within Upper Huka Falls formations was 

responsible for most of the subsidence. The significance of yielding of some materials was 

illustrated by considering a purely elastic constitutive law in the model with all other 
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parameters being unchanged. Figure 4.8a indicates that elastic deformation contributes 

approximately 2.1 m of subsidence while weaker materials, experiencing plastic behaviour, 

contribute 12.1 m.  In the model, yielding behaviour, presented in Figures 4.9 and 4.10, occurs 

in the hydrothermally altered porous sediments and clays which include the subunits of the 

Huka Falls Formation (80 – 129 m depth) and Upper Waiora Formation (250 – 290 m depth). 

The yielding behaviour caused materials in these zones to undergo more consolidation when 

the local yield stress is exceeded due to an increase in effective stress and hence resulting in 

greater subsidence.  

The stress-strain curves presented in Figures 4.9 and 4.10 are characteristic of materials within 

the reservoir. These figures demonstrate that reservoir rocks in Upper Huka Falls and Upper 

Waiora formation behave similarly, as both deform in a manner that can be taken as typical of 

hydrothermally altered sedimentary reservoir rocks. These rocks are of varying material 

properties and exhibit different strength characteristics in response to changes in effective 

stress. The Huka Falls formation are of low strength and hence yield at low effective stress 

whereas the upper Waiora materials yield but at a higher stress.  

 

 

Figure 4.9: Yielding occurring in a sub-unit of the Huka Falls Formation (Element 24, rock 

type UHFF4). 
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Figure 4.10: Yielding occurring in the Upper Waiora Formation (Element 58, rock-

type Waiora 02 in the model) 

 

 

4.10 Comparison of models 

A previous model, discussed in Section 4.2, by Allis and Zhan (2000) gave a maximum 

subsidence of 14.2 m while Wanninayake et al., (2010) modelled 13.8 m of subsidence up to 

year 2000. The models of Allis and Zhan (2000) and Wanninayake et al., (2010) were based 

on simplifying assumptions, such as the assumption of single phase and isothermal fluid flow. 

4.10.1 Permeability, Porosity Distribution and Pressure Response  

The 1-D model of Allis and Zhan, (2000) represented only the shallow zone between elevations 

of 200 mRL and 350 mRL (surface elevation), which is the region where most of the subsidence 

was believed to have occurred. The two rock-types in their model were mudstone and pumice. 

The model consisted of a 150 m column with a lower layer of mudstone (100m) and an upper 
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layer of pumice breccia (50m). The parameters used by Allis and Zhan (2000) are given in 

Table 4.1. The permeability and porosity values applied in this model are low compared to the 

current model as presented in Tables 4.1 (see Figure 4.11) and 4.2 (see Figure 4.12), 

respectively.  Their model assumed a uniform porosity of 0.1 while the current model applied 

a variable porosity, close to the measured values in the various geological formations at 

WKM15. Plots of the pressure profiles of the model by Allis and Zhan (2000) are shown in 

Figures 4.13a.   

The model by Wanninayake et al., (2010) used the pressure profiles presented in Figure 4.13b. 

Their pressures cover the whole depth profile of well WKM15. However, their pressures, 

corresponding to specific years, were interpolated from field data (Bromley et al., 2010) rather 

than being calculated from a reservoir simulator. Figure 4.13c shows pressure profiles of the 

current reservoir model.  

 

Figure 4.11: Permeability versus depth at WKM15 for the current model and the profile used 

by Allis and Zhan (2000). These permeability values are within the range from 10-16 

m2 to 10-12 m2 and consistent with previously documented permeability for Wairakei 

geothermal system (Allis and Zhan, 2000; Trevor and Hunt, 1994). 
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Figure 4.12:  Porosity versus depth at WKM15 for the current model and the profile used by 

Allis and Zhan (2000). 

(a)                                                                  (b) 

       

 

(c)  
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Figure 4.13: Pressure profiles versus Elevation/depths over 50 years of production at WKM15: 

(a) Pressure versus elevation trends at 5-year time increment (1950 – 2000) (After Allis 

and Zhan 2000) (b) Inferred pressure versus depth profiles (After Wanninayake et al., 

2010) and (c) Model pressures at 5-yearly time increments. 
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Figure 4.14: Pressure profiles of three models at (a) 1955, (b) 1965 and (c)1985.  

 

The pressure profiles presented in Figure 4.14 compare pressures at 1955, 1965 and 1985 for 

the three models. All models are not showing much changes in total pressure from natural 

conditions at around 1955. By 1965 the deep pressures have started to fall rapidly in 

Wanninyake’s interpolated data while in the current model, the deep pressures have dropped 

only slightly. By 1985, Allis’s model is showing the large spurious pressure decline at 200 

masl, a result of the low permeability in the model. Apart from an offset due to a difference in 

the top elevation of the models, the 1985 pressure profile for the current model agrees well 

with the interpolated data used by Wanninayake. As shown in Figure 4.5 the pressure profiles 

for the current model are controlled by the permeability structure.  

4.10.2 Rock mechanics properties 

The rock property values presented in Table 4.3 were used by Allis and Zhan (2000). The 

elastic property values (Young’s modulus and Poisson’s ratio) for each of the two layers are 

low compared to the properties used in the current model (See Figure 4.15).  

The geological stratigraphy of the 1-D model by Wanninayake et al., (2010) was based on data 

from WKM15. They used laboratory and special Ko triaxial tests results to assign the rock 

properties given in Table 4.4. The stratigraphy is similar to what was used in the current model 

(see Table 4.5). In their model the Cam-Clay soil model was assigned to materials for which 

non-linear behaviour was expected and the elastic soil model was used for materials for which 

linear behaviour was expected over the anticipated stress range. Input parameters for the soil 
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model in both Wanninyake’s model and in the current model were obtained from Ko triaxial 

tests results and calibration.  The main difference between the two models are: 

(i) The current model has a more fine grained, more variable representation of rock 

properties. 

(ii) The current model allows for elasto-plastic behaviour in more units than in the 

model of Wanninayake et al., (2010). 

Figure 4.15 shows bulk modulus values at WKM15 while Figure 4.17 shows one of the 

plasticity input parameters (strength parameter, M) applied in both the model of Wanninayake 

et al., (2010) and the current model. This parameter is important as it shows the critical state 

strength of the material, i.e., whether it is weak at yield or strong at yield. 

The current model utilised laboratory and special Ko triaxial tests results as a basis for the 

parameters shown in Table 4.5, but additional field tests results provided more information 

where gaps existed (see Figures 4.15 and 4.16). This process resulted in the use of a non-linear 

elasto-plastic material model for more material types.  

The bulk modulus values presented in Figure 4.15 for Allis and Zhan’s (2000) model are very 

low. Their model assumed constant compressibility in the geological units used (see Figure 

4.16). Though the model by Wanninayake et al., (2010) covers the entire depth of the well 

WKM15, their bulk modulus values are relatively low for some materials compared to the 

current model. The compressibility of rocks is the inverse of bulk modulus. The higher the bulk 

modulus, the greater the stress required to reduce its volume, and hence a high bulk modulus 

means a small compressibility and conversely a low bulk modulus implies a high 

compressibility.  

The current model and that of Wanninayake et al., (2010) are based on both the same geological 

stratigraphy and the same test results from Ko tests for determination of material parameters. 

The current model is close to the Ko test bulk modulus values at POT and OIF formations while 

averaged bulk modulus values in Wanninayake’s model are not. Other material properties in 

Wanninayake’s model differ from those applied in the current model. This is partly because 

their model was relatively coarse and hence material properties for each geological formation 

were averaged. For instance, the bulk modulus for each formation was made constant. The Ko 
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test results presented in Pender et al., (2009) and Bromley et al., (2010) demonstrated that there 

is variability in material characteristics within the same geological formation. However Ko tests 

were performed on only a few representative samples from WKM15 (see Figures 4.15, 4.16).  

The current model has more detailed variability in material properties based not only on 

laboratory Ko tests results but also field test results, thus giving a more accurate model.  This 

is evident in both Figure 4.18 and Table 4.6 where averaged compressibility values for each 

formation are presented. Compressibility values in the current model compare very well with 

those obtained from  Ko tests and point load tests. These values indicate that Upper Huka Fall 

(UHF) formation at depth 75 – 135 m, has higher compressibility compared to Upper Waiora 

(WAF) at 225 - 415 m depth.  This is due to difference in the characteristic nature and 

dominance of highly hydrothermally altered materials as well as presence of clay content 

revealed by investigations described in subsection 3.2 a in Chapter 3. At UHF the materials 

here are very weak and soft as a result of geological processes and hence are highly 

compressible (Rosenberg et al., 2009; Bromley et al., 2010; Bromley et al., 2013; Pender et 

al.,2013. 

The Wanninayake model did not apply an elasto-plastic model to weaker formations at shallow 

depths beneath the Taupo Ignimbrite (TPO) and Oruanui Ignimbrite (OIF) while the current 

model applies an elasto-plastic model in these formations. These formations are where 

decaying peat/vegetation layers have been observed (Bromley et al., 2010; 2013). 

Table 4.1: Parameters used in Allis and Zhan’s (2000) model. 

 

 

 

 

 

 

 

 

 

Property Mudstone Pumice breccia 

Vertical permeability 𝑘𝑧 (m2) 6.3e-17 1.0e-13 

Porosity  0.1 0.1 

Thermal conductivity K (W/m K) 2.5 2.5 

Density of rock rock (kg/m3) 2500 2500 

Specific heat of rock C (J/kg K) 1000 1000 
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Table 4.2: Parameters used in the current TOUGH2 model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formation Property 

Code Elevation (masl) 

Vertical 

permeability 

𝑘𝑧(𝑚2) 

Porosity

 𝜙 

Density of 

Rock 𝜌𝑟𝑜𝑐𝑘 

(𝑘𝑔/𝑚3) 

TPO 365 - 330 5.0e-14 0.32 1473 

POT 330 - 320 3.5e-14 0.32 1473 

OIF 
320 - 307 1.0e-15 0.32 1721 

       307 - 290 1.0e-15 0.32 1721 

UHFF 

290 - 284 8.0e-16 0.41 1746 

283 - 275 8.0e-16 0.38 1746 

274 - 265 2.3e-16 0.38 1746 

264 - 256 2.3e-16 0.33 1746 

255 - 249 2.3e-16 0.65 1746 

248 - 239 2.3e-16 0.65 1746 

238 -231 2.3e-16 0.60 1746 

MHFF 
230 - 201 1.0e-15 0.35 1661 

200 - 171 2.5e-16 0.55 1661 

LHFF 

 

170 - 152 2.5e-16 0.45 1771 

151 - 136 2.0e-16 0.40 1771 

WAF 

 

135 - 116 2.0e-16 0.28 1771 

       115 - 095 2.0e-16 0.20 1771 

094 - 046 1.0e-15 0.35 1771 

45 – (-02) 1.0e-15 0.30 1771 

(-03) - (-50) 1.0e-15 0.25 1771 
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Figure 4.15: Plot of bulk modulus versus depth for the three models.      

 

Figure 4.16: Compressibility values for various rock materials at depth applied to different 

models at WKM15. 
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Figure 4.17: Plot of strength parameter M defining the slope of the critical state line versus 

depth. 

 

Figure 4.18: Average compressibility values from Ko test and Point Load Tests for each 

formation at WKM15. 
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Table 4.3. Rock properties in Allis and Zhan’s (2000) model 

 

 

 

 

Table 4.4: Input FLAC parameters used in the model by Wanninayake et al., (2010). 

Depth(m) Formation FLAC Model Poisson’s ratio, 𝜈 Bulk Modulus 

(MPa) 

0-25 TPO Elastic 0.04 105 

25-35 TPO(S) Elastic 0.04 105 

35-45 POT Elastic 0.34 60 

45-75 OIF Elastic 0.32 91 

75-135 UHF Cam-Clay 0.1 62 

135-195 MHF Cam-Clay 0.19 158 

195-225 LHF Cam-Clay 0.07 112 

225-290 WAF(S) Cam-Clay 0.3 75 

290-365 WAF(S2) Cam-Clay 0.3 75 

365-505 WAF Cam-Clay 0.3 75 

505-517 WAF Ign Cam-Clay 0.3 75 

 

 

Table 4.5. Rock properties and parameters applied in the current rock mechanics model. The 

initials E and EP refers to elastic and elasto-plastic respectively. 

Formation Elevation 

(masl) 
Young’s 

Modulus, 

E (MPa) 

Poisson’s  

Ratio,𝜈 

Model Initial effective 

yield 

stress,𝜎01
′ (kPa) 

Final 

effective 

yield 

stress 

𝜎02
′  

(kPa) 

Slope of 

Critical 

State 

line,𝑀 
 

TPO 365 - 330 89 0.34 E 2500 37500 1.0 

POT 330 - 320 89 0.34 E 1150 41150 1.0 

OIF 320 - 307 120 0.32 EP 4000 54000 1.0 

307 - 290 150 0.23 EP 4000 54000 1.0 

 

 

 

UHFF 

290 - 284 200 0.16 EP 4000 54000 1.0 

283 - 275 36 0.11 EP 10600 25600 2.0 

274 - 265 200 0.11 EP 1550 2100 1.2 

264 - 256 80 0.11 EP 1600 2150 1.2 

255 - 249 50 0.11 EP 1600 2150 1.2 

248 - 239 100 0.11 EP 1620 2170 1.2 

238 - 231 200 0.11 EP 1900 2550 1.2 

MHFF 230 - 201 400 0.10 E 4000 54000 1.0 

200 - 171 600 0.10 E 4000 54000 1.0 

Property Mudstone Pumice 

breccia 

Young’s modulus 𝐸(MPa) 6.6228 94.706 

Poisson’s ratio 𝜈 0.15 0.15 

Layer thickness 100 50 
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LHFF 170 - 152 600 0.10 EP 4000 44000 2.0 

151 - 136 750 0.30 E 6000 46000 1.0 

 

 

WAF 

135 - 116 750 0.20 EP 9000 69000 1.0 

115 - 095 600 0.20 EP 9000 69000 1.0 

094 - 046 121 0.20 EP 3000 38000 1.2 

45 – (-02) 600 0.20 EP 9000 69000 1.0 

(-03) - (-

50) 

1000 0.20 EP 9000 69000 1.0 

        

 

Table 4.6. Compressibility (average) values for each formation over depth at WKM15. 

Comparing values from Ko test, point load tests (PLT) and those applied in the current model 

and Wanninayake’s model.  

Formation Ko (Kbar-1) PLT (Kbar-1) Current Model  

(Kbar-1) 

Wanninayake et al., (2010) 

(Kbar-1) 

TPO - 0.187 1.078 0.952 

POT 1.078 0.187 1.078 1.667 

OIF 1.013 0.528 1.000 1.099 

UHF 2.401 1.87 1.842 1.613 

MHF 0.601 0.454 0.480 0.633 

LHF - 0.279 0.277 0.893 

WAF 0.002 0.318 0.303 1.333 

  

 

4.10.3 Subsidence Results 

The availability of more subsurface data and an improved understanding of the causes of 

subsidence at Wairakei has made it possible to more accurately model subsidence in this 

geothermal field.  

Pressure Distribution 

The main cause of subsidence at Wairakei is the pressure decline at shallow depth which has 

spread across a relatively large area of the field. Pressure drawdown induced by Wairakei 

production ranges up to about 25 bars depending on the depth and location within reservoir 

system.  

Though Allis’ model was useful, their pressure profiles were based on assumptions that 

included: low permeability, low porosity and single-phase fluid flow. The very low 

permeability in their model meant that their pressures were too low, thus allowing a reasonable 

match to subsidence with incorrect material properties. The pressures used in Wanninayake’s 
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model are based on interpolated historical pressures and hence are reasonable. However, 

because their temperatures and pressures are not based on a model it is therefore difficult to 

make future predictions.  

 

Compressibility 

Compressibility is a fundamental parameter for a reliable modelling of subsidence. 

Compressibility data used by different models are presented in Figure 4.16. Allis’ model 

applied a constant compressibility value for the sedimentary layer. Wanninayake’s model used 

an average compressibility value in each formation, which are quite close to the formation-

average values used in the current model (see Table 4.6 and Figure 4.18). In both models, in 

the TPO, POT and OIF, the compressibility values are high. The UHF (75 – 135 m depth) has 

a much higher compressibility than that in MHF (135 – 195 m depth). However, in LHF and 

Waiora Formation (WAF) (225 – 415 m depth), Wanninayake’s values are higher than those 

of current model. The averaged compressibility values of the current model, shown in Figure 

4.18, are close to those from averaged Ko test at POT and OIF formations. At Huka Falls 

subunits (UHF and LHF) and WAF formations, averaged compressibility values from point 

load tests (PLT) are close to those of current model unlike in Wanninayake’s model. 

Wanninayake’s compressibility values are not close to those from PLT values but match the 

averaged Ko test values in the MHF (135 – 195 m depth) formation. 

 

Yielding 

Effective stress builds up in the low-pressure, shallow zones within the reservoir where 

intensely altered, highly porous and compressible sediments exist. This triggers a combination 

of elastic and inelastic deformation mechanisms. In Allis’s model the consolidating materials 

experience a range of low to intermediate stress states. This results in elastic deformation, and 

hence there is no non-linear yielding behaviour. Wanninayake’s model allows yielding of 

materials when the effective stress increases. However, yielding in their model is limited, 

because it has fewer geological units with elasto-plastic properties than in the current model. 

Also, their model has a less detailed representation of rock properties compared to the current 
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model which allows variable rock properties within a formation. Hence, yielding is better 

represented in the current model than in the other two models.  

The modelled subsidence at Wairakei over time is shown in Figure 4.19 and compared with 

the results from the previous models. In the early stages, the elastic behaviour of the reservoir 

materials resulted in only minor compaction and subsidence. This period is followed by a 

second stage (1960s – 1980s) in which the subsidence rate is very high, corresponding, in some 

formations, to yielding and a drastic change in reservoir rock compressibility immediately 

following the initial yield.  

 

 

Figure 4.19: Model calculations for subsidence at the Wairakei bowl and field measurements. 

These are also compared to models by Wanninayake et al., 2010 and Allis and Zhan, 

2000. 

 

Allis and Zhan’s model made the simplifying assumption that most of the subsidence occurs 

in the mid HHF mudstone unit which in their model has a thickness of 100 m.  However 

significant compaction has not only occurred in the UHFF but also in the Upper Waiora as 



92 
 

reflected by the data and is included in the current model. The thickness of Allis and Zhan’s 

(2000) model is too small and compressibilities used were very high and limited only to mid 

HFF as shown in Figure 4.15. Their pressures were too low because their permeability was too 

low and this allows their model to calculate a reasonable value of subsidence using incorrect 

rock properties, e.g., only elastic deformation.  

Though the model developed by Wanninnayake et al., (2010) applied a modified Cam-clay 

(MCC) constitutive model which was calibrated using Ko triaxial test data from Pender, 

(2009a), the compressibility values used were both high and very low at some depths (see 

Figure 4.16, 4.18). They only considered values from laboratory tests and properties for the 

rest of the lithology where no samples had been tested were interpolated. This made their model 

quite coarse and an incorrect reflection of the material properties measured from point load 

tests. Their model calculations were based on measured and estimated pressures rather than 

pressures calculated from a reservoir simulator. Their results were satisfactory, but the model 

subsidence occurs somewhat earlier than in reality.  

 In the current model, pressure and temperature information is calculated from TOUGH2 

reservoir simulator and passed to the ABAQUS rock mechanics simulator. Application of 

correct reservoir conditions, non-isothermal two-phase pressures and finer-scale material 

properties means that this model is able to accurately match past subsidence and will be useful 

for predicting future subsidence. 

 

4.11 Summary 

The model discussed in this chapter improved upon previous work in the following ways: First, 

it uses a full THM model, modelling the mass and heat transfer as well as the rock mechanics. 

Secondly, it utilizes a nonlinear constitutive law for the rock mechanics with parameters 

determined using data from field measurements and laboratory tests. Thirdly, it uses the air-

water equation-of-state in TOUGH2 which enables the model to accurately represent both non-

isothermal and two-phase fluid flow and the dropping water table level induced by deep 

production. Fourthly, the model parameters, both for the TOUGH2 reservoir model and the 

ABAQUS rock mechanics model, are based on the field and laboratory data.   
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The TOUGH2 code for reservoir modelling and the ABAQUS code for rock mechanics were 

used in the current study to solve the whole thermo-hydro-mechanical subsidence problem. 

The TOUGH2 reservoir model matched the pressure data for the period of production 

considered in this study. Pressures both in the deeper and shallower sections of reservoir have 

been captured correctly in the model and matched the observed pressures. An elastoplastic 

constitutive model was applied in the current model to simulate the non-linear behaviour of 

deforming material within the reservoir, thus accounting for softening and hardening of 

deforming strata which included anomalous compressible UHFF and upper WAF. A calibrated 

model resulted in a good match to the measured subsidence at the Wairakei subsidence bowl. 
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Chapter 5: R-Z Model of Wairakei 
 

5.1 Introduction 

In the previous chapter a one-dimensional model of subsidence at Wairakei was considered. 

Such a one-dimensional model is limited because often pressure changes that induce 

subsidence produce some 3-D effects (Biot, 1941). For example, one-dimension models cannot 

predict the shape and lateral extent of a subsidence bowl and hence the need for 

multidimensional 2-D and 3-D models.  

Previous multidimensional models of subsidence at Wairakei include those developed by 

Lawless et al., (2001), Terzaghi (2004) and White et al., (2005). These authors developed 2-D 

models (vertical slices) for Wairakei using a finite-element, single-phase geomechanical 

simulator to model pressure changes and subsidence. The results from the 2-D subsidence 

model by White et al., (2005), were not conclusive due to the unavailability of field data for 

calibration. This model is limited because it is 2-D rather than 3-D and because it does not 

allow for two-phase flow.  

For the study discussed here an axisymmetric subsidence model has been created combining 

geomechanics modelling using the finite element code ABAQUS and two-phase non-

isothermal flow reservoir modelling using TOUGH2. One of the important features of the 

neighbourhood of the Wairakei subsidence bowl is the heterogeneous geology, both 

horizontally and vertically. The radially symmetric R-Z model presented in this chapter 

approximates the true 3-D situation, but makes a start on modelling horizontal as well as 

vertical details. In Chapter 6 a more general 3-D model is considered. 

An important part of the process is the use of an elasto-plastic constitutive model for material 

behaviour. The first estimates of model parameters were taken from those used in the 1-D 

model discussed in Chapter 4, which in turn were based on field data and laboratory 

measurements. Model parameters were adjusted during the calibration process but were 

constrained to lie within the range of measured properties.   

The objective of the work discussed in this chapter is to design and calibrate axisymmetric (R-

Z) models, for both reservoir mass and heat flow and geomechanics, to match the pressure 
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regime and subsidence at the Wairakei subsidence bowl. As for the 1-D model discussed in 

Chapter 4, a loosely coupled approach was used to solve separately for mass and energy 

transport using TOUGH2 and for deformation using an ABAQUS geomechanics model.  

The model covers a circle of radius 2970 m and extends from the surface down to 415 m. The 

model area includes monitoring wells within and outside the subsidence bowl. The reservoir 

model was implemented using AUTOUGH2 (Yeh et al., 2012) which is the University of 

Auckland’s version of TOUGH2 (Pruess, 1999). The reservoir model was calibrated by 

adjusting permeability (kr and kz) and mass inflow at the bottom. This process was aimed at 

matching the observed pressure. In order to match subsidence, the stratigraphy of the model 

was also adjusted, as explained in Section 5.4.1, and these adjustments were fed back to the 

reservoir model and it was then re-calibrated. 

The geomechanics model was created using ABAQUS (ABAQUS Inc., 2014). A fundamental 

aspect of this model was the utilization of a non-linear elasto-plastic constitutive model to 

represent the behaviour of the reservoir rock. For the 1-D model discussed in Chapter 4, the 

inclusion of plastic deformation proved to be essential for accurately capturing the timing and 

amount of subsidence at Wairakei (see also Koros et al., 2014).   

Sufficient data are available to calibrate the loosely coupled thermo-hydro-mechanical (THM) 

R-Z model for the Wairakei subsidence bowl and with the use of an appropriate constitutive 

relationship, the calibrated model is able to capture the observed past behaviour and should be 

useful for predicting future subsidence. The simulated results for a period of 50 years of 

production are presented and compared with observed measurements. The simulations were 

done with both linear elastic and non-linear elasto-plastic versions of the model. The linear 

elastic version of the model failed to reproduce the observed subsidence.  

5.2 Site Description 

Wairakei geothermal field covers an approximate area of 25 km2 to the west of the Waikato 

River as shown in Figure 5.1. The naming convention used by Contact Energy Limited for 

various areas is shown in Figure 5.2 and is based on development patterns and interpretation 

of boundaries or features within the field. The intense subsidence at the Wairakei subsidence 

bowl covers an area of 1 km2 and is centred near the northern boundary of the field (see Figure 

5.1). 
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The main hot upflow for Wairakei is in the western part of the field near Te Mihi. In the natural 

state this hot flow was diverted horizontally by the low permeability of the Huka Falls 

formation. The capping effect of the Huka Falls Formation caused the hot upflow to flow 

horizontally across the Western Borefield and then to discharge mainly at Geyser Valley in the 

North West. Some hot water discharge occurred also along the banks of the Waikato River and 

there was a small discharge of steam in the higher ground at Te Mihi and Karapiti. 

Production begun in the Eastern Borefield, then spread west into the Western Borefield and Te 

Mihi. The production process caused pressure to drop, thus causing the formation of a steam 

zone which expanded rapidly vertically and horizontally. This process caused surface features 

at Geysers Valley to mostly disappear but in some areas, such as Karapiti, surface heat flow 

increased (Allis, 1981). Most wells access liquid water or a wet two-phase zone and in the latter 

case produce a mixture of steam and water. The shallow part of the steam zone has a high steam 

content and some wells which access it produce dry steam. 

Wairakei field is characterised by high permeabilities and a large pressure drop which extends 

over an extensive area including the Eastern and Western Borefields and beyond. 
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Figure 5.1: Location of the Wairakei subsidence bowl and some of key subsidence monitoring 

bench marks located inside(P128) and near the edge of the bowl(AA13,A97). 

EB=Eastern Borefield, WB= Western Borefield and GV= Geyser Valley (modified after 

Bromley et al.,2010) 
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 Figure 5.2: Naming convention for parts of the Wairakei-Tauhara geothermal field (courtesy 

of Contact Energy Ltd.). 

 

5.3 Data overview for Wairakei Geothermal Field 

5.3.1 Geological structure 

The simulations carried out using the 1-D model utilised geology that was vertically 

heterogenous but horizontally uniform. Though the 1-D modelling results shown in Chapter 4 

matched the observed subsidence at the centre of the bowl, it is also desirable to model the 

horizontal extent of subsidence (first with an R-Z model and later with a 3-D model) and thus 

it is necessary to consider the horizontal variation in the geological. The R-Z model discussed 

in this chapter includes both vertical and lateral heterogeneity within and across the subsidence 

bowl. At Wairakei, complex lateral and vertical variations in lithology exist (Hunt et al., 2009). 

The aim is to set up geology for the R-Z model that represents the complex geological features 

both inside and outside the subsidence bowl. The lithologies at WKM15 and WKM14 are used 
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to inform this geological model. For example, the Waiora formation contains highly variable 

lithostratigraphy both vertically and laterally. 

The stratigraphic sequence observed in the Wairakei wells consists of a series of sedimentary 

and volcanic deposits that have accumulated in a graben in the Taupo Volcanic Zone (TVZ). 

Recent geophysical surveys and geological studies (Hunt et al., 2009; Rosenberg, et al., 2009; 

Bignall, et al., 2010) have shown that Wairakei geothermal field is located over a horst 

structure. The general stratigraphy at Wairakei-Tauhara has recently been refined by 

Rosenberg et al., (2009). For the subsidence investigation, wells WKM14 and WKM15 were 

drilled through the entire Huka Falls Formation and into the Waiora Formation. Their 

stratigraphy is illustrated in Figure 5.3. The lacustrine sediments and volcanic materials that 

comprise the geothermal reservoir system include interbedded mudstones, siltstones and 

tephras, lavas and ignimbrites of rhyolitic composition. Sediments are more common near the 

subsurface while volcanic units dominate deeper parts of the system. The sediments at WKM15 

and WKM14 comprise the formations shown in Figure 5.3. These were derived from recent 

drilling information and detailed lithological and petrographic examinations of recovered cores 

and cuttings (Bignall et al., 2010; Rosenberg et al., 2009). The details of the complex variation 

and distribution of the Huka group have recently been refined by (Cattell, 2015) as described 

below. 
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Figure 5.3: Stratigraphic summary columns of WKM15 and WKM14 close to benchmark P128 

near the centre of the Wairakei subsidence bowl and outside the main subsidence area, 

respectively (after Rosenberg et al., 2009). 
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Huka Group 

Lithologies across Wairakei are highly variable. WKM15 intersects the relatively thin Huka 

Falls Formations members presented in Figure 5.4B, i.e., units 10 – 12. A lower contact 

separates Waiora volcaniclastics from the Lower Huka Falls Formation siltstone. Lacustrine 

facies (29 m thick), consists of thinly bedded facies, presented as unit-10, while the Middle 

Huka Falls Formation (65 m thick) is called unit-11 and the Upper Huka Falls Formation is 

shown as unit-12. 

Because of the lateral variation in geology, at WKM14 the Lower Huka Falls formation is at 

173 m depth (approximate elevation of 245 m.a.s.l)  (see Figure 5.4A, unit-10) whereas in 

WKM15 it is at about 210 m depth (approximate elevation of 155 m.a.s.l). A relatively thin 

volcaniclastic material known as the Middle Huka Falls is shown as unit-11 in Figure 5.4A. 

Overlying this is the Upper Huka Falls which is a lacustrine formation, shown in Figure 5.4A 

as unit-12. These units also occur at WKM15 but have different thicknesses there (see Figure 

5.4B) 

Waiora Volcaniclastics 

Well WKM15 contains deposits of Waiora volcaniclastics arising from intra-basinal 

depositional events. They are shown in Figure 5.4B as unit-1, 4, 7. The plot also shows that the 

290 m thick Waiora volcaniclastics is comprised of material from other emplacements events, 

presented as unit-2, 3, 5, 6, 8, 9 in Figure 5.4.  

Figure 5.4 shows that WKM14 contains a similar Waiora volcaniclastic sequence to that in 

WKM15. The 330 m thick sequence consists of bedded facies, containing unidentified beds 

shown as unit-8 in Figure 5.4. The upper most layer (unit-9) that is 65 m thick contains thinly 

bedded facies. 

All the geological units discussed above are important with respect to subsidence because of 

their geotechnical properties that vary widely as a consequence of their heterogeneous 

deposition and interlayered hydrothermal alteration characterised by hydrothermal clays that 

include kaolinite, smectite, illite or chlorite. Hydrothermal alteration may cause stiffening or 

weakening of the original lithology through deposition and dissolution respectively (Lynn et 

al., 2011). The understanding of these lithologies and structures is important in considering 
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their influence on geothermal fluid migration (Sepúlveda et al., 2012). Interbedded units 

control lateral flow zones (Bixley et al., 2009). 

 

Figure 5.4: Logs showing lithofacies and measured clast properties at (a) WKM14 and 

(b) WKM15 (Modified after Cattell, 2015).   

 

 

 



103 
 

5.3.2 Reservoir Data 

The starting point in the selection of reservoir parameters was to choose those used in the 

previous 1-D vertical column model. The aim, as with the 1-D model, was to achieve a good 

match to the observed pressure drop at Wairakei reservoir model preferably with few changes 

to the choice of parameters. The calibration of the 1-D model resulted in changes to some 

parameters from measured values, but they were constrained to remain within reasonable 

bounds for the formations concerned (see Chapter 4). A summary of reservoir data significant 

for the R-Z study is presented here.  

A comprehensive collection of production history data for Wairakei was prepared by Bixley et 

al. (2009). These data show the deep liquid reservoir underwent pressure drawdown as a result 

of fluid extraction of up to 25 bars, measured in the Waiora Formation. This pressure drawdown 

created a two-phase zone through boiling at the top of Waiora Formation. Pressure drawdown 

also propagated into shallow formations demonstrated by drops in ground water level (e.g. 

Bromley et al., 2009) and decline in steam pressures at the mid-Huka Falls Formation (Bixley 

et al., 2009). 

Permeability and porosity distribution 

The permeability-thickness product measured at Wairakei is typically of the order of 10-100 

Darcy-meters (Hunt and Kissling, 1994; Grant, 1982). Production is sourced from the 

pumeacious breccia of the Waiora formation between 100 masl to -500 masl (300 - 900 m 

depth). Low permeability is generally associated with the Huka Falls formation (HFF). 

However, in the Eastern borefield (EB) the HFF includes the permeable and high porosity mid-

Huka breccia. In the Western borefield (WB), most wells have been completed close to the 

Wairakei Ignimbrite at around 150 masl (600m depth). A shallow zone of high permeability 

exists at the top of Waiora sequence at the Waiora and HFF contact (Bixley et al., 2009). The 

uniformity of pressure decline across the production zone suggests there is high horizontal 

permeability (Bolton, 1970). 

Reservoir pressure 

Pressure drawdown caused by geothermal fluid extraction at Wairakei geothermal reservoir is 

believed to have first occurred with the onset of field testing in 1957. A plot of liquid pressures 

over time is shown in Figure 5.5a. The pressure drawdown shown in Figure 5.5a has spread 
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almost uniformly across a large area of the Wairakei field and therefore it is a good 

representation of the state of pressure in the whole of the deep liquid zone. By around 1967, 

the decline rate of the deep pressure had reduced and from 1974 to the mid-1990s, the average 

rate of decline was about 0.1 bar/year. The pressure decline of about 25 bars, shown in Figure 

5.5a, is the result of fluid extraction for geothermal energy production (Bixley et al., 2009).   

Steam pressures are declining across the Wairakei field and the trends with time for some zones 

are shown in Figure 5.5b. The steam zones have formed under the Huka mudstones over most 

of the field. These steam zones form a blanket across the top of most of the hot reservoir and 

hence create a buffer of pressure decline between the deep liquid and shallow aquifers. In some 

locations, the shallower fluids drain through permeable paths which allow drainage into deeper 

aquifers. The decline of pressure in the steam zone may be influencing the ground water levels 

which have declined at Wairakei. These pressure conditions are significant in relation to the 

understanding of subsidence related to shallow pressure changes. 

The relative ease with which 1-D modelling study, discussed in Chapter 4, could be carried out 

permitted variation of a large number of parameters. This process allowed key parameters to 

be identified and the appropriate range for their values to be established. The experience with 

the 1-D model proved useful in calibrating the R-Z model discussed in this chapter, including 

the calibration of the lateral variation of parameters. 

 

 

Figure 5.5: Changes in pressure over time at Wairakei: (a) Liquid pressures (b) Steam 

pressures. 
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5.3.3 Subsidence data at Wairakei Geothermal Field 

The subsidence modelling using the 1-D model (see Chapter 4) produced a satisfactory match 

to the measured values of subsidence at the centre of the bowl versus time. However a multi-

dimensional model is required for understanding the horizontal distribution of subsidence at 

Wairakei. An R-Z model is one of the simplest multi-dimensional models and is the focus of 

this chapter. 

Subsidence at Wairakei geothermal field, as described in Chapter 3, has been under continuous 

observation since 1950. The subsidence was detected first around 1956 when bench mark (BM) 

levels at that year were compared with initial BM levels established in 1950. An extension of 

the network of BMs was carried out following the detection of subsidence. Periodic re-levelling 

of these BMs has indicated the areas experiencing subsidence. There is now an extensive, 

progressively developed and more detailed, coverage of bench marks for monitoring 

subsidence, as shown in Figure 5.6. The contours (5 mm/year interval) shown in this figure are 

for the periods April 2004 to December 2009. Locations where the occurrence of a high 

magnitude of subsidence has been noted resulted in the identification of the outline of 

subsidence bowl shown in Figure 5.6. The outline of the bowl follows the 25 mm/year contour 

with the centre being defined by the 50 mm/year contour. 

Figure 5.7 shows total subsidence for 1953-2005.The maximum measured subsidence in the 

Wairakei Eastern Borefield area at BM P128 is around 14.1m. The subsidence rate declined to 

45 mm/yr for the period 2004-2009 compared to 70 mm/yr for 2001-2004 and 143 mm/yr 

during 1997-2001 mm/yr. This trend is a continuation of previously declining rates with the 

maximum rate having reduced from 498 mm/yr in 1979. The deformation history (1950-1997) 

of BMs within and around Wairakei subsidence bowl (AA13, A97 and P128, see Figure 5.1 

and 5.2) is shown in Figure 5.8. 

One of the major aims with the R-Z model was to match the horizontal variation in 

subsidence shown by the data in Figures 5.7 and 5.8. 
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 Figure 5.6: Plan view of Wairakei subsidence rate (April 2004 to December 2009). Contour 

interval is 5 mm/year. Bench Mark (BM) distribution within and outside the Wairakei 

subsidence bowl with a 2007 ortho-photo as the base (modified after, Energy Surveys, 

2010). 
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Figure 5.7: Contours of total subsidence at Wairakei geothermal field (1953-2005). The plus 

signs indicate locations of bench marks used (after Contact Energy Ltd Report, 2005). 
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 Figure 5.8: Deformation history of BMs within the Wairakei subsidence bowl (P128) and 

outside the bowl (A97, AA13). 

 

 

5.4 Description of rock properties 

The rock properties used for the middle of R-Z model were those from the 1-D model, but 

further out between WKM15 and WKM14 the subsurface geological structure is not well 

defined. This therefore required the assignment of geology and rock properties in between by 

interpolation. As discussed below this interpolation of the geology and rock properties for the 

R-Z model was an iterative process, continued on until there was a good representation of rock 

properties in both the reservoir and geomechanics models.  

The triaxial Ko tests conducted on cores recovered from WKM15 were limited in terms of depth 

coverage.  However, the Point Load tests (PLT) carried out on samples from WKM15 and 

WKM14 covered the entire profiles for both wells. No Ko tests were conducted on cores from 

WKM14. The results of these tests are presented in Figures 5.9 and 5.10.  
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Figure 5.9: Various material properties plotted against depth from WKM15 at the Wairakei 

bowl (modified after Bromley et al., 2010). 

 

 

Figure 5.10: Material properties against depth outside the Wairakei bowl at WKM14 (modified 

after Bromley et al., 2010). 

The PLT results in Figures 5.9 and Figure 5.10 showing the strength of rocks, both within and 

outside the subsidence bowl, are highly variable. For instance, at WKM15 (inside the bowl) at 

depths of 80-235 m the Huka Falls Formation units (HFF) are very weak compared to units at 

the corresponding depths in WKM14 (outside the bowl). The Oruanui Ignimbrite Formation 

(OIF) inside the bowl is anomalously weak while outside the bowl it is relatively strong. The 

Upper Waiora Formation (depth: 240-360 m) is weak inside the bowl compared to the stronger 

Upper Waiora outside the bowl.  
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The stiffness values from Ko test show some variability in different formations at WKM15, 

ranging from weak to strong. The strength of rock depends on variables such as smectite 

content and water content. For instance, a material with high smectite content, as evident in 

WKM15, is more compressible than similar material with a low smectite content observed in 

WKM14. The high peaks of smectite content within Upper and Lower HFF units observed at 

WKM15 indicate a lithologically controlled hydrothermal clay content which is associated with 

clay-rich formations.  

Peaks of the abundance of swelling clay can be seen in Figure 5.11. There is a distinct decline 

in abundance of swelling clay through the middle of OIF, the Upper Huka Falls and down to 

the mid HFF (MHFF) as shown in Figure 5.11. This may be a reflection of permeability contrast 

in the formations (permeability is higher in the MHFF) and higher temperatures in the MHFF 

unit (Opus, 2009). 

Weathering and hydrothermal alteration intensity varies with depth and between the two wells. 

For example, Rosenberg et al., (2009) observes that at WKM14, hydrothermal cementation of 

the rock matrix between 40 m and 90 m depth has created moderately strong rock. In contrast, 

at the same depth in WKM15, the formation is highly weathered, weakly hydrothermally 

altered and has extremely low strength (Opus, 2009). These contrasts are mostly due to 

differences in hydrological setting (liquid or steam) altering the rocks after deposition 

(Rosenberge et al., 2009). Physical properties in the two wells have wide ranges of values that 

appear to coincide with intensity of hydrothermal alteration. For instance, point load values in 

the top of half of the Waiora formation in WKM15 are lower than for the same interval in 

WKM14 (see Figures 5.9 and 5.10). 

 

 



111 
 

 

Figure 5.11: Variation of the abundance of swelling clay with elevation in 

WKM15 and WKM14 indicated by methylene blue dye (MBT) analysis 

tests. Stratigraphy columns refer to Figure 5.3. (Modified after, 

Rosenberg et al., 2009). 

5.5 Design and Calibration of Models 

5.5.1 The model design for axisymmetric flow and deformation 

The design of the grid for the R-Z model for Wairakei is shown in Figure 5.12 and a model 

with a horizontally uniform structure is shown in Figure 5.13. The model includes a region 

down to a depth of 415 m. The vertical depth is divided into 83 x 5 m blocks. The model covers 

elevations between 365 mRL to -50 mRL and extends to a radius of 2970 m.  The model grid 

in Figures 5.12 and 5.13 has the left edge coinciding with the central axis of the monitoring 

well WKM15 within the subsidence bowl. The horizontal grid spacing is 25 m from the centre 

of the subsidence bowl out to 500m and then increases, by a constant multiplier, towards the 

right-hand boundary. The monitoring well WKM14 is located 1300 m from WKM15 (near 
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edge of the subsidence bowl). The aim of modelling was to match the magnitude and the shape 

of the subsidence bowl, within the limitations of a radially symmetric model.  

 

Figure 5.12: Grid layout for the R-Z model. 
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                Figure 5.13: Grid layout and stratigraphy formations for the R-Z model. 

 

After several numerical trials, as expected, it became evident that assuming the geology to be 

laterally homogenous was not satisfactory. The field data at Wairakei shows that the geology 

across the subsidence bowl is heterogeneous. This understanding made it necessary to 

gradually adjust the thickness of the different formations guided by interpretation of the 

geology from WKM15, WKM14 and the Wairakei LEAPFROG model (Bignall et al., 2010; 

Alcaraz et al., 2010). The rock-type distribution shown in Figure 5.13 was changed 

significantly to obtain the version used in the final calibrated model (see Figures 5.14 and 5.15), 

which corresponds quite well to the stratigraphy in Figures 5.3.  

Heterogeneity was not important for the TOUGH2 reservoir model, as the pressure response is 

known to be quite horizontally uniform, but it is for ABAQUS rock mechanics model. The 

calibration process followed was to start with a radially homogeneous model and iteratively 

introduce the heterogeneity required for the ABAQUS model, however the permeability and 

porosity in the TOUGH2 model were also modified to be consistent with the rock mechanics 
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properties. For all versions of the model the pressure response in the TOUGH2 model is close 

to radially homogeneous. 

Variation in both lithology and alteration (e.g. clay mineral type and abundance) influence the 

physical properties, and hence it was expected that the model should have horizontally variable 

rock mechanic properties (e.g. Young’s modulus, density, Poisson’s ratio and yield stresses). 

The geology between WKM15 and WKM14 is not precisely known, and hence rock properties 

were interpolated. As part of calibration process, adjustments to the geological model were 

made progressively. Thus matching the subsidence required both adjustment of the geology 

and calibration of values of rock properties. The calibrated model shown in Figure 5.14 reflects 

the following information from field data:  

• WKM15 (inside the bowl) at depths of 80 - 235 m the Huka Falls Formation units (HFF) 

are very weak compared to units at the corresponding depths in WKM14 (outside the 

bowl).  

• The Oruanui Ignimbrite Formation (OIF) inside the bowl is anomalously weak while 

outside the bowl it is relatively strong.  

• The Upper Waiora Formation (depth: 240 - 360 m) is weak inside the bowl compared 

to the stronger Upper Waiora outside the bowl.  

Because of this information and rock descriptions, it is reasonable in the model to have variable 

rock mechanics properties within a formation that has almost uniform flow properties such as 

permeability and porosity. The strength of a particular formation can be quite variable, ranging 

from weak to strong. 

The location of the top of the model was determined by the natural state elevation of the water 

table. The bottom was determined by the depth at which the Waiora formation has a relatively 

uniform set of rock properties, as shown in Figure 5.9. The high vertical resolution was used 

to capture the heterogeneity in the rock properties and also to accurately resolve the pressure 

distribution. The model was initially run without production until a steady state was 

established, which became the starting point for the production run. The boundary conditions 

are specified in the next section. 
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5.5.2 Model Boundary Conditions 

Reservoir Model 

The boundary condition imposed on the reservoir model at the left-hand (centre of the 

subsidence bowl) and right-hand (outer edge of the subsidence bowl) sides of grid were set as 

no-flow, i.e., insulating and impermeable. The upper (ground surface) boundary was 

maintained at a constant temperature of 15oC and pressure of 0.1 MPa to represent atmospheric 

conditions. The base of the reservoir system in this model is at a depth of about 415 m where 

a thick low-permeability Waiora Formation begins. The heat flux and mass flux at the base of 

the model were specified to give a reasonable natural state pressure and temperature profile (as 

discussed in Chapter 4).  

During the production history simulation, mass was extracted at the base of the model to 

represent the effect of production at Wairakei. As with the 1-D model (Chapter 4) part of the 

model calibration task was to adjust the extraction rate at the base of the model so that the deep 

pressure matches the field data. The TOUGH2 simulations were done with a water-air fluid 

property module (EOS3). This was to allow simulation of development of an unsaturated 

shallow vadose zone at the top of the model as the water table is drawn down.  

Geomechanics Model 

The boundary conditions for the R-Z model with the left-edge at  𝑅 = 0 include: 

• The left-edge is fixed in the horizontal direction and free to move in the vertical 

direction. 

• No displacement on the far right and bottom boundaries 

• The top of the model is a traction-free surface. 

Some of the reservoir material at Wairakei shows elasto-plastic behaviour and a corresponding 

constitutive model was used. This was based on the elastic and non-elastic parameters obtained 

both from in situ measurements, laboratory tests and our previous 1-D, vertical column, 

subsidence model (see Chapter 4). 
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A natural state simulation was conducted first with the aim of setting up reasonable initial 

temperature and pressure distributions before production began. This was carried out over a 

large time which allowed the model to be equilibrated. Then a production history simulation 

was carried out for a period from 1955 - 2005, whose output became the input for the 

subsidence simulation.  

 

5.5.3 Calibration procedure for axisymmetric models 

The aim for calibration of the model was to arrive at a plausible set of parameters and a 

reasonable geological structure that enable the model to well match subsidence and the pressure 

decline at and near the Wairakei subsidence bowl.  

Geology 

Lithology varies greatly both with depth and laterally, across short distances. For example, at 

WKM14, there is planar-bedded, lithic rich fine lapilli tuff but at the same elevation at WKM15 

the formation is a massive pumice-lithic tuff breccia (Rosenberg et al., 2009). Variation in both 

lithology and alteration (e.g clay mineral type and abundance) influences a range of physical 

properties. Distribution of rocks between WKM15 and WKM14 is unknown and poses a 

challenge in calibrating the distribution of these rocks. The cross-section geology from 

LEAPFROG (Cowan et al, 2004)  3-D geological model for Wairakei had to be interpreted 

(see Figure 5.14a). The Wairakei 3-D geological model described and visualised using 

LEAPFROG software provides accurate representation of field geology (Alcaraz et al., 2010). 

This 3-D geological model of Wairakei Geothermal Field contains volcaniclastic units, such as 

the Waiora Formation, built using contact points from well data (Alcaraz et al., 2011). 

The soft materials in the Huka Falls and Upper Waiora formation could be contributing to the 

shape of the subsidence bowl, where it is deep and broad inside the bowl and narrows gradually 

as it edges out towards WKM14. Adjustments of distribution of the heterogeneous formations 

were performed. The geology between WKM14 and WKM15 was interpreted as shown in 

Figure 5.14b. Starting with uniform geological layers and a vertical stratigraphy from the 1-D 

model, we gradually adjusted the geology. The exercise was executed starting with the known 
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geology at WKM15 and WKM14 and then applying interpolation while ensuring the end result 

conforms to the geology presented in cross-sections and core data. 

The lithology adjustment was manually carried out by trial and error. This process required 

multiple runs of the reservoir model until the simulation reproduced the actual expected 

material behaviour. This trial and error exercise continued until a satisfactory lithostratigraphy 

spatial distribution was obtained, as shown in Figure 5.15. 

 

 

 

Figure 5.14: Wairakei geothermal field geological stratigraphy. (A) Stratigraphy(inverted) 

from 3-D Wairakei geological model visualised in LEAPFROG Geothermal software  

for East section looking North (after Alcaraz et al., 2011) and (B) Interpreted 

stratigraphy based on A with superimposed grid slice between WKM15 and WKM14. 

  

 



118 
 

 

 

 

Figure 5.15: The final rock type distribution used in the R-Z model, based on the same rock 

properties as shown in Figure 5.14 but modified by calibration. 

 

  

TOUGH2 model 

For the natural state simulation, heat and mass were injected at the base of the model. The 

model temperatures were matched to calibration data by adjusting the heat and mass input to 

the base of the model and reservoir permeability. On the basis of calibration, a model that 

reproduced best natural state conditions was adopted.  

To calibrate the production model, further computer runs were made. Calibration of the model 

was carried out by adjusting permeability (kz and kr), bottom mass flow and model stratigraphy. 

Permeability values and mass flow at the base of the model were adjusted to match the pressure 
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decline at various elevations. The natural state bottom boundary conditions were also applied 

during the production history simulation, but an additional flux was applied removing fluid 

from the bottom of the model to represent the effects of deep fluid withdrawal. This flux was 

varied during the sequence of production history simulations and was one of the important 

calibration parameters, as discussed in Section 5.6. 

The rock structure of the model was assigned based on the geological data and each rock type 

covered a range of grid blocks in the layout above. Reservoir model calibration was achieved 

by matching the model output to the measured pressure profiles at a few representative points. 

PEST (Doherty, 2004) was integrated with TOUGH2 and ABAQUS simulators to carry out a 

joint inversion of both the reservoir and rock mechanics models together. This occurred after a 

reasonably good TOUGH2 model had been obtained. PEST was used to identify (a) 

permeability values (b) stiffness values of defined rock-types that gave the closest match of the 

model results to the observed pressure data and subsidence data, respectively. Calibrated 

stiffness values obtained in this study fell within the range of values measured on core samples, 

as reported in Bromley, et al., (2010).  

A good calibration of the reservoir model was required in order to obtain a good match to the 

pressure behaviour in the reservoir and consequently to obtain a good match to the subsidence. 

Mass drawn from the bottom of the model and permeabilities were adjusted to match historic 

pressure measurements (see Figure 5.17). The pore-water pressure and temperature results 

from the reservoir model at five-yearly intervals were used as input for stress-deformation 

analysis carried out with ABAQUS, and hence the calculation of subsidence. 

ABAQUS Model 

A loosely coupled model was used, i.e., the effect of stress changes on permeability and 

porosity was not considered. The research focused on combined effects of temperature and 

pressures on subsidence and did not look at each separately. This is worth looking at 

extensively in the future by considering separate effects of calculated thermal stresses and those 

of pore-pressure and how much displacement each causes. However, the temperature in the 

Wairakei geothermal field changes slowly (see Figure 5.16) whereas the pressure has changed 

quickly and by a large amount. Therefore, calculated thermal stress are likely to be small 
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because changes in temperature are small. Also, there has been no re-injection until quite 

recently.  

 

 

Figure 5.16: Plot of temperature versus time. This plot shows that temperature changes over 

time of production are small and translates to small effects of calculated thermal stress. 

 

Rock types in the model go along with the geology but within rock types, some variability of 

rock mechanics properties was allowed. The final rock-type structure of the model is shown in 

Figure 5.15. Decisions had to be made about the values of material rock mechanics parameters 

applicable to the model. The rock mechanics properties in the middle of the R-Z model were 

those from the 1-D model, but further out between WKM15 and WKM14 the subsurface 

geological structure is not well defined and the assignment of rock mechanics properties in the 

region between WKM15 and WKM14 was done by interpolation. These rock mechanics 

properties consisted of Young’s modulus, Poisson’s ratio and yield stress. Stress - strain curves 

for all elements in the model after every simulation were investigated and used to guide the 

calibration. The focus was on soft materials such as Post Oruanui, Upper Huka Falls formation 

and Upper Waiora formation. The rock mechanics properties were difficult to estimate away 

from the bowl towards WKM14 because of the variable stratigraphy. This required first some 
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interpolation to assign rock types and secondly within some rock types there was variability of 

rock mechanics properties. Different lithologies have varying characteristics. These rock 

materials differ in terms of grain size, composition and stratigraphy (e.g. thickness). This made 

it necessary to assign different rock type properties for WKM15 and WKM14. For instance, at 

WKM15 (inside Wairakei bowl) the upper Waiora formation (240 – 360 m depth) is relatively 

weak but at WKM14 (outside the bowl) it is relatively strong. By allowing variation of rock 

mechanics properties within a rock type, different parts of the rock type are able to exhibit 

different behaviours. These behaviours which include yielding which occurs when the effective 

stress exceeds the yield stress. 

Modifications and adjustment of these properties were made guided by both mechanical and 

geological characteristics inferred from various tests conducted both in situ and in the 

laboratory. Gradual changes of properties, particularly for the Upper Huka falls and Upper 

Waiora formations were made. Care was taken to allow these soft materials to yield but not to 

experience too much yielding. Too much yielding could cause the model not to converge and 

could cause over-estimation of subsidence. A balance had to be made between assigning the 

soft materials inside the bowl and stronger materials outside the bowl, towards WKM14.  

PEST calibration software (Doherty, 2004) was integrated with TOUGH2 and ABAQUS 

simulators to carry out a joint inversion of both reservoir and rock mechanics models together, 

after a reasonably good TOUGH2 model had been obtained. The automated calibration process 

involved searching for a set of model parameters that gives the lowest possible value of 

objective function. PEST was used to identify stiffness, strength and both initial and final yield 

stress of defined rock-types that gave the closest match of the model results to the observed 

subsidence data, also with the TOUGH2 model pressures closely matching the observed 

pressures. Mass drawn from the bottom of the model and permeability were adjusted to match 

historic pressure measurements. This application of PEST to the R-Z subsidence model is one 

of the first times it has been used for a joint inversion of a complex coupled model. These PEST 

simulations were achieved through application of the pyTOUGH library (Croucher, 2011; 

Wellmann et al., 2012).  
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5.6 Simulation Results  

5.6.1 General Discussion 

The modelling results presented in this chapter were derived from a loose coupling of 

TOUGH2 and ABAQUS models. Good simulation results were obtained, both at the center of 

the bowl and some distance away from the center. 

TOUGH2 Model 

For the natural state model, the adjustment made to the permeability, consistent with the natural 

state for the 1-D model, resulted in pressures and temperatures presented in Figure 5.17 a, b, 

respectively. The pressures and temperatures at natural state for wells WKM15 and WKM14 

are presented in the plots. Figure 5.17 b show that both wells at common elevations on the 

surface and bottom of the reservoir system have temperatures that are closely matched by the 

R-Z model at some elevations. This resulted in a base temperature close to 200oC and a small 

heat and mass discharge at the surface prior to field development. 

At the Wairakei subsidence bowl, most of the subsidence occurs within the Upper Huka Falls 

and Upper Waiora Formations. These formations are at elevations 292.5-202.5, 139-117.5 

m.a.s.l respectively. The resulting pressures at depths 150 m and 250 m for rock properties 

(porosity, permeability (kz and kr) together with field observations from various wells are 

presented in Figure 5.18. Simulated results of pressure decline at depths of 250 m and 150 m, 

both inside the bowl and further out, are shown in Figure 5.18. The model pressures both inside 

and outside the bowl at depth 250 m are a good match to the data. But at shallow depth (150 

m) and further out, the model pressures start to show some differences from the data. Pressures 

further out (at horizontal distance 1300 m) decline faster compared to those inside the bowl. 

The reservoir model parameters applied in the model to achieve these results are presented in 

Table 5.1. Porosity and permeability values used in the model are shown in Figures 5.19 and 

5.20, respectively. Porosity values at WKM15 are slightly higher at elevations of 217 -127 masl 

and 247 – 237 m.a.s.l compared to those at WKM14. Some of the model pressures are a little 

low, however overall the match to the data is good.  
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The pressure trends exhibit a rapid decline after 1960 but there is a slow decline by the 1980s. 

A lag in the onset of a significant pressure decline causes a delay in the start of subsidence. 

These pressure trends have been applied in modelling subsidence at BMs AA13, A97 (outside 

the subsidence bowl) and BM P128 (center of subsidence bowl).  

The results of the TOUGH2 model are also presented in the form of pressure profiles. The 

pressure profiles generated due to lowering of water-table and decline in pore-pressure for 50 

years of production are shown in Figures 5.21. The model matches 25 bars of deep pressure 

decline during the period of production. These pressure profiles shown in Figure 5.21a are for 

inside the subsidence bowl. Figure 5.21b, c respectively are pressure profiles away from the 

center of the bowl towards WKM14. Variation in lithology and intensity of alteration brings 

about the differences in pressure profiles both inside and outside the bowl. The low 

permeability and consequent pressure reduction at WKM14 is a result of the occurrence of 

hydrothermal alteration in HFF which caused secondary mineral deposition such as quartz to 

completely fill the pores and hence permeability became low. Details and evidence of pockets 

of hydrothermally altered rocks in these wells have been analyzed and presented in Lynne et 

al., 2013; Lynne et al., 2011; Bromley et al., 2010 and briefly described in Section 3.2 in 

Chapter 3. 

The effects of the different permeability used for the Upper Huka Falls and Upper Waiora 

Formations inside and outside the subsidence bowl can be seen in Figures 5.18 and 5.21. 

Pressures at WKM15 (inside the bowl) were calibrated using data available from nearby wells 

(shown in Figure 5.18).  
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Figure 5.17: Pressure and temperature results from the model at monitoring wells WKM15 

and WKM14. (a) Pressure from the model versus elevation (b) Temperature from the 

model and observed temperatures. 
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Table 5.1: Parameters used in the reservoir model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formation Property 

Code Elevation (masl) 

Vertical 

permeability 

𝑘𝑧(𝑚2) 

Porosity

 𝜙 

Density of 

Rock 𝜌𝑟𝑜𝑐𝑘 

(𝑘𝑔/𝑚3) 

TPO 365 - 330 1.0e-12 0.45 1473 

POT 330 - 320 6.5e-14 0.45 1473 

OIF 
320 - 307 2.0e-15 0.45 1721 

307 - 290 2.0e-14 0.45 1721 

UHFF 

290 - 284 2.0e-15 0.45 1746 

283 - 275 1.0e-15 0.45 1746 

274 - 265 7.0e-16 0.50 1746 

264 - 256 7.0e-16 0.50 1746 

255 -249 7.0e-16 0.50 1746 

248 - 239 7.0e-16 0.50 1746 

238 -231 7.0e-16 0.50 1746 

MHFF 
230 - 201 1.5e-15 0.50 1661 

200 - 171 1.0e-16 0.60 1661 

LHFF 

 

170 - 152 8.0e-16 0.60 1771 

151 - 136 3.5e-16 0.60 1771 

WAF 

 

135 - 100 3.5e-16 0.50 1771 

099 – (-10) 2.0e-15 0.45 1771 

(-11) - (-50) 2.0e-15 0.45 1771 
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Figure 5.18: Observed (shown as symbols from various wells) and model (shown as lines) 

pressure trends at Wairakei geothermal field at depths 150 m and 250 m at X= 0 m, X= 

600 m and X= 1300 m. Model pressures further out of the bowl decline faster compared 

to those inside the bowl. 

 

 

Figure 5.19: Porosity versus depth for the model inside the bowl at WKM15 and outside the 

bowl at WKM14. 
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Figure 5.20: Permeability versus depth for the model inside the bowl at WKM15 and outside 

the bowl at WKM14.  

 

 

Figure 5.21: Model pressure-elevation trends at 5 yearly time intervals between 1950 and 

2000. (a) inside the bowl at WKM15, (b) at 600 m from the center of the bowl and (c) 

at 1300 m outside the bowl (at WKM14).  
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Geomechanics 

The simulation with the loosely-coupled TOUGH2-ABAQUS model was conducted for the 

period 1950-2000. All the rock types in the model were represented as materials with either 

linear elastic or elasto-plastic properties, as shown in Table 5.2. Results of the subsidence 

calculation based on the linear elastic version of the model are shown in Figure 5.21 while the 

subsidence results based on the elasto-plastic model are presented in Figure 5.22. The observed 

data are located at BM AA13 (outside the bowl near WKM14), A97 (outside the bowl near 

WK10) and BM P128 (at the centre of the bowl near WKM15) for the period 1950s to 1997. 

The total subsidence from 1950 to 1997 is about 2.07 m and 13.54 m at BM AA13 and P128, 

respectively. Figure 5.22 presents simulated subsidence determined from the elasto-plastic 

version of model over 50 years (1955-2005) of active geothermal production. The model results 

are compared with observed subsidence at the three BMs locations and the agreement is very 

good.  

The results of predicted subsidence show most of the subsidence is restricted to the centre of 

the Wairakei bowl. The simulation results gave a good approximation to the size and shape of 

Wairakei subsidence bowl around 1985 as shown in Figure 5.23. At Wairakei, the centre of the 

subsidence bowl is near benchmark P128 and has a maximum subsidence of approximately 

14.2 m over the period 1950-2000. It can be seen in Figure 5.24 that subsidence occurs mostly 

at the centre of the bowl and is smaller away from the centre.  This is due to the presence of 

weak and yielding materials at the centre of the bowl, while at the edge of the bowl at WKM14, 

materials are stiffer. The larger stiffness of materials at WKM14 is as a result of hydrothermal 

alteration which caused secondary deposition of minerals, and hence materials became stronger 

and less compressible. At WKM15 materials experienced alteration, producing a higher 

smectite content and became softer and weaker. The correct calculation of subsidence and 

pressure decline inside the subsidence bowl, implies that the permeability and compressibility 

values in the model are reasonable.  
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Table 5.2: Rock properties and parameters applied in the rock mechanics model. The initials 

E and EP refers to elastic and elasto-plastic respectively. 

Formation Elevation 

(masl) 
Young’s 

Modulus, 

E (MPa) 

Poisson’s  

Ratio,𝜈 

Model Initial 

effective 

yield 

stress,𝜎01
′ (k

Pa) 

Final 

effective 

yield stress 

𝜎02
′  (kPa) 

Slope of 

Critical 

State 

line,𝑀 
 

TPO 365 - 330 9.50 0.34 E 2500 6000 1.11 

POT 330 - 320 57.82 0.34 E 1150 41150 1.11 

OIF 320 - 307 90 0.32 EP 2500 6000 1.11 

307 - 290 150 0.23 EP 7000 10000 0.72 

 

 

 

UHFF 

290 - 284 200 0.16 EP 2200 4200 1.00 

283 - 275 35 0.11 EP 14000 27000 1.15 

274 - 265 150 0.11 EP 1300 1900 2.25 

264 - 256 80 0.11 EP 1600 1900 2.25 

255 - 249 50 0.11 EP 1650 1950 2.25 

248 - 239 100 0.11 EP 1650 2350 2.25 

238 - 231 100 0.11 EP 1800 2550 2.15 

MHFF 230 - 201 400 0.10 E 4000 10500 0.55 

200 - 171 600 0.10 E 3000 8000 2.15 

LHFF 170 - 152 625 0.10 EP 6000 11300 1.32 

151 - 136 500 0.30 E 9900 11000 1.00 

 

 

WAF 

135 - 100 300 0.20 EP 8680 10680 0.70 

095 - (-

10) 

150 0.20 EP 8630 10630 1.30 

(-15) - (-

50) 

1500 0.20 EP 9900 11900 0.55 

 

 

Our results show that part of the subsidence can be explained by linear poroelasticity, but the 

contribution of inelastic (permanent) deformation is very significant. The rock materials that 

experienced yielding inside the bowl are described as soft, weak and highly compressible and 

hydrothermally altered. These materials are within the elevation range 270 – 230 masl shown 

in Figure 5.24 and they include Upper Huka Falls and upper Waiora formations.  
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Figure 5.22: Subsidence profiles at Wairakei subsidence bowl when plasticity is not 

considered. 

 

Figure 5.23: Subsidence profiles at Wairakei subsidence bowl over 50 years of production 

(1955-2005). Plots are given at horizontal distance x= 0.0 m (BM P128, near WKM15), 

at x=962.0 m (BM A97, near WK10, outside the bowl) and at x=1300.0 m (BM AA13, 

near WKM14, outside the bowl). 
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Figure 5.24: The shape of Wairakei subsidence bowl. Subsidence reduces away from the centre 

of the bowl. 
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Figure 5.25: The yielding status of formations (a) after 30 years (b) after 50 years. Materials 

from relatively shallow deposits that are weaker, softer and more highly compressible 

than materials in the surrounding or deeper formations yield when they experience an 

effective stress exceeding the yield stress.  

 

Thermal elastic coupling 

An understanding of likely effects experienced in the deformation model from calculated 

thermal stresses was carried out by turning off the coefficient of thermal expansion. Changes 

in temperature during production may result in development of thermal stresses in a porous 

material and the generated stresses can cause failure in reservoir rock and consequently may 

alter its porosity and permeability.  This may not only influence the strength of the rock but 

may also cause changes in the flow regime. 

The coefficient of thermal expansion is a coupling between the heat energy transport and 

mechanical part of the THM model. By having no coefficient of thermal expansion the 

temperature changes are decoupled from the geomechanical regime. Figure 5.26 below shows 

that when the heat and mechanical models are decoupled, there is only a small change in the 

subsidence profile. This is to be expected as the temperature in the Wairakei geothermal field 

has changed slowly (see Figure 5.16) whereas the pressure has changed quickly and by a large 

amount. Therefore, calculated thermal stresses are likely to be small because changes in 

temperature are small, partly because there has been no re-injection until quite recently.  
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Figure 5.26: Plot of subsidence profile over time when the coefficient of thermal expansion is 

turned off (red and dashed) and vice versa (black) in the model. These plots are given 

at horizontal distance x= 0.0 m (BM P128, near WKM15), at x=962.0 m (BM A97, near 

WK10, outside the bowl) and at x=1300.0 m (BM AA13, near WKM14, outside the 

bowl). 

 

Poroelastic coupling 

Switching Biot’s coefficient to zero implies that the effect of temperature and pressure on solid 

deformation is blocked. Thus the analysis of the likely contribution of poroelastic stress to 

reservoir rock deformation was carried out by turning off Biot’s coefficient and re-running the 

model. Setting Biot’s coefficient to zero decouples geomechanical model and reservoir flow 

model in which case mechanical loading will have no direct effect on the pressures and vice 

versa. The cases of Biot’s coefficient set at 0 or1 correspond to uncoupled and fully coupled 

poroelastic scenarios, respectively.  

Neglecting poroelastic coupling by imposing a zero Biot’s coefficient in the ABAQUS solver 

resulted in the solution not converging, perhaps due to too much yielding of soft materials. 

Instead, we tried a low Biot’s coefficient of 0.2 and compared the subsidence profile and 
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magnitude when Biot’s coefficient was set to 1 (see Figure 5.27). These results show that with 

a lower Biot’s coefficient the profile drops earlier. Thus as Biot’s coefficient changes, the 

mechanical behaviour (softening or hardening) of the reservoir rock is affected.  

 

 

Figure 5.27:  Plot of subsidence after and before, when Biot’s coefficient is 0.2 and 1 

respectively. Horizontal distance is at x= 0.0 m (BM P128, near WKM15; at 

x=962.0 m (BM A97, near WK10, outside the bowl) and at x=1300.0 m (BM 

AA13, near WKM14, outside the bowl). 
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Mesh Resolution  

An attempt was made to compare the subsidence results between coarse and fine R-Z models. 

The effects of the model resolution were investigated by comparing results for subsidence 

evolution from both fine and coarse grids. The fine grid has 83 x 5 m blocks (415 m) and the 

coarse grid has 16 x 25 m blocks (400 m). Simulation was carried out at 5 yearly intervals. 

Figure 5.28 shows the outcome of the simulations, comparing results from both the fine and 

coarse meshes. The plots show that the fine model results are better than the coarse model 

results i.e. they fit the data better, but they are quite similar. This analysis shows the possible 

impact of grid properties and mesh resolution in the model. A coarse model can probably be 

further improved in the future through calibration. 

 

Figure 5.28: Subsidence results using fine and coarse mesh respectively in the models for 50 

years (1950-2000) of production. Horizontal distance is at x= 0.0 m (BM P128, near 

WKM15; at x=962.0 m (BM A97, near WK10, outside the bowl) and at x=1300.0 m (BM 

AA13, near WKM14, outside the bowl). 
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Boundary Condition 

A simple analysis was carried out to test sensitivity of the model to a change of boundary 

condition. The boundary condition considered in this regard were where right boundary of the 

model is subjected to (i) a zero-horizontal displacement( 𝑢𝑥 = 0 ) and (ii) a non-zero 

displacement magnitude of (e.g.  0.5 length units in degree of freedom 1) to the nodes. 

 

Figure 5.29: Subsidence plot showing results before (𝑢𝑥 = 0 ) and after (𝑢𝑥 = 0.5 ) varying 

boundary condition. Horizontal distance is given as at x= 0.0 m (BM P128, near 

WKM15; at x=962.0 m (BM A97, near WK10, outside the bowl) and at x=1300.0 m (BM 

AA13, near WKM14, outside the bowl). 

 

As illustrated in Figure 5.29 above, after applying a prescribed displacement magnitude on 

degree of freedom 1, there was no influence at all on the subsidence magnitude and profile.   

The respective displacements are comparable. This may likely be due to ABAQUS solver 

automatically preventing the rigid body motions in radial direction. A further investigation in 

the future is required to test different scenarios of how the ABAQUS solver handles a 

modification to a boundary condition in R-Z models. 
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5.7 Summary 

The R-Z model discussed in this chapter has the following important features: 

(i) It uses a full THM model, modelling the mass and heat transfer as well as the rock 

mechanics. The TOUGH2 code for reservoir modelling and the ABAQUS code for 

rock mechanics were used in the investigation to solve the whole thermo-hydro-

mechanical subsidence problem.  

(ii) It utilizes a nonlinear elasto-plastic constitutive law for the rock mechanics with 

parameters determined using data from field measurements and laboratory tests.  

(iii) It uses the air-water equation-of-state in TOUGH2 which enables the model to 

accurately represent both non-isothermal and two-phase fluid flow induced by deep 

production.  

(iv) The model parameters applied, both for the TOUGH2 reservoir model and the 

ABAQUS rock mechanics model, are based on the field and laboratory data.  The 

use of PEST for model calibration in this study could possibly be the first time it 

has been applied to a complex coupled model. 

The TOUGH2 reservoir model matched the pressure data for the period of production 

considered in this study. Pressures near the bowl, both in the deeper and shallower sections of 

reservoir, have been captured correctly in the model, matching the observed pressures and 

giving a good fit to the pressure decline resulting from production at Wairakei during the period 

(1965 - 1985).  An elasto-plastic constitutive model was applied in the model to simulate the 

non-linear behaviour of deforming material within the reservoir, thus accounting for softening 

and hardening of deforming strata which included anomalous compressible UHFF and upper 

WAF. A calibrated R-Z model resulted in a good match to the measured subsidence at the 

Wairakei bowl and extending out a considerable distance beyond the edge of the bowl to 

WKM14. 

The R-Z model produced a good fit to the magnitude and shape of subsidence near the Wairakei 

subsidence bowl. This was not possible in the earlier studies based on 1-D models by Allis and 

Zhan (2000) and Wannaniyake et al., 2010) and with the current 1-D model presented in 

Chapter 4.  
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Chapter 6: 3-D Model of Wairakei Geothermal Field 
 

6.1 Introduction 

The 1-D model and R-Z model presented in Chapters 4 and 5, respectively, played important 

roles in helping the understanding of subsidence at Wairakei due to geothermal fluid 

production. These studies showed that with the availability of sufficient data it is possible to 

generate good models of subsidence. However, these geometrically simple models are 

limited. For instance, the 1-D model matches subsidence at the centre of the bowl but cannot 

predict the shape and extent of the subsidence bowl. The radially symmetric model 

approximates the 3-D situation and while it resolves the vertical dimension, not all horizontal 

details can be represented. In this chapter a fully 3-D model is discussed. The aim with the 

model is to satisfactorily represent the 3-D aspects of subsidence at the Wairakei bowl. 

The widespread pressure drawdown in response to production at Wairakei stabilised at 

around 25 bar in the deep liquid zone indicating a balance between fluid extracted for 

production and inflow of induced recharge. This large pressure drawdown caused formation 

of extensive two-phase zones (O’Sullivan et al., 2009). The reservoir model simulations 

based on 1-D and R-Z models, presented in Chapters 4 and 5, respectively, gave a very good 

match to the observed pressure decline. For the 1-D and R-Z models the TOUGH2 reservoir 

models were set up for the subsidence study, whereas for the 3-D model discussed in the 

present chapter the TOUGH2 reservoir model is an updated, well calibrated version (Yeh et 

al., 2014) of the model presented as part of the application for resource consents made by 

Contact Energy Limited in 2010 (O’Sullivan et al., 2010).  

The current 3-D reservoir model is well calibrated as it fits most of the measured data for 

down-hole temperatures, pressures and production enthalpies. It matches deep reservoir 

pressures well, but the fit to shallow pressures near the Wairakei bowl and at some locations 

at Tauhara is not very good. Therefore further work is required on the reservoir model to get 

it to better match details of shallow pressure changes near the Wairakei bowl and it may be 

necessary to recalibrate the model within this shallow zone. Nevertheless it was decided to go 

ahead with a 3-D combined reservoir-subsidence model to establish the methodology and to 

determine how much improvement is required to the reservoir model in representing shallow 

pressures. 
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In their application for resource consents for the Tauhara II project, Contact Energy Limited 

recognised that subsidence was a potentially significant environmental impact of geothermal 

production and presented technical reports on the topic (Bromley et al., 2010; O’Sullivan et 

al., 2010). One of these reports O’Sullivan et al. (2010) was based on a modelling study of 

subsidence at Wairakei-Tauhara, coupling the Wairakei reservoir model with local ABAQUS 

models of subsidence at the four bowls (Wairakei, Spa site, Rakanui Road and Crown Road). 

The methodology was summarised in Yeh and O’Sullivan (2007).  

The models presented by O’Sullivan et al., (2010) were able to match the total subsidence at 

the bowls but the timing of subsidence was incorrect. Two possible sources of error were 

identified: 

(i) A linear elastic constitutive model was used which could not model possible plastic 

behaviour of some of the very soft rocks below the subsidence bowls. 

(ii) The match to shallow pressures in the TOUGH2 reservoir model required 

improvement. 

The present study uses the same general methods as Yeh and O’Sullivan (2007) but is aimed 

at producing better results by including elasto-plastic behaviour and by using a more recent 

reservoir model with better representation of the shallow pressure regime (although it turns 

out that it is still not good enough). 

6.2 Overview of the TOUGH2 Model of Wairakei 

The reservoir model described here is based on the TOUGH2 reservoir simulator (Pruess et 

al., 1999). TOUGH2 is a well-developed finite volume code that can be applied in simulating 

complex multiphase and multicomponent fluid flows in porous media. It has been applied in 

many modelling studies of geothermal reservoirs including the Wairakei-Tauhara field. The 

Wairakei-Tauhara model has been well calibrated against both natural state and production 

history data (Yeh et al., 2014). The field data used in checking the model include changes in 

temperature, pressure, production enthalpy, size of steam zones and surface flows.  
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6.2.1 The Grid Structure of Wairakei Model  

A plan view of the current computational grid for the Wairakei reservoir model is presented 

in Figure 6.1.  Wairakei is the sector to the west of the Waikato River while Tauhara is the 

sector to the east. The smaller elements in the centre of the model represent the main 

production areas known as Te Mihi and the Western and Eastern borefields. The model 

extends to the south of the main borefields and includes the Tauhara sector which is 

connected hydrologically to Wairakei (Hunt and Graham, 2009; Milloy and Wei Lim, 2012). 

Vertically the model is composed of 56 layers and extends down to an elevation of -3500 

mRL. A vertical slice through the model, showing the layer structure and rock type 

assignment is shown below in Figure 6.2. Also shown in Figures 6.3 and 6.4 are cross-

sections of the geology of the part of the TOUGH2 model used in the ABAQUS model. 

It should be noted that the thin layers at the top of the model are 25 m thick, a much coarser 

resolution than the 5 m layers used in the 1-D and R-Z models discussed in Chapter 4 and 5, 

respectively. 

6.2.2 The Boundary Conditions 

At the top of the model, constant atmospheric conditions (1 bar, 15°C) are applied. These 

boundary conditions allow air and water to flow in and out of the model, with an unsaturated 

zone occurring at higher elevations.  

In the natural state model, rainfall of 1000 mm/year with an infiltration rate of 7.5% is 

represented by cold water, at 10°C, being injected into the top of each column. 

 A complete production history of the field is incorporated into the model for a period of 

almost 70 years from 1958 to the present day. The simulation of production history includes 

the historic variation in annual rainfall.  

The side boundary of the model is sealed with respect to the flow of both heat and mass at 

natural state. However, during production history simulations, recharge boundary conditions 

are introduced, allowing flow of heat and mass into and out of the boundary. This allows for 

recharge into the model during pressure draw-down as a result of production, and controls 

pressure build-up at the edge of the model when injection is carried out nearby.  
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The bottom boundary conditions of the model include injection of both heat and mass. 

Injection of heat at a low rate at the edge and a higher rate near the hottest part of the 

geothermal system represents the deep upflow of heat.  

A deep hot upflow of mass is represented by injection of high enthalpy water at the base of 

identified columns. The production history and future scenario simulations also include the 

possibility of extra recharge, i.e., pressure controlled, mass upflow. This hot recharge is 

located where an upflow of hot water exists in the natural state model and is only induced 

when the pressure of the bottom layer drops below its natural state level. 

 

Figure 6.1: Plan view of the computational grid of the Wairakei-Tauhara reservoir model 

(after, Yeh et al., 2014). 
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Figure 6.2: Vertical slice through the model grid showing rock-types. The rock-types include: 

Surface Superficial deposits (SF), Oruanui Formation (OF), Huka Falls (HF), Middle 

Huka (MH), Rautehuia Brecia (RB), Waiora (WO), Karapiti (Ka), Racetrack 

Rhyolite(RR), Rotongaio Ash (RA), Basaltic Brecia (BB), Tahorakuri Formation (TK), 

Waiora 1 Ignimbrite (W1), Waiora Ignimbrite (WI) and Interbedded Ignimbrite (II). 

 

 

Figure 6.3: East – West geological cross-section between WKM15 and WKM14, used in the 

TOUGH2 model. 
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Figure 6.4: North -South geological cross-section near WKM15 and WKM14 used in the 

TOUGH2 model. 

This study has involved a progressive development of more and more complex models of 

subsidence, starting with a 1-D model and then moving to an R-Z model. The axisymmetric 

R-Z model was implemented using a fine grid as a step towards the 3-D subsidence model 

discussed in this chapter. The 3-D model, potentially, allows a significant improvement over 

the previous 1-D and R-Z models because it considers general lateral and vertical variation in 

reservoir properties and behaviour.  

6.3 Modification and calibration of the TOUGH2 model 

The current TOUGH2 model has an irregular block structure with a finer grid covering areas 

of interest (e.g. the borefields) in the Wairakei-Tauhara field. The focus of this research was 

to model subsidence at the Wairakei bowl and not over the whole model. It was therefore 

only necessary to extract a portion of the TOUGH2 model results for the local area of interest 

(see Figure 6.5). We included an area somewhat larger than the subsidence bowl to ensure 

boundary effects were not severe.  

The porosity values, shown in Figure 6.6, range from 0.1 at the surface (363 masl) to 0.18 at -

25 masl. These values are relatively low compared to those of the 1-D and R-Z models. The 

permeability of the TOUGH2 model is as high as 5.0E – 14 m2 and as low of 5.0E – 16 m2 at 

both WKM15 and WKM14. The range in elevations are 363 to -75 masl and 387 to -75 masl 
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for WKM15 and WKM14, respectively (see Figure 6.7). Porosity and permeability values for 

the 1-D and R-Z models are different to those used in the TOUGH2 model near WKM15 and 

WKM14. This is because of the adjustments made to the permeabilities of the 1-D and R-Z 

models in order to match field measurements of pressures at nearby wells (e.g., at depths of 

150 m and 250 m). Thus the permeability and porosity in the 3-D TOUGH2 model are 

different from those of the 1-D and R-Z models.  

The 3-D TOUGH2 model was not modified during the present study. However as noted 

above, some of the pressures in the shallow zone are not well matched. Both the 1-D and R-Z 

models matched pressures in all zones (shallow and deep) very well and the pressure values 

are close to measured values in various geological formations at WKM15.  

The porosity and permeability values for the 1-D and R-Z models are compared with those of 

the 3-D model in Figures 6.6 and 6.7, respectively. The porosity values used in the 3-D model 

are very low while permeability values are high compared to those applied in the 1-D and R-

Z models. Modification of these parameters in the future could allow the 3-D model to better 

match the shallow pressures near the Wairakei subsidence bowl, without degrading the match 

to all the other data.  

 

Figure 6.5: A plan view of the location of the local area used in the ABAQUS model. 
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Figure 6.6: Comparison of porosity vs elevation at WKM15 and WKM14 for the various 

models.  

 

Figure 6.7: Comparison of vertical permeability at WKM15 and WKM14 against elevation 

for the various models.   
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6.4 Design and Calibration of the ABAQUS Model 

Geomechanical simulations carried out using the ABAQUS code in this work are aimed at 

calculating the evolution of stress and strain during production in the Wairakei reservoir 

material within the subsidence bowl and in the surrounding areas. These geomechanical 

simulations use pressure and temperature data from the 3-D TOUGH2 simulation (Yeh et al., 

2014). The geomechanics model was set up based on the same information used for the 1-D 

and R-Z models, i.e., stratigraphy information from Rosenberg et al., (2009) together with 

key geotechnical properties obtained from both field and laboratory analyses as reported in 

Pender et al., 2009 and Bromley et al., 2010.  

6.4.1 Model Design 

An area between wells WKM15 (within the subsidence bowl) and WKM14 (outside the 

bowl) was identified in the reservoir model grid (see Figure 6.5) for use in the ABAQUS 

model. The ABAQUS grid shown in Figure 6.8 has the same layers as the TOUGH2 model 

but uses much smaller blocks in each layer. The three-dimensional element type C3D8PT (8-

node trilinear displacement and pore pressure) was chosen for the ABAQUS model. This 

element type contains 8 degrees of freedom, and can include pore pressure and temperature 

as variables as well as stress and deformation.  

The ABAQUS model is meshed uniformly with C3D8PT elements across a domain 

measuring 3000 x 3000 x 425 m (i.e. not the full depth of the reservoir model). The 

dimensions of the blocks are 20 m x 20 m x 25 m and there are 17 layers. Thus, the 

ABAQUS model consists of 16925 C3D8PT solid elements with 19323 nodes. The 

ABAQUS model was made deep enough to encompass the formations where it is believed 

compaction is occurring. 

The material properties presented in Table 6.1 were first assigned to rock types in the model. 

The distribution of rock types in the ABAQUS model is the same as that used in the 

TOUGH2 model, though there are small differences because the two grids do not exactly 

match. Later some variation of rock mechanics properties within each rock type was 

introduced to allow better matching of subsidence. The process used for performing this 

model calibration is explained in Section 6.6. 
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ABAQUS geomechanical modelling was performed using an automated workflow. First, the 

TOUGH2 output (pressures and temperatures) and grid was accessed using PyTOUGH. 

These pressures and temperatures were interpolated and set in the ABAQUS model as fixed 

conditions at each node with the command “*BOUNDARY, FIXED” in the input file. This 

was then used to generate ABAQUS results, referred to as an “output database” (*.odb). This 

output database stores model information and analysis results. The ABAQUS simulation 

process was set up to access TOUGH2 pressures and temperatures for the period of 

production (1955 - 2005). As discussed below this coupling of the models was implemented 

through PyTOUGH.  

The TOUGH2 rock type distribution was converted to the ABAQUS grid structure to achieve 

a close (but not exact) match of TOUGH2 rock type structure and the ABAQUS rock type 

structure. However as mentioned above (and as will be discussed further below) variation of 

rock mechanics parameters within a rock type was allowed in the ABAQUS model. 
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Figure 6.8: Configuration of the three-dimensional subsidence model. The elements in the 

model are shown with an outline of the subsidence bowl superimposed. The contour 

values are subsidence rates in mm/year (2001/04 – 2004/09) (Bromley et al., 2010). 

Also shown are the locations of monitoring wells WKM15 and WKM14 and nearby 

wells. 
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Table 6.1: Rock parameters applied in the ABAQUS model for 3-D analysis. The initials E 

and EP refers to elastic and elasto-plastic, respectively. Note the subscripts 1, 2 and 3 

are principal material directions, referring to the vertical and the two horizontal 

directions, respectively.  

Formation Elevation 

(masl) 
Young’s 

Modulus, E 

(MPa) 

Poisson’s  

Ratio,𝜈 

Model Effective stress 

(kPa)  

 

Effective 

stress ratio 

(
𝜎3
′

𝜎1
′) 

Slope of 

Critical 

State line,𝑀 
 𝐸1 𝐸2

= 𝐸3 

𝜈1 𝜈2
= 𝜈3 

𝜎1
′ 𝜎2

′ = 𝜎3
′ 

TPO 365 - 330 89 214 0.34 0.38 E 1524 1143 0.52 1.0 

POT 330 - 320 89 214 0.34 0.38 E 1524 1143 0.52 1.0 

OIF 320 - 307 120 240 0.32 0.38 EP 3071 2297 0.47 1.0 

307 - 290 150 240 0.23 0.38 EP 3071 2284 0.30 1.0 

 

 

 

UHFF 

290 - 284 200 307 0.16 0.15 EP 7271 5027   0.19 1.0 

283 - 275 36 244 0.11 0.27 EP 9042 5133 0.12 2.0 

274 - 265 200 250 0.11 0.28 EP 8514 4399 0.12 1.2 

264 - 256 80 193 0.11 0.30 EP 7057 3412 0.12 1.2 

255 - 249 50 198 0.11 0.21 EP 5430 2292 0.12 1.2 

248 - 239 100 208 0.11 0.31 EP 3966 2165 0.12 1.2 

238 - 231 200 288 0.11 0.27 EP 2792 2231 0.12 1.2 

MHFF 230 - 201 400 389 0.10 0.31 E 4281 3260 0.11 1.0 

200 - 171 600 218 0.10 0.39 E 4281 3260 0.11 1.0 

LHFF 170 - 152 600 1126 0.10 0.35 EP 4722 3634 0.11 2.0 

151 - 136 750 239 0.30 0.30 E 4722 3634 0.43 1.0 

 

 

WAF 

135 - 116 750 500 0.20 0.25 EP 3783 2836 0.25 1.0 

115 - 095 600 300 0.20 0.30 EP 7500 5700 0.25 1.0 

094 - 046 121 203 0.20 0.20 EP 6000 4200 0.25 1.2 

45 – (-02) 600 300 0.20 0.27 EP 6000 4200 0.25 1.0 

(-03) - (-

50) 

100

0 

1126 0.20 0.35 EP 8500 4400 0.25 1.0 

 

 

 

 

6.5 Coupling of TOUGH2 and ABAQUS Models 

 The TOUGH2 model for heat and mass transport was loosely coupled to the ABAQUS 

model for the solid mechanics analysis. This coupling was achieved using Python scripting 

language and the extensive PyTOUGH library to interface with the TOUGH2 simulator. A 

Python interface was applied to provide a link between the TOUGH2 model and ABAQUS 

(previously described by Pogacnik et al., 2014). The files with results of the flow simulation 

within and around the subsidence bowl were extracted from the full TOUGH2 output files 

from the model shown in Figures 6.1 and 6.2 above. 
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6.5.1 Simulation process 

TOUGH2 is used to simulate mass flow and heat transport while ABAQUS calculates 

mechanical quantities (stress, strain and displacement). A link supplies pressures and 

temperatures from the TOUGH2 model to update mechanical quantities in the ABAQUS 

model. But there is no feedback to the TOUGH2 model and hence no update to porosity and 

permeability.  

The rock types of the zone extracted from the TOUGH2 model are shown in Table 6.2. The 

material parameters were set by defining names for each rock type and in some cases for each 

element within a rock type.  These names allowed the material properties to be identified and 

assigned to the corresponding regions in the ABAQUS model. The properties of each 

material were specified in a data block which was initiated by a *MATERIAL option.  

ABAQUS allows definition of spatially varying material properties (e.g density, elastic 

properties and elasto-plastic properties) by defining them using * DISTRIBUTION. Using 

the “distribution” option in the model allows a single material (rock type) definition to define 

spatially varying material properties on an element-by-element basis in the model.  

As explained above, both elastic and elasto-plasticity material behaviour were included in the 

model. These were defined using the input structure *DISTRIBUTION TABLE, 

NAME=distribution table name. Young’s Modulus and Poisson’s ratio are required for 

isotropic elastic behaviour while stress ratio, yield stress and plastic strain are also required to 

represent elasto-plastic behaviour (see Table 6.3). 

 

 

 

 

 

  

https://www.sharcnet.ca/Software/Abaqus610/Documentation/docs/v6.10/books/key/key-link.htm#usb-kws-mdistributiontable
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Table 6.2: Rock types in the TOUGH2 model and corresponding rock types in the ABAQUS 

model. 

 

 

 

 

 

 

 

 

 

Table 6.3: Table of data labels showing the number of rock properties required for each 

element in the model. 

 

  

 

 

The assignment of rock properties at nodes requires the specification of material properties 

for each node or set of nodes included in the distribution definition. Geotechnical properties 

of materials at Wairakei geothermal field (e.g. Young’s modulus, density) vary widely. This 

heterogeneity is partly because of the presence of different rock types, but mainly because of 

  Elevation 

(masl) 

  

Rock Types 

 

TOUGH2  

Model 

ABAQUS 

Model 

1 365 - 330 SF TPO 

330 - 320 POT 

2 320 - 307 OF OIF 

 307 - 290 

 

 

3 

290 - 284  

 

HF 

 

UHFF 283 - 275 

274 - 265 

264 - 256 

255 - 249 

248 - 239 

238 - 231 

4 230 - 201 MH MHFF 

200 - 171 

5 170 - 152 RB  LHFF 

151 - 136 

 

 

6 

135 - 100  

WO 

 

WAF 095 - (-10) 

(-15) - (-50) 

Data label Material 

behaviour 

Number of data 

items per label 

Modulus *Elastic 1 

Poisson’s ratio 1 

Yield stress *Plasticity 1 

Plastic strain 1 

Strength parameter 1 

Density  1 
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variation within rock types. A discussion of the spatial variation of these properties 

introduced into the model is presented in the following section. A distribution of spatially 

varying elastic material properties (Young’s modulus and Poisson’s ratio) and elasto-plastic 

material properties (yield stress, plastic strain) was applied to the definition of each material 

using the *DISTRIBUTION feature. This feature allows variation of material properties 

within a rock type based on defined sets of elements.  

The modelling process started with no variation in material properties within a rock type and 

progressively variation within rock types was added. Variation of material properties within a 

rock type led to rheological inhomogeneity and consequent strength variations corresponding 

to hard and weak versions of the same rock type.   

 

6.5.2 Initial and Boundary Conditions 

Boundary conditions assigned to the model consisted of no displacement at the bottom of 

model (bottom edges were fixed in the vertical direction). The sides were fixed such that no 

displacement occurs in the horizontal direction. Vertical edges were allowed to move only in 

the vertical direction. Also a traction free surface condition was applied to the model. 

The ABAQUS simulations consisted of the workflow described in Sections 6.5.3 and 6.5.4: 

 

6.5.3 Initialization with geostatic analysis 

Initial conditions in terms of void ratio and stress state have to be defined. The initial void 

ratio as well as the initial pore pressure values were derived from the natural state TOUGH2 

model. Then the initial stresses were calculated using the commands: *INITIAL 

CONDITIONS, TYPE=STRESS, GEOSTATIC. ABAQUS calculates the stresses (total 

stress) which are in equilibrium with the external loading (gravity in this case) and boundary 

conditions. This formed the start of the process for getting converged stresses for the start of 

the subsidence analysis.  
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In establishing geostatic equilibrium as the first step in this analysis, gravity loading was 

applied. Ideally, the loads and initial stresses should exactly equilibrate and produce zero 

deformations.  However, in complex problems such as the one under investigation, it was 

difficult to specify initial stresses and loads that equilibrate exactly. The approach taken was 

to impose a user defined stress field on to an undeformed mesh using the *GEOSTATIC 

option. Gravity was then applied in the first computational step and displacements computed 

to obtain force equilibrium. Next, the horizontal principal stress is calculated in ABAQUS on 

an element by element basis as a proportion of vertical effective stress. Following this step, 

the model is allowed to iteratively adjust stresses in each element in order to achieve 

equilibrium.  ABAQUS checks for elastic equilibrium of the model during this geostatic 

procedure and iterates, if needed, to obtain a stress state that equilibrates with the prescribed 

boundary conditions and loads. The stress state, which is a modification of the stress field 

defined by the initial conditions was then used as the initial stress field in subsequent analysis 

steps.  

    

6.5.4 Incremental deformation analysis every five-years  

This step follows the geostatic analysis described above where elastic equilibrium of the 

model is calculated. The resulting stress field was used to initiate the elasto-plastic simulation 

process.  A further *GEOSTATIC step was performed at the start of the elasto-plastic 

simulation to verify that the change in material properties did not cause an additional 

displacement. 

The pressure and temperature values from the TOUGH2 model were applied to the 

geomechanics model at each time when a quasi-static ABAQUS displacement calculation 

was performed, hence providing a load history for the model. A spline interpolation of 

pressures and temperature from block-centred TOUGH2 grid on to nodal locations of 

ABAQUS grid was carried out. Pore pressures and temperatures from the TOUGH2 model 

were interpolated on to the ABAQUS model nodes and used as internal boundary conditions 

at each time increment. The time increment used between ABAQUS displacement 

calculations was five years and the total time used was 50 years. Thus these calculations used 

a 50-year time history of pressure and temperature changes obtained from the TOUGH2 
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model. Displacements and elastic and plastic strain values for the local subsidence model 

were obtained from the ABAQUS analysis.  

 

6.5.5 Constitutive Law 

The constitutive behaviour of rocks was described by either linear elastic or elasto-plastic 

material behaviour: first strong rocks were modelled as elastic and secondly, weak and soft 

rocks in the model were modelled as elasto-plastic. Because of the existence of weak and soft 

materials it became necessary to provide initial equivalent plastic strain and initial yield stress 

for those elements that use an elasto-plastic material model. In this case, the von Mises yield 

condition and associated flow rule was applied. These initial quantities were intended to 

represent materials in a work hardened state. Young’s modulus and Poisson’s ratio were used 

to account for the elastic behaviour that occurs in most of the materials. Yield stresses (initial 

and final), critical state line slope (strength parameter) and plastic strains accounted for the 

plastic behaviour of the type described above for the 1-D and R-Z models. 

 

6.5.6 Material properties 

In the definition of an elasto-plastic material behaviour with a von Mises yield condition in 

ABAQUS, isotropic hardening was specified, by entering tabular data for material density, 

elastic material properties (𝐸,𝜈 ), yield stress (𝜎𝑖𝑗
′ ) and plastic strains (𝜀𝑖𝑗

𝑝
). The Biot-Willis 

coefficient was set to 1.0, typical of soft material at Wairakei. Bulk density is an important 

parameter since gravity loading is indirectly defined through density and has influence on 

convergence of the model in combination with the Young’s modulus, Poisson’s ratio and 

yield stress of the material. As discussed above, these material properties were varied 

vertically and laterally using the *DISTRIBUTION feature in ABAQUS. 

These material properties, adopted from the 1-D and R-Z models, were based on laboratory 

and field measurements as discussed in Chapter 3. The material properties of interest include 

density, Young’s modulus, Poisson’s ratio, the initial and final yield stress and corresponding 

plastic strains. Using parameters and properties presented in Table 6.1 as a starting point, a 

series of model calculation was conducted to evaluate the impact of rock mechanics 

parameters on the production-induced effective stress distribution. 
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6.6 Model Calibration 

The 3-D ABAQUS model was calibrated by comparing the outcome of the simulations to the 

observed data. The fit was improved by iterative adjustment of key model parameters, 

including elastic and inelastic material parameters. The linear elastic material parameters 

(𝐸,𝜈) and plasticity parameters (M,𝜎𝑖𝑗
′ ,𝜀𝑖𝑗

𝑝
) first applied in the model were those obtained 

already by calibration of the 1-D and R-Z models. These parameters were consistent with 

data obtained from both in situ and laboratory tests (Pender et al., 2009).   

Additional calibration to better match the observed subsidence was performed on the model 

by varying the spatial distribution of various rock mechanics properties within rock types, 

guided by the stratigraphy cross-section used in R-Z model and material properties at 

WKM14. Calibration focussed on the Huka Falls units and Upper Waiora formations because 

the compressibility of these formations plays a major part in the subsidence given that they 

are zones of plastic deformation.  

The model was improved by gradually and iteratively introducing variation of poorly 

constrained rock strength parameters and their yield stress. The effective stress ratio was also 

varied across the model. This variation was performed using the *DISTRIBUTION feature in 

ABAQUS to define material behaviour and material orientation. The material properties were 

modified and the simulation re-run, until a good fit to the observed displacements was 

obtained. During this process, it was often difficult to determine how the material properties 

should be modified in order to achieve a better fit. Formations outside the bowl are known to 

be strong and experience little or no yield at all. 

At Wairakei a well-defined subsidence bowl has developed with distribution of vertical and 

horizontal displacements. The subsidence bowl is centred about 1.5 km East-North-East of 

the centre of the main production area and is controlled by local geology. Geotechnical 

properties vary widely in all geological units as a consequence of their heterogeneous 

deposition and interlayered hydrothermal alteration. Hydrothermal alteration causes 

stiffening outside the bowl and weakening of lithology inside the bowl.  Within this bowl, 

pockets of extremely soft hydrothermal clay-rich material have been observed (Lynne et al., 

2013; Lynne et al., 2011. Also, at the Wairakei bowl, anomalously compressible formations 

in Waiora Formation (WAF) (230 m- 330 m depth) and subunits of Huka Falls Formation 
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(HFF) at 75 m – 230 m depth have been observed (Bromley et al., 2010). Based on these 

physical characteristics and the nature of rocks within and outside the subsidence bowl, the 

modelling required the behaviour of weakly compacted materials and stiff and almost 

incompressible materials be represented in an appropriate manner.  Two models were run, 

first was an elastic model where Young’s modulus and Poisson’s ratio were varied and 

secondly, an elasto-plastic model using a von Mises criterion was utilised in order to capture 

non-linear behaviour i.e. the weaker materials deform plastically in response to effective 

horizontal and vertical stresses. Parameters shown in Table 6.4 were varied accordingly in 

each model. 

Table 6.4: Table showing number of models, their corresponding material response and 

material parameters that were varied within each rock type to achieve good 

subsidence results. 

 

 

 

 

 

Adjustment of the strength parameter (M) and values of yield stress both inside and outside 

the bowl was made iteratively in a sequence of simulations until a set of parameters was 

obtained which made the displacement output agree reasonably with the observed data. The 

elastic, plasticity parameters and effective stress ratio for the final calibrated subsidence 

model are listed in Table 6.5. 

These parameters were each varied by a small amount to observe sensitivity of the behaviour 

of the model to each of them in turn, both inside and outside the bowl. Pre-consolidation 

yield stress was altered to understand the sensitivity of the model to changes in rock 

properties for each rock type. The effective stress state influences the development of 

permanent deformation. Based on continuous development of effective stress over time, 

Model  Material 

behaviour 

 

Material parameters 

1. Elastic model *Elastic Poisson’s ratio 

Young’s modulus 

 

2. Elasto-plastic model 

 

*Plasticity 

Yield stress (initial and 

final) 

Strength parameter 

Plastic strain 
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permanent strain increases with increasing effective vertical stress and decreasing horizontal 

stress. Thus, it is mainly the strength parameter (M) that governs permanent deformation 

behaviour in a material. To investigate this behaviour, M was varied while other parameters 

(e.g. initial and final yield stress) were kept constant. The variation of the strength parameter 

(M) with distance in the 3-D model from the centre of the bowl to the edge is shown in Figure 

6.9.  As the figure shows, some materials inside the bowl experience high effective stress and 

become weak at yield while those further out towards outside the bowl experience less or no 

yield at all.  

The effective horizontal stress magnitudes for each formation presented in Table 6.1 were 

varied within each rock type in the model. Figure 6.10 shows the distribution of ratio of 

horizontal effective stress to vertical effective stress (effective stress ratio), related to strength 

parameter (M). This ratio is used to calculate horizontal components of the field stress from 

the vertical stress at each point in the model. The effective stress ratio varies significantly 

within and outside the bowl and is used to define the occurrence of yielding in a rock 

material.  

  Table 6.5: Calibrated material properties for the 3-D geomechanics model inside the bowl 

near WKM15 and outside the bowl at around 1400 m near WKM14 

Formation Elevation 

(masl) 

 

 

 

Effective stress 

ratio  (
𝜎3
′

𝜎1
′) 

 

Initial effective 

yield stress, 

𝜎01
′

(kPa)  

Final effective 

yield stress, 

𝜎02
′

(kPa) 

Plastic strain 

(𝜀𝑝) 

Slope of Critical  

State line,𝑀 

 

Inside  

the 

bowl 

Outside 

the 

bowl 

Inside 

the 

bowl 

Outside 

the 

bowl 

Inside 

the 

bowl 

Outside 

the 

bowl 

Inside 

the 

bowl 

Outside 

the 

bowl 

Inside 

the 

bowl 

Outside  

the 

bowl 

TPO 365 - 330 0.74 0.82 3127 2384 8556 5202 0.2 - 0.3 1.6 

POT 330 - 320 0.74 0.82 3127 2384 8556 5202 0.2 - 0.3 1.6 

OIF 320 - 307 0.74 0.80 2550 1980 5622 4284 0.1 - 0.3 0.4 

307 - 290 0.74 0.80 2550 2403 5622 5114 - - 0.3 0.2 

 

 

 

UHFF 

290 - 284 0.45 0.72 5181 2540 12452 5523 0.2 - 0.7 0.4 

283 - 275 0.74 0.36 3145 1827 6929 4333 0.2 - 0.3 0.8 

274 - 265 0.74 0.36 3145 4465 6929 9996 0.2 - 0.3 0.2 

264 - 256 0.74 0.68 4530 2403 11587 5115 0.2 - 0.8 0.3 

255 - 249 0.44 0.76 3127 2384 8556 5203 - - 1.1 0.13 

248 - 239 0.31 0.86 3127 2384 8556 6671 - - 1.1 0.2 

238 - 231 0.31 0.80 3495 2977 7777 6313 - - 1.1 0.2 

MHFF 230 - 201 0.69 0.80 3495 2977 7777 6313 - - 0.3 0.2 
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Figure 6.9: Strength parameter(M) for the materials in the 3-D model from inside the bowl 

near WKM15 towards the outside of the bowl near WKM14. Critical state strength 

increases with increasing effective stress. 
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LHFF 170 - 152 0.62 0.74 3759 5340 8482 11615 - - 0.4 0.3 

151 - 136 0.62 0.74 3759 5340 8482 11615 - - 0.4 0.3 

 

 

WAF 

135 - 116 0.46 0.76 2183 2384 5536 5203 - - 0.8 1.6 

115 - 095 0.46 0.76 2153 1140 5536 2640 - - 0.7 0.5 

094 - 046 0.51 0.54 2121 1140 5230 2640 - - 0.5 0.5 

45 – (-02) 0.51 0.54 2183 1140 4964 5203 - - 0.5 0.5 

(-03) - (-

50) 

0.55 0.54 2183 1140 4964 5203 - - 0.5 0.5 
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Figure 6.10: Variation of effective stress ratio with distance in the 3-D model from inside the 

bowl near WKM15 towards the outside of the bowl near WKM14. The lower bound 

value of 0.46 and upper bound of 0.81 indicates highly variable state of stress that 

appears to reflect interaction between deformational processes and material 

properties. This is due to changes in vertical and horizontal effective stresses. 

  

6.7 Results and Discussion 

 

6.7.1 Reservoir model 

Pressures and temperatures were extracted from the section of interest of the large TOUGH2 

model for a period of 50 years of production. The version of the calibrated TOUGH2 model 

presented by Yeh et al., (2014) was used in this study. The results for pressure changes over 

time comparing the model performance and field data are presented in Figures 6.11.  

The deep pressures presented in Figure 6.11 are matched well to the data but not the shallow 

pressures. The model pressures are much lower than the data at depths 250 m and 150 m and 

do not match the decline shown in the data. Comparing the 3-D model pressures and those of 

the 1-D and R-Z models, all shown in Figure 6.12, it can be seen that the 1-D and R-Z model 

results match the shallow pressure decline very well but the 3-D model pressures do not. 
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Figure 6.11: Pressure trends in the 3-D model at WKM15 from depths (425 m, 250 m and 

150 m) and some measured data from various parts of the steam zone.  

Further calibration of the 3-D TOUGH2 model is required, guided by the parameters from the 

1-D and R-Z models, in order to improve the match. Inaccuracies in the shallow permeability 

and porosity are likely to be contributing to the mismatch of the model. This is an important 

issue because changes in shallow pressures from the TOUGH2 model are inputs to 3-D 

ABAQUS model and thus affect the subsidence predictions discussed below. 

The modelled pressure vs elevation profiles at various times are shown in Figure 6.13. Based 

on the results shown in Figure 6.12 the pressures in the deeper formations in this model are 

predicted correctly, but not the pressures in the shallow formations between 230 mRL and 

350 mRL (surface elevation). This elevation range consists of Huka Falls formation sub-units 

and TPO near the surface.  These pressure profiles can be compared with profiles from the 1-

D model shown in Figure 6.14.  

The 1-D model plots show the influence of low permeability in the shallow zone which 

creates a difference in the profiles between the two models. The permeability used in the 3-D 
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model in the shallow zone is higher than that applied in the 1-D model, and hence the 

difference in the pressure profiles. 

 

 

Figure 6.12: Comparison of pressure trends at depths (250 m and 150 m) of (a) 3-D model 

(b) 1-D model and (c) R-Z model and some measured data from various wells. 

 

 

Figure 6.13: Pressure vs elevation from the 3-D reservoir model at monitoring well WKM15, 

at five-yearly intervals from 1955 - 2005. 
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Figure 6.14: Pressure versus elevation trends at 5-year time increments between 1955 – 2005 

for the 1-D TOUGH2 model. 

 

 

6.7.2 Geomechanics Model 

 

Stress-deformation analysis was conducted with the ABAQUS model utilising inputs from 

TOUGH2 model. The simulation with the loosely-coupled TOUGH2-ABAQUS model was 

conducted for the period of 50 years (1955-2005). Rock types in the model were represented 

as materials with either linear elastic or elasto-plastic properties shown in Tables 6.1. Spatial 

variability of rock properties shown in Table 6.4 was performed within each rock type using 

*DISTRIBUTION feature in ABAQUS.  Results of the subsidence calculation based on the 

linear elastic version of the model and on the elasto-plastic model are described and presented 

below. These model results are compared with observed subsidence at different installed 

BMs locations and the agreement is satisfactory.  
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Elastic Analysis 

The first ABAQUS simulations considered heterogeneous linear elastic behaviour of the 

materials. Simulations were performed with a version of the model in which Young’s 

modulus and Poisson’s ratio of reservoir materials within and outside the bowl vary spatially 

within rock types. During the first trials of elastic simulations, there was small or no clear 

signs of deformation. The accuracy of predicted subsidence depends on variation of the 

elastic properties of rock types. Elastic moduli and Poisson’s ratio values had to be spatially 

varied to start noticing some deformation development. Compressibility parameters that 

included elastic moduli and Poisson’s ratio show significant variations in the formations 

within the bowl. The Waiora Formation (WAF) (230 m- 330 m depth) and subunits of Huka 

Falls Formation (HFF) at 75 m – 230 m depth experience high compressibility as shown in 

Figure 6.15a and b. Compressibility also varies across the 3-D model. Figure 6.15b exhibits 

distributions of hard and soft material in the model. The variation of these properties within a 

rock type were performed using *DISTRIBUTION feature in ABAQUS to define rock 

properties orientations. 
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Figure 6.15: Varying compressibility within formations in 3-D model (a) showing 

compressibility versus depth, (b) Compressibility distribution at each layer in the 

model and (c) 2-D view of zones where soft and hard materials are located in the 

model.  

 

Subsidence results obtained at the end of the simulation for the elastic material model are 

presented in Figure 6.16. The maximum displacement at the centre of the bowl is only about 

1.8 m (See Figure 6.17) and the subsidence bowl is not clearly defined in this case. This is 

because the properties of soft and weak materials responsible for yielding are not captured in 

the elastic analysis case. Another reason is because of incorrect shallow pressures in the 

(c) 

(b) 
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reservoir model. Thus, the displacement of the elastic model is much smaller than the 

measured displacement. 

 

Figure 6.16: Subsidence iso-surfaces near the Wairakei bowl at 50 years for a model with 

elastic material properties.  

 

  

 

Figure 6.17: Plot of subsidence vs time at the centre of the Wairakei bowl for the elastic 

material model. 
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Elasto-Plastic Analyses 

All parameters, boundary conditions and production history used in this version of the model 

were the same as in the elastic analysis except for the inclusion of plasticity parameters (e.g. 

initial and final yield stress, strength parameter) within the rock types that are known to yield 

(e.g. Upper Huka Falls and Upper Waiora Formations). The plasticity model describes the 

inelastic response of material in the model. This was defined in the model by providing a 

stress ratio at critical state (strength parameter), yield stress and corresponding initial plastic 

strain. The parameters such as bulk modulus, shear modulus properties were allowed to vary 

spatially in both horizontal and vertical directions. The rock properties both inside and 

outside the bowl vary according to the degree of alteration and mineral composition. The 

strength of the rock material is exceeded, and a zone of plastic deformation occurs at specific 

sub- materials inside the bowl. Spatial variation of rock mechanics properties within each 

rock type both within and outside the bowl was carried out. Table 6.4 presents elastic and 

elasto-plastic properties that were spatially varied in each rock type in the model.   

Soft and weaker materials such as Huka Falls units and upper Waiora formations were the 

focus of calibration. The rock mechanics properties were difficult to estimate away from the 

bowl towards WKM14 because of the variable and complex stratigraphy. This required first 

some interpolation to assign rock types and secondly within some rock types there was 

variability of rock mechanics properties. Different lithologies have varying characteristics. 

These rock materials differ in terms of grain size, composition and stratigraphy (e.g. 

thickness). This made it necessary to assign different rock type properties for WKM15 and 

WKM14. At WKM15 (inside Wairakei bowl) the upper Waiora formation is relatively weak 

but at WKM14 (outside the bowl) it is relatively strong (Bromley et al., 2010). By allowing 

variation of rock mechanics properties within a rock type, different parts of the rock type are 

able to exhibit different deformation response. These behaviours which include yielding 

occurs when the effective stress exceeds the yield stress. 

Adjustments of these properties were made with the guide of both mechanical and geological 

characteristics inferred from in situ and laboratory tests. Changes to elasto-plastic properties, 

particularly for the Huka Falls sub units and Waiora formations were gradually made 

resulting in the yield curves shown in Figures 6.18a,b. For the soft and weak formations 

shown in Figure 6.18a, plastic deformation depends on effective stress. A high effective 
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stress produces a significant irrecoverable deformation.  Caution was observed in allowing 

these soft materials to yield, so that they did not experience too much yielding. Excessive 

yielding could cause the model not to converge and could also give an over-estimate of 

subsidence. A balance had to be made between assigning the soft materials inside the bowl 

near WKM15 (see Figure 6.19) and stronger materials outside the bowl, towards WKM14 

(see Figure 6.19). Table 6.6 shows distribution of rock properties for various layers across the 

model between the two monitoring wells. The soft and weaker materials within the bowl 

yield at different positions and depths. 

         

           

Figure 6.18: Response of various formations within the bowl with varying of elasto-plastic 

properties (a) variation of effective stress (b) variation of critical state strength (M). 
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The final elasto-plastic version of the model produced the subsidence results shown in Figure 

6.20. The shape of the subsidence bowl and the magnitude of the subsidence can be clearly 

seen. A contour plot of model subsidence in Figure 6.21 shows the shape of the bowl 

compared with the actual bowl.  

 

Figure 6.19: Zones of varying levels of yielding materials in the 3-D model where a,b,c are 

upper Waiora, Huka Falls units and  OIF/TPO formations respectively. 

 

Table 6.6: Distribution of rock properties for various layers across the model between 

WKM14 and WKM15. 
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Figure 6.20: Three-dimensional view of the Wairakei subsidence bowl showing the 

distribution of subsidence across the model after 50 years of production.  

 

 

 

 



170 
 

 

Figure 6.21: Subsidence contours from the model overlaid with contours of subsidence rates 

(5 mm/year intervals, 2001/2004 – 2004/2009) (Bromley et al.,2010) defining the 

bowl. 
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Figure 6.22: Model calculations for subsidence at the centre of Wairakei bowl and field 

measurements. 

 

 

Figure 6.23: Subsidence profile from the model at different locations. Horizontal distance is 

given as x: at X= 0.0 m (BM P128 near WKM15), X= 962.0 m (BM A97 near WK10, 

outside the bowl) and X= 1300.0 m (BM AA13, near WKM14, outside the bowl). 
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The elastic case resulted in only 1.8 m of subsidence, as shown in Figures 6.16 and 6.17. The 

use of elasto-plastic properties for particular formations (UHFF and Upper Waiora) with 

some calibration resulted in a substantial improvement in the subsidence results. The 3-D 

model results are compared with contours from long-time records of subsidence rates 

measured by levelling surveys over the period 1950-2004 in Figure 6.21. The model 

subsidence contours, though not extending far enough to the west, are a reasonable match to 

the measured data, although the magnitudes of maximum subsidence differ.  

 The subsidence magnitude is less than the measured value which is about 15 m. The source 

of this difference is perhaps the incorrect shallow pressures. These 3-D model results show 

that subsidence is at maximum (i.e. ~ 12.1m) at the centre of subsidence bowl, as shown in 

Figures 6.22 and 6.23. The plot of total subsidence over time shows that model results are 

matching the data during the early stages of development, until about 1975 where the model 

starts declining slowly compared to observed data.  

The calculated subsidence from the model together with observed subsidence data at other 

locations that include: BM A97 (outside the bowl near WK10) and BM AA13 (outside the 

bowl near WKM14 for the periods 1950 to 1997 is shown in Figure 6.23. The total 

subsidence for these additional observed values is about 4.4 m and 2.1 m for BM A97 and 

AA13 respectively. At these locations, the model subsidence is larger than the observed 

values. However, it is not worth trying to improve the match to subsidence without first 

working on the TOUGH2 pressure match. 

The effect of plasticity upon vertical subsidence can be seen in Figure 6.24. This figure 

shows a cross section of subsidence at different positions relative to the centre of the bowl 

after completion of the 10th   load step (50th year) of production. Also, illustrated in the figure 

are the observed data showing maximum subsidence at the key benchmarks. As shown the 

subsidence is more severe near the bowl and tends to become less as distance increases.  

The higher compressibility of the Waiora Formation (WAF) (230 m- 330 m depth) and 

subunits of Huka Falls Formation (HFF) at 75 m – 230 m depth (see Figure 6.15a) and the 

fact that they are weak and soft inside the bowl while outside the bowl they are relatively stiff 

and strong resulted in varying subsidence with a larger magnitude inside the bowl.  
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Figure 6.24: Predicted subsidence bowl after 20 and 50 years of production and observed (at 

1970 and 2005) data points at distance=0 m (BM=P128 near WKM15), 

distance=962 m (BMA97) and distance= 1300 m (BM=AA13, near WKM14). 

 

  

 

 

6.8 SUMMARY   

A 3-D subsidence model has been developed by coupling the TOUGH2 code to the 

ABAQUS code using both linear elastic and elasto-plastic material properties within and 

outside the subsidence bowl. The increase of plastic strain and effective stress over time 

indicates that porous materials inside the reservoir is compacting as fluid gets extracted. 

Maximum subsidence occurs inside the bowl and decreases with distance from the centre of 

the bowl. The final subsidence after 50 years of production is 12.1 m at the centre of the bowl 

which is close to the published value of 15.1 m (e.g. in Bromley et al., 2010). However, the 

match between the simulated and observed subsidence is not satisfactory, mainly because the 

shallow pressures generated by the TOUGH2 model are not accurate enough.  
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The 3-D reservoir model coupled with 3-D geomechanics model offers considerable potential 

advantage over the 1-D and R-Z models because horizontal details can be accurately 

represented. The simple models (1-D and R-Z) were limited in the detail they can represent 

but gave useful information about the gross behaviour of the system and helped in calibrating 

the 3-D models. In this study, we have been able to: 

(i) Establish the methodology for a 3-D combined reservoir-subsidence model.  

(ii) Predict subsidence using both 3-D reservoir and geomechanics models with measured 

rock material properties and by applying elasto-plastic rheology. Geomechanics 

model outputs were based on spatial variation of rock mechanics properties (e.g. 

higher compressibility values applied to Upper Huka and Middle Huka and Upper 

Waiora Formations inside the bowl). These formations are weak and soft. 
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 Chapter 7: General Discussion, Conclusion and Future Research 

7.1 Introduction 

Wairakei geothermal field has a complex subsidence history. It is an example of a geothermal 

project where withdrawal of geothermal fluid for generation of electricity and the presence of 

weak and soft highly compressible rocks have caused surface subsidence. The geothermal 

subsidence prediction approach used in this study is a logical progression of analysing field 

data, development of a conceptual model and setting up a computational model. The 

investigation conducted involved:  

• A review of the worldwide occurrence of geothermal subsidence 

• A review of previous efforts to model subsidence at Wairakei geothermal field,  

• A review of techniques which can be used to model geothermal subsidence,  

• A discussion of theory behind subsidence,  

• A review of data from Wairakei reservoir geothermal system,  

• Development of a hierarchy of models for subsidence prediction (1-D, R-Z and 3-D).  

Subsidence modelling in this study consisted of coupled THM modelling (thermo, hydro, 

mechanical) combining the two specialities of reservoir flow modelling (TH) with TOUGH2 

and deformation modelling (M) with ABAQUS. The output of pressures and temperatures from 

the TOUGH2 reservoir model are inputs for the ABAQUS deformation model that calculates 

stresses and displacement.  

Subsidence modelling results discussed in Chapters 4, 5 and 6 demonstrated that coupled THM 

models are able to well represent subsidence at the Wairakei bowl.  

7.2 Discussion of Subsidence Analysis 

The approach used was to set up a hierarchy of models to evaluate subsidence, namely: 1-D, 

R-Z and 3-D models.  
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1-D model 

The aim of this model was to match the observed subsidence at the centre of the bowl over 

time. The key findings of this modelling study are as follows: 

a. The 1-D TOUGH2 model results matched the observed pressure vs time at depths of 

150 m and 250 m very well and the 1-D ABAQUS model matched the record of 

subsidence vs time at the centre of the bowl very well. 

b. It was necessary to use an elasto-plastic constitutive model to capture the behaviour of 

some rocks, in particular: Huka Falls Formation units (HFF), Oruanui Ignimbrite 

Formation (OIF) and Upper Waiora Formation (WAF).  These rocks are weaker at 

WKM15 (inside the bowl) and stronger at WKM14 (outside the bowl). 

c. Parameters applied to the model were consistent with field data from point load and 

other tests and from laboratory K0 tests of compressibility. 

d. The use of a loose coupling approach worked very well. 

R-Z model 

The target of this modelling study was to match the horizontal extent of the subsidence bowl. 

Key findings are: 

a. Good subsidence results were achieved both at the center of the bowl (near WKM15) 

and some distance away from the center of the bowl (near WKM14). 

b. Weak and soft materials (Huka Falls Units and Waiora Formations) at Wairakei show 

elasto-plastic behaviour and a corresponding constitutive model was used in the R-Z 

model. This was based on the elastic and elasto-plastic parameters obtained both from 

in situ measurements and laboratory tests. These parameters included initial and final 

yield stress, strength parameter (slope of critical line) and plastic strains. 

c. The detailed geology is not known and was created in the model by interpolating 

between the geology at monitoring wells WKM15 (near centre of the bowl) and 

WKM14 (outside the bowl). 

d. Calibration was conducted on the R-Z model using PEST. For calibration PEST 

(Doherty, 2004) was integrated with the TOUGH2 and ABAQUS simulators to carry 

out a joint inversion of both the reservoir and rock mechanics models together. This 
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occurred after a reasonably good TOUGH2 model had been obtained. The use of PEST 

in calibrating the coupled models is at the cutting edge of model calibration technology. 

PEST was used to identify (a) permeability values (b) stiffness values of defined rock-

types that gave the closest match of the model results to the observed pressure data and 

subsidence data, respectively. Calibrated stiffness values obtained in this study fell 

within the range of values measured on core samples, as reported in Bromley, et al., 

(2010).  

3-D model 

The aim of this model was to satisfactorily represent 3-D aspects of subsidence at the Wairakei 

bowl and match the shape and extent of the bowl. Key findings of this work are: 

a. Using methodology described in Chapter 6, the pressures and temperatures extracted 

from the TOUGH2 3-D model were used in the 3-D ABAQUS model to predict 

subsidence. The resulting surface subsidence shows a satisfactory shape of the bowl. 

The subsidence magnitude does not agree well with observed data.  

b. The subsidence results also demonstrated how elasto-plastic properties of rock 

materials influence rock deformation. The use of this constitutive model improved 

subsidence magnitude and matching of pronounced localization of the subsidence bowl. 

The soft and weaker materials within the reservoir yielded at some key locations in the 

model contributing the major part of the subsidence. Subsidence here is dominated by 

strong variability of compressibility and the data was adequate to model this 

phenomenon. 

c. The weak and soft rocks at Wairakei bowl have yielded exhibiting elasto-plastic 

properties. They include Huka Falls units and the Upper Waiora formation.  

d. The pressure match in shallow zones generated by the TOUGH2 model is not 

satisfactory. This affected the subsidence prediction and therefore the match to the 

shape of the bowl is qualitatively satisfactory but does not match the magnitude.  

7.3 Conclusion 

The key objectives of this research were to understand geotechnical material data and develop 

1-D, R-Z and 3-D subsidence model for Wairakei geothermal field. The following amplifies 

the conclusions expressed in the previous chapters. The 1-D, R-Z and 3-D subsidence model 
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developed for Wairakei geothermal field are the first to utilise advanced and accurate 

constitutive relationship together with physically realistic data.  

1. In both the reservoir and geomechanics models, availability of field data was a very 

significant contributing factor to the success and accuracy of modelling subsidence at 

Wairakei. Geotechnical properties (e.g. pre-yield, constrained moduli, yield stress and 

Poisson’s ratio) of core samples from key wells (e.g. WKM15) were available. These 

parameters enabled a precise understanding of characteristics of the reservoir materials.  

Data on geothermal conditions (pressures, temperature and permeability) at various 

locations and depths guided calibration of the reservoir models. Knowledge of 

anomalous compressible formations (e.g. Upper Huka Falls and Upper Waiora 

Formations) present at the Wairakei subsidence bowl allowed the assignment of elasto-

plastic properties to the appropriate parts of the models. 

2. The physical processes of subsidence and changes in pressures in the Wairakei reservoir 

system were understood well and correctly modelled. Pressure drops everywhere within 

the reservoir system while areas of soft and weak materials, and therefore subsidence, 

are localised. 

3. Dimensionality of the models (1-D, R-Z and 3-D) was important for subsidence 

prediction. The 3-D reservoir model coupled with a 3-D geomechanics model offers 

considerable potential advantage over the 1-D and R-Z models because horizontal 

details can be adequately represented. The simple models (1-D and R-Z) are limited in 

the details they can represent but gave useful information about the gross behaviour of 

the system and also helped in calibrating the 3-D models.  

4. The application of elasto-plastic constitutive models was essential for representing 

subsidence. At Wairakei some reservoir materials exhibit elasto-plastic behaviour and 

a corresponding constitutive model was used in the models. This was based on the 

elastic and elasto-plastic parameters obtained both from in situ measurements and 

laboratory tests. These measurements revealed that the Huka Fall units and Waiora 

formations are weak and soft formations within Wairakei bowl.  

5. Calibration had to be carried out on the models. Reservoir model and geomechanics 

model calibration was achieved by matching the models output to the measured 

pressure profiles and measured subsidence at the centre of the bowl and for the R-Z and 

3-D models at a few representative points. Automatic calibration with PEST was used 

in calibrating the R-Z model. PEST calibration software (Doherty, 2004) was integrated 
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with TOUGH2 and ABAQUS simulators to carry out a joint inversion of both reservoir 

and rock mechanics models together, after a reasonably good TOUGH2 model had been 

obtained. The automated calibration process involved searching for a set of model 

parameters that gives the lowest possible value of objective function. PEST was used 

to identify stiffness, strength and both initial and final yield stress of defined rock-types 

that gave the closest match of the model results to the observed subsidence data. Also 

with the TOUGH2 model pressures closely matched the observed pressures. This 

application of PEST is one of the first times it has been used for a joint inversion of a 

complex coupled model. 

 

    

7.4 Future work 

The main area of disappointment in the study was the performance of the 3-D TOUGH2 model 

in matching shallow pressures near the Wairakei subsidence bowl. The 3-D model could be 

improved in the future by performing the following steps: 

a. Improving the accuracy of shallow pressures from TOUGH2 model, 

b. Calibrating the rock mechanics properties better, perhaps by applying PEST  

c. May be using a finer grid for the ABAQUS model 

Analysis of the importance of the stress boundary conditions could be investigated in the future 

by setting up a somewhat a larger ABAQUS model. The far boundary conditions would then 

be far from the subsidence zone.  

The next phase of work to be undertaken in future will be a more extensive analysis of the 

separate effects of thermal stresses and that of pore pressure changes and how much 

displacement each causes. The temperature in the Wairakei geothermal field changes slowly 

whereas the pressure has changed quickly and by a large amount. Also, there has been no re-

injection until quite recently. It would be worth looking at the possible influence on ground 

displacement of this recent re-injection.  
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The current model does not change porosities and permeabilities for the flow model as a result 

of subsidence. Because the full displacement history is available at each of stress calculation, 

it would be useful in the future to calculate the changes to porosity and permeability and modify 

the TOUGH2 model accordingly for the next period of simulation.  

It is difficult to assess the contribution of numerical resolution errors, for example in time 

sampling for the non-linear stress solution. The stress that develops due to pore pressure and 

temperature gradients depends on the grid spacing (Zyvoloski and Velimir, 2006).  This can be 

investigated in the future by creating a coarser and finer grid and calculating the grid effect on 

subsidence. Also, sensitivity of the model to changes in model input parameters is worth 

analysing further in the future. 

Successful modelling of subsidence at Wairakei bowl provides an excellent basis for carrying 

out similar exercises for the other subsidence bowls at Crown Road, Rakanui Road and Spa 

Valley.  
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