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Abstract 

The measurement of in situ stresses is a costly and time intensive procedure, requiring significant experience, 

diligence and planning to obtain reliable results. Therefore, it is important to have good data management 

and analysis to maintain investment costs and reduce estimate uncertainty. Geotechnical design 

considerations rely on accurate estimates of the stress regime to predict subsurface rock behaviour. Some 

uses include cave deconfinement, cave preconditioning, planning drive orientation and ground support 

design. Two simple numerical models are presented. The first demonstrates stress redistribution around a 

cave zone and how it may influence optimal crusher chamber placement. The second model is of an undercut 

level and the stress experienced by the drawbell drives below. The models demonstrate the impact of in situ 

stress uncertainty, with potential consequences for design decisions by altering the stress trend and plunge. 

Currently, pragmatic workflows are not publicly available that holistically detail the key steps in in situ stress 

data analysis. In addition, rarely are end-users of the data demonstrated the uncertainty in the values 

provided. Instead, they are presented with a single stress average gradient and trend. This manuscript offers 

a workflow for those embarking on in situ stress testing campaigns and serves as a tool to communicate the 

complexities to potential end-users. The workflow utilises the Euclidian mean rather than scalar averaging of 

the stress tensor and relates ‘loading methods’ (hydrofracking) and ‘other’ (borehole breakout observations) 

methods of stress estimation with the full tensor resolved from relief methods (overcore and acoustic 

emissions). A software application within the mXrap suite is presented as a potential aid to stress data 

management and analysis. Implications of stress uncertainty are demonstrated and discussed concerning 

design, expected induced fracture orientations, and future workflow enhancements. The numerical models 

indicate optimal placement for a crusher chamber around a simulated cave zone was observed to be in the 

orientation of SHmax. Increasing the stress field plunge by 20° impacted optimal crusher placement. The 

second numerical model demonstrates that a rotation of the horizontal stress trend by 20° has noticeable 

impact on the differential stress in the backs of a tunnel where drawbells will be created, this has implications 

for planning the undercut veranda length. 
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1 Introduction 

Estimating in situ stress is key to predicting rock behaviour when working underground. Specifically, 

knowledge of the in situ stress field’s orientation and magnitude is used to predict regions of development 

expected to have higher rates of damage, plan ground support requirements, optimise drive orientation, and 

predict induced fracture geometries for preconditioning (Flores & Catalan 2019; Hao et al. 2021; He et al. 

2016; Naik et al. 2018; Zhu et al. 2015). For block caving operations, by considering the prevailing stress field 

and induced stress changes from caving, engineers can optimise the mine layout such as the orientation of 

extraction drives and the positioning of key infrastructure such as crusher chambers and declines. However, 
the benefits of in situ stress data can only be realised if the testing procedures are followed correctly, the 

data management is efficient, quality assurance quality control (QAQC) is carried out, and there is a proper 

understanding of the limitations and uncertainties when analysing numerical models involving the data. 
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Adding to the complexity, in situ stress databases often include different stress measurement methods such 

as overcoring, acoustic emissions, hydrofracking, observations of drilling induced-tensile fractures (DITF), or 

borehole breakout. 

In situ stress analysis must consider the full stress tensor and calculate the Euclidean mean rather than the 

simple scalar mean when given a dataset of principal stresses (Gao & Harrison 2019). The analysis must also 

consider stress gradients changes with depth and lithology; these factors may have interpretive implications 

for the in situ stresses, which will alter the most stable orientation for development as well as how induced 

fractures may orientate (Anderson 1905; Camac et al. 2006; Hillis & Williams 1993; Hubbert & Willis 1957; 

Reynolds et al. 2006). Sometimes, considerable decisions are decided based on low-level study information 

at the pre-planning stage of mine design. The determination of resource and reserve is given great scrutiny, 

but in situ stress, which can have considerable impacts on feasibility and mine design, is not as thoroughly 

investigated, and the consequences are not fully communicated. By considering uncertainty in the stress field 

as part of numerical modelling, we can assess the need for flexibility in mine design and make informed 
decisions as new data becomes available. Knowledge of the level of in situ stress uncertainty and the effect 

on mine design can also help provide a rationale to management as to which datasets require prioritisation 

before a design becomes permanent or less flexible. While there is published information about each step of 

the overall workflow, there is no publicly available demonstration of a workflow that details the tools, 

methods and considerations made while managing in situ stress databases. In this paper, we show a number 

of considerations to be taken regarding the analysis and use of in situ stress data including common problems 

and QAQC options. 

A relative demonstration of stress uncertainty on block cave mine design is provided. To do this, we show 

the change in horizontal stress trend by 20°. A 20° uncertainty in stress orientation is A/B class depending on 
the dataset as per World Stress Map (WSM) ranking (Heidbach et al. 2010; Morawietz et al. 2020). First, we 

will show the impact of stress redistribution around a block cave and how the uncertainty in stress plunge 

and dip may be considered as part of mine planning. Next, we show a blasted undercut level and assess the 

stress shadow from the veranda caused by the edge of the cave and its stress on the closest extraction drive. 

The cave zone model shows that the placement of a crusher chamber in relation to caved material and stress 

field will significantly change the expected volumetric strain, i.e. damage on the chamber. The undercut 

model shows uncertainty in the horizontal stress orientation of 20° (319°N to 339°N), resulting in the 

extraction drives experiencing higher stress in the backs and lower confining stress in the sidewalls as the 

orientation is suboptimal. The uncertainty also may impact the planned veranda length. 

2 In situ stress: methods, analysis and limitations 

A variety of methods exist to estimate the magnitude and orientations of the principal stresses (σ1, σ2 and 

σ3) which are referred to as the maximum, intermediate and minimum stresses. The principal stresses that 

align with the cartesian coordinates can be referenced as σH, the maximum horizontal stress, σh, minimum 
horizontal stress and σv vertical stress or overburden stress (also written as SHmax, Shmin and Sv). The 

relative magnitudes of the cartesian aligned stresses will determine the fault regime. Reverse (SHmax (σ1) 

> Shmin (σ2) > Sv (σ3)), strike-slip (SHmax (σ1) > Sv (σ2) > Shmin(σ3)), Normal (Sv(σ1) > SHmax(σ2) > Shmin(σ3)). 

In situ stress measurement methods can be broken down into three types: loading, relief, and other methods 

(Morawietz et al. 2020). 

2.1 Loading methods 

Loading methods relate to the pressurisation of boreholes by the injection of fluids, this can take the form of 

leak-off tests or extended leak-off tests (also known as mini-frac). Loading methods can be conducted at 

great depths >3 km, the temperature is not as detrimental to pressurisation tests as overcoring, where glue 

bonding can become an issue (Ask 2006; Sjöberg & Klasson 2003). The test starts by sealing an area with 

packers and pressurising a section of the well until σ3 and the tensile strength of the rock is overcome (Zoback 
2010). The point at which the pressure rate is no longer increasingly linearly (because a fracture has been 
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created, and fluid is lost to it) is known as the leak-off point (Postler 1997; White et al. 2002). The pressure 

change on the flow back is known as the instantaneous shut-in pressure (ISIP) which is equivalent to σ3. The 

fracture can be re-opened and closed again in a multiple cycle test, extended leak-off. 

Loading methods have their limitations, and not all the components of the stress tensor are resolved, so 

other observations will need to be made to determine the trend and plunge of the stress field. After σ3 is 

resolved, the other principal stresses will need to be determined. In strike-slip (SHmax > Sv > Shmin) and 

normal faulting environments (Sv>SHmax>Shmin), this is not too much of an issue as Shmin = σ3 (when the 

orientation of the borehole is perpendicular to one of the principal stresses). The vertical stress or 

overburden stress can be resolved by the integration of wireline geophysical density logs (Equation 1) (Bell 

1996; Musolino et al. n.d.-b) or by using a correlation with sonic velocity (Gardner et al. 1974; Ludwig et al. 

1970). SHmax can then be constrained by a number of observations such as the occurrence of breakouts, the 

measurement of breakout widths or by the occurrence of DITF (Barton et al. 1988; Hubbert & Willis 1957; 

Kirsch 1898; Molaghab et al. 2017; Moos & Zoback 1990; Zoback 2010). 

However, in reverse faulting environments (SHmax > Shmin > Sv), this is not as straightforward as fractures 

will open against Sv and resolving Shmin in this environment is complex. The uncertainty is probably 

insufficient for design purposes (Bailey et al. 2016; Couzens-Schultz & Chan 2010; Musolino et al. n.d.-a). 

 σv =  � ⍴�z	gdz
�


 (1) 

Furthermore, the method assumes the boreholes alignment is parallel to at least one of the principal stresses, 

and this may not always be the case as boreholes in hard rock mining may be produced for other primary 

goals like resource logging or hydrofracking. For purposes of QAQC, practitioners will need to assess the 
orientation of the hole and have an idea of the stress regime. One option is to compare overburden stress 

and leak-off values. If the values of Sv and Shmin are similar, you may be in a transition stress regime or 

reverse faulting (Baumgärtner & Zoback 1989). Another consideration is where the actual leak-off point and 

ISIP occur on the pressure–time graph, modern gauges take pressure data frequently, but legacy data and 

some operators will just note pressures from the gauge by hand, creating interpolation issues (Musolino et 

al. n.d.-a). 

2.2 Relief methods 

Two relief methods commonly used in hard rock mining are acoustic emissions testing and overcoring; they 

are indirect stress measurements that are inferred from the elastic response of stress relief by the overcoring 

process (Gray & See 2007; Hakala et al. 2003; Kanagawa et al. 1986; Worotnicki 1993). The strain gauge data 

is used to determine the complete 3D stress tensor (Figure 1). It should be noted that the assumption is a 
homogeneous isotropic linear elastic response, which may not always be the case (Hakala et al. 2003). Hakala 

et al. (2003) found that variations in Young’s modulus has close to 100% proportional effect on interpreted 

stress magnitudes while variation in Poisson's ratio can vary between a 20–60% effect. The effect on stress 

trend is less, varying by only a few degrees. Another factor is temperature which significantly impacts 

overcore measurements, leading to the development of temperature compensation tools (Cai 1991; Li et al. 

2019). 

Another relief method is the acoustic emissions (AE) test, which utilises the Kaiser effect (Holcomb 1993; 

Kaiser 1964). When loading and unloading a sample, the technique relies upon the rock not having a 

significant increase in acoustic emission response until the stress of the previous loading and unloading cycle 
is exceeded, giving an estimate of maximum stress the rock was subjected to in situ (Lavrov 2003). Naturally, 

this only resolves the highest stress the rock is subject to and may not reflect current in situ stress, although 

it is thought that over long periods the Kaiser effect seems likely to reflect more recent history than paleo 

stresses (Lavrov 2003; Momayez & Hassuni 1992). A methodological uncertainty associated with this method 

is the method used to identify the point of sudden increases on the total AE count–time graphs (Bai et al. 

2018; Momayez & Hassuni 1992). Under lab conditions, acoustic emissions at AE methods have been shown 

to correlate within ±10% of overcore and hydraulic fracturing (Seto et al. 1999). Acoustic emissions testing in 
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our dataset produced stress magnitudes similar to that of overcore however, the mean orientations rotated 

83°, 309°N for overcore and 32°N for AE, requiring other methods to determine reliability. 

 

Figure 1 Stress tensor where σxx σyy and σzz are the stresses acting perpendicular to the surface 

2.3 Other methods 

Other methods of stress measurement involve observing or measuring borehole breakouts and observation 

of DITF. These methods provide bounds to SHmax in strike-slip and normal faulting environments (Barton et 

al. 1988; Couzens-Schultz & Chan 2010; Hubbert & Willis 1957; Kirsch 1898; Molaghab et al. 2017; Moos  

& Zoback 1990; Zoback 2010). To determine σ1 magnitude through these methods requires knowledge of σ2 
and σ3, as well as compressive strength in the case of methods utilising borehole breakouts. The occurrence 

of borehole breakouts and DITF indicate a limit to the stress. In the presence of DITF SHmax can be estimated 

by Equation 2 where Pp = pore pressure (MPa), Pw = Pmud = mud weight pressure (MPa) To = tensile strength 

(assumed zero if DITF present) (MPa) σΔT = thermal stress determined by the linear coefficient of thermal 

expansion (C°) multiplied by Young’s modulus (MPa) multiplied by change in rock temperature (after mud) 

divide one minus Poisson's ratio (Hubbert & Willis 1957; Kirsch 1898; Zoback 2010). In the presence of 

borehole breakouts, SHmax can be estimated by Equation 3, where Co = compressive rock strength (MPa) 

(Molaghab et al. 2017; Moos & Zoback 1990). If acoustic televiewer logs are available, specialist geophysical 

log software can allow for the measurement of borehole breakouts (Figure 2). Maximum horizontal stress (in 

the plane perpendicular to drilling) can then be estimated using the width of the borehole breakouts in 
Equation 4, where C0 = Compressive rock strength (bar) 2�b ≡ π – Wbo (wellbore breakout width)  

ΔP = difference between the wellbore pressure and the pore pressure (bar) (Barton et al. 1988). Borehole 

breakouts occur perpendicular to the maximum stress orientation, with tensile fractures occurring parallel 

with the maximum stress orientation. Some complications in these observations are determining a true 

breakout from drill reaming weak rock or key seating (where a groove is cut due to drill string rotation) key 

seats can usually be identified since they will occur on only one side of the borehole. 

 SHmax (MPa) = 3 × Sh + σΔT - Pp - Pw - T0  (2) 

 SHmax (MPa) = 0.33 × (Sh + Pw + Pp + Co) (3) 

 SHmax (bar) = (Co + 2Pp + ΔP + σΔT) - Shmin × (1 + 2 cos 2�b) / (1 - 2 cos 2�b) (4) 

 

Figure 2 Vertical view of borehole geometry for Equation 4. Where Wbo is the width of the breakout in 

degrees 

In situ stress data management and analysis: implications for numerical modelling M Musolino et al.

1268 Caving 2022, Adelaide, Australia



 

Observations of breakouts and DITF can be used to determine the orientation of the principal stresses 

(Nelson et al. 2006) (Figure 3). For example, a series of borehole breakouts in four raise bores were observed 

with the average SHmax trend of 307°N. The overcore measurements indicate a SHmax trend of 309°N. Of 
the four raise bores, one showed a 42°N rotation from the average estimate SHmax orientation from the 

borehole breakouts and 40°N north from the overcores. As a QAQC step we assessed the raisebore proximity 

to known faults. In this case a fault was 15–20 m proximal to the raisebore and the stress shadowing effect 

had likely rotated the stress field, a known phenomenon (Lin et al. 2010). Mine development also 

redistributes stress around excavations, so measurements taken within the influence zone will likely be 

affected as well (De La Vergne 2003; Martino & Chandler 2004). Important to note, In mines that host 

magnetic minerals such as magnetite, compass orientations and some drilling survey tools may be erroneous 

(McElhinney et al. 2000). 

 

Figure 3 Example of borehole breakouts in raisebore, 90° to the orientation of SHmax (σ1) 

2.4 In situ data analysis and uncertainties 

While each method has uncertainties and limitations individually, by understanding their methodologies and 

looking at the stress dataset, loading relief and ‘other’ methods can increase confidence in situ stress 

magnitudes and orientations. There still exists a challenge of implementing observations of stress 

orientations into datasets other than as a QAQC tool. Overcore or AE results are generally provided with 

estimated principal stress magnitudes, their plunge and trend. Simply averaging the stress magnitudes, 
plunges and trends from multiple tests using scalar methods may yield non-unique and non-orthogonal mean 

principal stresses, deviating significantly from the Euclidean mean (Gao & Harrison 2019) (Table 1). 

Table 1 Example of difference between scalar and Euclidean mean results from Gao & Harrison (2019) 

  

�1 

(MPa) 

�1 

(trend) 

�1 

(plunge) 

�2 

(MPa) 

�2 

(trend) 

�2 

(plunge) 

�3 

(MPa) 

�3 

(trend) 

�3 

(plunge) 

Scalar/vector 41.51 317 18 26.17 81 65 20.51 176 83 

Euclidean 34.86 294 7 31.49 25 6 21.84 155 80 

The Euclidean mean method translates the stress magnitudes, plunges and trends to the cartesian coordinate 

system where each vector of the stress tensor is averaged independently, gradients can be determined using 

depth of measurement information and then the values are turned back into principal stresses using the 
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matrix equation (Brady & Brown 2006). The Australian Centre for Geomechanics and OZ Minerals have 

developed a stress app for the mXrap platform that has automated this process (Harris & Wesseloo 2015). 

There has not yet been a method to objectively rate the quality of individual methods in a way that impacts 
their weighting in a non-binary way (retain/remove) for mean stress gradient averaging. Practitioners have 

long been aware of factors affecting the quality and reliability of overcores, discussed in Section 2.2. 

However, there is sometimes a subjective binary approach to including or excluding data points, or a 

correction is applied (in the case of thermal effects) before inclusion in the dataset (Ask 2003; 2006; Pine et 

al. 1983). When assessing the quality of a given stress estimate, a quality system has been proposed 

(Heidbach et al. 2010; Morawietz et al. 2020). SHmax orientation (A) quality calls for 11 overcore 

measurements >300 m and a standard deviation <12°. For (B) tier there are eight measurements with depths 

>100 m and a standard deviation of <20°. For σ3 magnitude overcores in (A) quality are 11 consistent 

measurements at depths >300 m with temperature effects noted. For (B) this is eight consistent 

measurements at >100 m, and temperature effects recorded. However, the quality is based on the number 
of datapoints and still does not consider individual data point confidence. In version two of the mXrap stress 

app we plan to humbly invite professionals from academia and industry for their input in creating a more 

objective, less binary system for quality ranking which allows for the weighting of individual data points. We 

are aiming for a consistent method that can separate individual tests into four categories, excellent, 

adequate, poor and invalid. Each category is then given a weighting, allowing for the weighted average of 

each stress tensor component in the cartesian coordinate system. As an example, the equation to calculate 

a weighted σxx (σxxw) is proposed (Equation 5). Where W1 is the weighting of the excellent category (0.5), W2 

is the weighting of the adequate category (0.3) and W3 is the weighting of the poor category (0.2). Where 

NσxxE is the number of tests in the excellent (E) category, A for the adequate category and P for the poor 

category. The invalid category is entirely excluded. 

 σ���� �w��.�	 ×
�����

�����

	+ �w��.�	 ×
���� 

���� 

	 + �w��.�	 ×
����!

����!

	 (5) 

Lastly practitioners should be cautioned with using a single stress field as stress magnitudes may not increase 

linearly with depth. Extrapolating stress measurements taken at shallower depths is fraught with uncertainty, 
especially if there is complex topography or changes in lithologies (Haimson 2010). There is evidence in 

Australia of stress transitions where Sv and Shmin switches between σ3 to σ2 (Reynolds et al. 2006; Tavener 

et al. 2017). The orientation of the stress field may also change with depth, in Rittershoffen France, a clear 

example of stress decoupling was observed by borehole breakouts and DITF, SHmax trend rotated from 

155°N to 20°N between the sedimentary sequences and basement (Hehn et al. 2016). 

2.5 In situ stress and cave mine design considerations 

Stress regime transitions could result in the rotation of expected fracture orientation in block cave 

preconditioning. Preconditioning in block cave mines involves the production of complex fracture networks 

to enhance caveability. In different stress environments, the orientation of these fractures will impact how 

boreholes are designed to create the desired fractures (He et al. 2016). Fractures will open against σ3 and 

propagate in the direction of σ1. In reverse faulting environments, fractures will open vertically and propagate 
horizontally, and in strike-slip and normal faulting environments, they will open horizontally and propagate 

vertically. It is difficult to tell from borehole images which way fractures propagate. Generally, fractures will 

open in the borehole wall and rotate to the orientation dictated by the prevailing in situ stress as they 

propagate away from the borehole stress influence (Zoback & Pollard 1978). 

Orientating development tunnels in line with the maximum principal stress trend is optimal for stability (Hao 

et al. 2021; Naik et al. 2018; Zhu et al. 2015). However, the maximum principal stress orientation can rotate 

with depth and has been observed by borehole breakouts (Camac et al. 2006; Hehn et al. 2016). Due to the 

rotation of stresses with depth, shallower interpretations may not be optimal for designing longer life span 

working floor levels at much greater depths. Orientation of the drive in the prevailing stress field will affect 
the differential stress magnitude. The difference between σ1 and σ3 is important as the confining pressure is 

a factor in the rock mass strength. Some damage criteria consider the differential stress as well as rock 
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strength (Martin et al. 1999). Using differential (σ1–σ3) stress-based criteria on plastic numerical models may 

be misleading or unrealistically low as the stresses have been redistributed with damage. In these cases, a 

measurement of volumetric strain can be a more useful tool. Volumetric strain represents damage severity 
and degree of disintegration within the rock mass, it is the unit change in volume related to deformation, a 

negative volumetric strain represents rock contraction and a positive value represents dilation (Rajmeny  

& Vakili 2017; Watson et al. 2015). To use volumetric strain as an interpretative tool for damage, calibration 

of numerical models to observed damage would need to be carried out. However, the relative difference can 

be used for demonstration purposes. 

In cave mining, the caved zone will have a zone of influence dictated by its shape, size, depth and the 

prevailing principal stress orientation. There will be regions of higher stress perpendicular to the maximum 

principal stress and lower stress parallel with the maximum principal stress. 

3 Numerical modelling methodology 

All numerical models used in this study were constructed in Itasca’s finite difference package FLAC3D (Itasca 

Consulting Group 2019) using Cavroc’s StopeX add-on (Vakili et al. 2020) and Cavroc’s Improved Unified 

Constitutive Model (IUCM) (Vakili 2016). Cavroc’s StopeX plugin is a simple graphical user interface that 
streamlines the setup and analysis of FLAC3D models. StopeX allows for complex simulations to be 

constructed and simulated without the extensive training and experience that FLAC3D typically requires. The 

results of any StopeX model are automatically exported as *.vtk and *.csv files for manipulation and viewing 

with free software packages such as Paraview. The IUCM is a commercially available constitutive model that 

aims to collate and replicate rock mass failure documented in academic literature and conference 

proceedings. This approach has been documented and validated in both open pit and underground 

applications (Ford et al. 2020; Vakili 2017). Technical details relating to the implementation of the IUCM are 

published (Lorig & Varona 2013). But as a brief overview, the IUCM includes the following key features in all 

simulations: 

• A non-linear peak strength envelope consistent with the generalised Hoek–Brown criterion. 

• Zone dependant strain softening relationships for rock mass strength derived as part of the 

international caving study. 

• A linear Mohr–Coulomb like failure envelope for the residual strength state of the rock mass. 

• The incorporation of intact rock strength anisotropy due to foliation or planes of weakness. 

• Dynamic post-peak response (dilatant and softening) as a function of the confining stress. This 

replicates increased rock mass dilation in low stress or tensile conditions, cohesion softening, 

friction softening for low confining stress and cohesion softening friction hardening for high 

confining stress. 

• Rock mass modulus softening to account for reductions in stiffness due to failure. 

In each simulation, excavations were mined sequentially. Depending on the firing simulated, different 

simulation rules were applied. The following rules were applied for each simulation: excavations, 

development, and infrastructure remain open voids during the entire simulation. Caved material, or undercut 
firings are treated as ‘blind’ or ‘crush’ firings with no free void being simulated. This is achieved by first 

treating the firings as open voids to redistribute the field stresses. During this step, the rock mass and caved 

material is treated as an elastic material so it cannot fail. After the model has come to equilibrium, the caved 

material is initialised in the undercut firing and the stresses are allowed to damage the rock mass. This 

approach is required to correctly account for the confinement dependency and dilatancy of the cave 

boundary near the undercut firings and to limit unrealistic displacements or stresses that may occur if the 

void is treated as open. Note that this simulation approach does not include automated methods of including 

an airgap and assumes that the cave void is ‘choked’ at all times during the simulation. 
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The numerical models demonstrate how changes in stress orientations based on uncertainty from in situ 

stress measurements may influence design decisions. Both models are set up in a homogeneous rock unit 

with granite material parameters, the stress regime is a reverse faulting environment where SHmax (σ1) > Sh 
(σ2) > Sv (σ3). The model shown in Figures 4 and 5 occurs in two steps. The first step shows four crusher 

chambers excavated in the default stress field orientation. The next step is introducing a caved zone between 

the four crusher chambers to assess effect of stress redistribution onto the crusher chambers. For this model 

the stress field is shown as σ1 and due to stress relief from damage, volumetric strain has been projected 

onto the crusher shapes. The model is repeated with plunge of σ1 and σ3 increased by 20° (Figure 5A2/B2). 

The stresses are orthogonal, and a default SHmax trend is chosen as 319°N with 0° plunge (after removing 

some anomalous AE and overcore tests from the dataset). The second model presented is of a working level 

below a block of caved material (Figure 6A). Note that drawbells are not modelled connecting the working 

level to the caved material; this avoids a complex stress interaction hindering a simple, clear demonstration. 

The first step in the model excavates the working level, drawbell drives, and simulates caved material with a 
20 m veranda between the edge of the cave material and the last working level drawbell drive. The next step 

is rotating the stress field trend 20°N (Figure 6B). A 20° trend change was chosen for demonstration since our 

stress dataset contains 11 overcores and five AE tests. However, we are confident in eight of the overcore 

tests, going by WSM rankings B quality ranking has a SHmax orientation ±15–20°. Additionally, within the 

overcores there are some within 10 m of another that have an interpreted SHmax trend 20° apart. Both A 

and B models of Figure 6 are repeated with an increased cave zone veranda of 12.5 m to assess the stress 

around the last drawbell drive. Stress is represented as the differential stress (σ1 - σ3). There was very little 

volumetric strain for this model, meaning stress did not reduce due to damage, making analysis of the 

differential stress relevant (Rajmeny & Vakili 2017; Watson et al. 2015). 

4 Results 

 

Figure 4 Four crusher chambers are placed at the same orientation, spaced apart as to not interact with 

each other. (A) σ1 magnitudes around the crushers are identical. (B) A cave zone is placed in the 

centre of the four chambers. The caved zone has a clear impact on stresses around it with higher 

stresses being experienced in the crushers perpendicular to the orientation of σ1. The crushers in 

(B) are coloured based on volumetric strain. 
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Figure 5 The plunge of σ1 is increased from 0o (A) to 20o (A2), (σ3 plunge is also changed from 90 to 70 to 

ensure orthogonality). Contours of σ1 are shown in slices, A and B show stress conditions before 

the caving, indicated by a red crossover the cylinder indicating the cave zone. Once the cave 

zone is applied A2 and B2 show the complex change in stress contours. Volumetric strain, 

represented by black colouring on the geometry is increased when the cave zone is introduced. 

Considerably higher volumetric strain can be observed in the crusher chambers after the cave 

zone has been applied, particularly in the orientation 90o to SHmax trend. The change in stress 

plunge is visually represented by the dipping planar stress contours after caving in B2, shows 

that of the two crusher chambers the crusher chamber (CC1) would experience less in situ stress 

at the same depth as (CC3) 

CC4 
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Figure 6 Example of the stress veranda created at the terminal ends of a hypothetical cave zone on top 

of a working floor level. Shown is the differential stress (σ1–σ3). (A) The veranda has clear 

interaction with the terminal end of the caved zone. (B) The stress regime trend is rotated 20°N. 

The interaction between the last drawbell drive and veranda is more pronounced, the differential 

stress in the backs of the drives is higher than in (A). (A2) The veranda is extended by caving 

12.5 m more material away from the last working floor drive, the interaction in the last drawbell 

drive is noticeably less. (B2) The veranda remains extended with the stress regime rotated 

20 degrees north. The interaction in the veranda zone is less than (B) but higher than (A2) 
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5 Conclusions and future work 

We have shown that uncertainty regarding the management and analysis of in situ stress data can noticeably 

affect numerical models with the potential to impact design choices. Regarding cave mining methods, the 

placement of major long-lived developments such as crusher chambers would benefit from knowledge of the 

stress orientations that may not be adequately inferred without QAQC of the dataset, or by methods not 
considering the Euclidean mean. Deciding the length of the extra cave zone veranda over the drawbell drives 

may be influenced by the uncertainty of in situ stress magnitudes estimated in numerical models brought on 

by uncertainty in stress orientation. There are still challenges regarding the integration of 'loading and 'other 

methods' of in situ stress estimation methods with relief methods to determine average stress gradients, 

trends and dips. However, we have shown how ‘loading’ and ‘other methods’ can be used as QAQC tools. 

Objectively quantifying confidence for individual relief tests is not widely done. We have suggested a method 

on how a weighting system can be achieved and further investigation will focus on being able to better 

quantify weightings and quality rankings for individual tests. To integrate in situ stress estimates and mine 

design, a comprehensive plan for stress testing at set depth intervals away from developments and faults 

should be undertaken to guide early level design for cave mines. As cave mines become deeper and have 
longer operating life, understanding in situ stress in the design stages will be vital to optimise mine stability 

and reduce failure and rehabilitation rates. 

References 

Anderson, EM 1905, ‘The dynamics of faulting’, Transactions of the Edinburgh Geological Society, vol. 8, no. 3, pp. 387–402. 

Ask, D 2003, ‘Evaluation of measurement-related uncertainties in the analysis of overcoring rock stress data from Äspö HRL, Sweden: 

a case study’, International Journal of Rock Mechanics and Mining Sciences, vol. 40, no. 7–8, pp. 1173–1187. 

Ask, D 2006, ‘Measurement-related uncertainties in overcoring data at the Äspö HRL, Sweden. Part 2: Biaxial tests of CSIRO HI 

overcore samples’, International Journal of Rock Mechanics and Mining Sciences, vol. 43, no. 1, pp. 127–138. 

Bai, X, Zhang, D-M, Wang, H,  Li, S-J & Rao, Z 2018, ‘A novel in situ stress measurement method based on acoustic emission Kaiser 

effect: a theoretical and experimental study’, Royal Society Open Science, vol. 5, no. 10. 

Bailey, AH, King, RC, Holford, SP & Hand, M 2016, ‘Incompatible stress regimes from geological and geomechanical datasets: can they 

be reconciled? An example from the Carnarvon Basin, Western Australia’, Tectonophysics, vol. 683, pp. 405–416. 

Barton, CA, Zoback, MD & Burns, KL 1988, ‘In-situ stress orientation and magnitude at the Fenton Geothermal Site, New Mexico, 

determined from wellbore breakouts’, Geophysical Research Letters, vol. 15, no. 5, pp. 467–470. 

Baumgärtner, J & Zoback, M 1989, ‘Interpretation of hydraulic fracturing pressure-time records using interactive analysis methods’,  

International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, pp. 461-469. 

Bell, J 1996, ‘Petro Geoscience 1. In situ stresses in sedimentary rocks (part 1): measurement techniques’, Geoscience Canada, vol. 23, 

no. 2. 

Brady, BH & Brown, ET 2006, ‘Rock mechanics for underground mining’, Springer Science & Business Media, Berlin. 

Cai, MF 1991, ‘Studies of temperature compensation techniques in rock stress measurements’, Chinese Journal of Rock Mechanics 

and Engineering, vol. 10, no. 3, pp. 227–235. 

Camac, BA, Hunt, SP & Boult, PJ 2006, ‘Local rotations in borehole breakouts—observed and modeled stress field rotations and their 

implications for the petroleum industry’, International Journal of Geomechanics, vol. 6, no. 6, pp. 399–410. 

Couzens-Schultz, BA Chan, AW 2010, ‘Stress determination in active thrust belts: an alternative leak-off pressure interpretation’, 

Journal of Structural Geology, vol. 32, no. 8, pp. 1061–1069. 

De La Vergne, J 2003, Hard Rock Miner’s Handbook, 5th edn, Stantec Consulting, Edmonton. 

Flores, G & Catalan, A 2019, ‘A transition from a large open pit into a novel “macroblock variant” block caving geometry at 

Chuquicamata mine, Codelco Chile’, Journal of Rock Mechanics and Geotechnical Engineering, vol. 11, no. 3, pp. 549–561. 

Ford, A, Lucas, D & Vakili, A 2020, ‘Validation of the improved unified constitutive model for open pit applications’, Slope Stability 

2020: Proceedings of the 2020 International Symposium on Slope Stability in Open Pit Mining and Civil Engineering, Australian 

Centre for Geomechanics, Perth, pp. 953–968, doi.org/10.36487/ACG_repo/2025_63 

Gao, K & Harrison, JP 2019, ‘Examination of mean stress calculation approaches in rock mechanics’, Rock Mechanics and Rock 

Engineering, vol. 52, no. 1, pp. 83–95. 

Gardner, G, Gardner, L & Gregory, A 1974, ‘Formation velocity and density—The diagnostic basics for stratigraphic traps’, Geophysics, 

vol. 39, no. 6, pp. 770–780. 

Gray, I & See, L 2007, ‘The measurement and interpretation of in-situ stress using an overcoring technique from surface’, Proceedings 

of the 1st Canada-US Rock Mechanics Symposium, onepetro.org/ARMACUSRMS/proceedings/ARMA07/All-ARMA07/ARMA-

07-089/116243 

Haimson, BC 2010, ‘The effect of lithology, inhomogeneity, topography, and faults, on in situ stress measurements by hydraulic 

fracturing, and the importance of correct data interpretation and independent evidence in support of results’, Proceedings 

of the ISRM International Symposium on In-Situ Rock Stress, Taylor & Francis Group, London. 

Characterisation

Caving 2022, Adelaide, Australia 1275



 

Hakala, M, Hudson, J & Christiansson, R 2003, ‘Quality control of overcoring stress measurement data’, International Journal of Rock 

Mechanics and Mining Sciences, vol. 40, no. 7–8, pp. 1141–1159. 

Hao, X, Zhang, Q, Sun, Z, Wang, S, Yang, K, Ren, B, Yu, G, Zhou, W, Chen, B & Zhang, X 2021, ‘Effects of the major principal stress 

direction respect to the long axis of a tunnel on the tunnel stability: physical model tests and numerical simulation’, Tunnelling 

and Underground Space Technology, vol. 114. 

Harris, P & Wesseloo, J, mXrap, computer software, Australian Centre for Geomechanics, The University of Western Australia, Perth, 

mxrap.com 

He, Q, Suorineni, F & Oh, J 2016, ‘Review of hydraulic fracturing for preconditioning in cave mining’, Rock Mechanics and Rock 

Engineering, vol. 49, no. 12, pp. 4893–4910. 

Hehn, R, Genter, A, Vidal, J & Baujard, C 2016, ‘Stress field rotation in the EGS well GRT-1 (Rittershoffen, France)’, Proceedings of 

European Geothermal Congress. 

Heidbach, O, Tingay, M, Barth, A, Reinecker, J, Kurfeß, D & Müller, B 2010, ‘Global crustal stress pattern based on the World Stress 

Map database release 2008’, Tectonophysics, vol. 482, no. 1–4, pp. 3–15. 

Hillis, R & Williams, A 1993, ‘The contemporary stress field of the Barrow-Dampier Sub-Basin and its implications for horizontal 

drilling’, Exploration Geophysics, vol. 24, no. 4, pp. 567–576. 

Holcomb, DJ 1993, ‘General theory of the Kaiser effect’, International Journal of Rock Mechanics and Mining Sciences & Geomechanics 

Abstracts, pp. 929–935. 

Hubbert, MK & Willis, DG 1957, ‘Mechanics of hydraulic fracturing’, Transactions of the AIME, vol. 210, no. 01, pp. 153–168. 

Itasca Consulting Group 2019, FLAC3D–fast Lagrangian Analysis of Continua in 3 Dimensions, version 7, computer software, Itasca 

Consulting Group, Minneapolis, itascacg.com/software/FLAC3D 

Kaiser, J 1964, An Investigation into the Occurrence of Noises in Tensile Tests, University of California, Los Angeles. 

Kanagawa, T, Hibino, S, Ishida, T, Hayashi, M & Kitahara, Y 1986, ‘4. In situ stress measurements in the Japanese islands: over-coring 

results from a multi-element gauge used at 23 sites’, International Journal of Rock Mechanics and Mining Sciences & 

Geomechanics Abstracts, vol. 23, issue 1, pp. 29–39. 

Kirsch, C 1898, ‘Die theorie der elastizitat und die bedurfnisse der festigkeitslehre’, Zeitschrift des Vereines Deutscher Ingenieure, 

vol. 42, pp. 797–807. 

Lavrov, A 2003, ‘The Kaiser effect in rocks: principles and stress estimation techniques’, International Journal of Rock Mechanics and 

Mining Sciences, vol. 40, no. 2, pp. 151–171. 

Li, Y, Fu, S, Qiao, L, Liu, Z & Zhang, Y 2019, ‘Development of twin temperature compensation and high-level biaxial pressurization 

calibration techniques for csiro in-situ stress measurement in depth’, Rock Mechanics and Rock Engineering, vol. 52, no. 4, 

pp. 1115–1131. 

Lin, W, Yeh, E-C, Hung, J-H, Haimson, B & Hirono, T 2010, ‘Localized rotation of principal stress around faults and fractures determined 

from borehole breakouts in hole B of the Taiwan Chelungpu-fault Drilling Project (TCDP)’, Tectonophysics, vol. 482, no. 1–4, 

pp. 82–91. 

Lorig, L & Varona, P 2013, ‘Guidelines for numerical modelling of rock support for mines’, Ground Support 2013: Proceedings of the 

Seventh International Symposium on Ground Support in Mining and Underground Construction, Australian Centre for 

Geomechanics, Perth, pp. 81–105, doi.org/10.36487/ACG_rep/1304_04_Lorig 

Ludwig, W, Nafe, J & Drake, C 1970, The Sea, vol. 4, part 1, Wiley-Interscience, London. 

Martin, C, Kaiser, P, Tannant, D & Yazici, S 1999, ‘Stress path and instability around mine openings’, Proceedings of the 9th ISRM 

Congress. 

Martino, J & Chandler, N 2004, ‘Excavation-induced damage studies at the underground research laboratory’, International Journal 

of Rock Mechanics and Mining Sciences, vol. 41, no. 8, pp. 1413–1426. 

McElhinney, G, Margeirsson, A, Hamlin, K & Blok, I 2000, ‘Gravity azimuth: a new technique to determine your well path’, Proceedings 

of the IADC/SPE Drilling Conference, doi.org/10.2118/59200-MS 

Molaghab, A, Taherynia, MH, Aghda, SMF & Fahimifar, A 2017, ‘Determination of minimum and maximum stress profiles using 

wellbore failure evidences: a case study—a deep oil well in the southwest of Iran’, Journal of Petroleum Exploration and 

Production Technology, vol. 7, no. 3, pp. 707–715. 

Momayez, M & Hassuni, E 1992, ‘Application of Kaiser effect to measure in-situ stresses in underground mines’, Proceedings of the 

33rd US Symposium on Rock Mechanics, A.A. Balkema, Rotterdam. 

Moos, D & Zoback, MD 1990, ‘Utilization of observations of well bore failure to constrain the orientation and magnitude of crustal 

stresses: application to continental, Deep Sea Drilling Project, and Ocean Drilling Program boreholes’, Journal of Geophysical 

Research: Solid Earth, vol. 95, no. B6, pp. 9305–9325. 

Morawietz, S, Heidbach, O, Reiter, K, Ziegler, M, Rajabi, M, Zimmermann, G, Müller, B & Tingay, M 2020, ‘An open-access stress 

magnitude database for Germany and adjacent regions’, Geothermal Energy, vol. 8, no. 1, pp. 1–39. 

Musolino, M, Holford, S & King, RC n.d.-a, Assessing the Accuracy of Minimum Horizontal Stress Estimated Based on Leak-off Test 

Data in Sedimentary Basins: A Case Study from the Cooper Basin, unpublished.  

Musolino, M, King, R, Holford, S & Hillis, R n.d.-b, ‘Improving the accuracy of vertical stress magnitude determinations in sedimentary 

basins’, ASEG Extended Abstracts, vol. 2019, no. 1, pp. 1–4. 

Naik, SR, Sastry, V & Mishra, A 2018, ‘Effect of orientation on stability of caverns-A numerical modelling study’, in Z Zhao, Y Zhou & J 

Shang, Proceedings of the 10th Asian Rock Mechanics Symposium, ISRM & SRMEG, Singapore. 

Nelson, E, Hillis, R, Sandiford, M, Reynolds, S & Mildren,  2006, ‘Present-day state-of-stress of southeast Australia’, The APPEA Journal, 

vol. 46, no. 1, pp. 283–306. 

In situ stress data management and analysis: implications for numerical modelling M Musolino et al.

1276 Caving 2022, Adelaide, Australia



 

Pine, R, Tunbridge, L & Kwakwa, K 1983, ‘In-situ stress measurement in the Carnmenellis granite—I. Overcoring tests at South Crofty 

Mine at a depth of 790 m’, International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts,  

pp. 51–62. 

Postler, D 1997, ‘Pressure integrity test interpretation’, Proceedings of the SPE/IADC Drilling Conference, Society of Petroleum 

Engineers, Richardson. 

Rajmeny, P & Vakili, A 2017, ‘Three-dimensional inelastic numerical back-analysis of observed rock mass response to mining in an 

Indian mine under high-stress conditions’, Deep Mining 2017: Proceedings of the Eighth International Conference on Deep 

and High Stress Mining, Australian Centre for Geomechanics, Perth, pp. 329–342, doi.org/10.36487/ACG_rep/ 

1704_23_Rajmeny 

Reynolds, SD, Mildren, SD, Hillis, RR & Meyer, JJ 2006, ‘Constraining stress magnitudes using petroleum exploration data in the 

Cooper–Eromanga Basins, Australia’, Tectonophysics, vol. 415, no. 1, pp. 123–140. 

Seto, M, Nag, D & Vutukuri, V 1999, ‘In-situ rock stress measurement from rock cores using the acoustic emission method and 

deformation rate analysis’, Geotechnical & Geological Engineering, vol. 17, no. 3, pp. 241–266. 

Sjöberg, J & Klasson, H 2003, ‘Stress measurements in deep boreholes using the Borre (SSPB) probe’, International Journal of Rock 

Mechanics and Mining Sciences, vol. 40, no. 7–8, pp. 1205–1223. 

Tavener, E, Flottmann, T & Brooke-Barnett, S 2017, ‘In situ stress distribution and mechanical stratigraphy in the Bowen and Surat 

basins, Queensland, Australia’, Geological Society London Special Publications, vol. 458. 

Vakili, A 2016, ‘An improved unified constitutive model for rock material and guidelines for its application in numerical modelling’, 

Computers and Geotechnics, vol. 80, pp. 261–282. 

Vakili, A 2017, ‘The improved unified constitutive model: a fine-tuned material model tailored for more challenging geotechnical 

conditions’, Deep Mining 2017: Proceedings of the Eighth International Conference on Deep and High Stress Mining, Australian 

Centre for Geomechanics, Perth, pp. 387–400, doi.org/10.36487/ACG_rep/1704_27_Vakili 

Vakili, A, Abedian, B & Cosgriff, B 2020, ‘An introduction to StopeX–a plug-in to simplify and fast-track FLAC3D numerical modelling 

for mining applications’, Applied Numerical Modeling in Geomechanics, Itasca International, Inc., Minneapolis. 

Watson, JM, Vakili, M & Jakubowski, M 2015, ‘Rock strength anisotropy in high stress conditions: a case study for application to shaft 

stability assessments’, Studia Geotechnica et Mechanica, vol. 37, no. 1. 

White, AJ, Traugott, MO & Swarbrick, RE 2002, ‘The use of leak-off tests as means of predicting minimum in-situ stress’, Petroleum 

Geoscience, vol. 8, no. 2, pp. 189–193. 

Worotnicki, G 1993, ‘CSIRO triaxial stress measurement cell’, Rock Testing and Site Characterization, pp. 329–394, Pergamon Press, 

Oxford. 

Zhu, Z, Li, Y, Xie, J & Liu, B 2015, ‘The effect of principal stress orientation on tunnel stability’, Tunnelling and Underground Space 

Technology, vol. 49, pp. 279–286. 

Zoback, MD 2010, Reservoir Geomechanics, Cambridge University Press, Cambridge. 

Zoback, MD & Pollard, DD 1978, ‘Hydraulic fracture propagation and the interpretation of pressure-time records for in-situ stress 

determinations’, Proceedings of the 19th US Symposium on Rock Mechanics. 

  

Characterisation

Caving 2022, Adelaide, Australia 1277



 

 

In situ stress data management and analysis: implications for numerical modelling M Musolino et al.

1278 Caving 2022, Adelaide, Australia


