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ABSTRACT 
 

The identification and characterisation of defects within a rock mass is a valuable tool when 
analysing potential and pre-existing slope instability as well as when assessing the stability and 

support requirements for tunnelling and underground structures.  A good knowledge of rock 

defect data is extremely important to enable accurate modelling and for the robust design of 
appropriate stabilisation and support options.   

 

Two recent projects in Auckland independently used a range of in-situ tools to identify and 

characterise rock defects encountered in boreholes drilled in extremely weak to weak rock of the 
East Coast Bays Formation. Both projects discovered problems with these technologies.  This 

paper provides an overview of the methods used and data obtained, discusses the advantages 

and limitations of each method, and provides recommendations for future use.  Although this 
paper is specific to geotechnical issues in weak rock, many of the findings will be applicable to 

other geological environments and purposes. 

 
1 INTRODUCTION 
 

Engineering projects in New Zealand ranging from construction of road tunnels to deep 

foundations often involve direct interaction with weak, fractured rocks and unstable rock slopes.  
When designing in these conditions one of the major problems is that of estimating the strength 

of the rock mass (Hoek, 2007).  Knowledge of the depth and orientation of pre-existing failure 

planes is crucial to realistic modelling of slope stability. 
 

The rock mass is usually made up of an interlocking matrix of discrete blocks separated by 

fracture or discontinuity planes  with low or no tensile strength (defects).  At the shallow depths 

common in geotechnical problems failure of the intact rock material is minimal and the 
behaviour of the rock mass is controlled by defects.  Depending on the orientation of these 

defects the rock mass strength may be highly anisotropic.   

 
Geotechnical investigations often comprise vertical boreholes to log the rock and defects, and to 

collect rock samples for laboratory testing.  Sampling bias in weak rock is a common problem 

which often results in testing which is not representative of the overall rock mass and does not 
take into account the weaker materials.  Since the defects are often a controlling factor in the 

behaviour of the rock mass, the measurement of the location, orientation, surface condition and 

aperture of these defects is highly valuable.  
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1.1 Case study projects 
 

The experiences from two projects in Auckland are presented in this paper.  Both sites are 
underlain by weak or extremely weak interbedded sandstones and siltstones of the East Coast 

Bays Formation (ECBF) that have been gently folded and faulted, producing shallow bedding 

dips.  Locally steep intra-bed folding caused by slumping during deposition is not unusual. 
Joints are typically orthogonal, with sub-horizontal and sub-vertical sets.  Drilling breaks are 

common, typically occurring on bedding planes and also perpendicular to the drill core axis of 

the rockmass.  In some areas the bedrock contains crush zones of weak sheared material that 
appear to be parallel to bedding, and may be a controlling factor in slope instability. 

 

The two projects utilised similar defect orientation techniques with very different aims.  Project 

one involved a detailed assessment of defect and bedding orientation for rock mass 
classification as part of a tunnelling project.  Project two required the identification of potential 

failure planes on slopes suspected to be unstable to allow detailed stability assessments to be 

undertaken.  In both cases the weak and weathered nature of the rock meant that there was 
minimal data from outcrops, so defect data was recorded from vertical and oriented inclined 

drilled boreholes.  The inclined holes reduced the sampling bias inherent in vertical holes, 

which under-sample near-vertical defects.  The projects used HQ and PQ size diamond drilling 

techniques (nominal hole sizes 96 mm and 123 mm respectively, core sizes 63 mm and 85 mm) 
in order to maximise recovery and provide appropriate size holes for the tools. 

 

2 CORE ORIENTATION TECHNIQUES 
 

There are a number of devices available to measure defect orientation in boreholes.  They can 

be divided into two categories; in-situ (those that take down-hole measurements of the borehole 
wall), and oriented core (those that record the orientation of the core so measurements can be 

taken on the recovered core at the surface).  Three tools were compared in this study; two in-situ 

tools, and one oriented core tool. 

 
2.1 Core Orientation Tool 

 
The ORIshot system from Coretell was utilised on both projects.  This core orientation tool 

enables recovered core to be re-orientated at the surface using a sensor that is attached between 

the core barrel and the drill string (Figure 1).  For the system to work the borehole must be 
inclined.  The manufacturer recommends 85 degrees from horizontal.  At the end of each drill 

run once drilling has stopped the low side of the core barrel is recorded by an electronic 

accelerometer triggered by a remote handset at the surface.   

 
After the core has been recovered the device then instructs the user on which way up the barrel 

should be placed to replicate the low side recorded in the bore hole. This low side is then 

manually marked on the core with chalk.  The defects can then be manually logged from the 
recovered core and the orientation and dip calculated. 

 

This tool was selected in preference to other oriented core tools because other tools either mark 
the core, which risks significant damage to extremely weak rock, or rely on replicating the 

shape of the drilling induced break at the end of each run (e.g. Karimi Nasab et. al, 2003).  In 

weak rocks these tend to be perpendicular to the core axis and therefore no use for orientation.   

 
2.2 In-situ High Resolution Acoustic Televiewer  

 
High resolution acoustic televiewer (HiRAT) measurements were obtained during one of the 

projects using an ABI-40 probe manufactured by ALT in Luxembourg. The acoustic televiewer 

performs an ultrasonic scan of the borehole wall, using a sensor positioned in a 2 m long, 



 
 

 
Roberts, R.C., O’Loughlin, B. & Elvy, J. (2013) 

A comparison of methods for measuring defect orientation from boreholes in weak rock  
 

3 

50 mm diameter stainless steel probe (Figure 2). A receiver records the travel time and the 

amplitude of the reflection and a fluxgate magnetometer records the exact attitude of the probe 
in the borehole relative to magnetic north.  Features identified on the acoustic televiewer images 

that exhibit a sinusoidal form are interpreted using curve fitting. Characterisation of identified 

features is later made by the geologist based on correlation with recorded core. 

                                
Figure 1 (left):  Illustration of ORIshot 

handset and down-hole sensor 

Figure 2 (right): Schematic of HiRAT probe 

 

 
2.3 In-situ Optical Televiewer 

 
The Borehole Image Processing System (BIPS) from RaaX was used on both projects. This 

down hole tool obtains a continuous optical image of the borehole wall (Choi & Saul, 1995).  

The BIPS system is used on unlined vertical or steeply inclined holes.  A probe with a video 
camera, a light, and a conical mirror to enable a 360 degree view is winched down the borehole. 

    
Figure 3:  Optical televiewer sensor details and typical output with interpretation 

 

A compass in the centre of the probe appears in the video recording to allow the orientation of 

the probe to be checked.   The video image is converted into a single still image of the full 

length of the borehole by utilising data from a device within the winch mechanism that records 
the depth of the probe.  If the probe rotates as it is dropped down the hole the image is corrected 

manually by reference to the recorded compass position so the resultant still image is 

consistently aligned for the full length of the survey. 
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Although the optical televiewer can be used in vertical and angled holes, unless additional 

centralising equipment is used it is most effective in vertical holes where the sensor is easily 
centralised so that the light source evenly illuminates the hole. 

 

3 RESULTS 
 
Comparing the results from the three different systems it was immediately apparent that the 

correlation between the techniques was poor.  In general the data from the HiRAT and optical 

televiewer matched, while the oriented core gave anomalous results.  Figure 4 shows an 
example of poorly correlated data from a single borehole using the optical televiewer and core 

orientation system.  Figure 5 shows an example of well correlated HiRAT data and core data. 

 

 
 

Figure 4 (left):  Equal area stereonet plot 

comparing poles to defect planes identified 

by the optical televiewer and core 

orientation systems in the same borehole 

Figure 5 (right):  Equal area stereonet plot 

of poles to defect planes identified by the 

HiRAT correlating well with average true 

dip measured from recovered core  

 
4 ISSUES IDENTIFIED 
 

Before starting mitigation measures were put in place for anticipated issues. These are described 

below, and other issues encountered are discussed.  This relates specifically to the tools used on 
these projects. This should not be taken to imply that these are the best or worst examples of this 

technology, and it is likely that a number of the issues would also apply to other similar tools.  

Only the most significant issues are discussed; for more details see Wier (2012). 
 
4.1 Core Orientation Tool 

 

Key ways the core orientation system could fail were identified as: 

 

• The core or splits could rotate within the drill barrel, thus making the recorded 

orientation flawed since it is the orientation of the barrel, not the rock within, which is 
recorded.  Each core run was carefully inspected for evidence of rotation such as 

drilling induced fractures with signs of movement.  Any data from suspicious drill runs 

were discounted. 

• Since there is no simple visual check, it is possible that the device could be poorly 

calibrated or inaccurate in reporting the low side of the core.  Prior to drilling 

calibration tests were undertaken in which the core barrel was laid horizontally on a 

Optical televiewer 

Core Orientation tool  

Cone of typical 
bedding dip recorded 
in recovered core (not 

oriented) 

POLES TO DEFECT PLANES  

POLES TO DEFECT PLANES  

HiRAT 
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trestle, the low side marked, the barrel spun a random number of times, and the device 

activated to check that it correctly identified the marked low side.  In each case the 
equipment passed this test. 

 

At least 10% of the data was discarded as a result of core rotation within the barrel, typically 

where zones with fractures within a core run could not be physically ‘reconstructed’ by eye at 
the surface.  This data loss was not considered to be a major failing as it was easy to identify the 

errors on site and remove them from the data set.  However, during the investigation it was 

identified that some of the core recovered with this tool was incorrectly orientated despite there 
being clear evidence that the core had not rotated. This was most evident when a drill run 

terminated at an inclined joint.  In the ECBF rock it was rare for a drill run to end at a joint; 

however, where it did occur it was noted that in some cases the adjacent drill runs did not align. 

An example is shown in Figure 6. The steeply inclined joint at 21.0 m is misaligned by 
approximately 90 degrees.  This error was considered to be serious since unless a marker joint 

was present at the intersection of the adjacent drill runs there was no way to identify that an 

error had occurred. 
 

 
Figure 6:  Evidence of misaligned core at 21 m marked by wooden block. Chalk line (at 

top of core as laid in box) marks the low side of the inclined hole. The angled joint at this 

location should align.  The box is 650 mm long. 
 

The calibration testing was repeated with the tool laid out in the horizontal plane, which it again 

passed. To investigate the error further the calibration test was then re-run with the tool held in 
the open borehole at 85 degrees from horizontal.  The calibration was run six times (three times 

on each of the two identical tools) and errors of between 30 and 180 degrees were recorded.  

 

It is not known how many of the core runs were misaligned.  Few of the runs ended at an 
inclined joint, and there was no way to visually confirm the accuracy of the remaining runs.  

The manufacturer was contacted, and was unable to explain the problem; given that it applied to 

both tools it appeared to be a systemic issue.  Another user of very similar equipment (Reflex 
ACT II RD) was contacted and reported similar errors with an estimated failure rate of one run 

in three along a 1000 m deep borehole (Phillip Falconer, 2010, pers. comm.). 

 
4.2 Optical Televiewer 

 

Key ways the optical televiewer could fail were identified as: 
 

• Magnetic properties in the rock could cause orientation errors when using the compass.  This 

was not expected to be an issue in the ECBF sandstones and mudstones at the site, although 

basalt was identified as a potential issue.  Where the tool was used in inclined holes it was 
easy to check that the orientation stayed consistent with the low side of the hole. 

• Since the boreholes must be unlined for the sides to be visible there was a risk of hole 

collapse preventing recordings being made, particularly the upper parts of the boreholes and 

also where highly fractured zones were present in the rock.  The installation of temporary 
plastic casing allowed stabilisation of the upper borehole. These were withdrawn 

immediately before recording data to allow a complete record to be compiled. 

• Small defects may be obscured or infilled by smeared drilling mud.  The holes were 

carefully flushed, and the issue was monitored on site by logging defects in the recovered 

core and comparing the logs with those produced by the optical televiewer system. 
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• The water may be cloudy due to suspended solids, reducing the visibility.  A flocculent was 

added to make suspended sediment in the hole settle so the water in the borehole was 

relatively clear.  
 

An assessment of recorded orientation against the low side of the boreholes showed no errors in 

the orientation data.  However, the optical televiewer did not collect a dataset completely 

reflecting the defects logged in the core.  In general fewer defects were visible in the optical 
televiewer record than were logged in the core.  The causes were identified as: 

  

• Drilling induced fractures in the core being erroneously logged as natural fractures 

• Natural fractures in the core being correctly logged, but not visible to the optical televiewer. 

 
Where a defect was identified in the core and the optical televiewer record then the data was 

accurate and valuable.  Although the optical televiewer data can distinguish between defect 

types, these assessments are made on the basis of relatively basic images and it was found that 

validation against the core was important. 
 
4.3 High Resolution Acoustic Televiewer 

 

It was anticipated that the potential problems expected for the optical televiewer would also 

apply to the HiRAT, and similar mitigation measures were put in place.  The following 
additional potential issues were also identified: 

 

• The HiRAT only operates in water, therefore requiring the borehole to be fully saturated. 

Where high permeability zones exist then maintaining a fully saturated borehole could 

present challenges. This problem did not occur during operation on the project.  

• The HiRAT relies on being centralised within the borehole to provide accurate identification 

and orientation of defects.  Centralisation of the PVC casing was found to be problematic in 

the 60 degree inclined holes. The use of the HiRAT was subsequently applied to only 

vertical boreholes for the remainder of the investigations as no appropriate mitigation 
measures could be identified.  

 

The inclined holes also had a greater variation in borehole diameter which caused problems for 
the sonic calliper on the HiRAT. The quality of data recorded was found to reduce as the 

number and frequency of wash out zones increased.  For the purposes of this paper, was out 

zones are defined as zones of increased borehole diameter associated with the drilling induced 

erosion, typically of uncemented sandstone.  
 

The acoustic televiewer data collected was raw and required considerable filtering, static and 

dynamic image normalisation, centralisation corrections, orientation corrections (tool roll), 
manual interaction to find sine wave curves, and to generate dip/azimuth plots. All of this 

manual manipulation of data introduced potential opportunities for errors. 

 
The data did not distinguish between various defect types, including drilling induced fractures, 

and therefore the data set needed to be verified by direct comparison against core. This 

introduced another opportunity for error during the data validation process. 

 
5 CONCLUSIONS 
 

Three tools were used to assess the orientation of defects in weak rock. The quality and 
reliability of the data collected by each tool was shown to be variable. 

 

On both projects the information relating to the rock structure and defect orientation gained was 

extremely useful.  The additional costs involved were substantially less than the value of the 
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additional data, which in one project allowed for a reassessment of slope stability.  Confidence 

in the results was achieved by use of downhole camera results correlated with logged core.  This 
assessment indicated higher factors of safety than initially anticipated, allowing very extensive 

retaining structures to be omitted. 

  
5.1 Core Orientation Tool 

 

Significant errors were identified in the data collected with the core orientation tool.  The cause 
of the errors could not be identified by the engineer, driller or the equipment supplier.  Site tests 

showed that the tool became unreliable in collecting orientation data in sub-vertical boreholes 

even when the other anticipated sources of error such as core spin were accounted for.  The 

error was not restricted to a single faulty tool.  This problem would not be unique for weak 
rocks.  Until the equipment can be proven to collect error-free data its use in circumstances 

similar to those described in this paper is not recommended. 

 
During research for these projects other core orientation tools were considered and discounted 

as being either inaccurate or inappropriate for use in weak rocks.  This was primarily because 

the weak rocks were likely to be damaged by the tools’ marking methods.   
 

This finding is based on use of one specific tool (the CoreTell ORIshot) in sub-vertical 

boreholes and might not be applicable to other similar tools or this tool in shallower holes; 

however, anecdotal evidence suggests that other similar tools also experience similar issues.  
Given that it is hard to verify that core orientation tools are working correctly it is recommended 

that any use of such tools is combined with other methods to assess their reliability. 

 
5.2 Optical Televiewer 

 
The optical televiewer provided easily verifiable data and good confidence in the accuracy of 

the results.  It did give a number of false positives (drilling scratches in the hole wall recorded 

as defects) and false negatives (defects visible in the core not seen in the hole wall probably as a 

result of smeared clay obscuring the view).  These problems may be specific to weak rocks.  It 
is considered essential when used in weak rocks that the data is compared with logged core and 

only defects that are identified in both are used. 

 
The optical televiewer performed best in vertical HQ size holes; in these holes the light source 

easily illuminated the hole, and because the device was hanging in the centre of the hole rather 

than resting on the lower side the illumination was evenly spread. 
 
5.3 In-situ High Resolution Acoustic Televiewer 

 
The HiRAT performed reasonably well, although the teams involved in the projects had more 

reservations over this tool than the optical televiewer. The biggest issue is centralisation. If the 

tool is not properly centralised the orientations of the defects cannot be determined correctly. 
The acoustic televiewer appeared to provide an accurate record of the dip and direction of 

defects when properly centralised.  As with the optical televiewer it reported false positives and 

false negatives, and therefore should also be compared with logged core.  The tool performed 
poorly in areas where the borehole diameter varied for example, due to wash out. If the borehole 

diameter in wash out or fracture zones is too wide the sonic calliper sensor cannot properly 

resolve defects in the borehole wall. 
 

The acoustic televiewer requires the borehole to be fully saturated. In areas where the ground is 

highly permeable it may be challenging to maintain a constant head of water, increasing the 
complexity of the test. This was not found to be an issue on the subject project.  
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HiRAT has the advantage that the imaging can be obtained through casing, thereby preventing 

the risk of instrument damage or loss and enabling potential imaging of fracture zones which 
cannot be captured by optical televiewer in an open hole. Also, the instrument has built in 

magnetometer sensors to allow collection of data to correct for tool roll. 

 
5.4 Summary 

 

Problems were found with all three methods of defect data collection discussed in this paper. Of 
these three methods the oriented core device was found to provide the least reliable and least 

verifiable results. Concerns were raised regarding the repeatability and reliability of this tool 

when characterising defects in weak ECBF rock.   

  
Both the optical televiewer and high resolution acoustic televiewer provided generally good 

correlation against recovered core and are considered suitable for application in weak rocks. 

Borehole sidewall caking in ECBF was a minor issue for data collection for both devices. The 
most reliable results were achieved in higher strength lithologies within the ECBF.  

 

Whilst the installation of casing in unstable boreholes may provide an advantage for acoustic 
televiewer surveys, it was found that the installation of non-centralised casing adversely affects 

the results. Careful centralisation of casing for acoustic televiewer surveys is recommended.   

 

The ultimate decision of the type of instrument to be used for obtaining defect data in weak 
rocks should be made based on evaluation of existing ground conditions and available borehole 

logs, and following appropriate consultation with specialist suppliers and operators of the 

instruments.  It is essential that data obtained by any method is directly compared against 
recovered core and the geological logs to validate the dataset prior to use in design.  
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