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Abstract 

During the development of deep underground excavations spalling and rockbursting have been 

recognised as significant mechanisms of violent brittle failure. In order to predict whether violent brittle 

failure will occur, it is important to identify the location of stiffness transitions that are associated with 

geologic structure. 

One approach to identify the effect of geologic structures is to apply borehole geophysical tools 

ahead of the tunnel advance. Stiffness transitions can be identified using mechanical property analysis 

surveys that combine acoustic velocity and density data to calculate acoustic estimates of elastic moduli. 

However, logistical concerns arise since the approach must be conducted at the advancing tunnel face. As 

a result, borehole mechanical property analyses are rarely used.  

Within this context, laboratory ultrasonic pulse velocity testing has been proposed as a potential 

alternative to borehole mechanical property analysis since moving the analysis to the laboratory would 

remove logistical constraints and improve safety for the evaluators. In addition to the traditional method 

of conducting velocity testing along the core axis, two new methodologies for point-focused testing were 

developed across the core diameter, and indirectly along intact lengths of drill core. The indirect test 

procedure was implemented in a continuous ultrasonic velocity test program along 573m of drill core to 

identify key geologic structures that generated transitions in ultrasonic elastic moduli.  

The test program was successful at identifying the location of geologic contacts, igneous 

intrusions, faults and shear structures. Ultrasonic values of Young’s modulus and bulk modulus were 

determined at locations of significant velocity transitions to examine the potential for energy storage and 

energy release. Comparison of results from different ultrasonic velocity test configurations determined 

that the indirect test configuration provided underestimates for values of Young’s modulus. This indicated 

that the test procedure will require modifications to improve coupling of the transducers to the core 

surface.  
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In order to assess whether laboratory testing can be an alternative to borehole surveys, laboratory 

velocity testing must be directly assessed with results from acoustic borehole logging. There is also 

potential for the laboratory velocity program to be used to assess small scale stiffness changes, differences 

in mineral composition and the degree of fracturing of drill core. 
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Chapter 1 

Introduction 

1.1 Background 

In this thesis, a methodology is developed to utilize point-focussed and continuous acoustic 

logging of core to provide a detailed linear map of velocity changes and by empirical correlation, 

stiffness changes. The background, new developments and applications of this technique will be 

discussed throughout this thesis. It is useful, first, to review some background on rockbursting 

and burst hazard prediction. 

1.2 Influence of Rock Properties and Stress State on Rockbursting  

During the development of deep underground excavations, whether it be in mining environments 

or tunneling, spalling and rockbursting have been recognised as significant mechanisms of violent 

brittle failure. Rockbursts are explosive failures of rock which occur when high stress 

concentrations are induced around underground openings (Hoek, 2006). The rockburst events are 

generally triggered or associated with a seismic event and occur in brittle rock or rockmasses with 

brittle structure. A seismic event is denoted as a rupture in massive rock which releases energy in 

the form of seismic waves. The seismic wave can be triggered as a result of distant tectonic fault 

slip, a local slip event triggered by mining and underground construction, or in the form of an 

auto-seismic event where the seismic trigger is co-located with rock failure near tunnel boundary. 

In tunnelling through virgin ground, the most important rockburst mechanism is strain 

bursting of walls and the tunnel face (Kaiser et al., 1996). Strain bursting is associated with 

sudden stress-induced rock failure in the tunnel perimeter, resulting in instantaneous and violent 

bulking. In this case, the energy of ejection comes from the rock surrounding the failing volume 

and the primary source of seismicity is the rockmass around the tunnel itself (Diederichs, 2017a). 
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It is important to note that strain bursting occurs as a result of the complex stress path 

within the near-field rock as the tunnel advances (Diederichs et al., 2013), and these stress paths 

can be generated with or without structural control. The extent and dynamic intensity of brittle 

failure can be mitigated by or enhanced by structural, compositional and geometrical components 

within the rock-tunnel system (Diederichs, 2017a). 

In order to predict whether the violent brittle failure may occur along an excavation, there 

must be an understanding of each of the components that create the conditions for failure. Stress 

concentration, deconfinement and energy storage potential all influence the likelihood of brittle 

failure (Diederichs, 2017a). Energy storage is particularly important since it determines whether 

the rockmass will deform in a brittle manner, and is closely dependent on the surrounding 

geologic conditions.  

Hazard analysis for quantifying the potential for brittle failure requires the examination of 

the rock mass and its capability for energy storage and energy release (Kaiser et al., 1996). A 

variety of numerical tools have been developed to try to quantify the potential for energy storage. 

Evaluation of the rockmass conditions and physical parameters is also carried out to determine 

the amount of elastic energy that would be released if a rockburst were to occur. A selection of 

energy storage and energy release characterization methods are described in sections 1.2.1 to 

1.2.7.  

At present, a large portion of rockburst prediction research is devoted to developing 

numerical methods that can estimate and predict the likelihood of rockburst events using energy 

storage analysis. Cook et al. (1966) were the first to examine how energy storage and energy 

release was related to strain bursting in underground mining. They determined that violent 

damage of rock occurred when excess energy became available during the post-peak deformation 

stage. From this understanding, a theoretical method of predicting rockbursts known as the 

energy release rate approach was developed. 
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1.2.1 Energy Release Rate 

Energy release rate (ERR) is defined as the energy per unit volume that is released in a given 

excavation step (Wang and Park, 2001). The general equation for ERR is expressed in Equation 

1.1, where ERRi is the energy release rate, Wi is energy released from the surrounding rock, and 

Vi is the volume of rock for a given excavation step i. 

     ERR# = 	
&'
('

    [1.1] 

This index is typically applied to the release of strain energy within the void being excavated 

although other approaches have been used to calculate the release of energy from the surrounding 

rock as well (Kaiser et al, 1996). 

1.2.2 Energy Index 

Energy index (ENi) was initially developed for rockburst prediction in the coal mining industry. 

Energy index (ENi) is the ratio of stored elastic strain energy to dissipated irrecoverable strain 

energy (Equation 1.2). The factors  fsp and fst correspond to the areas divided into elastic strain 

energy and irrecoverable plastic strain energy within an analytical stress-strain plot, respectively.  

     ENi = 
ϕsp

ϕst
     [1.2]  

 

The larger the value of ENi, the greater the susceptibility for rockburst events. Based on 

the work completed by Peng (1986), a range for energy index values was developed for the coal 

mining industry (Table 1.1). 

Table 1.1: Energy index ranges for rockburst susceptibility in coal mining operations (Peng, 

1986). 

ENi < 2 ENi : 2-5 ENi > 5 
Not Susceptible Susceptible Highly Susceptible 

 

When applying the energy index to stiff brittle rock, values for plastic strain energy are 

close to zero, indicating large accumulations of elastic strain energy. Due to the limited amount of 
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plastic energy, values for ENi ® ¥ and the index becomes impractical for predicting rockburst 

potential (Lee et al., 2004). In these environments, calculating strain energy density is more 

practical.  

1.2.3 Strain Energy Density 

In numerical modelling, the values for elastic strain energy are divided by the volume of material 

to determine the strain energy density (SED) per unit volume under compression. General values 

for SED are calculated using Equation 1.3 where SED is the ratio of uniaxial compressive 

strength (UCS) and Young’s modulus (E). As a convention, the unit for both values is in MPa. 

SED = UCS2

2E
     [1.3] 

Based on the opinion of Kwasniewski from Wang and Park (2001), SED values can be 

used as a scale factor to determine the amount of elastic strain energy that can be stored in the 

rock specimen prior to the peak strength. Ranges of peak energy storage are provided in Table 

1.2. 

Table 1.2: Rockburst susceptibility based on values of peak energy storage (Wang and 

Park, 2001). 

Very Low Low Moderate High Very High 

< 50kJ/m3 50-100 kJ/m3 100-150 kJ/m3 150-200 kJ/m3 >200 kJ/m3 

 

1.2.4 Burst Prone Index 

For mining operations, the concept of energy storage rate (ESR) has been used to determine the 

risk of strain bursting. Mitri et al. (1999) used the principle of energy storage to develop a 

predictive tool called the burst prone index (BPI). The index, expressed in Equation 1.6, is based 

on the ratio of ESR to maximum strain energy Enmax. Based on experimental laboratory testing, 

Enmax is the maximum strain energy the rockmass can sustain before failure and is expressed as a 
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percentage. In the absence of detailed stress-strain data of the rockmass, Enmax can be equivalent 

to the value for strain energy density.  

    BPI=	 ESR
Enmax

 × 100%        [1.4] 

1.2.5 Brittleness Index  

In addition to the predictive indices that utilize principles of energy storage, there are a number of 

indices that examine physical properties of the rockmass for rockburst prediction. The following 

section lists the most frequently used indices.  

The brittleness index (BI) is a rock strength ratio (Diederichs, 2007; Lee et al., 2004) 

between UCS and tensile strength (sT) expressed in Equation 1.4. Both of these material 

properties influence the likelihood and extent of brittle failure. Depending on the rockmass 

quality, BI values as low as 9 can indicate the potential dominance of extension cracking in the 

damage process leading to spalling potential (Diederichs, 2007). 

     BI = UCS
σT

     [1.5] 

 
As a companion index to BI, the UCS can be used as a proxy for energy storage 

(Diederichs, 2007). Stronger rocks with higher UCS values tend to resist shear failure, which 

results in a larger buildup of strain energy in the surrounding rockmass. High BI and high UCS 

often lead to higher burst potential (Diederichs, 2007). 

1.2.6 Diederichs Spalling Predictor 

Based on a number of empirical observations of the failure radius around tunnel openings, Martin 

et al. (1999) compared the best fit trend of empirical observations to elastic modelling 

predictions, and developed a linear trend as a function of maximum tangential boundary stress 

(smax) and UCS. smax was calculated based on an equivalent circular excavation in the relevant 

anisotropic stress field. Wang and Park (2001) discuss a similar index. Diederichs (2007) revised 
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the expression where spalling potential is the ratio of the maximum tangential boundary stress 

smax, and crack initiation (CI) which is the damage initiation stress (Equation 1.5).  

     SP = σmax
CI

    [1.6] 

CI is a parameter that can be measured with lateral strain readings or acoustic emission in 

a load test, CI in hard crystalline rock shows damage initiation at a uniaxial stress level of 

between one-third and one-half of the strength obtained from standard laboratory testing 

(Diederichs, 2007). 

1.2.7 Summary of the Rockburst Prediction Indices 

From examination of the equations, all of the indices described above pertain to massive 

(unjointed) rockmasses or moderately jointed rockmasses where the structure is not involved in 

the rockburst or overstress hazard. In these scenarios, the joints within the rockmass are believed 

to be clamped together by the in situ stress to the point that the effective cohesion created by 

inter-surface interlock cannot be exceeded before rupture of the intact rock occurs (Diederichs, 

2015). Since these are the most common indices that are applied in industry as standard practice 

(Diederichs, 2015), the influence of structure is rarely incorporated into the brittleness and 

rockburst hazard assessment. 

1.3 Influence of Structure on Brittle Failure  

The occurrence or severity of rockbursting can be reduced or increased by the presence of 

geological structure depending on the nature, intensity and orientation of the structural elements 

relative to the excavation alignment. Common influential structures include geologic contacts, 

joints and faults. 

1.3.1 Effect of Rockmass Quality   

It is understood that strain bursts generally occur in massive to moderately jointed rockmasses 

(Kaiser et al., 1996). If the rockmass were densely fractured and heavily jointed, stress would 
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dissipate along the structural planes and there would not be enough build-up of stress to generate 

rockburst conditions. From this understanding, the quantity of fractures and joints that develop in 

the rockmass can help to determine the likelihood of strain burst events.  

Wang and Park (2001) used the rock quality designation (RQD) index to quantify the 

degree of fracturing of the rockmass (Hoek et al., 1995), and their evaluation showed that regions 

of intact rock which had RQD values between 90% and 98% had a higher possibility of 

rockbursting. Lee et al. (2004) also examined the influence of rockmass quality on rockburst 

potential using the rock mass rating system (RMR) from Bieniawski (1976). They determined 

that the greatest potential for rockbursting occurred in regions that exhibited a range in RMR 

values from 41 to 60. In this case the range in values of RMR may have been lower as a result of 

the hydrogeology and the influence of water on the joint structures. Diederichs (2007) used the 

geological strength index (GSI) to quantify which rockmass units were susceptible to spalling 

failure (Marinos et al. 2005). Regions of blocky-to-intact rockmass with GSI values in excess of 

60 were defined as the zones where spalling could be anticipated.  

Although rockmass characterization is useful when determining the type of rockburst 

failure mode that is expected (Kaiser et al., 1996), it should only be applied as a proxy to assist in 

verifying other rockburst indices since the presence of structure does not always allow for stress 

redistribution.  

1.3.2 Effects of Structure on Increased Stress Conditions 

1.3.2.1 Discrete Structure  

In some situations, the presence of geologic structures can increase the likelihood of rockbursting 

in competent and moderately jointed rockmasses (Diederichs, 2015). The most well-known 

influencers of in situ stress conditions are discrete geologic structures and geologic contacts. 

Rocks adjacent to faults, shear zones, dykes and other geologic units can be subject to abnormal 

stress concentrations.  
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The localized stress concentrations are often generated by differences in stiffness 

between the geologic structure and the surrounding rockmass. The sharp transition between units 

with different energy storage capabilities could generate discrepancies in the deformability of the 

rock mass. As a result, the stiffer units would take on more load to attract stress away from the 

softer units. This allocation of stress to the stiffer units combined with the resistance to 

deformation under stress would result in the build-up of elastic strain energy that could lead to 

violent brittle failure in the form of rockbursting. 

1.3.2.2 Continuous Structure 

Continuous structures (i.e. joints, foliation, layering, bedding) can work to increase or decrease 

the likelihood of brittle failure. As stated previously, regions of densely fractured and heavily 

jointed rockmass could dissipate stress along the structural planes. However, in situations where 

the overall rockmass quality is reduced and the potential for dynamic rupture is lower, regions of 

intense jointing or increased weathering and alteration could still potentially result in a larger 

zone of yield around an excavation. In these situations, the failed rockmass becomes ‘baggage 

material’ that can be ejected at high velocity if a rockburst were to occur further away from the 

tunnel excavation (Diederichs, 2015).  

There are situations where moderately spaced structure can generate an increase in 

energy storage. Within these regions, rockbursting can occur at lower stress levels. Diederichs 

(2015) provided a series of scenarios in which the continuous structure interacts with the stress 

field around a tunnel excavation, resulting in different forms of brittle failure. The different 

scenarios are summarized in Table 1.3.  
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Table 1.3: Detailed description from Diederichs (2015) of scenarios in which continuous 

geologic structures influence the potential for brittle failure under different levels of in situ 

stress. 

Failure Mode Definition Applicable Scenarios 

Plane or Block 
Shear 

Continuous planes of 
weakness such as 
bedding, volcanic 

layering, foliation or 
cleavage creates the 

potential for shear into 
the opening.  

Inclined structure dipping 10-40 degrees with a 
strike sub-parallel to the tunnel will result in floor 
heave and roof shear under moderate horizontal 
stress more perpendicular to the tunnel axis. 

Inclined structure dipping 50-80 degrees with a 
strike sub-parallel to the tunnel will result in wall 
shear under moderate vertical stress. 

Inclined structure dipping 10-40 degrees with a 
strike sub-parallel to the tunnel, with moderately 
spaced steep joints forming planar blocks or 
intersection prisms can pose a hazard for sudden 
wall bursting involving large blocks under high 
stress (vertical or horizontal). 

Buckling  

Continuous planes with 
tight sub-meter spacing 
can create the potential 

for violent buckling 
failure at lower stress 

levels than predicted by 
continuum methods.  

Moderately thin bedding or horizontal structure 
parallel to the roof and floor will focus stresses 
and pose a hazard for dynamic buckling in the 
floor or roof under low, moderate or high stresses 
in any direction. 

Moderately thin bedding or horizontal structure 
parallel to the walls will focus stresses and pose a 
hazard for dynamic buckling in the walls under 
moderate to high vertical stresses. 

Moderately thin bedding or horizontal structure 
parallel to the face poses a serious hazard for face 
bursting. The hazard can occur at any significant 
stress level. 

Structurally 
assisted spalling 

and strain 
bursting 

Structure intersecting 
the excavation at a high 
angle can create funnels 

or chimneys of 
fracturing with delayed 

release and energy 
storage due to fracture 

dilation.  

Steep structure striking parallel to the tunnel or 
multiple sub-vertical joint sets creating vertical 
prisms combined with high horizontal stress at 
any angle to the tunnel axis.  

Structure which makes a high angle to any wall 
or the tunnel face with a spacing greater than 1m 
can lead to structurally assisted spalling and 
strain bursting. 
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In the case of structurally assisted spalling and strain bursting, the structure acts as a 

funnel for induced spall fractures through intact rock. This creates thick chimneys of spalled rock 

which store dilatational energy until a critical release point is reached. The structure configuration 

turns classic spall failure into massive and aggressive bursting (Diederichs, 2015).  

What is particularly important about the influence of structure on brittle failure hazards is 

that structural failure modes may initially present themselves in a non-violent way. As stresses 

increase or as rock or structure changes, the brittle failure may become violent (Diederichs, 

2017). 

Since the rockburst prediction methods described in Section 1.2 were originally 

developed for massive unjointed rock, the regions of high stress that are associated with structure 

would not be identified in the hazard analysis. In situations involving plane or block shear and 

buckling, the structure will create a rockburst hazard at stress levels below predicted failure levels 

from intact rock. In these situations, the burst prone indices would provide overestimates for the 

stress magnitude required for failure. In the case of structurally assisted spalling and strain 

bursting, the structure would increase the amount of brittle damage around the excavation 

boundary. The standard characterization methods that were developed for intact rock would likely 

underestimate the potential depth of failure and the overall expected volume of ejected debris. 

1.3.3 Identification of Key Geologic Structures 

At present it is difficult to empirically assess or quantify the influence of structure on rockburst 

hazard potential. Additionally, there is currently no quantitative or empirical system to predict 

which of the brittle failure mechanisms associated with structure will become active and under 

what stress level they will be an issue (Diederichs, 2015). In order for predictors of structurally 

influenced failure to be successful, the assessment would require sufficient prior knowledge of 

joint spacing, bedding thickness, orientation of structure or critical dip angles. 
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For this reason, scout-hole programs have been developed to identify the location of key 

structures and potential zones of instability along the direction of the excavation (Falconer et al., 

2016). These programs apply a series of boreholes oriented generally parallel to the planned 

excavation alignment to examine the geologic conditions. Within these boreholes, different 

borehole geophysical techniques can be applied to further characterize the rock conditions ahead 

of the tunnel advance. Characterization of geologic structures is most commonly conducted 

through the implementation of acoustic televiewer (ATV) and optical televiewer (OTV) surveys 

in combination with drill core logging.  

OTV surveys use a digital borehole camera that records a continuous, magnetically 

orientated, digital 360° colour image of the borehole wall. Using the digital image, it is possible 

to directly observe lithological changes in the rockmass and identify any additional structural 

features (Li et al., 2012). These discontinuities are displayed in 2D as sinusoidal curves, and 

strike and dip values of structural features can be determined directly from the images.  

Although there are different types of digital camera systems, the basic components and 

formats are very similar. OTV systems consist of a probe, depth measuring device, control box, 

data logger, cables, and alternative measuring rods for horizontal or inclined boreholes. Of the 

different structural features that can be recorded, OTV is especially useful for identifying 

fractures in the rockmass. OTV technology has been used by Li et al. (2012) to identify fracture 

networks associated with the excavation damage zone (EDZ) around tunnels. 

Similar to OTV, acoustic televiewer surveys generate continuous and oriented 360° 

views of the borehole wall and are used to identify lithology changes, structural features and 

fracture networks. ATV imaging systems send acoustic beams into the borehole wall using a 

rotating transducer. The machine then records the amplitude and transit-time of the signals that 

are reflected off the drilling fluid and the rockmass (Raef et al., 2015). The data is displayed as 

2D images, and transit-time data is used to generate caliper logs (Williams and Johnson, 2004).  
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Reductions in the borehole diameter caused by structure would scatter energy from the 

acoustic beam. The scattered waves reduce the signal amplitude of the beam that returns to the 

receiver, which generates linear features on the imaging (Paillet et al., 1990). In zones where 

there is no change in the borehole diameter, acoustic impedance contrast between the borehole 

fluid and the wall can be used to identify features. Acoustic impedance indicates the relative 

hardness of the borehole wall. Therefore, as long as there is sufficient acoustic contrast, lithology 

changes, foliation, bedding, and sealed fractures, the structures may still be detected (Williams 

and Johnson, 2004). 

In some circumstances, rock type or degraded conditions of the borehole can affect the 

quality of televiewer data. In the case of OTV, rocks that are dark in colour, cloudy borehole 

water, and borehole walls coated with mud or drilling lubricant result in unclear imaging. Under 

these conditions, fracture networks are more clearly defined on acoustic images since the images 

are generated based on physical differences within the material. However, optical images allow 

for the direct viewing of the rockmass, which is very important when characterizing the 

relationship between lithology, fractures and other structural features (Raef et al., 2015). To 

overcome the limitations of each method, the optimal approach is to combine both ATV and OTV 

in the scout-hole.   

Although the combined application of ATV and OTV surveys are able to identify the 

location and orientation of geologic structures, the methods cannot be used to quantify which key 

structures are the major players that could generate stress concentrations and increase the 

likelihood of brittle failure and rockbursting. Examination of changes in mechanical properties, 

specifically stiffness along the tunnel alignment may help identify those key structures. 

The influence of stiffness on rockburst potential has already been used to evaluate the 

likelihood of brittle failure in intact rock. The SED index by Kwasniewski et al. (1994), is the 

only index that addresses the influence of stiffness on material behavior. In addition, the results 
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are independent of the in situ stress state. Since rock stiffness scales linearly with strength in most 

situations, the index is reduced to a linear ranking based on the magnitude of the compressive 

strength. This assumption is valid since rockburst energy does scale with strength. However, the 

influence of stiffness on brittle failure potential is more complex, especially when structure is 

present within the rockmass (Diederichs, 2015).  

As explained previously, localized stress concentrations are often generated by 

differences in stiffness between geologic structures and the surrounding rockmass. These stiffness 

transitions are often not characterized in conventional laboratory testing since these regions occur 

at structural boundaries. If continuous data for stiffness could be determined along a given length 

of the planned excavation, it could indicate regions where geologic structures could generate 

potential hazards.  

Integrating mechanical property analyses into exploration scout-hole programs is one 

method that could be used to gather continuous stiffness data and identify zones of stiff, brittle 

material or stiffness transitions ahead of the tunnel advance. In order to generate mechanical 

property values, borehole sonic logging and density surveys from gamma-gamma are conducted. 

Based on the relationship between seismic velocity and density, acoustic values for Poisson’s 

ratio, Young’s modulus, shear modulus and bulk modulus can be determined (Barton, 2007).  

Borehole sonic logging provides a continuous record of both compressional velocity 

waves and vertically polarized shear waves of the rockmass surrounding the borehole. This 

survey technique was first established by the petroleum industry to characterize physical 

properties of the subsurface. The system consists of a probe that contains an acoustic transmitter, 

two receivers placed a certain distance apart, and a bow string to keep the apparatus centralized 

(Gusmeroli et al., 2012).  

In full-waveform sonic logging that is often used for mechanical property analysis, the 

two receivers record discrete waveforms which are representative of the elastic energy that has 
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traveled through the rockmass. From the system, it is possible to measure the arrival time of the 

compressional velocity waves and the vertically polarized shear waves (Gusmeroli et al., 2012). 

The bulk density values that are determined are a function of both the mineralogy of the 

rockmass and the fluid enclosed in the pore spaces. Although gamma-gamma surveys are 

generally used to determine porosity based on the contrast in density, the absolute value of bulk 

density is more important for rockburst prediction since it is required for the calculation of 

acoustic elastic moduli. The method consists of a radioactive source that emits gamma rays into 

the rockmass and a detector that is a set distance away from the source. The resulting gamma rays 

interact with electrons in the rockmass in a process known as Compton scattering (Schlumberger 

Oilfield Glossary). The quantity of scattered gamma rays that return to the detector in the 

borehole is related to the formation's electron density which is used to determine the bulk density. 

From the mechanical property analysis, the acoustic stiffness of the material can be 

monitored along the length of the borehole. When combined with results of drill core logging, 

this borehole method can identify which geologic features (i.e. faults, shear zones, geologic 

contacts) have associated transitions in acoustic elastic modulus values.  

1.4 Case Study of the Sudbury Exploration Ramp 

A case study was examined to evaluate the effectiveness of borehole scout-hole techniques for the 

characterization of geologic structure. The standardized scout-hole program was developed for 

use during the excavation of a mining exploration-ramp in the north-east Sudbury Basin 

(Falconer et al., 2016). Since the exploration ramp was situated away from the major mining 

operation, the development replicated tunneling through virgin ground, and mining induced 

seismicity was not expected.  

The exploration ramp was developed at the base of the mining operation at 1.6km depth, 

and extended down to a planned depth of 1.9km. Falconer et al. (2016) designed the scout-hole 

program such that 600m scout-holes were implemented every 300m along the ramp. This overlap 
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of data compensated for the time required to process the data, and acted as verification for any 

geologic features that were identified between the two boreholes. To allow for more coverage 

along the perimeter of the excavation, the orientation of the scout-hole curved under the drift over 

the 600m length. The layout of the scout-hole program is illustrated in Figure 1.1. 

 

Figure 1.1: Plan view of the location of each planned and drilled scout-hole along the length 

of the exploration ramp (Falconer et al., 2016). 

The scout-hole program was originally designed to include borehole ATV surveys and 

the retrieval of non-oriented drill core along the entire length of the borehole. Results from the 

ATV surveys were correlated with the drill core to see how the structural features lined up with 

projected features from the ATV surveys. After the surveys were complete, a seismic sensor was 

installed 400m down the borehole.    

As part of the case study additional surveys were implemented in one particular borehole. 

The scout-hole was approximately 1km from the main mining operation and at 1.8km depth. An 

OTV survey was added to the scout-hole procedure. The OTV survey was used as a validation 

tool to correlate features found in the ATV survey to structures identified in the drill core logging. 

From the results of the ATV and OTV surveys, the scout-hole exhibited minor jointing with an 

average dip and dip-direction of 25/141, respectively. A Schmidt plot was used to demonstrate 

the orientation of all identified structures from ATV and OTV within the borehole and is 

illustrated in Figure 1.2. Using the information on the orientation of the structures and the relative 
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joint spacing, the influence of structure could be quantified using stereonet projection of failure 

modes to determine whether the continuous structures could generate rockburst potential. Within 

this case study however, from prior experience of tunneling through mafic norite along the ramp, 

the rockmass was expected to be very blocky with wedge failure as the dominant failure 

mechanism (Simser, 2015). 

 

Figure 1.2: Schmidt plot indicating all geologic features that were identified within the 

scout-hole using ATV and OTV (Falconer, 2015). 

In the same borehole, a mechanical property survey was conducted to determine whether 

the technique could be used to identify stiffness contrasts associated with structural features. This 

survey was conducted by executing acoustic velocity and density surveys along the borehole to 

determine values of P-wave velocity, S-wave velocity and bulk density along the length of the 
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borehole at 0.2m resolution. At the locations were the measurements were taken, values of 

acoustic elastic moduli were determined using the equations listed in Figure 1.3. This allowed for 

acoustic values of Young’s modulus, Poisson’s ratio, bulk modulus and shear modulus to be 

determined at 0.2m resolution along the length of the borehole.  

 

Figure 1.3: Determination of elastic moduli from velocity and density. Young's modulus is 

calculated in terms of bulk modulus (K) and shear modulus (µ). 

In this location, the exploration ramp was situated in a large zone of mafic norite. By 

conducting the survey through a relatively homogeneous unit of mafic norite, it was believed that 

all stiffness contrasts would be caused by structural features rather than geologic contacts. Based 

on geologic surveys completed in the region, the exploration drift was expected to intersect a 

major shear zone over the first 200m of the scout-hole (Falconer, 2015). As a result, full 

waveform sonic and gamma-gamma surveys were completed over the first 200m of the scout-

hole while ATV and OTV surveys were completed over the entire length of the borehole.  

Two major geologic structures were identified along the first 200m of the scout-hole. The 

geologic structures were present within the four borehole surveys (i.e. ATV, OTV, full waveform 

sonic, gamma-gamma) and correlated to a 0.20m thick mafic dyke (Figure 1.4) and a 0.15m thick 

carbonate and chlorite shear zone in the drill core (Figure 1.5). Based on the projected location of 

the major shear zone from previous geologic logging in the region, the chlorite shear at 97.49m 

was identified as the major shear zone.  
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Figure 1.4: Lithology contrasts created by the mafic dyke cause a reduction in seismic wave 

velocities which generated reductions in the mechanical property values. Full wave form 

sonic is denoted with the velocity density long (VDL).  

 

 
Figure 1.5: The shear zone generated both visual and mechanical property contrasts that 

were identified across each of the scout-hole surveys. Full wave form sonic is denoted with 

the velocity density long (VDL). 
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Based on the results of the analysis, the seismic velocity data was especially helpful for 

identifying changes in lithology, whereas density surveys were effective in defining structure. 

From the mechanical property analysis, the intersection with the mafic dyke and the shear zone 

resulted in reductions in Poisson’s ratio, Young’s Modulus, shear modulus and bulk modulus.  

Locations of geologic structures along the borehole were identified in the ATV and OTV 

surveys. The mechanical property analysis provided further material information to help identify 

larger structures such as dykes and shear zones. Without previous geological information on the 

relative location of the shear zone shown in Figure 1.5, it would be difficult to identify which of 

the structures in the ATV and OTV logs were associated with the shear zone. The sharp change in 

mechanical properties provided the context to determine that the structure at 97m was the major 

shear zone. 

 With the collection of continuous stiffness data along the length of the borehole, the 

mechanical property analysis technique could be used to identify specific geologic features that 

could generate regions of energy storage and energy release. This could help characterize where 

brittle failure could be associated with structural controls. Based on the results of the case study, 

the mechanical property analysis was successful at identifying the location of discrete structures, 

while ATV and OTV testing were more successful at characterizing the rockmass and orientation 

of continuous structures.  

 At present these borehole techniques, specifically mechanical property analysis, are more 

commonly used as tools for preliminary site investigation rather than systematic scout-hole 

techniques. Since the techniques were originally designed as down-hole methods, there are few 

applications for implementation in shallowly inclined boreholes. In the case of the Sudbury 

project, winch and pulley systems had to be attached to the instruments in order to run the survey 

in the boreholes that had a shallow incline of 12° (Falconer et al., 2016). There were also 

concerns with implementing density surveys close to the excavation. Since the gamma-gamma 
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density surveys use a nuclear source, there were larger risks involved if the probe were to become 

lodged in the borehole. In the case of the Sudbury survey, the excavation would have to be 

stopped until the probe was effectively sealed in the borehole and the excavation drift alignment 

would have to be adjusted to ensure that the working drift was an acceptable distance from the 

lodged probe (Canadian Nuclear Safety Commission, 2015). 

As a result of the potential risks of conducting the survey in shallowly inclined boreholes 

as well as the logistics of transporting the equipment and the cost of the survey, the borehole 

mechanical property technique was not incorporated into the long-term scout-hole program. With 

the present limitations of the borehole survey method, acoustic mechanical property analysis is 

conducted sparingly and is not commonly incorporated into scout-hole programs (Blacklock and 

Diederichs, 2016). 

In the absence of borehole mechanical property analysis surveys, laboratory ultrasonic 

pulse velocity (UPV) testing could be an alternative method to collect acoustic velocity 

information. The UPV testing technique would require analysis of drill core in the core-shed 

rather than the borehole. This would take the analysis away from the excavation heading which 

improves safety and simplifies the logistics for the excavation process.   

In scout-hole programs, drill core is often collected to conduct geology and geotechnical 

logging. If UPV testing was conducted during the core logging process, ultrasonic velocity and 

bulk density data could be determined along the length of the drill core. When ultrasonic data is 

combined with values of bulk density, values of acoustic elastic modulus could be determined for 

drill core samples. This could give an indication of potential regions of energy storage and energy 

release along the length of the borehole.  

1.5 Research Objectives  

The work in this thesis aims to apply ultrasonic pulse velocity techniques as a hazard analysis tool 

for the identification of key stiffness transitions that are generated by geologic features. The main 
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objectives of this thesis were to develop a continuous test program to replicate the results from 

borehole mechanical property analysis surveys, and to evaluate whether ultrasonic methods could 

generate elastic modulus values that were consistent with results from laboratory mechanical 

testing. These research objectives were achieved by completing the following tasks:  

• Critically review the current methods in which UPV testing is applied in laboratory 

settings. 

• Establish a methodology for conducting UPV testing on individual samples. 

• Develop a continuous UPV test program to be conducted along sections of drill core. 

• Evaluate the continuous UPV test program for hazard identification. 

• Compare ultrasonic elastic modulus results with conventional laboratory mechanical test 

results. 

• Characterize detailed structural features in limestone using UPV testing. 

• Discuss the findings from the UPV testing, while providing recommendations for further 

applications. 

1.6 Thesis Outline 

This thesis consists of nine chapters which are outlined as follows:  

 Chapter One reviews the current techniques for prediction of violent brittle failure and 

the effects of geologic structure on brittle failure. The application of borehole techniques as 

hazard prediction tools are described within a case study, and the limitations of the current 

prediction techniques and the borehole methods are addressed. 

Chapter Two provides a background on the different UPV techniques that have been 

developed for laboratory and field testing. Applications for UPV testing in civil and geological 

engineering are also examined to determine which UPV test configuration would be most suitable 

for characterization of geologic structure. 
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Chapter Three lists the specific ultrasonic tools that were used for the analyses. This 

chapter also describes the development of the methodology for UPV testing which is primarily 

conducted on individual lab specimens. Assessments of quality control of the test configurations 

is also provided.  

Chapter Four describes the process of developing a continuous UPV test procedure which 

could replicate results from borehole acoustic velocity testing. The development of the procedure 

included the methodology for conducting the testing, as well as the data processing.  

Chapter Five presents the results of the velocity testing that was conducted along 573m of 

drill core retrieved from a vertical borehole in Kingston, Ontario. A series of assessments were 

conducted to evaluate the data quality of the P-wave and S-wave velocity.  

Chapter Six provides the detailed characterization of the continuous velocity data with 

the location of identified geologic structures within the drill core. Preliminary values of ultrasonic 

elastic moduli were used to assess the location of stiffness transitions.  

Chapter Seven contains a collection of comparisons between ultrasonic elastic modulus 

values from different UPV test configurations with values from standard laboratory mechanical 

testing. The UPV values were evaluated to determine whether the ultrasonic testing could 

generate meaningful approximations for elastic modulus values.  

Chapter Eight contains the results from detailed UPV characterization of small scale 

structures in the Cobourg Formation from southern Ontario. Relationships between UPV testing, 

saturation, modal mineralogy and porosity are also included. 

Chapter Nine provides a discussion of the results and summarizes the main conclusions 

of this thesis. Recommendations for further improvements of the UPV testing techniques and 

potential comparison methods are also discussed. 
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Chapter 2 

Review of Ultrasonic Pulse Velocity Testing 

This chapter provides a summary of the theoretical aspects of UPV testing under atmospheric 

pressure conditions. Sections are subdivided into the following topics: velocity propagation, 

relationships between velocity and elastic moduli, UPV system mechanics and testing techniques.  

2.1 Theory of Velocity Propagation through Solid Materials 

An acoustic pulse generated on a solid material will create body waves and surface waves. Body 

waves travel through the solid material at a faster velocity than surface waves. They are divided 

into two wave types based on their particle displacement mechanics. Compression waves are 

created with particle displacement in the direction of travel, resulting in the fastest arrival time. 

Shear waves are created with particle displacement at right angles to the direction of travel 

resulting in two shear waves in the vertical and horizontal direction, and slower arrival times than 

the compressional waves. Both compressional and shear head waves are non-dispersive, which 

means that their velocity does not change with frequency. As a result, they are the two waveforms 

that are measured using UPV systems.  

Surface waves are the slower of the two wave categories. The waveforms travel at the 

boundary surface and have an elliptical particle displacement. Surface waves can be divided into 

Rayleigh and Stonely waves and both have a high amplitude and period. These waveforms are 

dispersive, meaning that the measured velocity is dependent on the frequency of the source. As a 

result, the surface waves are not used in UPV testing applications (Bungey et al., 2006). The 

following Figure 2.1 illustrates the sequence of wave arrivals in a given recording window (Blyth, 

2017).  
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Figure 2.1: The sequence of wave arrivals in an acoustic borehole log from Blyth (2017). 

Although the mud arrival does not apply in the case of ultrasonic testing, the sequence of 

the body and surface waves is accurate. 

 

Although waves propagate as radial wave fronts, the transport of the head wave is 

commonly represented by a ray path. The ray paths illustrate the direction in which wave energy 

propagates. In geophysics the ray path generally denotes the direction of wave propagation from 

the transmitter to the receiver. In an isotropic medium the ray path is perpendicular to the wave 

front surface and several different ray paths are generated. Based on the idea of a direct ray path, 

travel times can be measured to generate values for velocity of the material (Mavko et al., 2009). 

 At boundaries between regions of different material properties the incident compressional 

wave is broken into reflected and refracted P-wave and S-wave velocities. During wave 

propagation P-waves can convert to vertically oscillating S -waves, but are mostly refracted as 

incident P-waves (Mavko et al., 2009). The amount of wave conversion that occurs depends on 

the contrast between layer properties and the angle of incidence. The amount that the waves are 

reflected or refracted depends on the contrast in physical properties at the boundary which results 

in differences in density and velocity of the materials. Similar material properties favour 

transmission of waves while large contrasts in properties favour the reflection of waves at the 

boundary (Mavko et al., 2009). The processes of wave conversion and wave reflection is 

important when examining ultrasonic profiles in anisotropic rock specimens. 
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2.2 Relationship Between Velocity and Elastic Moduli 

Elastic moduli can be related to acoustic velocities due to the influence of stress and strain on the 

propagation of waves. This relationship is mathematically represented in the general wave 

equation, which relates deformation and acoustic velocity. The general wave equation is often 

used to describe wave phenomena such as a wave travelling through a spring or pipe, but it can 

also be applied to velocity transport through rock (Mavko et al., 2009).  

 In three dimensions, stress is related to strain by a 4-dimensional stiffness tensor which 

contains eighty-one variables of elastic moduli (Mavko et al., 2009). By increasing the symmetry 

and homogeneity of the material under investigation the number of elastic constants decreases. As 

a result, values of elastic moduli are determined from acoustic velocity assuming it is in an 

isotropic medium. This assumption allows elastic moduli to be defined by any two independent 

moduli (Mavko et al., 2009).  

P-wave velocity (Vp) can be written in terms of the axial modulus, which is the sum of 

the bulk (K) modulus, shear modulus (µ), and density (r) (Equation 2.1). S-wave velocity (Vs) 

can be written in terms of the shear modulus (µ) and density (r) (Equation 2.2). In ultrasonic 

testing the mass of the tested material is confined so the numerator for the Vp equation is written 

in terms of the axial modulus rather than Young’s modulus (Mavko et al., 2009).  

    𝑉+ =
,-./µ

r
    [2.1]   

              𝑉0 =
µ
r
    [2.2] 

   

When values of velocity are combined with values of bulk density the equations can be 

rearranged to determine acoustic values of bulk modulus (Eq. 2.3), shear modulus (Eq. 2.4), 

Young’s modulus (Eq. 2.5) and Poisson’s ratio (Eq. 2.6).  
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2.3 Nomenclature for Ultrasonic Terminology 

Body waves are generated at the boundary or the interior of a medium and propagate through the 

medium. The two types of body waves are often defined in pairs of terms highlighting different 

aspects of their propagation (Aydin, 2014). Longitudinal waves and transverse waves describe 

particle displacement direction. Compressional waves and dilatational-shear waves describe the 

particle displacement mechanics. Primary waves and secondary waves indicate the arrival order 

in the waveform.  

For simplicity, when discussing the mechanics of the head waves created by the UPV 

system, the body waves will be referred to as compressional and shear. When discussing the 

arrival times of the head waves the terms P-wave arrival and S-wave arrival will be used to 

denote the primary and secondary head wave arrival. The ultrasonic velocities that are measured 

from UPV testing will be referred to as P-wave velocity and S-wave velocity or Vp and Vs, 

respectively.  

When discussing the elastic moduli that are measured from UPV, the terms sonic and 

dynamic are sometimes applied to these constants but do not describe them precisely (Whitehurst, 

1966). ASTM-D2845 (2008a) standards suggest using the term ultrasonic to specify the 

frequency that is used to determine the dynamic values of elastic moduli. As such, elastic moduli 
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from UPV are denoted in this work as ultrasonic elastic moduli, while measurements determined 

from mechanical testing are denoted as mechanical elastic moduli. 

2.4 Ultrasonic Pulse Velocity Systems 

2.4.1 Ultrasonic Pulse Velocity Mechanics  

UPV testing is an acoustic method that propagates high frequency waves between 50kHz and 

10MHz through a material to determine its characteristics (Blyth, 2017). UPV testing is 

considered nondestructive because the stresses induced from the ultrasonic waves are well below 

the yield stress of most materials (Green 1991). Modifications to ultrasonic waves by 

microstructural variables of the material provide information on characteristics of the materials 

(Basu and Aydin, 2006). 

When an acoustic pulse is generated microstructural characteristics of the material 

determine the rate of energy dissipation. Examples of microstructural characteristics include: 

mineralogy, size, shape and distribution of grains and pore spaces and their relative arrangements 

(Aydin, 2014). These characteristics are unique to each individual specimen and generate a 

modified frequency spectrum tailored to the rock under examination (Aydin, 2014). The same 

microstructural characteristics that influence Vp and Vs also govern the material’s physical and 

mechanical properties. This relationship allows the wave velocities to be used as ultrasonic 

approximations for mechanical properties of the material (Aydin, 2014). 

2.4.2 Ultrasonic Apparatus 

In general, the testing apparatus is comprised of a pulse generator unit, piezoelectric transducers 

with couplant, a combined display and timing unit, and a calibration tool. A schematic of a 

general layout of the UPV system components is illustrated in Figure 2.2. 
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Figure 2.2: Schematic of a generalized ultrasonic pulse velocity setup. The items outlined in 

red are optional to the setup. Modified from ASTM D2845 (2008a). 

The pulse generator unit consists of an electronic pulse generator, an external voltage 

apparatus with additional power amplifiers, and a trigger-pulse output. The voltage output can be 

in the form of either a rectangular pulse or a gated sine wave. The pulse width is dependent on the 

transducer frequency in use and varies between 1µs and 10µs. The trigger-pulse output within the 

apparatus triggers the display unit to start recording. During testing the trigger-pulse output will 

be sent out by the pulse generator unit first, with the main-pulse output occurring up to 20µs 

afterwards (ASTM, 2008a).  

Acoustic testing commonly uses piezoelectric transducers. If a crystal of a piezoelectric 

mineral is cut at a certain orientation with respect to the crystallographic axes, the materials will 

contract or expand when subjected to an electric field at a specific direction. Conversely, if the 

crystal is subjected to a mechanical strain, an electric field will be created proportional to the 

amount of strain (Basu and Aydin, 2006). This is the fundamental principle of piezoelectric 

transducers, which allows for the transmission and recording of wave pulses. Different 

piezoelectric transducers are generated to detect the different body waves. Thickness-expander 



 

29 

 

piezoelectric elements generate and sense predominately compression-wave energy. Thickness-

shear piezoelectric elements are preferred for shear-wave measurements (ASTM, 2008a). 

Couplant is a moderately viscous material that is added to the surface between the 

transducer and sample to improve the pulse transmission. Couplant will typically be moderately 

viscous, nontoxic liquids, gels, or pastes (Olympus, 2017).  The two different transducer sets 

required different couplant due to the different wave forms that were generated from the 

transmitter. Since the S-wave pulse experiences refraction and reflection of the wave more readily 

at interfaces of different material, the couplant has to be highly viscous to effectively transmit the 

pulse. The viscous couplant is only reserved for the S-wave transducers since it is difficult to 

apply and is costlier. The P-wave is able to transmit more easily through the material so gel 

couplant is used. 

The voltage input to the transmitting transducer and the voltage output from the receiving 

transducer can be displayed on a console. The recording time interval is set based on the length of 

the specimen and expected travel time. For ultrasonic testing through core specimens the timing 

unit is capable of measuring the receiving voltage for up to 5 milliseconds (ASTM, 2008a). The 

travel-time measuring circuit is calibrated periodically with respect to its accuracy over the range 

of the instrument, using a standard material specimen (ASTM, 2008a).  

The use of commercially available UPV systems has become common practice in the 

field of geological and geotechnical engineering (Basu and Aydin, 2006). One of the most 

common UPV systems on the market is the Portable Ultrasonic Non-destructive Digital 

Indicating Tester known as the Pundit (Hudson et al., 1980). A variety of pundit machines have 

been developed for different testing techniques. The current UPV systems have an automated 

combination of transmitter voltage and receiver gain to provide accurate and stable 

measurements. As well, the UPV systems have an open interface which houses an internal 

oscilloscope (Proceq, 2014b).  
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2.5 Ultrasonic Pulse Velocity Testing Techniques  

In the pulse method of ultrasonic testing, ultrasonic velocities can be determined by a single 

transducer or by a pair of transducers. The pulse-echo method is an ultrasonic technique where 

one transducer is used to generate and receive an acoustic pulse. The technique is generally used 

for locating flaws in materials by examining changes in velocity values as a result of signal 

attenuation (Aydin, 2014). Due to the use of a single transducer, issues arise when trying to 

differentiate between the original transmitted and the reflected pulses. To mitigate the issue, 

measurements are not recorded within a specific timeframe, which is determined by the distance 

from the transducer. This region is known as the ‘dead zone’ where it is not possible to examine 

velocity values at a certain time or distance into the specimen from the transducer face (Basu and 

Aydin, 2006).  

 To avoid issues created by the dead zone effect, a pair of transmitter and receiver 

transducers are used. One transducer acts as the transmitter, generating a pulse, while the second 

transducer acts as the receiver. This is commonly known as the pitch-catch technique. By using 

the pitch-catch technique rather than the pulse-echo technique, the influences of the near field 

length and beam spread on transducer selection are minimized (Aydin, 2014). 

 The pitch-catch technique can be used in three different configurations of transducer pairs 

depending on the accessibility of test surfaces. These include direct pulse transmission, indirect 

surface velocity transmission and semi-direct pulse transmission (ASTM, 2008a; Aydin, 2014). 

Schematic illustrations of the three testing configurations are shown in Figure 2.3. 
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Figure 2.3: Transducer orientations for the direct, indirect and semi-direct testing 

configurations. 

Direct transmission is defined as the propagation of ultrasonic stress waves along a 

straight-line path between the opposite surfaces of a specimen (Yaman et al., 2001). Testing using 

the direct pulse configuration requires mutual parallel faces and coaxial arrangement of the 

transducers (Basu and Aydin, 2006). The direct-transmission configuration is preferred to the 

others because the distance and direction of the ray path is known with greater certainty. When 

tests are done across the diameter of specimens the wave path may be influenced by possible 

damage or deterioration of specimen surface and edges (Aydin, 2014). 

Indirect, or surface, transmission is defined as the propagation of ultrasonic stress waves 

between points that are located on the same surface of the material (Yaman et al., 2001). The 

exact path length of the wave is not as certain in the indirect testing configuration compared to 

the direct configuration. As a result, the industry standard when testing concrete is to conduct a 

regression analysis to determine the average velocity. The regression analysis uses a series of 

measurements while changing the spacing between the transmitter and receiver. The average 

velocity of the specimen is then determined from the slope of a best-fit straight line between the 

transit time and the transducer spacing plot (Nagarai, 1992).  

There are limitations to completing indirect testing exclusively by regression analysis. 

Stergiopoulou et al., (2008) pointed out that determining the average velocity value of the 

material is only acceptable for testing in isotropic material. Since the regression analysis is a 
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method of averaging, the resulting values are distorted due to the presence of minor anisotropic 

sections within larger sections of uniform concrete. This results in an averaging of values that is 

not representative of either section of concrete.  

As a result, Stergiopoulou et al. (2008) determined that the regression analysis was not an 

applicable method in regions where it is important to locate changes in velocity over short 

distances. A unit interval method was developed to conduct indirect testing in regions of 

anisotropic material. In the unit interval method, the transducer spacing was kept uniform and the 

measured velocity was the average of two adjacent measurements.  

Semi-direct pulse transmission technique is applied as a final alternative when opposite 

faces are inaccessible or absent. In this technique the path length is not clearly defined. However, 

the distance between the transducers is considered adequate provided the angle between the 

transducers is not too large and the transmission path is not long (Basu and Aydin, 2006).  

This configuration is rarely used in geological and geotechnical engineering since the 

path length is not clearly defined so there is less accuracy in the velocity estimates. This 

technique is not used on drill core samples since it would still require a flat polished surface to be 

created. At that point it would be more effective to conduct direct testing across two polished 

surfaces instead. 

2.6 Applications of Ultrasonic Pulse Velocity Testing 

UPV testing is commonly used as a non-destructive method in the field of civil engineering. 

Fewer applications have been developed for UPV testing in geotechnical engineering and rock 

mechanics.  

A significant portion of research into UPV testing, specifically the application of testing 

in situ, pertains to the evaluation of concrete. Testing is conducted at different stages of project 

development. Initial testing is conducted to determine values for elastic moduli and strength. 

Monitoring of crack detection and deterioration determines the long-term stability of the 
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infrastructure. When determining material properties, P-wave and S-wave velocity are measured 

using the direct configuration and combined with values of bulk density to approximate ultrasonic 

elastic moduli values. When evaluating the quality of the concrete for cracks and deterioration, 

values of Vp are measured using the indirect configuration. The values are then compared to Vp 

from intact concrete to determine if discontinuities are present in the material. With each of these 

applications only P-wave velocity is measured. 

The predominant application of UPV testing in rock is to determine values for ultrasonic 

material properties. Laboratory standards for testing measure both the P-wave velocity and S-

wave velocity to determine ultrasonic elastic properties (ASTM, 2008a; Aydin, 2014). Velocity 

values are measured using the direct testing configuration. Standards have not yet been developed 

for the implementation of the indirect testing configuration on rock. In instances where indirect 

testing configurations were conducted, the same testing methodology that is used to assess 

cracking and deterioration of concrete was implemented.   

2.6.1 Ultrasonic Pulse Velocity Testing on Concrete 

2.6.1.1 Evaluation of Material Properties 

Laboratory applications typically investigate the material or structural behaviour of concrete. The 

material behaviour is quantified by determining ultrasonic values for elastic modulus (Yaman et 

al., 2001). Values for elastic modules are applied as parameters for lab testing, or used in 

calculations related to load testing (Bungey et al., 2006). When UPV values are combined with 

other non-destructive testing methods it is possible to obtain reasonable correlations for both 

compressive and shear strength of concrete. Using this technique, the strength can to be estimated 

to ±10% of the UCS value (Bungey et al., 2006).  

Since piezoelectric transducers were initially created to measure compressional waves, 

and the P-wave arrival is the fastest and simplest to measure, it has become common practice to 

collect values for P-wave velocity from UPV exclusively (Bungey et al., 2006). Standards specify 
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that the method for determining ultrasonic pulse velocities in concrete covers the determination of 

Vp and does not apply to the propagation of other types of stress waves (i.e. Vs) through concrete 

(ASTM, 2016). The range of compressional wave velocities relating to practical concrete 

qualities is relatively small, between 3500m/s and 4800m/s (Bungey et al., 2006). 

As stated previously, acoustic velocity is inherently the result of micro-geologic features 

that influence bulk density, and is related to the elastic properties of the material. Using these 

relationships, values for acoustic velocity and density are combined with assumed values of 

Poisson’s ratio to determine ultrasonic values for Young’s modulus. Since Poisson’s Ratio and 

bulk density are relatively consistent for concrete mixes with natural aggregates, the relationship 

between Vp and ultrasonic elastic modulus are considered relatively consistent. The relationship 

between P-wave velocity (Vp), Young’s modulus (E), Poisson’s ratio (µ), and density (r) is 

shown in Equation 2.7 (Bungey et al., 2006). 

   𝑉+ =
1(345)

7(3-5)(3485)
    [2.7] 

2.6.1.2 Evaluation of Concrete Condition 

UPV is applied to evaluate the long-term stability of the concrete material. The majority of 

concrete condition testing is conducted in the field. However, some testing is still conducted in 

the laboratory. 

 UPV techniques are used to indicate the presence of voids and cracks in the concrete. 

For routine inspections the UPV system can estimate the severity of cracking, and assess 

effectiveness of crack repairs (ASTM, 2016). When a UPV monitoring program is implemented 

with continuous data collection, the temporal accumulation of data can indicate changes in the 

properties of concrete overtime (Stergiopoulou et al., 2008). 

 In broader scale applications, UPV is implemented to quantify the extent and magnitude 

of concrete deterioration, which could be a result of serious accidents (fire, mechanical, frost or 
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chemical attack), environmental weathering processes, or stress related deterioration (Bungey et 

al., 2006). The most common form of deterioration involves a combination of load induced 

fissuring and environmental weathering (Stergiopoulou et al., 2008).  

 Similar to the process of detecting the location of cracks in concrete, continuous 

inspection programs are implemented to assess the degree of deterioration of concrete structures, 

including parking garages, highway over-passes and other large concrete buildings that are 

directly exposed to the environment. It is important to systematically evaluate these structures 

since seasonal weather changes and continuous exposure to vehicle effluent can damage the 

concrete overtime. 

 Hillger, (1993) and Kroggel (1993) initially proposed the use of pulse-echo UPV 

techniques to detect cracks and defects on the concrete surface. However, the application of the 

pitch-catch technique has become the preferred data acquisition method for crack detection. The 

location of cracks within concrete can be determined using P-wave velocity attenuation. Both the 

direct and indirect testing configurations are used in this situation.  

 An estimate of the crack depth can be obtained by the use of the indirect testing 

configuration. The schematic for the configuration is illustrated in Figure 2.4. 

 

 

Figure 2.4: Configuration of the indirect testing method used to estimate crack depth 

(Bungey et al., 2006). 
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low pulse velocity will behave similarly. The variation in pulse velocity due
to experimental error is likely to be at least 2%, notwithstanding variations
in concrete properties; hence the size of a void must be sufficient to cause
an increase in path length greater than 2% if it is to be detected. A given
void is thus more difficult to detect as the path length increases, but the
absolute minimum size of detectable defect will be set by the diameter of
the transducer used.

In crack detection and measurement, even micro-cracking of concrete
will be sufficient to disrupt the path taken by the pulses, and the authors
(83) have shown that at compressive stresses in excess of 50% of the cube
crushing strength, the measured pulse velocity may be expected to drop
due to disruption of both path length and width. If the velocity for the
sound concrete is known it is therefore possible to detect overstressing, or
the onset of cracking may be detected by continual monitoring during load
increase.

An estimate of crack depths may be obtained by the use of indirect
surface readings as shown in Figure 3.20. In this case, where the transducers
are equidistant from a known crack, if the pulse velocity through sound
concrete is V km/s, then:
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Figure 3.20 Crack depth measurement.
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 During the determination of the crack depth, the transducers are equidistant from the 

known crack. Comparing values for P-wave velocity through cracked concrete with values of P-

wave velocity from regions of intact concrete, the extent of the crack can be determined (Bungey 

et al., 2006).  

 Concrete deterioration is estimated from P-wave velocity attenuation. Similar to the 

process of crack detection and crack depth estimation, P-wave velocity values are measured using 

the indirect testing configuration (Stergiopoulou et al., 2008).  

 When discontinuities are present, the path length of the wave form increases, resulting in a 

measured increase in the travel time. Since the true path length cannot be measured and is 

approximated by the length between the transducers, the velocity of the material appears to 

decrease. The true velocity of the material remains the same, but the measured velocity decreases 

(ASTM, 2016).  

 With the understanding that the change in velocity is a result of the presence of 

discontinuities rather than a change in the material properties, Stergiopoulou et al. (2008) 

developed P-wave velocity ranges to assess the concrete quality. The quality was rated as 

excellent, good, fair, poor, and very poor, with minimum velocities for the first four ratings of 

3650m/s, 2925m/s, 2450m/s, and 1700m/s, respectively. 

2.6.2 Ultrasonic Pulse Velocity Testing on Rock 

2.6.2.1 Evaluation of Material Properties 

UPV testing is primarily used to measure material properties in rock mechanics applications. 

More specifically, UPV is used to determine ultrasonic values for elastic moduli. Using these 

values, predictive correlations are made with porosity, strength, and elastic modulus of the 

material. Standards have been developed for the determination of values for ultrasonic elastic 

moduli in the laboratory (ASTM, 2008a; Aydin, 2014). These values are expected to differ from 

mechanical values of elastic moduli determined from loading experiments. Unlike the multiple 
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site based applications of UPV in concrete, there are no standards or guidelines for applying UPV 

for field based rock mass characterization.  

Using the standard ASTM D2845 (2008a), the evaluation of rock specimens requires the 

determination of both the P-wave and S-wave velocity. This differs from the ASTM C597 (2016) 

standard used in concrete, where only the P-wave velocity is determined. With the addition of the 

S-wave velocity, values of Poisson’s ratio, Young’s modulus, bulk modulus and shear modulus 

can be calculated.  

Both ASTM D2845 (2008a) standards and the ISRM suggested method (Aydin, 2014) 

specify that UPV measurements should be conducted using the direct testing configuration. This 

is to ensure the most accurate measurement of the path length. Testing along the cut surfaces also 

ensures that the test results are not influenced by possible damage or deterioration of the 

specimen surface and edges (Aydin, 2014). 

2.6.2.2 Assessment of Rock Deterioration and Rock Mass Characterization 

Although there are no standards to measure UPV using the indirect configuration, there are still 

potential applications for field assessment. Research has been conducted to evaluate the degree of 

weathering and fracturing in rock (Hudson et al., 1980). Evaluations of the deterioration of stone 

structures was carried out using the approach for cracking and deterioration of concrete (Lee and 

Jo, 2017). This is of particular importance for the preservation of heritage structures built of 

stone. 

 UPV testing was conducted on stone monuments by Lee and Jo (2017) to access the 

degree of degradation caused by environmental weathering processes. Due to the shape of the 

structures, the indirect testing configuration had to be implemented. Comparisons were made 

between velocity values from direct and indirect testing configurations to assess internal defects 

in the structures.  
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 The same methodology was applied to assess rock mass characterization. In an 

experiment conducted by Hudson et al. (1980), P-wave velocity values were determined using 

UPV to assist in rock mass characterization during tunnelling trials in the Lower Chalk at 

Chinnor, Oxfordshire, England. UPV was conducted at the tunnel face using the indirect testing 

configuration to quantify the degree of fissuring of the rock. Similar to deterioration testing in 

concrete, fissuring of the rock face was inferred from the reduction of P-wave velocity 

corresponding to the attenuation of the signal. 

2.6.3 Limitations of the Current UPV Test Standards 

Standard practice of UPV testing in hard rock has been limited to direct testing on core samples 

in the laboratory. The testing is limited to isotropic specimens or specimens with less than 6% 

acoustic anisotropy. Additionally, there has been no proposed standard for correlating values of 

ultrasonic elastic moduli from those measured using mechanical testing. Aside from the standard 

direct testing applications, there are few examples where the indirect testing method has been 

used in hard rock. At present, there are no standards in either hard rock or concrete applications 

for conducting tests using the indirect method. Since the initial development of UPV testing, there 

have been great improvements in UPV technology. However, there have been few advancements 

in UPV applications in hard rock. 
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Chapter 3 

Methodology of UPV Data Collection Using Direct Testing Methods 

Based on examples in literature, UPV testing in rock is generally conducted using the direct 

testing configuration across the axis length of the specimen (ASTM, 2008a; Aydin, 2014, Basu 

and Aydin, 2006; Yaman et al., 2001). Direct testing has become the industry standard because 

the testing configuration provides the clearest received signal from the transducers. Tests are 

conducted on flat surfaces of drill core samples which are often already prepared for further 

mechanical testing. In order to appropriately address limitations of the current UPV system and 

apply techniques from literature to evaluate UPV applications in rock mechanics, the standard 

direct testing configuration was one of the UPV methods used in this thesis. The direct testing 

was conducted across the length axis of the drill core. To specify that the transducers were 

aligned along the length axis at the center of the flat surface, the testing method was denoted as 

the “core-axis testing” method.  

 One of the most important factors when conducting UPV testing are the effects of 

anisotropy on UPV data collection in heterogeneous rock mass. The current standards specify that 

ultrasonic elastic moduli can only be determined for specimens that record isotropic and ‘slightly’ 

anisotropic values (ASTM, 2008a). In situations where heterogeneous rock is prevalent, strict 

guidelines for the determination of ultrasonic elastic moduli would result in a large gap in data 

collection. 

Within the standard practices for preparation of cylindrical test specimens for mechanical 

testing there are no such restrictions for testing heterogeneous samples (ASTM, 2008b). This 

infers that it is acceptable to conduct mechanical testing on heterogeneous specimens. When 

elastic moduli are determined exclusively by mechanical testing one value is determined per 

specimen. Since the quantification of anisotropy is dependent on the number and orientation of 
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measurements, one value would not be representative and the anisotropic condition is often 

poorly quantified.  

As a non-destructive testing method, UPV testing can be applied on one sample in 

multiple orientations. As a result, drill core samples require direct testing to be conducted across 

the diameter of the specimen as well as the core axis. A new procedure was developed to conduct 

direct testing across the diameter. The configuration was denoted as “core-diameter testing” to 

differentiate from the core-axis testing method. 

3.1 Ultrasonic Pulse Velocity Equipment for Analysis 

All ultrasonic testing conducted in this thesis was completed using a Pundit Lab (+) system from 

Proceq. Table 3.1 lists all of the features in the ultrasonic testing system. 

Table 3.1: List of specific features of the Pundit Lab(+) system (Proceq, 2014a). 

Bandwidth 20kHz – 500kHz 

Measuring Resolution 0.1us 

Pulse Voltage (V) 125V – 500V 

Receiver Gain 1x, 10x, 100x, AUTO 

Nominal Transducer Frequency 24kHz – 500kHz 

Pulse Shape Square wave 

Pulse Delay - 

Number of Channels 1 

 

Based on an assessment of the types of transducers commonly applied for 

characterization of rock and concrete structures (Basu and Aydin, 2006; Yaman et al., 2001; 

Stergiopoulou et al., 2008; Hudson et al., 1980; ASTM, 2008a), a set of compressional 54kHz 

transducers were purchased for the determination of ultrasonic P-wave velocity. 

Determination of S-wave velocity from the 54kHz transducers would be difficult since 

the ability to record a shear wave arrival is limited to the refraction of the P-wave into a vertical 

S-wave. ASTM D2845 (2008a) guidelines recommended that thickness shear-transducer elements 
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be used to determine shear wave arrivals. Therefore, a pair of 250kHz shear wave transducers 

were purchased for the identification of the shear waves. The shear wave transducers generate a 

shear wave pulse that can only be received in one plane (Proceq, 2013).  

All the materials required to conduct the UPV testing are shown in Figure 3.1. This 

includes: transducer cables to connect the transducers to the console, power cords, the pundit 

console, a pair of shear wave 250kHz transducers and couplant, a pair of 54kHz transducers and 

couplant, and a calibration rod used to calibrate both the 250kHz and the 54kHz transducers to 

the console.  

 

Figure 3.1: Equipment used for the determination of ultrasonic P-wave velocity and S-wave 

velocity of core samples. 

3.2 Preliminary Considerations for Laboratory Ultrasonic Pulse Velocity Testing 

To replicate the standard laboratory testing conditions that are used to determine ultrasonic 

velocities in rock, the effects of pressure, saturation and temperature were not evaluated. All 

ultrasonic testing was conducted with the samples at atmospheric pressure.  

In the laboratory, drill core can be tested at different levels of moisture content. The four 

common moisture conditions are in situ moisture, fully saturated, relative room humidity and dry 

(Aydin, 2014). In order to minimize the required sample preparation and keep the moisture 
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content consistent, all samples were stored and tested at relative room humidity. This was also to 

ensure consistency between values of ultrasonic elastic moduli and values of elastic moduli from 

mechanical testing. Similarly, the samples were stored and tested at room temperature which was 

consistent with the conditions for mechanical testing.  

To reduce the effects of minor changes in room temperature and room humidity a 

correction factor was applied to the console and the system was calibrated before conducting 

ultrasonic testing. Both the Proceq (2014b), and ASTM C597 (2016) guidelines recommended 

that the system should be calibrated when the transducers or transducer cables are detached from 

the system. The calibration system worked by determining the zero-time of the circuit and 

applying a correction factor to the measured travel times. This factor remained constant for a 

given rock type and stress level if the circuit characteristics did not change (ASTM, 2008a). 

Using the Pundit system, calibrations were completed using a manual zero-time adjustment 

method where the velocity of a calibration rod was measured as a function of length (Proceq, 

2014b). Different types of transducers generally require their own calibration rods. In the case of 

the 54kHz and shear wave 250kHz transducers, a 25.4µs calibration rod was used for both. 

ASTM C597 (2016) guidelines also suggested that the zero-time adjustment be checked on an 

hourly basis during continuous operation of the instrument.   

Boundary effects caused by transfer of acoustic energy to adjacent materials need to be 

minimized. During calibration and UPV testing the samples were placed into a polystyrene holder 

to minimize boundary effects.  

3.3 Core-Axis Testing Procedure 

3.3.1 Sample Dimensions  

Core-axis testing denotes the method in which direct testing is conducted across the two planar 

surfaces of the sample. To conduct testing across the core-axis of a rock core sample, ASTM 

D2845 (2008a) guidelines specify that the tested surface must be sufficiently planar and parallel. 
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The planar test was conducted such that a feeler gauge 0.025mm thick would not pass under a 

straight edge placed on the surface. The parallel test was conducted to ensure that the two 

measured surfaces were parallel to within 1mm/100mm of the wave travel path (Aydin, 2014). 

All of the dimension guidelines complied with the standard practices for preparing rock core 

samples for mechanical testing (ASTM, 2008a). Therefore, ultrasonic core-axis testing was 

conducted once the core samples had been prepared for mechanical testing. 

3.3.2 Limitations of Sample Dimensions  

The grain size of the rock sample, the natural resonance frequency of the transducers, and the 

minimum lateral dimension of the sample are interrelated factors that affect the validity of the 

measured velocity values (ASTM, 2008a). As a result, there is a set of guidelines for sample 

dimensions and transducer frequencies. These are shown in Equations 3.1- 3.3. Since velocity and 

grain size are inherent properties of the material and the frequency of the transducers is fixed, the 

sample length is the most frequently optimized parameter. 

Condition 1. 

The ratio of the pulse-travel distance (L) to the minimum lateral dimension (d) should not exceed 

five. As the ratio increases, the reliability of the velocity values decreases (ASTM, 2008a).  

     9
:
< 5     [3.1] 

Condition 2 

The pulse-travel distance (L) should be at least 10× the average grain size (GS) to determine an 

average propagation velocity of the entire sample (ASTM, 2008a). 

     𝐿 ≥ 10𝐺B    [3.2] 

Condition 3 

The wavelength of the vibrations, which is the ratio of the acoustic velocity (Vacoustic) and 

transducer frequency (f), should be at least 3× the average grain size (GS) (ASTM, 2008a). 

     CDEFGHIJE
K

	≥ 3𝐺B    [3.3] 
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3.3.2.1 Example for Conducting Sample Dimension Analysis 

Conditions for sample dimensions were determined for a hypothetical sample of granite core 

using the 54kHz and 250kHz transducers to demonstrate that the average sample under 

investigation fits the requirements of sample dimensions. Parameters for a theoretical sample of 

granite are listed in Table 3.2. The diameter and length of the sample were taken from a standard 

piece of NQ drill core using the 2.5 length/diameter ratio specified in ASTM D4543 (2008a). 

Grain size and ultrasonic values were taken from a specimen of Texas Gray Granite from Hughes 

and Maurette (1957). Results in Table 3.3 demonstrate that the conditions for sample dimensions 

were well within the acceptable range. 

Table 3.2: Theoretical parameters for a sample of granite. 

Diameter: 0.0475m 

Length: 0.12m 

Grain Size: 0.002m 

P-wave velocity: 6150m/s 

S-wave velocity: 3580m/s 
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Table 3.3: Example of how the conditions of the sample dimensions were evaluated on a 

theoretical sample of granite. The third condition was evaluated four times to address 

changes in both ultrasonic velocity and transducer frequency.  

Condition 1: 

The ratio of the pulse-travel distance to the minimum 
lateral dimension should not exceed 5. 

L/d < 5  

(0.12)/(0.0475) < 5 

2.5 < 5 

Condition 2: 

The pulse-travel distance  

 

L ≥ 10Gs 

 (0.12) ≥ 10(0.002) 

0.12 ≥ 0.02 

Condition 3:  

The wavelength of the vibrations shall be at least 3× 
average grain size.  

54kHz transducers 

 

V/f > 3Gs  

(6150)/(54000) > 3(0.002) 

0.114 > 0.006 

V/f > 3Gs 

(3850)/(54000) > 3(0.002) 

0.071 > 0.006 

Condition 3:  

The wavelength of the vibrations shall be at least 3× 
average grain size.  

250kHz transducers 

 

V/f > 3Gs 

(6150)/(250000) > 3(0.002) 

0.025 > 0.006 

V/f > 3Gs 

(3850)/(250000) > 3(0.002) 

0.015 > 0.006 

3.3.3 System Setup  

3.3.3.1 Ultrasonic Transducers 

Core-axis testing was completed using sets of 54kHz and shear wave 250kHz transducers. The 

54kHz transducers measured P-wave velocity while the 250kHz transducers measured P-wave 

and S-wave velocity. Under normal circumstances, values for P-wave velocity were determined 

using the 54kHz transducers. In situations where values from 54kHz seemed unreliable from 

assessments of the waveform signal, the 250kHz were used to determine P-wave velocity. 
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3.3.3.2 Ultrasonic Console Parameters 

The ‘Live View’ mode of the Proceq system was used to use the waveform display to manually 

locate the onset of the shear wave arrival (Proceq, 2013). Console parameters for the core-axis 

testing method were optimized for the two different transducer systems in use. Table 3.4 lists the 

chosen settings for each of the transducer systems. 

Table 3.4: Parameter inputs to the Proceq console for direct testing across the core axis. 

 54kHz Transducers Shear 250kHz Transducers 

Pulse Width 9.3µs 2.0µs 

Excitation Voltage (Amplitude) 500V 250-500V 

Receiver Gain (Rx) 10x 2-5x 

Time Frame 100µs 500µs 

Sampling Rate 0.5µs 

 

Pulse width was determined using Equation 3.4. The equation is based on Nyquist 

sampling theorem, which states that the minimum sampling rate should be two times the 

frequency of the transducers (Proceq, 2014b). Since pulse width (p) is specific to the transducer 

frequency (f), values of 9.3µs and 2.0µs were used for the 54kHz and 250kHz transducers 

respectively.  

p	 = 	1000/(2´f)   [3.4] 

For the determination of P-wave velocity the excitation voltage and receiver gain were 

kept high at 500V and 10x respectively. This ensured a good signal to noise ratio. The recording 

time frame was kept short at 100µs to ensure a clear determination of the P-wave arrival.  

For the determination of S-wave velocity the excitation voltage and receiver gain were 

reduced to 250V and 2-5x respectively. This was to ensure that the received signal was not 

oversaturated. In addition, a fixed amplitude cut-off was applied by the console during testing and 
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oversaturation resulted in the cut-off of the shear waveforms.  Reducing the input voltage kept the 

amplitude of the waveform under the cut-off threshold. 

Quality control of the waveforms was improved by applying a signal averaging algorithm 

within the console. In ‘Live Mode’ the signal averaging tool was applied to take a fixed number 

of measurements and then average the waveforms. The number of measurements that were used 

to determine the average was not specified by the provider (Proceq, 2014b). 

3.3.4 Procedure for Conducting Core-Axis Testing  

3.3.4.1 Measurement of Bulk Density and Pulse-Travel Distance 

The bulk density (r) of the sample was determined using the geometric method from 

measurements of its mass (m) and its volume (V) as shown in Equation 3.5. The volume was 

calculated from the average of three measurements of the external dimensions. The bulk density 

was later used to determine values for ultrasonic elastic moduli.  

 𝜌 = 𝑚/𝑉    [3.5] 

 The value for sample length was recorded separately as a measurement of the pulse 

travel distance. Values for pulse travel distance were unique to each sample, and generally ranged 

from 10cm-20cm. 

3.3.4.2 Couplant for Transducers 

There are a variety of 54kHz transducer couplants that are highly viscous and have high acoustic 

impedance. Common couplant solutions include gel, glycerin, silicon oil and propylene glycol 

(Aydin, 2014). Gel couplant was purchased for testing, since it was recommended for use on 

rough surfaces (Olympus, 2017). The gel couplant was also used during the calibration process 

and applied to the calibration rod during testing.  
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The shear wave 250kHz transducers required a more viscous couplant to ensure the 

transmission of the shear wave. Common shear couplant solutions include phenyl salicylate, high-

vacuum grease, and epoxy resin (ASTM, 2008a).  

3.3.4.3 Conducting Measurements  

Once calibration of the console and transducers had been completed, drill core samples were 

placed into the insulated holder. The 54kHz transducers required ¼ tsp of gel couplant to be 

spread evenly on the surfaces. The transducers were then attached firmly to both sides of the core 

sample, to ensure a good seal, and the test was initiated. With this system setup, the ultrasonic 

testing procedure from sample prep to cleanup was completed within a few minutes. 

The transducers were attached along axis that was perpendicular to both faces. This 

ensured that the lateral dimensions of the core samples were equivalent to the length of the ray 

path. Since the time signal averaging icon was selected, a series of tests were conducted in 

sequence and the signal of the wave form was averaged.  

The testing procedure was slightly modified when the shear wave 250kHz transducers 

were used. The viscous couplant needed to be applied evenly on the transducers which were then 

attached to the sample surface with mild force so that no air pockets formed at the contact 

between the transducers and sample. Again, the samples must be attached at the same axial 

location along the prepped surface to ensure that the dimension that was measured was equivalent 

to the length of the ray path. 

During testing the transducers had to be aligned in the same direction as shown in Figure 

3.2. This was to ensure maximum retention of the waveform since the shear waves were 

generated in one plane only (Proceq, 2013).   



 

49 

 

 

Figure 3.2: While conducting UPV measurements with the shear transducers the 

transmitter and receiver had to be aligned in the same direction. 

The tests were conducted in continuous mode where the system continually transmitted a 

timed signal pulse. Adjustments to the orientation of the transducers were visible on the 

waveform display. This allowed for adjustments to applied pressure and transducer orientation to 

ensure a good waveform signal was created. Once an optimal waveform was visible on the 

waveform display the system was manually stopped and the water soluble couplant was cleaned 

off the sample immediately. 

3.4 Development of Core-Diameter Test Procedure 

Direct testing across the diameter of the specimen was developed in order to evaluate the effects 

of anisotropy. Other benefits for conducting testing on isotropic specimens include an increased 

sampling rate of specimens and the reduction of sample preparation time required to when 

determining ultrasonic velocity values. The name ‘core-diameter testing’ corresponds to the 

application of the direct testing method across the diameter of a drill core specimen. Core-

diameter testing was mentioned in the guidelines for UPV testing on rock as a means to evaluate 

anisotropy of the specimen (ASTM, 2008a). Standards for diameter testing on concrete were not 

found in the literature.   
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3.4.1 Issues with Testing Across the Core Diameter  

There were potential issues associated with core-diameter testing which could affect the 

reliability of the measured ultrasonic velocity values. There were concerns about how to couple 

the transducers to the curved surface of the specimens. Transducers with flat ends were used for 

core-diameter testing. This decision was made because there was a variety of core diameter sizes 

that were tested. Transducers with curved ends would only work efficiently on the core diameter 

that they were specified for. To conduct testing properly it would either require a suite of curved 

transducers, which would be costly, or the use of one set of curved transducers that are often too 

wide for the specimens.  

In addition, the pulse travel distance could be better approximated using the flat 

transducers. Direct propagation of the wavefront from the flat transducer is linear. For the curved 

transducers the shortest paths are also straight across (Figure 3.3). Since the distance straight 

across is different along the curved transducer, the wavefront reaches the receiver from different 

locations along the transducer at different times. In this case, some of the chord paths are shorter 

than the assumed diametrical wave path. When the wavefront hits the transducer it will arrive at 

the outer edge of the transducer first, and arrive last at the center of the transducer where the 

diametrical distance is largest. This will create difficulties when trying to determine the arrival 

time of the waves. If the transmitted pulse is only propagated along one axis of the core, the input 

values for pulse travel distance are more reliable.  
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Figure 3.3: Comparison of the direct wavefront between transducers with flat faces and 

transducers with curved faces. The ‘T’ and ‘R’ stand for transmitter and receiver. 

As a result of using flat transducers, the amount of signal that can transfer into the 

specimen is reduced. This is especially pertinent for determining secondary waves, as the 

transverse waves run parallel to the transducer surface. Combined with the effects of signal 

attenuation, this can make it difficult to measure reliable values for ultrasonic velocity.  

The roughness of the cylindrical surface of the specimen can also cause air pockets to 

form between the transducer and the specimen, resulting in scattering of the transmitted pulse. 

The smoothness of the cylindrical surface is dependent on the amount of mechanical damage 

caused by stress and heat of core drilling and the geologic characteristics of the specimen (grain 

size, mineral hardness, porosity). As a result, the smoothness of the sample surface is typically 

not under the control of the UPV testing operator unless they are also involved in the sample 

collection. 

3.4.2 Evaluation of Core-Diameter Testing Method 

UPV testing was completed to determine if the combined effects of surface roughness and partial 

coupling of transducers had an effect on measured ultrasonic velocity values. Comparisons were 

made between velocity values measured using the two direct testing configurations. Core-axis 

testing was conducted along the sample length while a series of tests were conducted along the 

sample diameter. Multiple core-diameter tests were conducted to determine the variability in 
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velocity values along the different measured axes. A diagram of the test configuration is shown 

below in Figure 3.4. 

 

Figure 3.4: Schematic of the core-diameter and core-axis testing configurations respectively. 

3.4.2.1 Samples for Evaluation 

Testing was conducted on two samples of Westerly granite and two aluminum cylinders shown in 

Figure 3.5. The dimensions of the tested materials are listed in Appendix A. These materials were 

used for testing due to their homogeneity and adequate amount of historical data for comparison. 

The aluminum was considered a homogeneous material while the granite was considered a 

relatively homogeneous rock type comprised of multiple minerals. Therefore, the aluminum 

cylinders were used as a first pass in the evaluation process. Any variability in ultrasonic velocity 

identified in the aluminum was believed to indicate variability caused by the coupling of the 

transducers. In addition to the effects of partial coupling, variability in the granite samples would 

also be the result of surface roughness and geologic features. For consistency of evaluation the 

four samples were stored at room temperature in relative room humidity. Abbreviated naming 

conventions of WG (Westerly granite) and A (aluminium) are used in the subsequent graphs and 

diagrams. 
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Figure 3.5: Samples of Westerly granite and aluminum cylinders used for evaluation of the 

core-diameter method. 

Records of ultrasonic velocity values were collected from various sources for 

comparison. These values are listed in Appendix A. In these sources, all measurements were 

taken at atmospheric pressure using the core-axis approach along the sample length. In the case of 

the Westerly granite, all values are from tests where samples were not saturated. Evaluation with 

aluminum compared the average velocity values from three different aluminum grades 1100-0, 

2024-T4 and 6061-T6 since the grade of the cylinders used for core-diameter testing was 

unknown.  

3.4.2.2 Evaluation of the Core-Diameter Testing Method 

Correlations between velocity values from the core-diameter and core-axis configurations are 

represented graphically in Figures 3.6 and 3.7. Values from core-diameter tests are denoted by 

points. The location of the points along the y-axis correspond to the location of the tests along the 

length of the sample. The core-axis tests are denoted by dotted lines that cover the length of the 

sample. The grey lines indicate average velocity values from references. These values are denoted 

as historical averages in the graphs. Error margins were set to 300m/s for each of the core-

diameter test values as a conservative estimate.  

5cm
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Figure 3.6: Ultrasonic velocity values measured on two samples of Westerly granite using 

the core-diameter and core-axis approach. Historical average velocity values are provided 

for comparison. 

 

Figure 3.7:  Ultrasonic velocity values measured on two aluminum cylinders using the core-

diameter and core-axis approach. Historical average velocity values are provided for 

comparison. 
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The measured values from the core-axis method are consistent with velocity values from 

literature with the exception of the S-wave velocity in the Westerly granite. Measured values of 

shear wave velocity are 200m/s slower for WG1 and 100m/s slower for WG2. Reasons for the 

discrepancy may be the result of internal fracturing within the length of the drill core. Internal 

fracturing was present near the tested surface margin, and likely caused attenuation of the signal, 

resulting in slower velocity values. Since favourable correlations were made between core-axis 

testing and values from literature, reliable comparisons could be made between the core-axis and 

core-diameter testing.  

For Westerly granite samples, standard deviations were calculated for Vp and Vs and 

found to be very narrow with values of 57m/s and 68m/s respectively. The aluminum had a 

similar standard deviation value for Vp at 62m/s while the value for Vs was smaller at 29m/s. 

These very small standard deviations suggested that ultrasonic velocity values were relatively 

consistent between the two testing configurations.  

There were some outliers in the core-diameter testing results. Vs values in the WG2 

sample were higher than the average. Surface roughness did not appear to be the issue since it 

would result in lower values of velocity. Factors of geologic fabric seemed more likely. However, 

the two granite samples were taken from the same block and discrepancies in Vs were only found 

in the WG2 sample. Vp values in the A2 aluminum sample were lower by 200m/s. The difference 

in Vp may be the result of using the lower frequency 54kHz transducers across a short path length 

when the inherent Vp velocity of the sample is high.  

Velocity values along the diameter of the samples were evaluated for their consistency 

along the diameter length. In the aluminum samples, velocity values were identical along the 

different diameter axes. This proved that consistent measurements could be taken along the 

different axes. In the Westerly granite samples there was minor variability between the velocity 

values. The average range for Vp and Vs along the core-diameter tests was 100m/s and 55m/s 
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respectively. Variability in the velocity values was believed to be the result of the orientation of 

micro-scale geologic fabric within the granite. Since the average variability fell within the 300m/s 

error margin, it was determined that the core-diameter testing method was consistent along the 

different tested axes.  

3.4.2.3 Evaluation of P-wave Velocity from 54kHz and 250kHz Transducers 

Further analysis was completed to determine if the transducer choice affected the measured 

velocity values. From a theoretical perspective Vp and Vs waves are non-dispersive and velocity 

values should not vary with change in transducer frequency. Any discrepancy would be the result 

of either the mode in which the frequency was generated (i.e. compressional transducers vs shear 

transducers), or issues with the core-diameter procedure. Vp values from core-diameter testing 

were compared between the two transducer systems to see which transducer type provided the 

best correlation. The results of the analysis are shown in Figure 3.8.  

P-wave values measured using the 250kHz transducers were significantly lower than 

average core-axis values in both materials. Core-diameter values collected using the 54kHz 

transducers were on average 300m/s faster than the measured core-axis values from both 

transducers. The discrepancy in measured values between the 54kHz and 250kHz transducers 

from core-diameter testing was likely the result of coupling issues with the transducers to the 

curved surfaces. 

As a result of the higher frequency, the 250kHz transducers showed greater consistency 

in velocity values along the length of the samples. One axis had higher values exhibited in the 

Westerly granite. This likely corresponded to the testing axis where Vs values were anomalously 

high as discussed previously.  

It was determined that P-wave velocity values should be measured using the 54kHz 

transducers in order to have better correlations with the core-axis testing methods. In the event 
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that the 250kHz transducer were used to determine P-wave velocity, a 300m/s error margin would 

be applied to the measured values.  

 

Figure 3.8: Comparison of P-wave velocity values from core-diameter testing to historical 

averages for the material. Core-diameter testing was conducted using two sets of 

transducers. 

3.4.3 Modified Procedure for Conducting Core-Diameter Testing  

The same direct testing procedure used in core-axis testing was applied in the core-diameter 

testing. Minor modifications to sample preparation and console parameters were required as a 

result of the shorter path length of the transmitted wave and the non-direct coupling of the 

transducers. The following sections discuss the required modifications. Since the procedure for 

conducting measurements was the same for both direct configurations refer to Section 3.3.4.3 for 

an explanation of how the tests were conducted.  
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3.4.3.1 Sample Preparation 

A revaluation of the minimum sample dimensions was required since the distance of the wave 

path was shortened. There are three main conditions that must be satisfied in order ensure reliable 

measurements (Table 3.5). These conditions are dependent on the grain size of the rock sample, 

resonance frequency of the transducers, and the minimum lateral dimension of the sample 

(ASTM, 2008a). 

Table 3.5: List of constraints on minimum sample dimensions. 

Condition 1. The ratio of the pulse-travel distance to the minimum lateral dimension 
should not exceed 5 

Condition 2. The pulse-travel distance should be at least 10 × the average grain size 

Condition 3. The wavelength of the vibrations should be at least 3 × the average grain size 

 

Since the diameter of the sample acted as both the pulse travel distance and the minimum 

lateral dimension, the ratio results in a value of 1, which satisfies the first condition. When 

conducting testing on drill core samples, the average grain size ranged from 1-5mm. In terms of 

condition 2, the minimum sample length of would have to be greater than 50mm. Since the 

diameter of standard NQ core is 47.5mm, diameter testing was not conducted on samples smaller 

than the NQ core size.  

In terms of condition 3, the minimum wavelength of vibrations would occur when 

measuring S-wave velocity using 250kHz transducers since it would produce the largest 

difference in the ratio of ultrasonic velocity to transducer frequency. In the unlikely event that the 

shear wave velocity was as low as 1000m/s, the wavelength of vibrations would be 4mm. Given 

that the average grain size ranged from 1-5mm, the requirements for condition 3 were met.  

Tolerances for direct testing were originally created from core-axis testing. Since the 

core-diameter testing is conducted along a curved surface, rather than a planar surface, a new 

method of calculating the planar tolerance was required. The planar test was conducted such that 

a feeler gauge 0.025mm thick would not pass under a straightedge placed on the surface.  
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3.4.3.2 System Setup  

In samples where the diameter was greater than 50mm the 54kHz transducers were used to 

determine values for P-wave velocity. In cases where the test length was 50mm or less, the higher 

frequency shear wave 250kHz transducers were used to determine both the P-wave and S-wave 

velocity. This was done in order to ensure the dimension of the test sample exceeded the 

wavelength of the ultrasonic vibrations (ASTM, 2016). 

Due to the shorter path length, the transmitted pulse had less time to attenuate and the 

received waveforms were generally clear and strong. As a result, values for excitation voltage and 

receiver gain were reduced so the waveform was not oversaturated. Since the shorter distance 

also resulted in shorter arrival times the time window for recording was also reduced to 100µs for 

both transducer systems. Table 3.6 lists the average parameters used when conducting diameter 

testing with 54kHz and 250kHz transducers.  

Table 3.6: Parameter inputs to the Proceq console for core-diameter testing. 

 54kHz Transducers Shear 250kHz Transducers 

Pulse Width 9.3µs 2.0µs 

Excitation Voltage 
(Amplitude) 

500V 500V 

Receiver Gain (Rx) 5x 2x 

Time Frame 100µs 200µs 

Sampling Rate 0.5µs 

 

3.5 Ultrasonic Data Processing  

3.5.1 Selection of P-Wave and S-Wave Arrival Times  

The method for identifying arrival times for compressional and shear waves in ultrasonic systems 

is similar to the procedure used in microseismic systems. In microseismic systems, the sensors 

(geophones) passively pick up compressional and shear wave arrivals from internal sources 

underground. As shown in Figure 3.9, the P-wave arrives first, followed by the S-wave which has 
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a higher amplitude. Although the mechanics of the two acoustic systems are very different, the 

ultrasonic system does exhibit a similar waveform arrival signature (Figure 3.10).  

 

Figure 3.9: Example of a microseismic profile of a compressional and shear wave arrival 

denoted as P and S respectively. The geophone measures in three axes which are denoted by 

the red, green, and blue lines. 

 

 

Figure 3.10: Example of an ultrasonic profile using the 250kHz transducers in the direct 

testing configuration. The shear wave transducers only measure along one axis, which is 

denoted by the black profile (Proceq, 2013). 

3.5.2 Compressional Waves 

 P-waves are the first to arrive and are therefore the easiest to identify. Originally the P-wave 

arrivals were manually selected by the operator. With improvements in technology, software 

algorithms have been developed to automatically determine the P-wave arrival within the console 

when the amplitude reaches above a certain threshold. The threshold is determined by the 

software to differentiate the P-wave arrival from acoustic noise (Blythe, 2017).  

The pundit system that was used for testing in this research automatically determined the 

P-wave arrival. Each arrival time was evaluated and manually adjusted. The manual modification 

of the P-wave arrivals created sampling bias.  

P S
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 Based on previous applications of ultrasonic pulse velocity, the 54kHz transducers were 

often used to determine P-wave velocity. Since the P-wave was the first to arrive, the console 

parameters were adjusted to focus on the time frame where the arrival occurred. A typical profile 

for identifying the P-wave arrival is shown in Figure 3.11.  

 

Figure 3.11: Typical waveform profile from the 54kHz ultrasonic transducers with the P-

wave arrival identified as T1. 

3.5.3 Shear Waves 

S-wave arrivals are more difficult to locate. They are the second waveform to arrive in the 

acoustic sequence shown in Figure 2.1 previously. The P-wave arrival was measured first to give 

an indication of where to select the S-wave arrival. A general rule of thumb was used to help 

locate a broad time-frame for the S-wave arrival. As a rough estimate the S-wave arrival time was 

generally double the P-wave arrival time (Proceq, 2013). 

One method of detecting the S-wave arrival is to determine the difference in the wave 

phase between the P-wave velocity and the S-wave velocity. However, the method of phase 

identification needs to be conducted with each profile and is a time consuming process. Since the 

amplitude of the compressional wave arrival is smaller than the shear wave and surface wave 

arrivals, the identification of the spike in amplitude was used to infer the arrival of the shear wave 

(Blyth, 2017). Figure 3.12 shows a typical ultrasonic profile from the Pundit Lab+ system with 

the S-wave arrival marked at T2 by the sharp increase in amplitude.  

T1=	30.4
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Figure 3.12: Typical waveform profile from the 250kHz ultrasonic transducers with the S-

wave arrival identified as T2. 

3.5.4 Processing Issues 

3.5.4.1 Sample Size 

In acoustic testing techniques the transducer spacing between the transmitter and receivers is 

generally large enough that the P-wave and S-wave arrivals occur separate and distinct from one 

another (Figure 3.9 and 3.10). When the pulse travel distance is shorter, which is common when 

testing on drill core, the P-wave and S-wave arrivals occur close together. Figure 3.13 shows the 

effect of transducer distance on the measured arrival times. When the distance between 

transducers is too short the S-wave arrival can become contaminated by interference with the P-

wave arrival.  

T2=	60.3
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Figure 3.13: As the pulse travel distance was decreased, the P-wave and S-wave arrival 

occur closer together, which made it more difficult to select the S-wave arrival time. 

3.5.4.2 Procedure for Selection of P-Wave and S-Wave Arrivals 

The general procedure for selecting P-wave and S-wave arrivals is defined below. As each 

waveform was unique, a variety of factors were used for identification. 

Compressional Arrival: The first arrival to have an amplitude exceeding the noise threshold. All 

wave arrivals began with a positive amplitude. 

Shear Arrival: The time in which the amplitude was observed to spike beyond the average P-

wave amplitude. Selected at the point in which a full cycle was completed. In the case where 

wave interference was exhibited, the S-wave arrival was identified at the point in which the 

interference started to occur. 
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3.5.4.3 Error Margins for S-wave Velocity Values  

Error margins were created to account for sample bias when selecting the shear wave arrival. No 

error margin was required for the compressional arrival since it was easily identifiable. The error 

margin for shear wave arrival was determined to be half a wave cycle from the selected arrival 

time. Since the testing configuration had an influence on the measured S-wave velocity profiles, 

error margins were created using both direct testing configurations. The results of the analysis are 

shown in Table 3.7.  

Table 3.7: Calculated error margins for shear wave velocity using the direct testing 

configurations. 

Ultrasonic Velocity Testing Configuration Error Margin (m/s) 

Secondary 
Core-Axis 200 

Core-Diameter 300 
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Chapter 4 

Development of a Continuous UPV Testing Program  

 When mechanical testing is conducted on individual specimens the likelihood of energy storage 

is determined for individual rock types. By testing specimens independent of one another, the 

process does not provide spatial context to the location where energy storage and energy release 

might occur. In addition, any influence of localized structure on energy storage is not included. In 

order to incorporate spatial context and geologic structure into energy storage evaluation, 

continuous data coverage is required. 

At present, the only way to collect continuous data coverage is through borehole  

mechanical property analysis. When combined with results of drill core logging, this borehole 

method can identify which geologic features (i.e. faults, shear zones, geologic contacts) have 

associated transitions in acoustic elastic modulus values. When this borehole technique is applied 

in scout-hole programs, the technique can be used to identify specific geologic features that could 

generate regions of energy storage and energy release, and help characterize where brittle failure 

could be associated with structural controls (Blacklock and Diederichs, 2016). As a result of 

potential issues with the borehole mechanical property analysis method outlined in Chapter 1, 

mechanical property analysis is conducted sparingly and is not commonly incorporated into 

scout-hole programs (Blacklock and Diederichs, 2016).  

In the absence of mechanical property analysis, UPV testing could be an alternative 

method to collect continuous data coverage on acoustic elastic moduli. In scout-hole programs 

drill core is often collected to conduct geology and geotechnical logging. If UPV testing was 

conducted during the core logging process, velocity and bulk density data could be determined 

along the length of the drill core and could give an indication of potential regions of energy 

storage and energy release along the length of the borehole.  
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This chapter describes all factors in the development of UPV testing program to provide 

continuous velocity data along the length of drill core. The preliminary testing program was 

developed as a ‘core shed’ approach. This was important since the goal was to develop a testing 

program that could be applied in any industry core shed and would result in no damage to the drill 

core.  

The main considerations for the core shed approach included the ease with which the 

testing program could be conducted and repeated, lower overall cost relative to the borehole 

acoustic method and time efficiency.  Time efficiency was an important factor in the viability of 

the continuous UPV testing program. Since ultrasonic elastic moduli are an approximation to the 

tested mechanical moduli, the ultrasonic values are beneficial as a first pass only. The sooner they 

are determined, the more useful they will be in identifying velocity transitions and potential 

regions of energy storage and energy release. Additionally, cost efficiency of the testing program 

was evaluated based on the time it would take to conduct the testing.  

4.1 Selection of the Ultrasonic Test Configuration  

The first step in determining the appropriate test configuration was to examine the current 

methodology of conducting continuous data collection in acoustic borehole logging. Acoustic 

borehole methods determine velocity based on the indirect transfer of acoustic pulses through the 

material outside the borehole wall (Blyth, 2017). The basic sonic logging tool design of a single 

transmitter (T) and single receiver (R) is shown in Figure 4.1. 

 

Figure 4.1: Schematic of how an indirect wave propagates through the material in borehole 

acoustics in a single transmitter, single receiver configuration. Modified from Blyth (2017). 



 

67 

 

 

In order to replicate the apparatus configuration used in borehole acoustics, the indirect 

testing configuration was examined as a potential method to conduct the continuous UPV testing. 

With indirect testing the wave pulses propagate along the length of the drill core. As a result, the 

wave pulse has to transmit through the geologic units and structures that make up the intact rock 

mass. This allows for velocity measurements to be determined across geological and structural 

transitions. This is a key benefit of using the indirect method since the geological and structural 

transitions play a significant role in the mechanisms of energy storage and energy release.  

 The other alternative configuration was the core-diameter testing method since the drill 

core could not be damaged. Using this technique, the tests were conducted across the diameter of 

the core. However, velocity values were only representative at the location where the test was 

made. Since the overall area that was tested was smaller, the configuration would be less likely to 

identify important transitions caused by small structural features. Additionally, the ability to 

provide continuous data coverage was dependent on the data collection density. This was limited 

by the time efficiency aspect of the testing program. 

When comparing the two test configurations, the indirect testing method provided greater 

data coverage relative to the time it took to conduct testing. In addition, the indirect testing 

method allowed for testing across geologic transitions. As a result, it was decided that the indirect 

testing configuration would be used to conduct the continuous UPV testing program. 

4.2 Assumptions for the Indirect Testing Configuration  

There were important aspects of the UPV testing program that needed to be addressed before the 

testing methodology could be developed. These aspects are described in the following 

subsections.  
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4.2.1 Methodology for Indirect Testing 

Although there are no indirect testing standards, sources suggest that testing should be conducted 

using a linear regression analysis (Kahraman, 2002; Nagaraj, 1992; Yaman et al., 2001). In this 

method, multiple tests are completed in the same relative location with a gradual increase in 

transducer spacing. The velocity value at that location is determined by taking the slope of all 

velocity values that are measured at the different transducer spacings. The value of the slope 

represents the average velocity value at that location (Nagaraj, 1992).  

As with all other UPV suggested methods (ASTM, 2008a; ASTM, 2016; Basu and 

Aydin, 2006; Aydin, 2014) the linear regression analysis is only recommended for homogeneous 

materials. In an experiment to identify deterioration in concrete slabs Stergiopoulou et al. (2008) 

noticed that the regression analysis did not provide reasonable values for velocity in locations 

where concrete quality varied over short distances. Since the method provided an average value 

of velocity, the dominant velocity response in sections of larger uniform areas distorted indices 

over smaller regions. This resulted in velocity values that were not representative of the true 

conditions of the material. 

When regression analysis is applied to indirect testing in hard rock, it could obscure 

important geologic features that could act as reservoirs for energy storage and energy release. In 

order to more effectively identify the locations of geologic structures within the drill core, each of 

the measured velocity values were assessed on an individual basis.  

4.2.2 Effect of Transducer Configuration on Velocity Values  

There is conflicting evidence on whether the test configuration has an effect on the measured 

velocity values. In some situations, it has been observed that the indirect test configuration results 

in lower values of ultrasonic velocity. Research in concrete by Turgut and Kucuk (2006) has 

shown that the indirect test configuration results in velocity values that are 4% slower than the 

direct test configuration.  
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When testing in hard rock, a series of correction factors have been developed to correlate 

P-wave velocity values from different test configurations (Kahraman, 2002; Lee and Jo, 2017). 

However, there were concerns about the validity of the correction factor values. The correction 

factors were developed for indirect testing using the regression analysis and were only valid for 

isotropic rock samples (Kahraman, 2002).  

The shape of the samples was not accounted for in the evaluation. Different sample 

geometries can influence the measured velocity values regardless of the test configuration based 

on boundary interference via the specimen’s minimum dimension (Aydin, 2014). Three different 

samples of slab, block and prism shape would require different dimensional constraints based on 

the boundary effects of the waveform.  The velocity of P-waves has been shown to decrease in 

both slab and bar specimens as a function of Poisson’s ratio, where bar specimens may produce 

up to 10%-14% lower velocities than a block specimen of the same material (Aydin, 2014). Tests 

conducted by Kahraman (2002) and Lee and Jo (2017) used samples with a block geometry. A 

bar geometry may require different correction factors.   

In addition, the values for the correction factors were very high. As shown in Table 4.1 

the correction factors from Lee and Jo (2017) were similar to Vp/Vs ratios of the same material. 

Using correction factors, it was suggested that P-wave velocity values from the indirect method 

were almost equivalent to S-wave velocity values in the direct testing method in the same 

material. Since P-wave velocity must be faster the S-wave velocity, there must be additional 

factors that were impacting the test results other than the test configuration.  
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Table 4.1: Comparison between the correction factors for indirect velocity testing and 

Vp/Vs ratios from the same material. The subscripts 1, 2 and 3 correspond to references 

from Lee and Jo (2017), Tatham (1982) and Carmichael (1982) respectively. 

 Rock Type Correction Factor1 Vp/Vs
2,3 

M-C Granite 1.51 1.75 

F Granite 1.37 1.69 

F Diorite 1.58 1.59 

M Diorite 1.38 1.59 

Sandstone 1.59 1.55-1.75 3 

Marble  1.71 1.91 

 

One possible reason for this discrepancy could be that the indirect pulse-wave had to 

travel through damaged rock along the surface of the specimen. The extraction and transport of 

the specimens would cause fractures to form on surface, while the rock would remain more intact 

at the center of the specimen. This would cause the measured indirect velocity values to be 

slower.  

When Hudson et al. (1980) conducted indirect testing to determine the degree of fissuring 

in rock mass comprised of chalk, areas of the tunnel face where surface fissures were absent (i.e. 

intact rock) had considerable variation in the apparent velocities between 1.6km/s and 2.5 km/s. 

They determined that the range in values was due to velocity variations in the intact chalk. These 

values were similar to velocity values measured using the direct method in the laboratory 

(1.6km/s - 2.2 km/s). 

For the purposes of conducting the UPV testing program it was necessary to determine if 

the indirect testing method would result in lower velocity values. As a result, direct testing was 

conducted along the length of the borehole at locations where different geologic units were 

intersected to compare with results from the indirect testing method in that specific geologic unit..  
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4.3 Material for Testing  

Drill core was selected for acoustic testing from a borehole by Lamontagne Geophysics Limited 

which was comprised of several rock types with complex and heterogeneous units. All 

evaluations regarding the indirect testing method were carried out on this drill core.  

The 573m borehole was completed at the Lamontagne Geophysics property at 20 

Binnington Court in Kingston, Ontario with UTM coordinates at 18T 0377916E/4902562N. The 

drilling was carried out by a contracting company. Drill core of NQ size, which has a diameter of 

47.5mm, was retrieved from the borehole and logged by personnel at Lamontagne Geophysics for 

calibration purposes (Kerr, 2015). The drill core and detailed core logs were then donated to the 

Geological Sciences and Geological Engineering department at Queen’s University. Conditions 

of sample preparation and sample storage during drilling and core logging are unknown. The drill 

core was transported to Queen’s University without any visible signs of transport damage. The 

location of the borehole site is shown in Figure 4.2. A corresponding geology section was 

generated from the results of the geological logging by Kerr (2015) with colour coding of 

geological units from Hewit, (1967) and is shown in Figure 4.3.  For clarification, the geology 

section only illustrates the occurrence of geology with depth and is not a representative 

stratigraphic section with identified age relationships. 
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Figure 4.2: Location of the Lamontagne Geophysics borehole (Kerr, 2015). 
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Figure 4.3: : Section of geologic units intersected by the Lamontagne borehole. The geology 

section was generated from the results of the geological logging by Kerr (2015). Colour 

coding of geological units from Hewit, (1967). 
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4.4 System Setup 

4.4.1 Ultrasonic Transducers 

As stated previously in Chapter 3, two types of transducers were purchased for testing and were 

available for the selection process: 54kHz compressional wave transducers and 250kHz shear 

wave transducers. The 54kHz transducers generate a compressional wave pulse, whereas the 

shear wave 250kHz transducers generate a shear wave pulse that can only be received in one 

plane (Proceq, 2013). In a uniform medium S-waves propagate transverse waves both in a vertical 

and horizontal direction. Since the 250kHz transducer can only transmit and receive the S-wave 

in one direction, the transducers have to be perfectly oriented in order for the ultrasonic S-wave 

pulse to be picked up by the receiver. In addition to the orientation dependency of shear wave 

transducers, propagation of the S-wave through the drill core was influenced more heavily by 

boundary effects; more specifically, the presence of structural features in the rock mass (i.e. 

bedding, foliation, veining, gneissic banding, hydrothermal alteration).  

Independent of the type of transducer that was used, the coefficient of attenuation due to 

scattering of the signal wave pulse was strongly dependent on the transducer frequency. In order 

to minimize the effects of scattering a shorter specimen length was required when using high 

frequency transducers (Aydin, 2014).  

As a result, the 54kHz transducers were chosen for the indirect testing method for their 

ability to generate clear wave pulses, to allow greater consistency of repeatable measurements, 

and to remove restrictions on the transducer spacing caused by transducer frequency. 

4.4.2 Testing through Fractured Drill Core  

Hudson et al., (1980) used UPV testing in the indirect configuration to look at the degree of 

fissuring in rock. They found that open discontinuities at the excavation face attenuated the 

ultrasonic pulse from the pundit transmitter. As a result, the threshold energy level at the receiver 

was not attained and further analysis was conducted in the lab. It was determined that filling the 
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openings with water did not improve propagation, and acoustic coupling was only attained when 

applying stresses in excess of 0.4 MN/m2. 

For this research, testing was conducted along a section of homogeneous monzonite drill 

core using 54kHz transducers, in order to verify whether the same process of severe attenuation 

would occur during testing across drill core. A rough fracture with a tight contact was chosen for 

evaluation (Figure 4.4) as it was the scenario that had the greatest likelihood of being successful 

due to the high proportion of grain to grain contact.  

The first part of the evaluation was to determine whether it was possible to generate an 

acceptable threshold energy level. An interpretable waveform would be formed and velocity 

values could be determined if the threshold level of the receiver was reached. 

 

Figure 4.4: Specific fracture used for evaluation of indirect testing method across fractures. 

The rough joint had a tight fit when oriented correctly and pressure was applied by hand. 

 

Two tests were conducted through the fracture. The first test was completed across the 

fracture when it was dry. The second test was completed after gel couplant had been applied 

along the fracture surface to aid in the transfer of the signal and reduce the amount of air at the 

fracture contact. An additional test was conducted across intact core adjacent to the fracture for 
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comparison. The transducer spacing was set to 25cm, with the understanding that if the method 

was successful, a consistent transducer spacing would be maintained during testing.  

As shown in Figure 4.5, the indirect test method was unsuccessful in generating an 

acoustic signal across the dry contact. This was due to attenuation of the wave signal as a result of 

signal scattering at the fracture. Scattering of the wave form is commonly a result of the reflection 

of waves at interfaces, specifically grain boundaries and fissures within the material (Basu and 

Aydin, 2006). Applying gel couplant to the joint did assist in generating a better return signal, 

however any interpretation of the P-wave arrival would be suspect since there would still be 

attenuation of the signal which would result in lower estimate of ultrasonic velocity. 

 

Figure 4.5: Ultrasonic waveforms from indirect testing with a 25cm transducer spacing 

across intact core, dry rough fractures, and gelled fractures, respectively. 

Given that this analysis was completed across a fracture that would provide the best case 

scenario, it was determined that the indirect testing method would only be used on pieces of intact 
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core. This limitation resulted in constraints on the transducer spacing and the ability to test drill 

core in fractured regions. 

4.4.3 Ultrasonic Console Parameters 

As with the other lab acoustic velocity techniques, the ‘Live View’ mode of the Proceq system 

was used to visually determine the P-wave and S-wave arrival times (Proceq, S.A. 2014). 

Parameters for the indirect testing method had to be modified due to the nature of the wave path 

compared to the wave path in the direct testing methods described previously. Table 4.2 lists the 

chosen console settings. During the testing the console parameters were not modified. This was to 

ensure consistency between the tests, and highlight the impacts of geology on data collection. 

Table 4.2: Parameter inputs for indirect testing in the Proceq console. The sampling rate 

was fixed for the pundit system at 0.5µs. 

Parameters 54kHz Transducers 

Pulse Width 9.3µs 
Excitation Voltage (Amplitude) 500V 
Receiver Gain (Rx) 10x 
Time Frame  500µs 
Sampling Rate 0.5µs 

 

As stated previously in Chapter 3, the pulse width was specific to the transducer 

frequency. Therefore, the 54kHz transducer used a pulse width of 9.3µs. There were issues with 

the measurements of waveform amplitude. A fixed cut-off threshold of 100% amplitude was 

applied by the console. This resulted in the cut-off of peak amplitude values for shear and surface 

waveforms. Adjusting the excitation voltage to the lowest option did not fix the problem with the 

amplitude cut-off, so excitation voltage was kept high at 500V to counteract the signal attenuation 

from the indirect ray path and to provide a clear P-wave arrival. 

The receiver gain was kept high to ensure a good signal to noise ratio, which was 

important for selecting the P-wave arrival (Blyth, 2017). The time frame during which the 
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console took measurements was kept high at 500µs. This allowed the complete waveform to be 

observed, making the selection of the S-wave arrival easier. The size of the measurement window 

had no effect on the sampling rate of the waveform. The sampling rate was fixed at 0.5µs. 

Selected waveforms were examined to ensure that the sampling rate was adequate for defining the 

waveform. As shown in Figure 4.6 every point on the waveform denotes one data collection 

point, with excellent data coverage at the wave arrivals. 

 

Figure 4.6: Graphical representation of a waveform in monzonite rock. 

Quality control of the waveform was improved by applying a signal averaging algorithm 

within the console. In Live Mode the signal averaging tool was applied to take a fixed number of 

measurements and then average the waveforms. The number of measurements that were 

incorporated into the average was not specified by the provider (Proceq, 2014). Signal averaging 

is similar to the procedure of stacking used in other acoustic fields. 

4.4.4 Selection of Transducer Spacing  

Factors governing the transducer spacing considered quality of the data and practicality of data 

collection. During the iterative testing the console parameters were adjusted accordingly to 

generate optimal waveforms. 

Due to the non-linear raypath of the indirect test configuration, there was a greater 

amount of acoustic noise compared to the direct testing methods. In order to minimize the amount 

Sampling	Rate	of	the	Acoustic	System	at	500µs	Time	Frame	
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of noise, which affects the selection of the P-wave arrival, the spacing of the transducers needed 

to be long enough to allow for separation of the P-wave and S-wave arrival. 

 As was previously explained, the transducer spacing was also limited in length due to the 

degree of fracturing of the drill core, as the measurements could only be conducted along sections 

of intact core.  

Previous UPV testing was conducted by Hudson et al. (1980) on intact chalk using the 

indirect testing approach with 54kHz transducers. The transducer spacing was set to 20cm due to 

restrictions on path length caused by the rapid attenuation of the high frequency pulse. 

Yaman et al. (2001) examined the effect of transducer spacing on velocity values on 

uniform concrete specimens. Five different transducer spacings (10cm, 20cm, 30cm, 40cm, 

50cm) were examined and the measured velocity values were compared. The results of the tests 

determined that increasing the transducer spacing improved consistency between the measured 

velocity values. From the series of tests, the minimum acceptable transducer spacing was 

determined to be 20cm.  

Stergiopoulou et al., (2008) tested concrete slabs using the same transducer spacing 

procedure as Yaman et al. (2001) and found that 10cm was the reasonable minimum separation 

distance. However, in the experiment there was a maximum transducer spacing cut-off of 10cm 

due to the influence of reinforcing steel in the concrete which distorted the travel time. 

The lower margin of transducer spacing from Stergiopoulou et al. (2008) and Yaman et 

al. (2001) was interpreted to be the result of relative homogeneity of the concrete material and the 

absence of pervasive structure. Increased amounts of heterogeneity in rock samples resulted in 

greater variability at shorter distances. 

Experiments were carried out on an 85cm section of homogeneous monzonite (Figure 

4.7). This section of core was chosen due to the absence of veins, intrusions, and other structures 

that would make the rock locally heterogeneous. 
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Figure 4.7: The section of monzonite under investigation is outlined in red. 

Transducer spacings from experiments conducted by Hudson et al. (1980), Yaman et al. 

(2001) and Stergiopoulou et al., (2008) were used as initial values to conduct iterative testing. 

Since there was no concern about imbedded structures within the rock to distort the travel time, 

the minimum transducer spacing was set at 15cm with increases in 5cm increments. Transducer 

spacing ranges of 15cm, 20cm, 25cm and 30cm were chosen for evaluation. The 15cm to 30cm 

spacing range also corresponded to the average lengths of intact core, which ranged from 10cm to 

100cm. This range optimized the number of tests that could be conducted along a core box, 

providing an acceptable amount of data collection in an optimal time frame. 

The velocity values of the different transducer spacings were compared to velocity values 

measured using the core-diameter testing approach. A core-diameter test was taken at the 

midpoint of each transducer spacing and the velocity value from the indirect testing method was 

averaged to the midpoint location. The configuration for the testing layout of the 25cm spacing is 

shown in Figure 4.8. 
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Figure 4.8: Configuration of indirect testing at 25cm spacing on monzonite drill core. A 

core-diameter test was completed at the midpoint of every indirect test. 

Comparisons between the two ultrasonic testing methods at each transducer spacing are 

shown in Figure 4.9. The core-diameter tests remained consistent along the length of core, while 

the indirect testing values varied as much as 500m/s from the average values. The velocity values 

corresponding to each test are listed in Appendix A. 

When the transducer spacing was set to 15cm, the P-wave velocity values were lower 

than the core-diameter testing by 500m/s on average. Additionally, in most cases it was difficult 

to identify the S-wave arrival. When the transducer spacing was increased to 20cm the P-wave 

velocity values were closer to the core-diameter results, varying by ±250m/s on average. The S-

wave arrivals were identifiable, but the values were consistently lower than what was determined 

by the core-diameter method. When the transducer spacing was increased to 25cm both the P-

wave and S-wave arrivals were identifiable and the amount of acoustic noise in the signal was 

reduced. Values for P-wave and S-wave velocities were close to the core-diameter test values, 

varying by ±100m/s on average. During the final series of tests, with the transducer spacing 

increased to 30cm, the velocity values from indirect testing were higher than the core-diameter 

results by 500m/s. 
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Figure 4.9: Examination of velocity results on the monzonite drill core. Comparisons 

between core-diameter testing and indirect testing are denoted by dots. Average velocity 

values calculated from the core-diameter testing are denoted by the dotted line. 
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Using the transducer spacing evaluation method from Yaman et al. (2001), values for P-

wave velocity were evaluated based on the transducer spacing. In Figure 4.10 values for P-wave 

velocity converged as the transducer spacing was increased. This is consistent with results from 

Yaman et al. (2001). 

 

Figure 4.10: Graphical evaluation of primary wave velocity variability between the 

examined transducer spacings in the monzonite drill core. 

Based on the ability to identify the wave arrivals, reproducibility of ultrasonic velocity 

values, and the correlation to core-diameter testing values, it was determined that the 20cm and 

25cm transducer spacing intervals would be used for the indirect testing method.  

4.4.5 Effect of the Distance Input for Transducer Spacing 

Due to the method in which the transducer has to be placed on the specimen in the indirect test 

configuration, there is more uncertainty in the path length. As shown in Figure 4.11, the location 

in which the ray path distance is measured from the transducer can be variable, which intern 

effects the measured velocity value.  
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Figure 4.11: With indirect testing the raypath distance can be measured from different 

points along transducer surface in contact with the drill core. There are several different 

combinations of distances that could be used. The three main measurement locations are 

identified above. 

Work was conducted by Yaman et al. (2001) in concrete to examine the influence of the 

assumed transmission point and receiver point with the indirect test layout. Yaman examined 

three potential path length definitions from the inner rims of the transducers (IR), the center of the 

transducers (C) and the outer rim of the transducers (OR) using 54kHz transducers.  

Yaman et al. (2001) found that there were significant differences in measured velocity at 

transducer spacings of 0.1m (Figure 4.12), however as the length between the transducers 

increased, the differences in calculated UPVs decreased and the UPV results converged to a 

constant value. 
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Figure 4.12: Velocity results from Yaman et al. (2001) showed that the influence of where 

the ray path distance was measured from the 54kHz transducers (IR= inner rim, C= center, 

OR= outer rim) was reduced as the absolute distance between transducers was increased. 

Based on the direct comparison with Figure 4.12 from Yaman et al. (2001), the selected 

transducer spacings determined in Section 4.4.4 would appear to generate consistent velocity 

values. Since the selected transducer spacings of 20cm and 25cm were measured from the 

midpoint of the transducer it was decided that all measurements would be conducted from the 

midpoint as well for consistency. 

4.5 Indirect Test Procedure 

4.5.1 Sample Preparation  

The drill core was kept at room temperature in relative room humidity. The impact of saturation 

on acoustic velocity values was assumed negligible for the igneous and metamorphic rocks that 

constituted 95% of the drill core. Sections of sedimentary units within the first 30m of the drill 

core were porous and likely influenced by saturation. Since the sedimentary units made up less 

Table 1-Direct UPV measurements through slab 
thickness 
- 1- Direct UPV. mJ, 

Measurement location PCl PC 
AIO I 4383 4491 
A20 4507 4544 
A30 4330 4449 
A40 4504 4481 
A50 4443 4562 
BIO 4387 4466 
B20 4),9 4539 
B30 4506 44J7 
840 4562 4535 
B50 4571 4477 
CIO 4360 4504 
C20 4539 4582 
00 4469 4418 
C40 4530 4507 
00 4507 1497 

Average 4475 '1498 
COV.'1l-. 1.70 1.09 -

To assure that the spacing between the transducers remained 
constant, premeasured spacer blocks were used. 

Indirect UPY determination was more elaborate than the 
direct UPY due to t1e uncertainty in wave path length. One 
reason for this uncertainty is the nonuniform and indetermi-
nate surface deformativn vI' the transJucer piezoelectric 
crystal surface (Krautkramer and Krautkriimer 1990). For 
lhat reason, the calculated indirect UPY could differ depend-
ing on the assumed point of excitation and the point of recep 
tion. This can vary between the outer rim and the inner rim 
of each transducer. In Fig. 3(a), the indirect CPYs were cal-
culated as the ratio of various path lengths to the time of 
night of the waves between two transducers. which will be 
referred to as Method I. In Method I, there are three potential 
path length Jetinitions as shown in Fig. 3(a). which are the 
center-to-center distance Lr-c. the inner rim-to-inner rim cis-
tance L IR-IR - and the outer rim-to-outer rim distanCe lOR-OR' 
The differences in UPYs fl"Om using different path length 
definitions can De seen in Fig lta). As the distance between 
the transmitting and receiving transducers increases, the 
differences in calculated UPYs decrease and the UPYs con-
verge to a constant value. 

The UPY calculation using an alternative procedure 
(Method 2) is shown in Fig. 3(b). In this procedure, time of 
flight is plotted against multiple transducer spacings by rear-
ranging the measurement data descrihed in Fig. 3(a). The in-
verse of the slope from linear regression of the lime of flight 
and tr<'lnsducer spacing provid-.:d the indirect UPY. UPY ob-
tained using Method? W<lS not affected by transducer di-
ametcr because: the definition of the distance between the 
transmitting and receiving transducers only affects the offset 
of the regression relation. The indirect UPY was computcd 
from tht: regression relation between nine transit time mea-
suremcnts at mne receiver locations ohtained for incrc:.lsing 
dist:.lnces from the transmitting transducer. It should be notcd 
that the L' PY computed using this procedure represents the 
smeared value over the largest separation, which was 495 mm 
for the measurelllcnt shown in Fig. 3(h). Similar procedures 
to Method? arc Jc.scribcJ in British Standards (liS 1q91) 
and RILl-:M rccomrncnd:.llions ([972). 

Fig. 2-Indirect UPV test grid on concrete slab swjace (PCI). 
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Fig. 3-Methods for determining indirect P\I. 

EXPERIMENTAL RESULTS AND 
STATISTICAL ANALYSIS 

Experimental results 
The testing program had t\\·o ohjectives. The objective 

was to COmpJle direct and indirect \"elocities and develop ;1 

correction [";lctar. if needed. The second objecti,· was to de-
velop an indirect UPY measurement pr cedure for concrete 
surfaces by estahlishing the number of tran ducer I L'ations 
and spacing. 

Direct PYs obtained through the thickness of the slab 
specimens are prescntc'd in Table I. which r pr sents th av-
erage of four at each Illcllion. TIl' 
of thesc as described hy the c )efficient f 
variation (COY) Slll)\\'11 in Tabl' 1. are 1.7) for PCI and 
l.oq 7(' for PC2. 
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than 5% of the total length of drill core under investigation, no additional measures were made to 

mitigate the effects of saturation.  

Sample preparation for indirect testing was limited to cleaning the drill core surface of 

dirt and debris with water. During initial experimentation of the indirect testing procedure, it was 

determined that testing the core in wooden core boxes had no effect on the measured velocity 

values. Therefore, all tests were completed with the drill core in their respective boxes. With the 

minimal amount of sample preparation required, the completion time of the indirect testing 

method was substantially faster than the two direct testing methods.  

4.5.2 Procedure to Conduct Measurements  

The first step was to determine the transducer spacing, with the distance measured from center to 

center of the transducer contact area (ASTM, 2008a). The decision to set the spacing to 20cm or 

25cm was based on the amount of fracturing of the drill core. In regions where the RQD was less 

than 70, the transducer spacing was set to 20cm. In regions where the RQD was greater than 70, 

the transducer spacing was increased to 25cm. Using RQD as a guideline for transducer spacing 

ensured that 5-10 tests were completed for 3.5m core box. The upper limit on the number of tests 

was to ensure that the data collection could be completed in a timely manner.  

The effects of velocity variability resulting from testing along different surface axes was 

not examined. In the case of indirect testing, the surface axis denoted the axial path the waveform 

took from transmitter to receiver along surface of the specimen. Testing is conducted along 

multiple axes to examine the degree of anisotropy of the ultrasonic signal as a result of the 

orientation of structure. Since examining detailed anisotropy was not a main objective of the test 

program, indirect testing was only conducted along one axis of the drill core. This significantly 

reduced the amount of time required for testing and data processing. 
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Along the single axis, testing locations were identified and couplant gel was applied 

(Figure 4.13). Applying couplant gel to the locations beforehand greatly reduced the amount of 

couplant gel that was used in the process of testing.  

 

Figure 4.13: Locations for testing are marked with couplant gel and are highlighted in red. 

After the test locations were identified, 1tsp of gel was applied to each transducer. The 

transducers where then placed in the test location and the test was initiated. The time span for 

testing was approximately 5 seconds. The transducers were firmly pressed against the drill core 

surface to ensure coupling (Figure 4.14). In the indirect method, the quality of the coupling was 

critically important since inadequate coupling could result in inaccurate arrival time 

measurements (ASTM, 2016).  

In order to improve the accuracy of the measurements the time signal averaging icon was 

selected and a series of tests were conducted in sequence. The signal was then averaged to 

provide an average waveform to select P-wave and S-wave arrivals.  
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Figure 4.14: Execution of the indirect testing technique on drill core. 

Once the test was completed the drill core depth was measured to the location of the 

midpoint between the transducers. Once all the tests were completed in the drill core box, the drill 

core was cleaned with water and left to dry. In regions where the rock was porous, specifically 

the sedimentary units, the core was cleaned immediately after testing to prevent the gel from 

being absorbed. With this system setup, the average time per test was one minute, with an overall 

time of 15 minutes per 3.5m of drill core, including data processing.  

4.5.3 Circumstances Requiring Modification to System Setup 

4.5.3.1 Poor Waveform Signals  

As previously stated, no console parameters were modified during testing to improve the 

waveform signals. This was to ensure consistency between the tests and highlight the impact of 

geology on data collection. In locations with poor waveform signals more couplant gel was 

applied to the transducers and more pressure was applied from the transducer holder onto the drill 

core. If structures were present, the transducer’s position was adjusted away from the structure. If 

neither modification improved the waveform signal, no measurement was taken. 
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4.5.3.2 Positioning of Transducers between Fractured Regions  

Basu and Aydin (2006) noticed that considerable ultrasonic scattering would take place when the 

transducers were pressed against discontinuities or edges. The presence of structural boundaries 

would deform the wave pulse and reduce the signal amplitude, resulting in anomalously low 

velocity values. If the transducers were near edges of the intact core length and close to fractures, 

the surrounding core pieces were separated from the section of core that was being tested. In most 

cases this resolved the issue. In some locations the micro-fractures were pervasive along the 

‘intact’ core (Figure 4.15), and adjustments to the surrounding core had no effect. This was 

common in cataclastic units in the tested drill core.  

 

Figure 4.15: Irregular vein structures created internal fracturing within the drill core which 

resulted in anomalously low velocity values to be measured. 

4.5.3.3 Intersections with Geology Contacts and Geologic Structures  

In order to replicate the style of sample collection that would occur in acoustic borehole logging, 

measurements were taken at every possible location. This included taking measurements across 

geologic structures. This was shown in Figure 4.14, where the test was taken directly through the 

vein which was comprised of actinolite with muscovite and pyrite (Kerr, 2015). 

Care was taken to ensure that measurements were not conducted between geologic 

contacts since differences in the inherent velocity values would result in a measured value that 

would not be representative of either rock type at the contact.   
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4.6 Data Processing for Indirect Testing  

The mechanics of the indirect configuration resulted in different waveform profiles from direct 

testing configurations. Due to the direct transmission of the waveform in core-axis and core-

diameter testing, the P-wave and S-wave arrivals are easier to identify (Figure 4.16). The 

selection principles previously outlined in Section 3.5 were used to manually select the arrival 

time values for P-waves and S-waves. The selected data recording window had to be modified for 

the two tests configurations since test were conducted across different distances of drill core. 

 

Figure 4.16: Examples of two acceptable waveform profiles that were used for further 

analysis. When comparing profiles, the transition between the P-wave and S-wave arrival is 

more distinct with the direct testing configuration. Both test configurations have different 

data recording window to provide the clearest waveform signal.   

 

Compressional Arrival: First arrival that had an amplitude exceeding the noise threshold. All 

wave arrivals began with a positive amplitude. 
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Shear Arrival: The time in which the amplitude was observed to spike beyond the average P-

wave amplitude. Selected at the point in which a full cycle was completed. In the case where 

wave interference was exhibited, the S-wave arrival was identified at the point in which the 

interference started to occur. 

4.6.1 Validity of S-Wave Velocity Measurements  

It was more difficult to select the S-wave arrivals with the 54kHz transducers. Due to the indirect 

transfer of the transmitted pulse there was uncertainty as to whether it would be possible to 

identify the shear wave arrival. 

4.6.1.1 Internal Fracturing of the Tested Samples  

When using amplitude increase as the indicator of S-wave arrival there were special 

circumstances where the S-wave arrival could not be determined. In situations where the sample 

had significant amounts of internal fracturing in the rock, the P-wave amplitude gradually 

increased as the wave propagated through. Since a clear difference in amplitude was necessary to 

mark the S-wave arrival, the gradual increase in the compressional waveform masked the S-wave 

arrival. An example of this phenomenon is shown in Figure 4.17. 

 

Figure 4.17: Type of waveform in which an S-wave arrival cannot be determined due to the 

gradual increase in the compressional wave amplitude. 

4.6.1.2 Contamination of the Shear Wave  
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There were instances in which the waveform did not exhibit a typical cyclical trend. An abrupt 

change of the waveform shape was observed in the compressional wave form, followed by a 

sharp increase in amplitude. An example of this phenomenon is shown in Figure 4.18. Since this 

behaviour was rarely exhibited in the direct testing mode, it was hypothesized that the P-wave 

arrival was interfering with the S-wave arrival. This was believed to be the result of the 

transducer spacing.  

 

Figure 4.18: An abrupt fluctuation in the amplitude of the wave cycle occurs at 80ms, 

followed by a spike in the measured amplitude. 

Irregular fluctuations in the waveform could indicate that the measurements were taken 

within the Fresnel zone of the instrument. According to Huygen’s principle (Mavko et al., 2009), 

interference among waves with different phases causes extensive fluctuations of wave intensity 

near the source. The interference between waves can either be constructive or destructive.  This 

region is known as the ‘near field’ or Fresnel zone. Due to the intensity fluctuations within the 

near field, it can be difficult to obtain accurate velocities in the Fresnel zone.  

However, the irregular fluctuations of the wave form only occurred within select samples 

and was concentrated at a specific location along the length of the waveform. Therefore, the 

irregularity was believed to be caused by S-wave contamination as a result of the pulse length 

distance. As explained previously in Section 3.5, reductions in the pulse travel distance affect 

how close the P-wave and S-wave arrivals occurred together. If the transducer spacing was too 
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short, the S-wave arrival occurred before the P-wave had time to attenuate. This resulted in 

interference between the two waveforms.  

The hypothesis that fluctuations resulted from testing within the Fresnel zone was 

evaluated on data previously collected for the determination of transducer spacing for indirect 

testing. Details about the geology and setup of the testing procedure are outlined in Section 4.4 

During the procedure, preliminary selections of the S-wave arrivals were completed for results 

from the indirect test method at the 20cm and 25cm transducer spacing intervals. 

For the comparison, S-wave arrival times selected from the 54kHz transducers were 

compared to approximated S-wave values from direct testing. The approximated S-wave arrival 

times were back-calculated by taking the distance of the transducer spacing and dividing it by the 

known S-wave velocity values from the 250kHz transducers. Additional comparisons were made 

from the measured P-wave velocity values based on the assumption that the S-wave arrival time 

should be double the arrival time from P-wave arrival (Proceq, 2014). Comparisons are shown in 

Figure 4.19. 



 

94 

 

 
Figure 4.19: Comparisons between the measured shear wave arrival times and 

approximated arrival times. The offset between the different S-wave arrivals was within 

half of a wave cycle. 

Estimates for S-wave arrival from the P-wave approximation and the S-wave arrivals 

from the core-diameter testing were consistent with the chosen S-wave arrival location. As a 

result, the erroneous fluctuations in the waveforms were assumed to be a result of interference 

between the S-wave arrival and the P-wave. The S-wave arrivals were identified as the point in 

which the compressional waveform exhibited erroneous fluctuations in amplitude, corresponding 

to wave interference. 

Between the two shear wave arrivals the maximum offset was half of a wavelength. Since 

the error margins were calculated to that offset, the discrepancy in S-wave velocity from the 

configuration was accounted for in the measured values.  

Based on the results of the evaluation, it was determined that it could be possible to 

identify S-wave arrivals given an error margin of half a wavelength. It was decided that the 

25cm Transducer Spacing20cm Transducer Spacing

Calculated from 
Direct Testing 
Configuration

Measured
Arrival Time 

Approximated 
From P-wave 
Arrival Time
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testing procedure would include measurements of shear wave velocities. Further evaluation of the 

validity of the shear wave velocities was conducted on the measured values.  

4.6.1.3 Error Margins for S-Wave Values in the Continuous Testing Program 

Error margins for shear arrivals were estimated using the selection procedure outlined in Section 

3.5.4. Margins were estimated as half a wavelength from the selected arrival time and calculated 

for the test configuration using a random selection of test profiles.  Values for indirect testing and 

core-diameter testing were determined to be 300m/s. Values for the analysis are listed in 

Appendix B. 

4.6.2 Consistency of the Arrival Time Selection Process 

To improve consistency in the arrival time selection process, P-wave and S-wave arrival times 

were re-measured once all of the indirect testing on the Lamontagne drill core was completed. 

During the process of selecting arrival times, images of the typical waveforms were archived to 

ensure consistency between the selected locations on the waveform. The different styles of 

waveforms that were observed are shown in Appendix B.  

 

 

 

 

 

 



 

96 

 

Chapter 5 

Assessment of Velocity Values from the Continuous UPV Test Program 

Along the Lamontagne drill core indirect testing was conducted at 878 locations. At each of these 

locations values for P-wave velocity and S-wave velocity were determined. There were two 

significant gaps in data collection from 22m – 33m and 206m – 226m which were the result of 

fracturing of the drill core. Taking into account the sections of heavily fractured core, the test 

resolution equaled one test per 0.65m. Although this resolution is smaller than what can be 

achieved through acoustic borehole logging, the resolution is still high enough to be considered a 

continuous testing program.  

After the testing was completed, all P-wave and S-wave arrival times were re-selected to 

ensure the identification of the wave arrivals was consistent along the drill core.  The measured 

velocity values from the continuous testing program are shown in Figure 5.1 with the 

corresponding geologic section, and indirect test results are summarized in Appendix C.   

This chapter summarizes a series of analyses that were conducted to determine whether 

values of P-wave and S-wave velocity were reliable in terms of the geologic units that were 

present. In addition, correlations between the P-wave and S-wave velocity datasets were 

evaluated to determine whether the relationship between the measured values were meaningful. 
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Figure 5.1: Values for P-wave velocity and S-wave velocity along the Lamontagne drill core. 

Velocity values from the continuous UPV testing program were implemented using the 

indirect test configuration. 

Results of the Continuous Testing Program along the Lamontagne Drill Core

Overburden
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5.1 Methods of Assessment 

5.1.1 Average Difference between Velocity Values 

In cases where comparisons were made between measured velocity values of the same rock type, 

a simple calculation of difference between velocity values was used. When comparisons were 

made between measured velocity values and velocity values from literature, ranges in velocity 

were examined for each rock type. Comparisons between values from different test 

configurations used individual test values at the location where the UPV test was conducted. 

Calculating the difference between velocity values at specific locations was important to remove 

geologic variability.  

When examining the ranges for each rock type, velocity differences less than 1000m/s 

were considered acceptable. This was based on the fact that there would be more geologic 

variability within the classified rock type. At the individual measurement level, velocity 

differences less than 500m/s were considered acceptable. Differences in measured velocity values 

within the acceptable range were attributed to geological variability, while values outside 

acceptable range where attributed to potential issues with the drill core or the method in which the 

test was carried out.  

5.1.2 Evaluation of Measured Offset between S-wave Velocity Values 

In order to draw conclusions between the different assessments of S-wave velocity, the amount of 

offset between measured Vs values from indirect testing and the calculated values from the 

examination of Vp/Vs ratios and core-diameter testing was measured. By evaluating the overall 

offset, this helped identify whether there were similar trends between the different S-wave 

velocity analyses. If the offset of the calculated values was larger than 15%, it suggested that 

measured values of S-wave velocity may not be reliable (Braun, 2017). 
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5.1.3 WR-Fit Method   

The importance of geology on the measured velocity values posed a challenge when trying to 

quantitatively evaluate correlations between two velocity datasets. Many standard statistical 

models use mathematical models and functions to quantify the variability or consistency between 

two datasets. Since geology is highly variable at both the macroscopic and microscopic scale, 

there is no meaningful way to appropriately quantify the measured values within a mathematical 

function. As a result, correlations between two velocity datasets have to be measured so each 

velocity value is addressed as a discrete point.  

A simple set of tests were used to measure average variability between the measured 

velocity values on an individual point basis. To find the ‘goodness of fit’ between two velocity 

datasets, the WR-Fit method by Diederichs, K. (2017) was used to evaluate correlations between 

the velocity magnitudes and the general trends in velocity along the length of the drill core. The 

WR-Fit method uses a combination of two statistical tests that are described below.  

The description of the statistical methods used in the WR-Fit analysis pertain to 

correlations between P-wave velocity and S-wave Velocity. Vp and Vs values are used to explain 

the test method, however it is important to note that the analysis can be conducted on any series 

of velocity values. 

5.1.3.1 Statistical Test T1 

The first test (T1) gave a measure of how close the datasets were in magnitude.  A sum of the 

difference over the mean was calculated for a series of velocity values along the drill core. Since 

Vp is always larger than Vs, the T1 value would always be greater than zero. As a result, the test 

examined whether the difference between the two measured velocity values was consistent along 

the series. If there was no consistency it would mean that the measured values for Vp and/or Vs 

were not reliable.  
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For a given series of velocity values: 

     𝑇1 = TU4	TV
T

    [5.1] 

where 

     𝑌 = TU-TV
8

    [5.2] 

 

In this case, a series of Vp and Vs velocity values are evaluated and T1 is the sum over the 

series of velocity values under evaluation. 

5.1.3.2 Statistical Test T2 

The second test (T2) provides a measure of the closeness in trends of velocity along the length of 

the drill core. T2 is calculated as a sum of the square differences over the sum of the means 

squared. In the case of UPV testing, T2 examined whether velocity changes core was exhibited 

by both Vp and Vs. If the shape of the Vp and Vs velocity profiles along the length of the drill core 

did not match up, it would suggest that changes exhibited by Vp and/or Vs values were not 

meaningful. For a given series of data: 

     𝑇2 = TU4TV V

TV
    [5.3] 

 

Similarly, a series of Vp and Vs velocity values are evaluated and T2 is the sum over the 

series of velocity values under evaluation. 

5.1.3.3 WR-Fit Matrix 

Results from the WR-Fit tests were plotted in a matrix format to visually demonstrate how well 

the Vp and Vs datasets correlated. As shown in Figure 5.2, there were four main quadrants that the 

WR-Fit values could fit into based on the generic functions Y1 and Y2 
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Figure 5.2: Generic application of the WR-Fit matrix where the datasets fit within four 

major quadrants. Figure modified from Diederichs (2017b). 

 

A high positive T1 meant that Y1 was always higher than Y2 while a negative T1 meant 

the reverse. A small T2 values meant that there was little variation in the distance between the 

two functions at a given common input variable (e.g. time or location) while a large T2 indicated 

that there were fluctuations in measured values and differences in the separation between the two 

function. 

For this application, since Vp is always larger than Vs, the location of the calculated WR-

Fit values was restricted to the top half of the matrix. Figure 5.3 outlines the three main scenarios 

for the ultrasonic velocity trends and their resulting location within the WR-Fit matrix. 

Y1 Y2

T1

T2

WR-Fit Test Matrix
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Figure 5.3: Application of the WR-Fit matrix in order to visually evaluate correlations 

between P-wave and S-wave velocity. Three main correlation scenarios were identified 

within the matrix. 

 

A preliminary WR-Fit Test was conducted using generic velocity values to illustrate how 

the location of the WR-Fit values changed based on how well the two velocity series aligned. 

Figure 5.4 shows the placement of the WR-Fit values using scenarios where the data was 

perfectly aligned (AA), where there was no correlation (AB), and where there was a difference in 

velocity values at increasing intervals of 500m/s, 1000m/s, 2000m/s, 2500m/s and 3000m/s, 

Vp Vs
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WR-Fit Test Matrix

1. Consistent trend between Vp and Vs

2. Minor discrepancies between Vp and Vs
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respectively. These WR-Fit data points were incorporated into each WR-Fit model to visually 

demonstrate how well the Vp and Vs values correlated. 

 

Figure 5.4: Location of the WR-Fit test results from generic velocity values. AA denoted 

where the velocity values perfectly aligned, AB denoted where there was no correlation, and 

the triangles denoted the difference in velocity between the two datasets in meters. The 

polynomial equation is the best fit function for the sample values. 

5.2 Evaluation of P-wave Velocity Values from Indirect Testing 

P-wave velocity values were assessed by comparing the range of velocity values that were 

measured for each rock type to velocity values from literature. Comparisons were made to 

velocity ranges from Dineva (2010). As shown in Figure 5.5, the comparisons examined the 

range in velocity values for each major rock type that was present in the drill core. 
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Figure 5.5: Ranges in measured P-wave velocity as a function of rock type (Dineva, 2010). 

The velocity ranges from indirect testing were determined from the most frequent range 

in values and did not incorporate individual outliers that were present in the geologic units. The 

velocity ranges were averaged across each occurrence of the rock type along the drill core to 

provide a representative average. Table 5.1 lists the exhibited range in velocity values from 

indirect testing, and velocity ranges from Dineva (2010).  

Table 5.1: Comparison between P-wave velocity ranges measured from UPV testing and 

Dineva (2010) for the main rock types that were present in the drill core. 

 
(Dineva, 2010) Measured UPV 

Rock Types Vp Min 
(m/s) 

Vp Max 
(m/s) 

Vp Min 
(m/s) 

Vp Max 
(m/s) 

Limestone 3000 5500 4000 6000 
Dolostone 3000 5500 4500 6500 

Metaplutonic / Metaintrusive 4000 6000 4500 7000 
Granite 4000 6000 3500 6000 

Calc-silicate 1500 5500 4000 5000 
Metapelite 4000 6000 4000 6000 

Gabbro 4000 6000 4500 5500 
Monzonite 4000 6000 5000 6000 
Paragneiss 4000 6000 4000 6000 

Amphibolite 6000 8000 5000 6000 
Pyroxenite 6000 8000 5000 7000 

Quartzofeldspathic Gneiss 4000 6000 4000 6000 
Syenite  4000 6000 3500 6000 
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Sections of limestone and dolostone exhibited velocity values that were higher than the 

range specified in Dineva (2010). Since the range of measured values in dolostone was higher by 

1000m/s, this suggested that additional factors were influencing the test results.   

Measured velocity values in syenite and granite were below the range specified by 

Dineva (2010) at locations between 100m-110m and 130m-150m. There were two sections where 

velocity values in the metaplutonic rocks exhibited values 1000m/s higher than the range 

specified by Dineva (2010). The spikes in velocity values at 121m and 130m will be addressed in 

the following chapter. 

Measured P-wave velocity values in the pyroxenite units were slightly lower than the 

range from Dineva (2010) and measured values of amphibolite were entirely below the range. 

However, correlations to the velocity ranges from Dineva (2010) may not be appropriate due to 

the intense metamorphism and reworking of the ultramafic units present in the drill core. From 

examination of amphibolite and altered metadiabase units from the southwestern Grenville 

province, average P-wave velocity values ranged from 6720m/s to 6900m/s and 6150m/s to 

6300m/s, respectively (Long and Salisbury, 1995). Since these measurements were taken at 

60MPa, it was expected that the measured values would be higher than the values from indirect 

testing measured at atmospheric pressure.  

 With the exception of velocity values measured in the limestone and dolostone units, the 

indirect testing was believed to provide reasonable values for P-wave velocity. Although P-wave 

velocity values from the pyroxenite and amphibolite units were lower than values from literature, 

the measured values were still believed to be acceptable. Lower velocity values were associated 

with testing at atmospheric pressure and the reworking of the units from their original protolith. 

In sections where measured velocity values were outside the velocity range from Dineva (2010), 

geologic factors were believed to be the cause. Further assessment of the impacts of geologic 

features are described in Chapter 6. 



 

106 

 

5.3 Evaluation of S-wave Velocity Values from Indirect Testing 

During the initial data processing there were concerns about the reliability of S-wave 

measurements as a result of contamination of the waveform during the S-wave arrival. This 

section outlines the group of analyses that were conducted to determine the reliability of the 

measured values.   

5.3.1 Comparison between S-Wave Velocity and Vp/Vs Ratios 

Vp/Vs ratios can be used to distinguish geological intersections based on the differences in 

measured velocity that rock types generate. Since rock types have their own specific range of Vp 

and Vs values, Vp/Vs ratios were used to examine whether the measured S-wave values were 

geologically significant. Values of Vp/Vs ratios were calculated based on the suite of velocity 

measurements taken along the length of drill core and compared to ratio values from literature. 

The hypothesis was that there should be correlations in the data in regions within similar geologic 

units and discrepancies within units of different geology. If this behaviour was not exhibited, it 

indicated that measured S-wave values from indirect testing may not be geologically relevant.  

5.3.1.1 Vp / Vs Ratios 

For this analysis values for Vs were calculated based on Vp/Vs ratios and measured Vp values 

from indirect testing.  Vp/Vs ratios were selected for three rock types that were present in the drill 

core. The Vp/Vs ratios were taken from laboratory ultrasonic testing conducted by the Canadian 

Geological Survey on samples from the southwestern Grenville Province at depth (Long and 

Salisbury, 1995). Ratios were selected for granite, amphibolite and paragneiss due to each rock 

types consistent occurrence along the drill core, and the notable difference in Vp/Vs ratio values. 

Table 5.2 lists the Vp/Vs ratios for the three rock types. During comparisons between the two S-

wave datasets, Vs values measured from indirect testing were denoted as VS-Measured while 

values of Vs calculated from Vp/Vs ratios are denoted as VS-Ratio, respectively. 
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Table 5.2: Vp/Vs ratios used for analysis (Long and Salisbury, 1995). 

Rock Type Vp/Vs Ratio 

Paragneiss  1.8125 

Amphibolite 1.7056 

Granite 1.7163 

 

Before conducting the analysis, the two datasets were divided into a series of smaller 

tests, to examine correlations along distinct intervals. Velocity values were divided into sections 

based on the main geologic units to highlight the impact of geology on the correlations.  

Three different comparisons were used to evaluate correlations. The geologic sections 

were grouped into regions with good correlation and regions with poor correlation based on 

visual inspection of the two Vs datasets. Sections with poor correlations were evaluated by 

determining average difference between the velocity values. The values were used to determine 

which section along the drill core, and which rock type had the poorest correlation. In areas with 

good correlation, the WR-Fit method was applied to determine which of the three Vp/Vs ratios 

generated the best correlation.  

5.3.1.2 Grouping of Sections based on the Quality of Correlation  

The three VS-Ratio datasets were compared to VS-Measured values separately. The datasets for 

evaluation are shown in Figure 5.6-5.8 where the points along the vertical axis denote the main 

geologic units along the length of the drill core. Sections of poor fit were identified as locations 

where there was minimal to no overlap between values of VS-Measured and VS-Ratio. Table 5.3 

lists the grouping of sections for further analysis.  
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Figure 5.6: Comparison between Vs values from indirect testing and Vs values calculated 

from Vp/Vs ratios of amphibolite. 

Overburden
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Figure 5.7: Comparison between Vs values from indirect testing and Vs values calculated 

from Vp/Vs ratios of granite. 

Overburden
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Figure 5.8: Comparison between Vs values from indirect testing and Vs values calculated 

from Vp/Vs ratios of paragneiss. 

 

Overburden
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Table 5.3: Division of geologic sections based on the quality of correlation between Vs values 

from indirect testing and Vp/Vs values. Good correlations are identified in bold. 

Rock Type (Kerr, 2015) 
Start Point 

(m) 

End Point 

(m) 

Quality of 

Correlation 

Limestone - Proterozoic Unconformity 9.01 32.31 Poor 

Metaplutonic 32.31 44.00 Poor 

Metaplutonic 44.0 45.31 Good 

Metaplutonic 45.31 98.66 Poor 

Granite  98.7 105.11 Good 

Calc-silicate 105.11 115 Good 

Calc-silicate 115.00 128.75 Poor 

Granite  136.11 141.15 Good 

Granite 141.50 155.10 Poor 

Metapelite 155.11 207.16 Good 

Monzonite 161.80 167.11 Poor 

Metaintrusive 228.00 263.23 Poor 

Metaintrusive 263.25 324.755 Good 

Metaintrusive / Mixed Paragneiss Contact 324.55 357.44 Poor 

Mixed Paragneiss 357.44 375.1 Good 

Metapelite 375.01 391.06 Poor 

Amphibolite Paragneiss -> Pyroxenite 391.06 407.16 Good 

Quartzofeldspathic Gneiss 407.16 431.96 Poor 

Monzonite -> Mixed Paragneiss  431.96 436.46 Good 

Quartzofeldspathic Gneiss and Intermediate Dykes 436.46 503.11 Poor 

Mafic Plutonic Paragneiss -> Mafic Intrusive 503.11 541.01 Good 

Calc-silicate Paragneiss  541.01 553.91 Poor 

Monzonite -> Monzonite 552.01 573 Good 

 

5.3.1.3 Analysis for Regions with Poor Correlation 

For sections with poor correlation, further analysis was conducted to calculate the difference 

between the Vs values and determine which location and geologic section exhibited the poorest 

correlation. The average difference between VS-Measured and the VS-Ratio was calculated for 
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each Vp/Vs ratio. The results of the analysis are shown in Table 5.4. For each of the three different 

Vp/Vs ratios the three poorest correlations are ranked first, second and third, respectively. 

Table 5.4: Analysis of regions with poor correlations using calculations of the average 

difference between velocity values. The colour coding (gold, silver, and bronze) corresponds 

to the ranking of the top three poorest correlations for each of the different Vp/Vs ratios. 

 

The average difference in velocity values ranged from 250m/s to 650m/s. Differences in 

excess of 500m/s were identified as significant, and accounted for 24%, 30% and 18% of tested 

values along the drill core for the Vp/Vs ratios of granite, amphibolite and paragneiss, 

respectively. The poorest fit occurred in regions comprised of metaplutonic from 32.31 to 98.66m 

and metaintrusives from 228m to 263.23m. 

The poor correlations in the metaplutonic and metaintrusive sections were likely the 

result of geologic structures and minor geologic variations within the igneous units. In terms of 

the different Vp/Vs ratios, the amphibolite often generated the poorest correlation. This was 

expected since velocity values from amphibolite units are higher than most other geologic units. 

5.3.1.4 Analysis for Regions with Good Correlation 

In regions with good fit, the WR-Fit technique was used to determine which geologic section had 

the best correlation. In addition, results from the WR-Fit test were used to quantify which Vp/Vs 

Start (m) End (m) Granite Amphibolite Paragneiss 
Limestone - Proterozoic Unconformity 9.01 32.31 512.5 526.46 395.95
Metaplutonic 32.31 44.00 570 577.18 556.62 1st
Metaplutonic 45.31 98.66 720.3 737.71 578.43 2nd
Calc-silicate 115.00 128.75 553.9 572.29 411.8 3rd
Granite 141.50 155.10 365.1 377.22 311.1
Monzonite 161.80 167.11 348.7 354.53 343.09
Metaintrusive 228.00 263.23 706.3 727.25 533.74
Metaintrusive / Mixed Paragneiss Contact 324.55 357.44 491.4 514.3 311.76
Metapelite 375.01 391.06 282.6 270.27 412.2
Quartzofeldspathic Gneiss 407.16 431.96 277.7 260.9 423.94
Quartzofeldspathic Gneiss and Intermediate Dykes 436.46 503.11 233.6 220.42 367.3
Calc-silicate Paragneiss 541.01 553.91 176.9 167.21 312.56

Average Difference (m/s)

1 2 3
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ratio provided the best correlation along the drill core. For the purpose of the analysis, values of 

T1 and T2 from the WR-Fit method were used to compare the different Vp/Vs ratios.  

From the results of the analysis listed in Table 5.5, it was determined that good 

correlations between VS-Measured and VS-Ratio accounted for 40% of tested values along the 

drill core. Half the sections with good correlations were comprised of granite, paragneiss and 

amphibolite which were the rock types used in the Vp/Vs ratios. In addition, the best correlations 

occurred in sections of granite, metapelite and amphibolite paragneiss. Other rock types with 

good correlations included the larger section of metaintrusives, mafic plutonic paragneiss and 

monzonite. Independent of geology, VS-Ratios from the paragneiss ratio generated the best 

correlation up to 350m. After 350m, the VS-Ratios from granite generated the best correlation.  

Table 5.5: WR-Fit analysis was conducted on Vs values to determine which Vp/Vs ratio 

provided the best fit. The colour coding in the figure (gold, silver, bronze) denotes the 

ranking of best to worst fit for the Vp/Vs ratios at each geologic section. Regions where 

geologic sections of the same rock type as the Vp/Vs ratio generated the best ratio are 

denoted in bold. 

 

5.3.1.5 Conclusions from the Vp/Vs Ratio Analysis 

Regions with good correlations accounted for 40% of tested values along the drill core. Sections 

of granite, amphibolite and paragneiss generated the best correlations for their respective Vp/Vs 

1 2 3

Geology Sections Start (m) End (m) T1 T2 T1 T2 T1 T2
Metaplutonic 44.0 45.31 0.1415 0.0207 0.1477 0.0225 0.0872 0.0083 1st
Granite 98.7 105.11 0.1076 0.0255 0.1138 0.0270 0.0531 0.0164 2nd
Calc-silicate 105.11 115 0.1453 0.0326 0.1516 0.0344 0.0910 0.0204 3rd
Granite 136.11 141.15 0.0266 0.0173 0.0329 0.0176 -0.0279 0.0176
Metapelite 155.11 207.16 0.0432 0.0090 0.0495 0.0096 -0.0113 0.0077
Metaintrusive 263.25 324.755 0.0747 0.0103 0.0810 0.0113 0.0202 0.0052
Mixed Paragneiss 357.44 375.1 0.0193 0.0079 0.0256 0.0081 -0.0352 0.0086
Ampibolite Paragneiss / Pyroxenite 391.06 407.16 -0.0220 0.0035 -0.0157 0.0033 -0.0765 0.0085
Monzonite / Mixed Paragneiss 431.96 436.46 0.0274 0.0015 0.0337 0.0019 -0.0271 0.0015
Mafic Plutonic Paragneiss -> Mafic Intrusive 503.11 541.01 0.0129 0.0050 0.0192 0.0052 -0.0416 0.0064
Monzonite -> Monzonite 552.01 573 -0.0003 0.0043 0.0060 0.0043 -0.0548 0.0071

Granite Amphibolite Paragneiss



 

114 

 

ratio in half of the cases. The paragneiss Vp/Vs ratio generated the best correlation until 350m, 

where the granite Vp/Vs ratio generated the best correlation until the end of the drill core. Since 

most sections with good correlation occurred in the same rock types of the Vp/Vs ratios, it 

indicated that there was some geological significance with measured S-wave velocity values. 

The poorest correlations occurred in the metaplutonic section from 32m to 98m and the 

metaintrusive section from 228m to 263m. Poor correlations were attributed to the presence of 

geologic structures and minor changes of grain size and mineral composition within the larger 

geologic unit.  

5.3.2 Comparisons between S-wave Velocity Values from Indirect Testing and Core-

Diameter Testing 

Measured S-wave velocity values were assessed using values from the core-diameter test 

configuration to determine whether the indirect testing provided reasonable values for S-wave 

velocity. Core-diameter testing was conducted at 50 locations along the drill core using 250kHz 

transducers. If the values were consistent, it would suggest that variability in measured velocity 

values were the result of geologic factors rather than the testing configuration.  

The evaluation was conducted by comparing individual measurement at specific locations 

along the drill core. Velocity trends were not assessed since core-diameter testing was only 

conducted at 50 locations along the 570m drill core, and the results would be too generalized to 

create meaningful velocity approximations. As a result, indirect testing values selected for the 

comparison were taken from the exact location where the direct testing was conducted. The list of 

velocity values for the comparison are located in Appendix D.  

From observations of Vs values from both test configurations in Figure 5.9, the values 

from indirect testing were more variable over shorter distances than the measured values from 

core-diameter testing. Values from the two test configurations were consistent between 125m to 

185m and 300m to 570m. The two datasets were inconsistent from 9m to 100m, where indirect Vs 
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values were significantly slower than core-diameter values. In select sections along the drill core, 

the indirect values exhibited sharp deviations from the values measured in the core-diameter 

method. The difference in velocity values from the direct testing in these sections was 400m/s on 

average. 

 

Figure 5.9: Comparison between S-wave velocity values from core-diameter testing and 

indirect testing along the length of the drill core. 
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5.3.2.1 Discrepancies in S-wave Velocity within the Sedimentary and Metaplutonic Units 

The significant difference in velocity values from 9m to 30m was likely caused by heterogeneity 

in the sedimentary section. Argillaceous structure and siltstone lenses were exhibited in a large 

portion of the limestone and dolostone units (Figure 5.10). Since the drill core came from a 

vertical pilot hole, the structure was aligned perpendicular to the drill core axis. Based on the 

alignment of structure, it was expected that the core-diameter testing, which was conducted 

parallel to the structure, would have higher measurements of ultrasonic velocity. 

 

Figure 5.10: Siltstone lenses were exhibited in the limestone and dolostone, resulting in 

anisotropy in velocity values across the two measurement orientations. 

From 30m to 100m, the drill core was comprised of a metamorphosed igneous intrusive 

from the Frontenac Terrain. In this location the igneous intrusive had frequent intersections with 

‘Frontenac-Type’ dykes (Kerr, 2015). Grain size varied in regions from large centimeter scale 

phenocrysts to fine grained groundmass at the millimeter scale. Since this region of drill core also 

exhibited poor correlations to Vp/Vs ratios, it was likely that geologic factors (structure, grain 

size, mineral composition) also resulted in significant differences in measured velocity values 

between the two test configurations.   

5.3.2.2 Variability in the S-wave Values from Indirect Testing 

The increased amount of variability in the indirect test values was believed to be the result of the 

direction of pulse travel and the distance between the transmitter and receiver. The difference in 

the direction and length of the pulse travel would affect how geologic structures were measured 

in by the UPV system. Since the core-diameter configuration had a much shorter pulse travel 



 

117 

 

distance, geologic features that influenced the indirect test results could be absent in the core-

diameter test method.  

As a result, the geology was identified at the locations highlighted in Figure 5.11 to 

determine whether specific geologic features could have influenced the measured variability. 

Geologic information was acquired from the geology logs provided by Lamontagne Geophysics 

(Kerr, 2015). 

 

Figure 5.11: S-wave velocity values from core-diameter testing and indirect testing. Regions 

of variability in the indirect testing method are indicated by black circles. 
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At 195.5m the drill core was comprised of metagabbro/diorite. Between 195m and 

207.15m there was increased chlorite fracturing with minor chlorite faults occurring at 194.3m 

and 195.7m (Kerr, 2015). Since the region under investigation was bounded by chlorite faulting, 

it was likely that the minor faults were incorporated into the indirect test measurements and the 

direct measurement examined an intact section of metagabbro/diorite. Since chlorite was present 

in the form of faulting and fracturing, hydrothermal fluids were likely injected into the rock and 

altered the metagabbro/diorite. This hydrothermal alteration could have influenced measured 

velocity values at specific regions where the composition of the rock was altered.  

At 227.1m the section of drill core was comprised of metamorphosed quartz syenite with 

sections of fracture-controlled chloritization and hydrothermal alteration. The presence of 

hydrothermal structure was likely due to distal alteration caused by the cataclasite zone which 

ended at 226.5m (Kerr, 2015). Since the cataclasite drill core was comprised of rubble, the distal 

alteration could have also caused internal fracturing within the quartz syenite. Similar to the 

previous location at 195.5m, internal fracturing would have a larger influence on the indirect 

testing, due to the larger pulse travel distance along the core. With more intersections through 

internal fractures, the pulse wave would be slower in the indirect testing method, resulting in 

lower values of measured acoustic velocity.  

At 247m the drill core was comprised of quartz syenite with potassium feldspar 

macrocrysts. Similar to the two previous cases at 195.5m and 227.1m, the test location was 

proximal to faulted and sheared structure at 247.8m (Kerr, 2015). The presence of faulting and 

shearing could cause internal fracturing of the core, which would result in lower velocity values 

in the indirect testing. This phenomenon was exhibited again at 321.2m where the quartz 

monzonite with potassium feldspar macrocrysts was part of a moderately to highly sheared proto-

mylonitic zone that occurred between 319.95 and 322.6m (Kerr, 2015).  
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Variability in indirect test values at 458.7m was different from the other locations. The 

section was comprised of amphibolite quartz feldspar paragneiss that was thickly layered to 

banded with minor folding at the millimeter to centimeter scale and fracturing, shearing and 

hydrothermal alteration was absent (Kerr, 2015). It was hypothesized that the difference in 

measured velocity values was the result of anisotropy caused by banding and folding of the 

structure.  

At each of the locations where variability was exhibited, anomalous values from indirect 

testing were associated with some type of geologic structure. In most cases fracturing, shearing, 

faulting and hydrothermal alteration were the predominant structures. Each of these structures 

had the potential to generate internal fracturing within the rock, which could contribute to lower 

values from the indirect test method. Higher values of velocity were located in regions of chlorite 

faulting. This was attributed to the replacement of the mineral assemblage. In regions with 

banded amphibole, the variability was attributed to the heterogeneity caused by the metamorphic 

fabric.  

5.3.3 Summary from the Two S-Wave Velocity Analyses 

To draw conclusions between the two analyses of S-wave velocity, the amount of offset was 

calculated between Vs values from the continuous testing program, and Vs values from core-

diameter testing and the Vp/Vs ratios. Evaluating the offset was useful to determine whether there 

were similar trends between the two analyses.  

In terms of calculating offset between Vs values from the continuous testing program and 

Vs values from   Vp/Vs testing, the paragneiss Vp/Vs ratio was used for the first 400m, while the 

granite Vp/Vs ratio was used for the remaining length of the drill core. This ensured the best 

overall correlation of Vs values to Vp/Vs testing across the drill core.  

The offset of Vs values was accessed in terms of percentage, where offsets larger than 

15% were considered significant. Offset values from the two analyses are shown in Figure 5.12. 
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Figure 5.12:  Percentage of offset between the Vs values from the continuous testing 

program and Vs values Vp/Vs ratios and the core-diameter configuration. Offsets larger 

than 15% were identified as significant and are exhibited as values right of the black line. 

When the results of the two analyses were combined it was determined that regions with 

good correlation and poor correlation coincided for both analyses. Due to the difference in data 

density, localized variability was not apparent in the evaluations with the Vp/Vs ratios. In both 

analyses, a higher offset from the indirect test results was exhibited from 9m to 100m. In order to 
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determine if the offset was significant, a cut-off threshold of 15% was applied to calculated 

values. If the offset was larger than 15% it indicated that factors other than geology were 

impacting the measured values and the indirect test results may be unreliable.  

For both assessments 80% of the offset values were below the 15% threshold. The largest 

proportion of offsets exceeding 15% occurred within the first 100m of the drill core. In addition, 

the largest offsets values were observed within the first 100m. Within the sedimentary units the 

offset in Vs values between the indirect testing and core-diameter testing ranged from 40% to 

70%. With the Vp/Vs ratios three sections between 0m to 200m, 220m to 240m, and 350m to 

400m had calculated offsets larger than 15%.  

Based on this analysis, it was determined that the measured offset of Vs values between 

the continuous test program and the previous two analyses was acceptable along 80% of the 

measured drill core. The high offset in S-wave values from 9m to 100m suggested that the 

variability Vs values in the sedimentary and metaplutonic units were not entirely geologically 

dependent.  

Due to the similar degree of offset between the two separate analyses, it was determined 

that the variability in Vs values was likely caused by indirect test configuration. The orientation of 

the transducers relative to geologic structure, and the direction and distance of the pulse travel on 

measurements through heterogeneous sections affected the measured velocity values. 

5.4 Evaluation of P-wave and S-wave Velocity Correlations 

Correlations between Vp and Vs values were evaluated using the WR-Fit method. Since the WR-

Fit method only provided one output value, the analysis was divided into discrete sections to have 

more correlation values along the length of the drill core.  

5.4.1 Intervals for Analysis 

Two series of intervals were used for the evaluation. The first analysis examined velocity 

correlations along 20m intervals. The distance was set to ensure there were less than 50 
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measurements per evaluation for ease of computation. Since velocity values are influenced by 

geology, the second analysis divided the intervals by the major geology units along the drill core. 

It was expected that the WR-Fit values would improve when geology contacts were used as the 

WR-Fit test intervals. The subdivision of the intervals for the geologic analysis are listed in 

Appendix D. The results of the two WR-Fit tests are compared using the location of the points in 

the WR-Fit matrices. Calculated values of T1 and T2 are listed in Appendix D. 

5.4.2 WR-Fit Analysis with 20m Intervals 

As shown in Figure 5.13, the results of the WR-Fit test follow a linear trend within the matrix.  

Since the values fell within the region of the matrix that identified minor discrepancies between 

the data sets outlined in Figure 5.3 previously, it was determined that there was a good fit 

between the Vp and Vs values. By examining the different intervals, it was determined that there 

was better correlation between Vp and Vs values at deeper intervals along the drill core.  

 

Figure 5.13: Results of the WR-Fit analysis using intervals of 20m along the length of the 

drill core. 
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Four main clusters of WR-Fit values were identified in the matrix and are outlined in 

Figure 5.14. The best correlation occurred along the 460m-479m interval and was consistent with 

the generic velocity spacing of 3000m outlined by the dark blue triangle at coordinate (0.21,0.45). 

The worst fit occurred in three intervals located at 40m-59m, 60m-79m and 220m-239m, 

respectively. 

 

Figure 5.14: Location of the four WR-Fit values clusters identified in the matrix. 

Further evaluation was completed to see whether there was a visible difference in the 

indirect velocity profiles amongst the four clusters. As shown in Figure 5.15 the velocity profiles 

were relatively consistent in each of the clusters. 
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Figure 5.15: Comparison of the velocity profiles from four different 20m intervals within 

the data clusters. 

Based on visual inspection of the velocity profiles from the four clusters, it was 

determined that very small discrepancies between the measured velocity values would result in 

higher values for T1 and T2. As a result, it was determined that WR-Fit matrix should be used as 

a conservative estimate to evaluate correlations between Vp and Vs values.   

5.4.3 WR-Fit Analysis with Intervals from Geology Intersections 

The second WR-Fit analysis was conducted using the major geologic units as intervals for the 

analysis. Within the WR-Fit matrix shown in Figure 5.16, the results were colour coded based on 

the main rock type of the interval.  
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Figure 5.16: Results of the WR-Fit analysis using geologic units as the intervals for 

evaluation. 

The results from this analysis also exhibited good correlations between measured Vp and 

Vs values. Similar to the previous WR-Fit evaluation that used 20m intervals, the analysis 

followed a linear trend. Three main data clusters were identified within the matrix. Compared to 

the previous evaluation, the spread between the best and worst fit clusters was more prominent. 

Geologic sections that exhibited poor correlations occurred in the sedimentary section from 9m to 

24m and metaplutonic rocks from 32m to 98m. The best correlation between Vp and Vs values 

occurred in a section of quartzofeldspathic gneiss from 407m to 431m. 

Surprisingly, different sections of the same rock type exhibited different correlation 

values. This was especially the case in sections of amphibolite, paragneiss and metaintrusive 

rocks where fit values were present along the range of exhibited values. This suggested that 

factors other than main type rock type also influenced the correlation between Vp and Vs values.  
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5.4.4 Comparison between WR-Fit Tests from the Two Interval Methods 

When geologic intervals were used the data clusters in the WR-Fit matrix were more clearly 

defined. Although the WR-Fit values towards the edge of the range were similar between the two 

interval methods, correlations along the middle of the spread improved when geology intervals 

were used. Points that were in the middle section of the spread in the 20m interval analysis shifted 

into regions of better correlation when the margins were adjusted to correspond to the geology 

units.  

 Since WR-Fit values conformed better to intersections with different geologic units, it 

was determined that correlations were influenced by geology. However, since the rock units 

exhibited different correlation values along different regions of the drill core, additional factors 

influenced how well the velocity values correlated. The poor correlation values along the outer 

margin occurred in the same regions where variability in S-wave velocity values were exhibited. 

This suggested that the poor correlations were the result of the measured S-wave velocity, which 

was believed to be influenced by the indirect test configuration.  

5.5 Conclusions from the Evaluation of Velocity Values from the Continuous UPV 

Test Program 

With the exception of velocity values measured in the limestone and dolostone units, the indirect 

testing provided reasonable values for P-wave velocity in the rock units present in the drill core. 

In sections where measured velocity values fell outside the range, specifically the igneous and 

ultramafic units, the average difference in velocity was still within the acceptable range. 

As was expected, poor correlations between Vp and Vs occurred at the same locations 

where discrepancies in the Vp and Vs values were identified. In these locations, anomalous values 

were associated with the presence of geologic contacts, fabric, and structure. Regions where 

variability was beyond the acceptable range were likely caused by issues with how the test 

program was fixed for the entire length of the drill core. In regions with consistent heterogeneity, 
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including the sedimentary units and the metaplutonic unit, the indirect test method may need to be 

modified to determine representative values for Vp and Vs.  

When examining the assessment methods, using the core-diameter values as a standard 

for comparison may not be sufficient due to the dependency of test orientation with structure. 

Since regions with poor correlations between Vp and Vs were identified at the same locations as 

discrepancies with Vs, the poor correlations were likely the result of issues with measurements of 

S-wave velocity.  

From the assessment of velocity values from the continuous UPV testing program, it was 

determined that issues with the measured velocity values were attributed to geologic factors as 

well as using the indirect test method. The test configuration likely influenced the measured 

velocity values at locations along the drill core where the difference in velocity values exceeded 

the acceptable range.  As a result, it was decided that S-wave velocity values were not reliable 

enough to be used to determine reliable estimates for ultrasonic elastic moduli along the drill 

core.  
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Chapter 6 

Application of the Continuous UPV Test Program for Hazard Analysis 

The continuous UPV testing program was originally developed to generate continuous velocity 

values along the length of the drill core in order to replicate mechanical property analysis 

programs used in acoustic borehole logging. However, due to issues with selecting appropriate 

arrival times for S-wave velocity as a result of waveform contamination, there were concerns 

whether the UPV test program could generate reliable values for ultrasonic elastic moduli along 

the length of the drill core.  

 Therefore, the primary application of the continuous test program was to characterize 

geologic structures that generated velocity transitions. In locations where large velocity 

transitions were identified, hazard analysis was conducted by calculating preliminary values for 

ultrasonic elastic moduli to evaluate the potential for brittle failure as a result of the stiffness 

transitions.  

6.1 Velocity Transition Analysis 

Physical characteristics (i.e. mineralogy, size/shape/distribution of grains and pore spaces) cause 

changes in ultrasonic velocity values. As a result, velocity contrasts can be generated by various 

types of geologic structure. The UPV continuous testing program was applied to identify the 

location of geologic contacts and geologic structure using values of ultrasonic velocity.  

In situations where density data is absent and Vs data is absent or unreliable, velocity 

transitions can be used to approximate locations where changes in mechanical property values 

(i.e. stiffness transitions) are likely to occur. It was assumed that structures without velocity 

contrasts would not generate large enough contrasts in mechanical properties to generate stiffness 

contrasts.  
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Particular attention was made to identify geologic structures that were generally 

associated with violent brittle failure in the form of strain bursting (Kaiser et al, 1996). Instability 

caused by the presence of faults, hydrothermal alteration and discrete shear features are important 

components when generating the stress field around an excavation (Diederichs et al. 2010). 

During the assessment of the UPV testing data, interpretations of the relationships 

between velocity values and geology were made using the identification and description of 

geology units and structures directly referenced from Kerr (2015). All references to locations and 

descriptions of specific geologic features and geologic units are the interpretations of Kerr (2015). 

6.1.1 Procedure 

The first step of the velocity transition analysis was to identify locations where abrupt changes in 

measured velocity values were present. The regions were first identified without any geologic 

information from Kerr (2015) to remove selection bias in the process. When describing velocity 

transitions, reference was made to the change in velocity values (i.e. whether it was large or 

small) and how quickly the change in velocity occurred (i.e. whether it was sharp or gradual).  

Once the velocity transitions were identified, they were characterized based on the type 

of geologic features that were present at that location. A comprehensive list of geological features 

associated with velocity transitions is provided in Appendix E. Types of geologic features 

included geologic contacts, intrusive contacts, intrusive structures, deformation structures, 

primary and metamorphic structures and geotechnical structures. Further detail of the types of 

geologic features are included in the subsequent sections.  

6.1.2 Criteria for Identifying Velocity Transitions 

Velocity transitions were more evident in the P-wave velocity values since the velocity range was 

typically twice as large as the range in S-wave values. The selection process required changes in 

Vp to be greater than 1000m/s so velocity transitions would be larger than the error margins of the 
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measured velocity values. In addition, more than one data point had to exhibit the velocity 

transition in order to exclude outliers from the selection process.  

Transitions in Vs values were used as an additional validation tool to ensure that the 

velocity transitions were consistent between both measured wave types. Velocity transitions were 

not selected if the gap in data collection was greater than 10m. This helped minimize the potential 

for mistaking gradual changes in velocity for sharp changes due to interpolation between data 

points. The results of the selection process of velocity transitions are shown in Figure 6.1.  
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Figure 6.1: Locations of identified velocity transitions along the length of the drill core. 
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6.1.3 Transition Zones Associated with Geologic Contacts 

The majority of large, sharp velocity transitions were the result of geologic contacts which 

accounted for 44% of the identified velocity transitions shown in Figure 6.1. All transitions 

associated with geologic contacts are illustrated in Figure 6.2 with further description of the 

geologic contacts provided in Appendix E.   

At locations with large velocity transitions, the geologic units at the contact boundary 

were comprised of different rock types with distinct mineral compositions. In regions where 

velocity transitions were identified at geology contacts with rocks of similar composition, 

hydrothermal alteration in the form of intrusive structures was present at the boundary. This was 

particularly common in geologic contacts between metagabbro and monzonite units.  

To determine whether the style of geologic contact influenced the exhibited velocity 

transition, the quality of the contacts was visually inspected. Four main styles of geologic 

contacts were observed at locations with velocity transitions and are shown in Figure 6.3.  

The majority of geologic contacts were sharp and angular, with a few cases of sharp 

contacts marked by veining and gradational transitions. Regions with sharp contacts exhibited 

sharp transitions in measured velocity, while regions with gradational contacts exhibited gradual 

transitions.  
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Figure 6.2: Locations in which velocity transitions were associated with geologic contacts 

are identified by black dashed lines in the graph and the associated geologic units are 

outlined in bold in the legend. 
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Figure 6.3: Styles of geologic contacts that were observed at locations with velocity 

transitions. 
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It was determined that the difference in the type of velocity transition was related to the 

style of geologic contact. Sections with hydrothermal alteration had more gradual transitions in 

velocity, while sharp contacts resulted in sharp transitions. This phenomenon is illustrated in 

Figure 6.4 where a gradational hydrothermal contact resulted in a gradual transition in velocity 

and a sharp quartz contact resulted in a sharp increase in velocity.  

 

Figure 6.4: Results of velocity testing through a section of drill core with geologic contacts 

marked by pervasive hydrothermal alteration and a sharp contact with hydrothermal 

veining. 

From the analysis of geologic contacts, it was determined that the continuous UPV 

testing program was capable of identifying geologic contacts. The contacts were more distinct in 

locations where there was a difference in mineral composition between the two geologic units, or 

the contact boundary was defined by an additional structure. The style of geologic contact also 

influenced the style of the velocity transition that was exhibited, where sharp contacts exhibited 

sharp transitions in velocity. 
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6.1.4 Transition Zones Associated with Intrusive Contacts 

Intrusive contacts denoted changes in mineralogy, grain size and texture within larger regions of 

igneous and metamorphic rock.  

As shown in Figure 6.5, velocity transitions occurred in sixteen of the thirty-one locations 

where intrusive contacts were identified. Compared to velocity transitions associated with 

geologic contacts, the transitions at intrusive contacts were not well defined within the velocity 

logs. The velocity transitions were more gradual and exhibited smaller changes in velocity. As a 

result, the transitions were primarily identified using Vp values. 

All intrusive contacts from 105m to165m had associated velocity transitions. Of the 

sixteen identified intrusive contacts with velocity transitions, nine of the locations also 

represented geologic contact boundaries. The clearest velocity transitions were located in these 

combined sections.   

Intrusive contacts located in the metaplutonic zone from 32.3m to 98.6m were not 

associated with velocity transitions. This was surprising since velocity transitions were found to 

be associated with similar intrusive contacts within the metaintrusive zone from 226m to 354m.  

This phenomenon could be due to a lack of contrast in physical properties between 

intrusive contacts within the metaplutonic rocks. However, discrepancies in measured velocity 

values were exhibited in the metaplutonic region during the preliminary assessment of the 

measured velocity values. As a result, the lack of identified velocity transitions within the 

metaplutonic zone could also be the result of issues with measured Vp and Vs values.  
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Figure 6.5: Locations where velocity transitions were associated with intrusive contacts. 
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6.1.5 Transition Zones Associated with Deformation Structures 

Deformation structures denote geologic structures that were created from tectonic processes. 

These include faults, breccia, healed cataclasite and shear zones. Minor variations in the style of 

faulting and shearing occurred along the length of the drill core. The velocity transitions were 

primarily identified using Vp values. As shown in Figure 6.6, minor faults and narrow shear zones 

denoted the sharpest transitions in velocity, whereas regions with shear fabric and brittle faults 

were defined by gradual transitions.  

Transitions associated with deformation structures also marked a change in the overall 

trend of velocity values. It was noted that regions with variability in velocity values, particularly 

in Vp, were bounded by deformation structures. From 83.5m to 93.6m and from 235.9m to 

249.2m, the upper and lower boundaries were marked by different types of deformation 

structures. 

Regions with healed cataclasite zones did not have associated velocity transitions, and 

only one breccia zone at 405m had an associated velocity transition. As a result, it was 

determined that healed structures were not able to generate velocity transitions.  

Six out of the nineteen fault structures had associated velocity transitions, while four of 

the ten shear zones had associated velocity transitions. Locations of faulting generated sharp 

transitions, while transitions along shear zones generally marked a gradual change in velocity. 

The lower proportion of velocity transitions that were associated with faulting was a 

result of the location of the fault structures within the drill core. Several fault structures were 

identified in the cataclasite zone from 207m to 226m, however the core was too heavily fractured 

to conduct UPV testing in that region (Figure 6.7).  
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Figure 6.6: Locations where velocity transitions were associated with deformation 

structures in the form of breccia zones, faults and shear zones. Regions of healed cataclasite 

did not have associated velocity transitions. 
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Figure 6.7: Fractured state of the cataclasite zone from 207m to 226m, where several fault 

structures were identified. 

In addition to the occurrence of faulting in the cataclasite unit, velocity transitions were 

not identified in regions where faulting occurred along frequent intersections with geologic units. 

This was observed in the section of drill core between 170m and 200m, where there were 

repeating intervals of metapelite, metagabbro and monzonite. 

An analysis was conducted to determine whether there was a relationship between the 

specific type of deformation structure and the number of associated velocity transitions. The 

evaluation compared the percentage of the structures with velocity transitions to the total 

percentage of structures within the drill core. As shown in Figure 6.8, the percentage of the 

structures with velocity transitions was very similar to total percentage of structures within the 

drill core. This result suggests that there is no clear relationship between the type of deformation 

structure and the ability to generate velocity transitions. Further information on the numerical 

results is listed in Appendix E. 
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Figure 6.8: The percentage of deformation structures with notable transitions is consistent 

with the overall percentage of the different types of deformation structures within the drill 

core. 

Within the drill core the deformation structures generally occurred in pairs. This 

suggested that the identified deformation structures were generated as a zone of deformation 

rather than a distinct structure. Velocity values at the location of grouped deformation structures 

were examined to determine whether the pairing of structures influenced the likelihood of having 

an associated velocity transition. Of the eleven identified transitions zones, only four were 

associated with regions of paired structures. There were multiple instances where fault pairs did 

not exhibit velocity transitions. Additionally, there was no observed correlation between the type 

of the velocity transition and the number of structures. From these results it was determined that 

the number of structures did not influence the type of velocity transition and quantity of identified 

transitions. 

Another evaluation was conducted to examine how often the deformation structures 

occurred at geologic contact boundaries. In regions where faulting and shearing generated the 

contact boundary, the sharp change in mechanical properties was expected to create sharp 

velocity transitions. 

There were two regions where geologic contact boundaries were associated with 

deformation structures. A brittle fault was located at 33.7m 1m below the Palaeozoic 

unconformity, and a shear zone located at 288.75m marked the boundary between two igneous 
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rock types within the larger metaintrusive section. In these locations the velocity transitions were 

not as distinct when compared to other geologic contact boundaries, and the associated 

relationship between the structure and the geology contact was not as evident.  

Results from the evaluation suggested there were few correlations between the location of 

measured deformation structures and the location of major geologic contacts along the drill core. 

This indicated that the measured deformation structures within the drill core were only minor 

structures that generated only minimal offset within the region where the borehole was 

conducted.   

6.1.6 Transition Zones Associated with Geotechnical Structure 

Since the core logging was conducted to determine the geology of the drill core specifically, 

geotechnical structures were poorly quantified. From the geology logging, geotechnical structures 

denoted different forms of fracturing, and generally evaluated the condition of the drill core. 

Types of geotechnical structures were limited to rubbly core and jointing, and information of 

geotechnical structures was only documented up to 100m along the drill core.  

In the meta-plutonic zone one joint zone was associated with a velocity transition. The 

transition was very clear and was likely due to the associated water loss (Kerr, 2015) which could 

have influenced mechanical properties.  

One section of rubbly core had an associated transition at 56.75m. However, the 

transition had an uncharacteristic peak in velocity which was much more evident in S-wave 

velocity. Due to the fractured nature of the core one would expect to have a drop in velocity 

rather than an increase. In addition, from a practical perspective it should be difficult to identify 

regions of rubbly core due to its fractured nature. As a result, the associated velocity transition 

was believed to be caused by measurement error rather than the presence of geotechnical 

structure.  



 

143 

 

Incipient disking was observed while conducting UPV testing and was incorporated into 

the geotechnical assessment of velocity transitions. The disking occurred in alkali feldspar granite 

from 138m to 153m (Figure 6.9).  

 

Figure 6.9: Incipient disking observed in alkali feldspar granite from 138m to153m. 

In the section where incipient disking occurred, P-wave velocity values dropped from 

6000m/s to 4000m/s while S-wave velocity dropped from 3000m/s to 2000m/s. Although the 

drop in velocity value was likely attributed to the intersection of the granite unit, the measured 

velocity values may have also been influenced by internal fracturing of the drill core from 

incipient disking. From this preliminary assessment, there may be a potential for applying UPV 

testing to identify regions of high stress associated with incipient disking. As a result, the impact 

on incipient disking will be assessed in the hazard analysis.  
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6.1.7 Transition Zones Associated with Igneous Structures  

Igneous structures denoted various types of veins and dykes within the drill core. Veins were 

dominantly comprised of augite, pyrite and quartz. There were several different types of dykes 

that were characterized by grain size and mineral composition. The main classification of dykes 

included: coarse grained, medium grained, pegmatitic, biotite monzonite and syenite/granite. In 

addition to the intrusive structures, one region of intense sericite alteration was also identified at 

479.4m. 

Igneous structures generally exhibited minor transitions in velocity. When examining Vp 

values, sharp transitions were generally marked by one measurement with changes in velocity 

less than 1000m/s. As a result, the selection process of identifying transitions was modified to 

incorporate minor transitions, which generated changes in Vp less than 1000m/s. These additional 

transitions are denoted in red in Figure 6.10. The largest velocity transitions were marked by 

intersections with coarse grained dykes and pegmatitic dykes. The larger transitions were 

believed to be the result of the influence of grain size on measured values. Velocity transitions 

were not associated to the region with sericite alteration. 
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Figure 6.10: Locations where velocity transitions were associated with igneous structures in 

the form of veins and dykes that exhibited differences in grain size. 
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An analysis was conducted to determine whether there was a relationship between the 

specific type of igneous structure and the number of associated velocity transitions. The 

evaluation compared the percentage of igneous structures with velocity transitions to the total 

percentage of structures within the drill core. Similar to the analysis conducted with the 

deformation structures, the percentage of transitions was consistent with the overall percentage of 

igneous structures. Based on the results shown in Figure 6.11, this suggested that there was no 

clear relationship between the type of igneous structure and the ability to generate velocity 

transitions. For information on the numerical results used in the analysis refer to Appendix E. 

 

Figure 6.11: The percentage of igneous structures with notable velocity transitions was 

consistent with the overall percentage of igneous structures within the drill core. 

There were locations along the drill core where multiple igneous intrusions occurred 

close together. These groupings of veins were located from 382m to 400m in metapelite and 

amphibolite paragneiss, and from 487.5m to 500m in quartzofeldspathic gneiss. However, 

velocity transitions were not identified in these locations. This was likely the result of similarities 

in mineral composition between the igneous intrusions and the host rock, particularly in the case 

of the intrusions in quartzofeldspathic gneiss. In addition, the size of the transducer spacing 

relative to the size of the vein structures may have influenced the measured values. In regions 

with smaller groupings of veins, the larger transducer spacing would result in an average 

measurement of all structural features.  
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6.1.8 Transition Zones Associated with Metamorphic Structure  

Types of metamorphic fabric included foliation, gneissosity and mylonitic banding. Primary 

fabric in the form of bedding was measured in the sedimentary units from 10m to 30m. However, 

velocity transitions were not identified with the bedding structures. As a result, this analysis 

examined the influence of metamorphic fabric exclusively.  

As shown in Figure 6.12, there were few locations where velocity transitions were 

identified in locations with metamorphic fabric. This was likely the result of the scale of the 

contrast in mechanical properties. The presence of metamorphic fabric would not necessarily 

generate large transitions in mechanical properties and the size of the metamorphic fabric is too 

small to be identified with the indirect test configuration.  

Metamorphic textures that occurred at geologic contact boundaries provided the clearest 

velocity transitions. Geologic boundaries were only associated with measurements of foliation at 

98.65m, 154m and 383m. Mylonitic texture was associated with velocity transitions at three 

locations. In the regions where mylonitic texture was not identified, it was likely that the structure 

was too small relative to the transducer spacing to influence the indirect test measurements. In 

addition, the ability to detect the localized mylonitic zones was largely dependent on where the 

transducers were placed on the drill core. 

In regions with identified velocity transitions, the orientation of metamorphic fabric was 

variable. Ranges in orientation angles relative to the core axis for the different metamorphic 

fabrics included 25°- 65° for foliation, 24°- 40° for gneissosity and 65°- 80° for mylonite. Since 

regions of metamorphic fabric that did not exhibit velocity transitions had similar orientation 

angles, it was determined that the orientation of the structure did not influence the measured 

velocity values. Values for the analysis of orientation dependency are listed in Appendix E.  
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Figure 6.12:  Locations where velocity transitions were associated with metamorphic 

structures in the form of foliation, gneissosity, and mylonitic texture. Although primary 

structures in the form of bedding did not generate velocity transitions, their locations are 

included.  
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Further analysis was conducted to determine whether the rock type and the degree of 

metamorphism influenced the velocity transitions associated with metamorphic fabric. As shown 

in Table 6.1 velocity transitions were identified at metamorphic structures that formed under 

different degrees of metamorphism. In addition, regions where metamorphic fabric was 

associated with velocity transitions occurred in rock types under various degrees of 

metamorphism from different protoliths.  As a result, it was determined that characteristics of the 

rock type and the degree of metamorphism had minimal influence on which metamorphic 

structures generated velocity transitions.  

Table 6.1: List of each of the metamorphic structures and their respective rock types that 

were associated with velocity transitions. 

Metamorphic Fabric with Velocity Transitions 

Location Along Drill Core (m)  
Structure Type 

(Kerr, 2015) 
Geology (Kerr, 2015) 

98.65 Foliated contact Metaplutonic 

154.00 Foliation Granite 

288.95 Protomylonite Metaintrusive 

296.80 Mylonite band Metaintrusive 

322.00 Foliation Metaintrusive 

338.00 Foliation Metaintrusive 

362.65 Gneissosity Mixed Paragneiss 

383.00 Foliation Metapelite 

418.50 Mylonite band Quartzofeldspathic Gneiss  

443.20 Foliation Quartzofeldspathic Gneiss  
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6.1.9 Assessment of the Velocity Transitions Analysis 

6.1.9.1 Characterization of Geologic Structures within the Drill Core 

 Primary structures in the sedimentary units did not have associated velocity transitions. Since 

horizontal bedding structures were prevalent within the first 20m of the drill core, it was likely 

that the scale of the mechanical property contrasts was too small to be accounted for in the UPV 

testing. The Palaeozoic unconformity at 32m was defined by a sharp velocity transition that was 

attributed to the geologic contact boundary and the contrast in mechanical properties between the 

sedimentary crystalline units.  

Although several velocity transitions were identified in the first 100m of the UPV logs, 

there were few geologic features to attribute to the transitions. From visual inspection of the drill 

core it was determined that the metaplutonic zone was not well characterized in the geologic 

logging by Kerr (2015) and few small igneous veins and structures were identified.  

The occurrence of igneous and deformation structures was more thoroughly defined in 

the later metaintrusive section compared to the earlier metaplutonic section which was of similar 

composition. Within the metaplutonic section, velocity transitions were attributed to few 

intersections of dykes, faults and shear zones. The largest velocity transitions which occurred at 

57m and 69m were not attributed to any geologic feature.  

Within the section of drill core from 100m to 200m, geologic and intrusive contacts 

generated the largest number of associated velocity transitions. This was attributed to the geology 

within the drill core which was comprised of repeated intersections of metapelite, metagabbro and 

monzonite. 

Peaks in Vp and Vs at 121m and 130m were not attributed to geologic features. Since the 

velocity transitions were very large, with changes in velocity in excess of 3000m/s, further 

investigation was conducted to determine the reliability of the measured values. Based on 

examination of the drill core, the transitions occurred in a section of relatively homogeneous calc-
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silicate, and geologic structures were not present at the locations where peaks in velocity were 

generated (Figure 6.13). Since the changes in velocity were too large to be associated with the 

geology that was present at these locations, it was determined that velocity transitions were likely 

the result of measurement error.   

 

Figure 6.13: Locations where the largest velocity transitions were identified in the drill core. 

Due to the absence of any significant geologic feature, the velocity transitions were 

attributed to measurement error. 

Velocity transitions in the metaintrusive section from 226.51m to 354.25m were largely 

attributed to igneous structure with a few locations associated with metamorphic foliations and 

deformation structures. The sharp contact at 354m was defined by the geologic contact boundary 

between the metaintrusive and the mixed paragneiss units. The sharp drop in velocity at 394m 

was defined by a monzonite dyke intrusion which marked the boundary between the amphibolite 

paragneiss and pyroxenite units.  

Further down the drill core, major velocity transitions were associated with deformation 

structures with changes in Vp velocity in excess of 1500m/s. The velocity transition at 402m was 

attributed to an igneous breccia zone, while transitions at 530m, 548m and 564m were associated 

with minor faulting. At 564m, faulting characterized the geologic contact boundary between 

amphibolite paragneiss and monzonite and generated a sharp velocity transition.  

 

130m

121m
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6.1.9.2 Identification of Geologic Features with the Continuous UPV Test Program 

The largest velocity transitions were characterized by geologic contact boundaries. Velocity 

transitions were the most prominent when additional geologic structures (i.e. intrusive contacts, 

metamorphic fabric, deformation structures) occurred at the geologic contact boundary.  

The velocity transitions associated with intrusive contacts were more gradual and 

exhibited smaller changes in Vp velocity between 1000m/s and 2000m/s. Velocity transitions 

associated with igneous structures such as dykes and veins exhibited the smallest changes in Vp 

velocity to within 1000m/s. The smaller transitions were often identified by only a few velocity 

measurements. 

Velocity transitions associated with igneous contacts and igneous structures were smaller 

as a result of the size of the structure and the amount of contrast in mechanical properties that was 

generated. With small intrusive structures, the resulting difference in mechanical properties was 

incorporated in to an average velocity measurement over the length of the indirect test. As a 

result, the size of the structure influenced how much of the structure’s associated mechanical 

properties were incorporated into the measurement. In more felsic units such as granite and 

quartzofeldspathic gneiss, the mineral composition of the intrusions was similar so the contrast in 

mechanical properties was not big enough to generate large velocity transitions.  

In addition, the process of how the structures formed within the rock determined how 

sharp the velocity transition was. In some regions igneous and intrusive structures generated 

alteration halos around the perimeter of the structures that altered the composition of the 

surrounding host rock. Due to the gradual change in composition from the structure to the region 

of unaltered host rock, these structures did not generate sharp transitions in mechanical 

properties.  

Velocity transitions were rarely attributed to primary and metamorphic structure. Primary 

structures in the sedimentary units did not have associated velocity transitions. This was likely 

due to the size of geologic fabric, which was too small to generate contrasts in mechanical 
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properties that could be identified accurately with UPV testing. Larger regions of mylonite 

texture were attributed to drops in measured velocity. This was likely caused by impedance of the 

ultrasonic signal as it passed through a region of anisotropy caused by the structure. Sharp 

transitions were only associated with foliation measurements that occurred at the location of 

geologic contact boundaries. This suggested that the change in velocity was likely attributed to 

the geologic contact rather than the metamorphic fabric. Based on the results from the velocity 

transition analysis, it was determined that the size of the primary and metamorphic features was 

too small to be identified on the scale of the continuous UPV testing program.  

With the exception of geologic contacts, there were no particular structures that had an 

affinity to generate velocity transitions. From examination of deformation and intrusive 

structures, it was determined that the likelihood of generating velocity transitions was 

proportional to the total quantity of the structures within the drill core. In addition, the number of 

structures generated at one location had no influence on the exhibited velocity transition. Regions 

of larger fault zones, shear zones and localized veining did not influence the size or shape of the 

velocity transitions that was exhibited. 

In the UPV testing program, only 30% of the deformation structures were associated with 

velocity transitions and healed structures did not exhibit velocity transitions. Transitions 

associated with deformation structures marked a change in the overall trend of velocity values 

across the drill core. The largest transitions occurred in locations of minor faulting and narrow 

shear zones.  

Since there was no correlation between measured deformation structures and major 

geologic contacts along the drill core, it indicated that measured faults and shear zones generated 

only minor displacement along the deformation structures in the region where the core was 

extracted. 
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6.2 Application of UPV Testing for Hazard Assessment 

For the hazard analysis application, transitions in velocity were analysed to determine how it 

would correlate with transitions in elastic modulus values. This relationship between velocity and 

elastic modulus was used to assess ultrasonic stiffness values for the material. Stiffness contrasts 

can increase the likelihood of brittle failure. In terms of energy storage, the stiffer unit will attract 

stress away from the softer unit. This allocation of strain energy in the stiffer units increases 

dynamic failure potential. In terms of failure kinematics, the soft loading system provided by the 

adjacent softer unit creates an increased potential for ejection after dynamic failure (Diederichs, 

2015).  

The UPV continuous testing program was applied to identify locations where geologic 

features could generate stiffness contrasts that could result in violent brittle failure. It is important 

to note that this analysis identifies stiffness contrasts as a result of ultrasonic mechanical property 

values only. This independent analysis of the effects of mechanical properties for potential energy 

storage does not take into account other important factors that affect the ability to generate 

stiffness contrasts (i.e. in situ stress concentration, deconfinement, excavation design) 

(Diederichs, 2015). As a result, the hazard analysis was carried out under the hypothetical 

situation where the entire geologic section of the Lamontagne drill core was the geologic section 

along a tunnel alignment at depth. Under this scenario, potential risks that could be associated 

with the stiffness contrasts were identified.  

Direct correlations between the trend in velocity and elastic modulus values could not be 

determined since stiffness of the material is dependent on a variety of parameters (composition, 

grain size, grain distribution) that cannot be properly quantified by velocity alone. As a result, 

ultrasonic elastic modulus values were determined at the location of notable velocity transitions.  

For this analysis bulk density values were measured for the most common rock types that 

occurred in the drill core. Values were determined using the geometric method using ratio of the 
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sample’s dry mass over sample volume. Due to the fine grained and non-porous nature of the drill 

core, the effects of saturation were assumed to be negligible, and the samples were stored at room 

temperature. 

Velocity transitions were first used to identify the approximate locations where changes 

in stiffness would likely occur. At those locations, values of bulk density were approximated 

based on the main rock types at that location. From values of velocity and density, ultrasonic 

values of Young’s modulus and Bulk modulus were calculated and used to evaluate whether there 

were unfavourable stiffness contrasts present in the drill core. 

6.2.1 Identification of Key Velocity Transitions 

Potential regions of significant stiffness contrasts were identified at fourteen locations along the 

drill core. The locations of the velocity transitions are illustrated in Figure 6.14. Information on 

the velocity transitions is summarized in Table 6.2. The transitions were characterized in terms of 

their location within the drill core, the type of velocity transition that was exhibited, and the 

influence of geologic structures on the measured velocity value.  
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Figure 6.14: Location of key velocity transitions that could generate stiffness contrasts.  
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Table 6.2: Summary of identified velocity transitions for the hazard analysis. 

Transition # 
Location Along 

Drill Core (m) 

Type of 

Transition 
Associated Geologic Feature 

1 45.31 Single transition 

Transition not characterized in the geology 
logs. From observation of the drill core there 
is an increase in grain size from a few mm to 
1cm at that location. Part of the metaplutonic 
unit. 

2 99.14 to 103.62 Zone Granite unit surrounded by metaplutonic and 
calc-silicate units 

3 136.88 Gradual transition Transition from calc-silicate unit into granite 
unit 

4 153 to 163 Zone Metapelite unit 
5 163 to 166.42 Zone Monzonite unit 

6 250.93 Single transition Shear Zone and syenite/granite dyke within 
the metaintrusive unit 

7 351.74 to 359.37 Zone 
Transition from the metaintrusive unit to the 
mixed paragneiss unit. The lower margin of 
the zone is the result of syenite/granite dyke 
intrusion 

8 395.51 to 403 Zone 
Pyroxenite unit bounded by a grey 
monzodiorite dyke above and igneous breccia 
below 

9 416.25 Single transition Mylonite banding within a mylonite unit 

10 464.18 Single transition Transition from mafic plutonic paragneiss unit 
to amphibolite paragneiss unit 

11 483.95 Single transition Transition from amphibolite paragneiss into to 
Potassium Feldspar Granite unit 

12 513.65 Single transition Transition from amphibolite paragneiss unit to 
a mafic intrusion 

13 549.69 Single transition Minor faulting in calc-silicate paragneiss unit 

14 565.05 Single transition Minor fault transition from amphibolite 
paragneiss unit to the monzonite unit 

 



 

158 

 

Each of the identified velocity transitions were associated with a type of geologic feature. 

Geology contacts marked larger sections of velocity transitions, while deformation structures 

generated smaller contrasts along the drill core.  

Single sharp velocity transitions were caused by intersections with amphibolite 

paragneiss units, minor faults, mylonite banding and shear zones. Single transitions were 

primarily generated by intersections with amphibolite paragneiss units, which generated steep 

drops in velocity values at the contact. The minor faults were also denoted by a drop in velocity. 

However, velocity values returned back to the previous velocity range after the intersection. 

Mylonite banding created a gradual decrease in velocity values in the mylonite unit, while the 

shear zone and syenite/granite dyke intrusion denoted a sharp increase.  

Regions where velocity transitions occurred in zones, identified at 2, 4, 5, 7 and 8 in 

Figure 6.14 and Table 6.2, were exclusively generated by intersections with different geologic 

units. Low values in velocity often corresponded to igneous intrusive units, while the regions of 

higher velocity values corresponded to metamorphic units.  

6.2.2 Assessment of Ultrasonic Elastic Moduli 

In order to determine preliminary values for ultrasonic elastic moduli, average values of velocity 

before and after the transition were selected at the locations where the velocity transitions were 

identified. In regions where the transition occurred within a larger zone, three values of velocity 

were selected to incorporate values of velocity during the transition. Density values were 

approximated based on the main rock types at the location of the transition, and were taken from 

measurements conducted on specimens directly from the drill core. Using the equations listed in 

Appendix F, values for ultrasonic elastic moduli were calculated for each of the velocity 

transitions listed in Table 6.3. For the complete set of numerical results refer to Appendix F. 

Values of Young’s modulus and Bulk modulus were chosen to evaluate stiffness 

contrasts in the drill core. Young’s modulus values quantify the relative stiffness of the material 



 

159 

 

so it was the most appropriate parameter to evaluate stiffness contrasts. Bulk modulus values 

were selected for characterization since the elastic modulus represents resistance to deformation 

under stress, which is an important component of strain energy storage. The sharp transition 

between units of different bulk modulus values would generate discrepancies in the deformability 

of the rock mass. As a result, the stiffer units would take on more load to attract stress away from 

the softer unit. This allocation of stress to the stiffer units combined with the resistance to 

deformation under stress would result in the build-up of elastic strain energy. 

Since bulk modulus values are incorporated into the calculation of Young’s modulus, 

both elastic moduli exhibit the same trend. As a result, the detailed analysis was conducted using 

values of Young’s modulus while values of bulk modulus were examined to ensure that there was 

consistency between the two elastic moduli parameters. 
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Table 6.3: Estimated values for ultrasonic elastic moduli at locations where key velocity 

transitions were identified. 

 

 

 

Assessment of Ultrasonic Elastic Moduli for Hazard Identification 

Velocity 
Transition 

Location Along 
Drill Core (m) 

Bulk Modulus 
K (Gpa) 

Young's 
Modulus (Gpa) 

1 45.31 
54.22 48.79 
88.41 79.57 

2 99.14 to 103.62 
65.75 59.17 
37.99 34.19 
74.00 66.60 

3 136.88 
104.04 93.63 
38.99 35.09 

4 153 to 163 
56.17 50.55 
90.86 81.77 

5 163 to 166.42 
90.86 81.77 
50.48 45.43 
62.40 56.16 

6 250.93 
71.12 64.01 

119.36 107.43 

7 351.74 to 359.37 
112.83 101.55 
75.80 68.22 

107.65 96.89 

8 395.51 to 403 
67.51 60.76 

139.39 125.45 
92.72 83.45 

9 416.25 
66.45 59.81 
90.44 81.40 
61.70 55.53 

10 464.18 
93.83 84.45 
62.58 56.32 

11 483.95 
97.45 87.71 
49.80 44.82 

12 513.65 
129.25 116.32 
82.23 74.01 

13 549.69 
80.35 72.31 
45.09 40.58 

14 565.05 
136.38 122.74 
66.25 59.63 	
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6.2.3 Application of Young’s Modulus for Hazard Assessment 

During the assessment of brittle failure prediction, stress-strain plots are used to determine the 

amount of elastic and plastic energy that is stored in the rock mass when stress is applied 

(Kwasniewski et al. 1994). Stress-strain plots are generated by conducting cyclical compression 

tests on drill core samples. Within the zone where Young’s modulus is calculated, samples 

deform elastically and store strain energy. Under prolonged exposure to high stress, inelastic 

deformation occurs and stored strain energy is used in the process of grain loosening, crack 

initiation and crack propagation (Diederichs, 2003).  Figure 6.15 from Kwasniewski et al. (1994) 

illustrates the procedure to determine elastic energy storage from cyclical compression tests. 

From the analytical stress-strain plot, Фsp and Фst correspond to the areas divided into elastic 

strain energy and irrecoverable plastic strain energy, respectively. 

 

 
Figure 6.15: Analytical stress-strain plot used to determine the amount of elastic and plastic 

energy that is stored in the rock mass during compression (Kwasniewski et al. 1994). 
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The basic theory of the prediction criterion from (Kwasniewski et al. 1994) can be 

applied when examining ultrasonic values of Young’s modulus. The ultrasonic values give an 

indication of the stiffness of the rock. In brittle failure prediction this correlates to the ability to 

store strain energy without deformation.  

Although values of Young’s modulus characterize the stiffness of the material, values of 

UCS are required to determine the volume of strain energy can be stored in the rock mass. This is 

a limitation when trying to analyze stiffness contrasts associated with structure, since the presence 

of geologic structures within core samples would result in premature failure along the structures 

during mechanical testing. Therefore, the laboratory analysis of elastic strain energy storage is 

only applicable for relatively intact homogenous samples.  

Although ultrasonic methods cannot predict the UCS of the rock, Young’s modulus 

values can give an indication of expected UCS values in intact homogenous samples. General 

approximations of UCS values were only relevant in cases where the rock is intact and relatively 

homogeneous. In these regions, high values of ultrasonic Young’s modulus were believed to 

correlate to rock mass that would have high values of UCS. This assumption was used to conduct 

the hazard analysis.  

6.2.4 Assessment of Ultrasonic Values of Young’s Modulus and Bulk Modulus 

From examination of the calculated ultrasonic Young’s modulus values, the average difference in 

modulus values of the velocity transitions was 36GPa. Examination of measured velocity values 

and the resulting elastic modulus values determined that there was no correlation between the 

type of velocity transition and the difference in measured Young’s moduli values.  

The largest transition in Young’s modulus values was 60GPa. This large transition in 

elastic modulus values occurred at 136.88m, 395.51m and 565.05m. The locations at 136.88m 

and 565.05m marked single transitions from softer to stiffer units which were comprised of calc-

silicate to granite and amphibolite paragneiss to monzonite, respectively. The velocity transition 
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zone identified at 395.51m marked the intersection from a stiff monzodiorite dyke into a softer 

pyroxenite gneiss which was bounded by a stiff igneous breccia structure below.  

At the locations where Young’s modulus transitions were largest, the bulk modulus 

values also exhibited transitions of 60GPa. At these locations the stiffer units exhibited a range in 

bulk modulus values from 90GPa to 120GPa. At locations proximal to the softer units, bulk 

modulus values ranged between 30GPa to 60GPa.  

6.2.5 Interpretation of Potential Brittle Failure Mechanisms 

Using the locations where velocity transitions exhibited the largest change in Young’s modulus 

and Bulk modulus parameters, interpretations were made on the style of failure that would occur 

if these geologic sequences were present along an excavation at depth. 

Different brittle failure modes are generated depending on how the stiffness contrast is 

intersected. In excavations moving from stiff rock into soft rock there is the potential for face or 

heading instability just before the excavation enters into the softer unit. In these locations stiffer 

structures may overload and potentially buckle. In excavations moving from a soft rockmass to a 

stiff rockmass, failure may occur further back from the excavation heading by one to three tunnel 

diameters. This delay in failure is the result of the stiff rockmass slowly taking on more load as 

the excavation progresses (Diederichs, 2015).  

Since the velocity transitions at 136.88m and 565.05m marked the contact between larger 

geologic units, there could be a build-up of strain energy at the contact boundary. If an excavation 

were to occur through the intersections of soft rock into stiff rock identified at 136.88m and 

565.05m, failure would potentially occur further back from the excavation heading. This 

behaviour would occur as the stiff rock mass takes more load as the excavation advances 

(Diederichs, 2015).  

In the transition at 395.51m, the softer pyroxenite unit could provide strain energy to the 

stiffer deformation structures. If an excavation were to occur through this sequence of rock, 
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buckling of the stiffer unit might occur at the excavation face. Since the reduction of in situ stress 

around the excavation boundary would cause relaxation of the softer pyroxenite unit, strain 

energy could be transferred to the stiffer units and overload the structure. 

6.2.6 Presence of Incipient Disking in the Drill Core 

In addition to the regions identified by stiffness contrast, a region of incipient disking was 

identified from 138m to 154m. Since the disking was only present in the granite unit, it was 

expected that the granite unit was overloaded as a result of attracting in situ stress away from 

softer surrounding units. However, from examination of the Young’s modulus values the 

surrounding calc-silicate and metapelite units were stiffer than the granite, so the process of strain 

allocation is not likely. Values of bulk modulus from the granite with disking were compared to 

other bulk modulus values in granite to determine whether there was a difference in values. From 

the examination of bulk modulus values at 99.14m, 136.88m to 153m, and at 483.95m, bulk 

modulus values were relatively consistent at each of the locations of granite and ranged from 

37GPa to 57.17GPa. Since similar variations in Young’s modulus and Bulk modulus occurred at 

the other regions with granite, the region with incipient disking does not appear to have 

anomalous elastic moduli parameters. Based on these results the incipient disking was likely the 

result of factors that are unable to be recorded using UPV testing.  

6.3 Summary of Results from the Continuous UPV Test Program 

6.3.1 Velocity Transition Analysis 

The UPV continuous testing program was applied to identify the location of geologic contacts 

and geologic structures using values of ultrasonic velocity. Regions with geologic contacts, faults, 

igneous intrusions and discrete shear features were particularly important since these structures 

cause instability in the surrounding rockmass and stress field during underground excavations.  
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The testing program was successful at identifying the location of geologic contacts. In 

addition, the type of velocity transition that was exhibited gave an indication of the style of 

geologic contact. Sections with faults, intrusions and shear structures were identified in locations 

along the drill core. In general, velocity transitions associated with the deformation structures 

were smaller than the velocity transitions between geologic contacts. The continuous UPV test 

program was not able to characterize the number of structures that were present at the location of 

the velocity transition, and there was no clear relationship between the type of structure and the 

ability to generate velocity transitions. 

These results may indicate that the deformation structures were small in terms of the 

geology at the regional scale, and the regions with multiple deformation structures may not 

generate significant stiffness contrasts at depth. However, more information on the geologic 

relationships is required to determine whether these findings can be used to characterize 

deformation structures.    

From examination of the different types of velocity transitions that were exhibited, the 

type of velocity transition was dependent on the size of the geologic structure, the quality of 

contact, and the type of geologic structure. The few geologic structures that were smaller than one 

centimeter, particularly sedimentary and metamorphic fabrics, exhibited velocity transitions. 

Velocity transitions were identified with metamorphic texture only when the fabric occurred at a 

geologic contact boundary.  

The types of velocity transitions were most variable in igneous structures and intrusive 

contacts. In some locations the transitions were more gradual due to the effects of hydrothermal 

alteration from the associated intrusions. Velocity transitions associated with igneous contacts 

and structures were likely smaller as a result of how the structure formed within the rock. 

From the results of the characterization of geology with measured UPV values, it was 

evident that indirect UPV testing could be applied to identify the location of geologic contacts 
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and select geologic structures that exhibited velocity transitions. Although this test method was 

unable to identify locations of all geologic structures and geologic contacts in the drill core, it 

identified locations where changes in mechanical properties generated differences in ultrasonic 

velocity.  

6.3.2 Application of UPV Testing for Hazard Assessment 

The UPV continuous testing program was applied to identify locations where transitions between 

geologic features could generate stiffness contrasts that could indicate the potential for violent 

brittle failure. This application could be used in deep underground excavations where stiffness 

contrasts increase the potential for brittle failure by generating reservoirs for energy storage and 

energy release. 

Since continuous ultrasonic elastic modulus data was not reliable enough as a result of 

concerns with the S-wave velocity values, the procedure used velocity transitions as a method to 

first identify the locations of transitions. At the locations where large velocity transitions were 

exhibited, ultrasonic values of elastic moduli were used to evaluate whether there was a potential 

for energy storage and energy release.  

The fourteen key transitions that were identified occurred as a result of geologic contacts 

or deformation structures that were present in the drill core. These transitions occurred either as 

single geologic boundaries or as larger zones. Regions where velocity transitions occurred in 

zones were exclusively generated by intersections with different geologic units. Based on the 

preliminary evaluation of ultrasonic Young’s modulus and Bulk modulus values, three locations 

were identified where geologic features could generate stiffness contrasts exceeding 60GPa.   

Results from this analysis demonstrated that it was possible to apply the continuous UPV 

testing program to identify stiffness contrasts. The results also indicated that geologic structures, 

specifically geologic contacts and deformation structures, are capable of generating stiffness 

contrasts that could increase the likelihood of brittle failure in deep excavations.  
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It is important to note that the continuous UPV testing program, which examines the 

location of stiffness contrasts, is one preliminary assessment tool that could be incorporated into a 

larger hazard assessment program for brittle failure. To appropriately characterize the potential 

for brittle failure, there also needs to be an examination of stress concentrations in terms of 

geometry, geology and structural creep, as well as deconfinement within the tunnel perimeter and 

face geometry (Diederichs, 2017a).  
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Chapter 7 

Evaluation of Ultrasonic Test Configurations for the Determination of 

Velocity and Ultrasonic Elastic Modulus Values   

7.1 Comparison of Velocity Values from Different UPV Test Configurations  

Core-diameter testing and core-axis testing were conducted along the Lamontagne drill core to 

compare with values from indirect testing and to evaluate the effects of anisotropy on the 

measured UPV values. Core-diameter testing was initially conducted at fifty locations to 

determine velocity values for each of the rock type that were present in the drill core. In order to 

validate the results from UPV testing on the intact drill core, core-axis testing was also conducted 

at select locations once the indirect testing and core-diameter testing were completed.  

Testing was conducted on samples from each geologic unit to cover a variety of rock 

types and incorporate a range in mineral composition and the degree of metamorphism. Due to 

external requirements that the drill core remained as unaltered as possible, only two samples were 

taken from each geologic unit. In order to appropriately address effects of anisotropy across the 

different test configurations, each of the test methods had to provide reasonable values for 

ultrasonic velocity. As a result, this analysis did not evaluate ultrasonic testing in the sedimentary 

units since there was significant variability in the values measured using indirect testing.  

Samples for core-axis testing were taken from select locations where core-diameter 

testing was completed to ensure reliable comparisons. Ranges in acoustic behaviour between the 

core-diameter testing and indirect testing were assessed to determine where core-axis testing 

needed to be conducted. Table 7.1 lists the different acoustic behaviour scenarios while Table 7.2 

provides the visual representation of the scenarios. 
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Table 7.1: Description of different acoustic behaviours that were exhibited between the 

core-diameter method and the indirect method.  

Scenario # Description of Acoustic Behaviour  

1 Both Vp and Vs values were the same for both testing 
configurations 

2 Vs values were the same for both testing configurations while Vp 
values were higher with the core-diameter method 

3 Vs values were the same for both testing configurations while Vp 
values were higher with the indirect method 

4 Vs values were higher with the core-diameter method while Vp 
values were the same for both testing configurations  

5 Vs values were higher with indirect method while Vp values were 
the same for both testing configurations  

6 Both Vs and Vp values were higher with the core-diameter 
method 

7 Vs values were higher with the core-diameter method and Vp 
values were higher with the indirect method 

8 Vs values were higher with the indirect method and Vp values 
were higher with the core-diameter method 

9 Both Vs and Vp values were higher with the indirect method 

 

From a preliminary assessment of velocity values from indirect and core-diameter testing, 

core-axis testing was selected for fourteen locations along the drill core. Evaluation of the 

acoustic scenarios shown in Table 7.2 demonstrated that the fourteen locations covered a range in 

acoustic behaviour. It was important to have several samples from locations where similar 

velocity values were exhibited between core-diameter and indirect testing. If measurements from 

core-axis testing were consistently different from values measured from the other test 

configurations, it would suggest that there may be issues with the current test procedure for the 

continuous testing program. From the results of the analysis it was determined that the range in 

acoustic behaviour was acceptable for the evaluation of velocity values from the three test 

configurations.  
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Table 7.2: The range in acoustic behaviour between core-diameter testing and indirect 

testing which was exhibited at the locations where samples were selected for core-axis 

testing. 

 
 

Two samples were selected from seven of the most prevalent rock types which included 

quartz syenite porphyry, calcareous metapelitic paragneiss, metagabbro/diorite, quartz monzonite, 

foliated metapelitic paragneiss, meta-amphibolite pyroxenite and banded amphibolite paragneiss. 

The naming convention of the samples corresponded to the location where the sample was 

extracted from the drill core in meters. The samples are shown in Figure 7.1 where the yellow 

numbering denotes the depth along the drill core in meters that corresponds to the midpoint of the 

sample. 

Scenario # Core-Diameter Vs Indirect Vs Core-Diameter Vp Indirect Vp 
Number of times the 

scenario occurred
1 6
2 H - 1
3 - H 3
4 H - 1
5 - H 1
6 H - H - 0
7 H - - H 0
8 - H H - -
9 - H - H 2

S Same Velocity
H Higher Velocity Value

S
S

Different Scenarios of Acoustic Behaviour Between Two UPV Configurations 

S S
S
S
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Figure 7.1: Fourteen drill core samples were prepared for core-axis testing. Two samples 

were taken from each major rock type to quantify the velocity variability within the rock 

unit. The number on the sample corresponds to the location where the sample was taken in 

meters along the drill core. 

7.1.1 Sample Preparation for Core-Axis Testing  

To comply with the preparation guidelines outlined for ultrasonic testing (ASTM, 2008b), the 

samples were prepared using the procedure outlined in the ASTM standards for the preparation of 

cylindrical test specimens for mechanical testing (ASTM, 2008a). In addition to the ASTM 

standards, the samples were prepared so the length of each sample was within 5% of the specified 

length to diameter ratio of 2.5:1. 

7.1.2 Analysis of Velocity Results  

Results from the UPV testing were used to quantify the ranges in velocity as a function of the test 

configuration. Values of P-wave velocity were measured twice using 54kHz and 250kHz 

4.5cm

12cm
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transducers to determine which transducer system generated the most reliable values for 

ultrasonic elastic modulus. Similar to the procedure used for the assessment of S-wave velocity, 

comparisons were made between individual measurements. Values from indirect testing were 

taken from the exact location where the direct testing was conducted. Velocity trends were not 

assessed due to the difference in data density between the three test configurations. For a 

summary of UPV testing results from each of the configurations refer to Appendix G which 

provides all measured velocity values used in the comparison. Ranges in P-wave velocity and S-

wave velocity are shown for each geologic unit in Figures 7.2 and 7.3, respectively. Error 

margins of 300m/s from Section 4.6.1 were applied to S-wave values from indirect testing, as a 

result of the potential concerns of reliability.  
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Figure 7.2:  Range in P-wave velocity values exhibited from the three test configurations 

across seven geologic units. The numbering on the Y-axis corresponds to the location of the 

sample in meters along the drill core. 
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Figure 7.3: Range in S-wave velocity values exhibited from the three test configurations 

across seven geologic units. The numbering on the Y-axis corresponds to the location of the 

sample in meters along the drill core. Error margins of 300m/s were applied to the indirect 

test measurements due to concerns with respect to the identification of S-wave arrival times. 

 

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

0 1000 2000 3000 4000 5000
Ultrasonic Velocity (m/s)

Measured S-wave Velocity Values from the Three 
Test Configurations

Core-Axis Testing (Vs 250kHz)

Core-Diameter Testing (Vs 250kHz)

Indirect Testing (Vs 54kHz)

Quartz Syenite Porphyry

Calcareous
Meta-pelitic Paragneiss

Meta-gabbro / Diorite

Quartz Monzonite

Foliated 
Meta-pelitic Paragneiss

Meta-amphibolite 
Pyroxenite

Banded Amphibolite 
Paragneiss

34.3

44

169.9

157

185

195.5

283.8

306.3

385.2

386.5

396.4

397.8

458.7

509

Measured S-wave Velocity Values from the 
Three Test Configurations

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

0 1000 2000 3000 4000 5000
Ultrasonic Velocity (m/s)

Measured S-wave Velocity Values from the Three Test Configurations

Core-Axis Testing (Vs 250kHz) Core-Diameter Testing (Vs 250kHz)

Indirect Testing (Vs 54kHz)



 

175 

 

Ultrasonic values were more variable for P-wave velocity. The average range in velocity 

values between the different test configurations was 900m/s, while the largest range of 1500m/s 

was exhibited in the sample from 169.9m. There were four main scenarios that were exhibited 

across the fourteen samples.  

In regions where P-wave velocity was relatively consistent, to within 500m/s, core-axis 

testing generated the highest values of P-wave velocity. At locations where the core-diameter 

testing exhibited the lowest values, the results from indirect testing were similar to values from 

core-axis testing. In samples from 34.3m, 157m, 185m and 195.5m, both core-diameter and 

indirect testing exhibited P-wave velocity values that were on average 1000m/s lower than values 

from core-axis testing. There were a few cases in samples from 306.3m, 397.8m and 457.7m, 

where indirect testing exhibited the highest values in P-wave velocity. In these regions the range 

in exhibited velocity values was 1000m/s on average. In each of these scenarios, core-diameter 

testing often generated the lowest values in P-wave velocity. 

With the exception of the indirect testing conducted at 34.3m, S-wave values were more 

consistent across each of the testing configurations. Excluding the results from the sample at 

34.3m, the average range in measured velocity values was 460m/s between each of the test 

configurations.  

In regions where the range in velocity values was less than 200m/s, the indirect test 

method generated the highest values in S-wave velocity. In six of the samples, the measured 

velocity values for each of the test configurations was within the error margins for indirect 

testing. In testing from 34.3m and 157m, the error margins from indirect testing did not include 

measured values from either core-diameter or core-axis testing. 

Similar to the results from the P-wave testing, results from core-diameter testing often 

generated the lowest values in S-wave velocity while core-axis testing generated the highest. The 

best correlation between the test configurations occurred in the same samples for measured values 
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of P-wave and S-wave velocity. The best correlations occurred in samples of quartz monzonite, 

foliated paragneiss and meta-amphibolite pyroxenite. Since good correlations occurred in 

multiple geologic units, it was not apparent whether the heterogeneity of the samples influenced 

the exhibited range in measured velocity values.  

 Comparisons were made between P-wave velocity values that were determined from the 

core-axis testing using the two different transducer systems. From examination of the velocity 

values, the 54kHz transducers measured higher values of P-wave velocity, the average difference 

between measured values was 90m/s. The range in measured values was well within the range of 

P-wave velocity values exhibited between the different test configurations. The largest difference 

in measured values occurred in samples from 157m, 306.3m and 458.7m. Each of these samples 

came from different geologic units that underwent different degrees of metamorphism. Since 

there did not appear to be similarities between the samples, it was believed that the discrepancies 

in measured velocity values were not the result of geologic factors. Since the largest difference in 

P-wave velocity between the two transducer systems was 200m/s, the variability caused by the 

transducer system was much smaller than the variability between values measured from the 

different test configurations.  Further analysis was conducted using the two sets of P-wave 

velocity values to determine which transducer system would generate the best elastic modulus 

values. The results of the analysis are described in subsequent sections. 

During data processing of the indirect testing values, it was observed that regions of 

syenite units with macrocrysts of potassium feldspar generated poor waveform signatures. This 

behaviour was likely due to the large feldspar grains causing attenuation of the signal over the 

transducer distance of 20cm. As a result, discrepancies in indirect values at 34.3m were attributed 

to the large macrocrysts of feldspar within the syenite at that location.  
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7.1.3 Examination of Samples with Discrepancies in Measured Velocity Values  

 In the samples from 34.3m, 157m, 169.9m, 185m and 195.5m, discrepancies in values between 

core-axis testing and the other test configurations were exhibited. The geology of each sample 

was examined to determine whether discrepancies were the result of anisotropy.  

 At 34.3m, indirect testing generated P-wave and S-wave velocity values that were 

1000m/s and 1300m/s lower than core-axis testing. Results from core-diameter testing generated 

lower values of P-wave velocity as well. This location the drill core was comprised of quartz 

syenite porphyry. From examination of core scan photos of the core-axis samples where the UPV 

tests were conducted (Figure 7.4), it was evident the igneous fabric at 34.3m was very similar to 

the quartz syenite porphyry at 44m. Since the sample at 44m exhibited consistent values of 

velocity along each of the configurations, discrepancy in measured velocity values did not appear 

to be the result of geology. 

From examination of the core-axis samples, the outer surface of the drill core was very 

rough compared to other samples. The lower values in P-wave velocity could have been the result 

of poor coupling of the transducers due to the roughness of the surface.  

 

Figure 7.4: Core scans of the two quartz syenite samples that exhibited similar igneous 

fabric. The outer surface was rougher at 34.3m, which may have caused poor coupling of 

the transducers which resulted in lower values. 

12cm
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 At 157m the P-wave velocity values from core-diameter testing were 1300m/s lower than 

values from indirect and core-axis testing. At 169.9m, both core-diameter testing and indirect 

testing generated P-wave velocity values that were lower than core-axis testing by 1230m/s and 

1590m/s, respectively. At both locations, the drill core was comprised of calcareous metapelitic 

paragneiss. From examination of core scans at 157m and 169.9m (Figure 7.5), the discrepancies 

in measured velocity values were likely the result of anisotropy within the material. At 169.9m 

the indirect testing produced the lowest values of P-wave velocity. This was attributed to the 

well-defined metamorphic fabric at that location.  

 

Figure 7.5: Core scans of the two metapelitic paragneiss samples. Due to the presence of 

pervasive planar foliations in both samples, discrepancies in velocity values were attributed 

to heterogeneity of the rock. 

Regions with pervasive foliation could generate defined contrasts in mechanical property 

boundaries. This would result in an increase in reflection and refraction of the transmitted wave. 

The anisotropy caused by pervasive foliation would have a larger influence on indirect testing due 

to the non-linear direction of the raypath. Since indirect test values were not consistent along the 

two tested samples, this indicated that regions with defined foliation could have impacted the 

indirect test values.  

12cm
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In the sample from 157m the core-diameter testing method generated the smallest P-wave 

velocity values. The discrepancy was believed to be caused by differences in grain size in the 

paragneiss. In regions where grain size varied sharply, the heterogeneity would have a large 

impact on the results of core-diameter testing across a small 5cm section. Grain size differences 

would have a smaller influence on core-axis and indirect testing since they both measure the 

average velocity along the length of the sample. Since there appeared to be a large transition in 

grain size through the middle of the sample, this could explain why values of P-wave velocity 

were consistent between the core-axis and indirect test methods while values from core-diameter 

testing were lower. 

Both samples exhibited discrepancies in velocity values that were associated with 

anisotropy of the samples. Lower values in indirect P-wave velocity at 169.9m were attributed to 

well-defined foliation which caused signal scattering. Lower values measured from core-diameter 

testing at 157m were attributed to variations in grain size across the sample.  

At 185m and 195.5m the results from indirect testing and core-diameter testing were 

1000m/s lower than velocity values from core-axis testing. At these locations the drill core was 

comprised of metagabbro/diorite. From examinations of core scans shown in Figure 7.6, the 

samples at these locations were relatively homogeneous. The sample from 195.5m was finer 

grained than the sample from 185m which likely resulted higher values of ultrasonic velocity 

compared to results from 185m.  

Since there were no geologic features that could generate potentially anisotropic 

behaviour between the test configurations, the difference in measured P-wave and S-wave values 

appeared to be the result of surficial coupling of the flat transducers on the curved surface. 

Surface roughness along the outer surface may have also contributed to significantly lower values 

from core-diameter and indirect testing configurations. 
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Figure 7.6: Core scans of the two metagabbro/diorite samples. Lower values from indirect 

and core-diameter testing appear to be the result of poor coupling on the surface of the 

specimen. Surficial roughness could have also contributed to the lower values. 

7.1.4 Variability in Velocity Values from the Indirect Test Method 

The indirect testing method generated the largest variation in velocity values when directly 

compared to the velocity values from the other configurations. The variability did not appear to 

be influenced by bulk density since samples with density values ranging from 2.83g/cm3 to 

3.6g/cm3 exhibited similar P-wave velocity values between indirect and core-axis testing 

configurations.  

 Excluding the samples identified previously at 34.3m, 157m, 185m and 195.5m, regions 

where indirect testing had high values of measured velocity occurred in samples that were finer 

grained and homogeneous. Lower values from indirect testing were associated with samples that 

had geologic structure and defined texture. The identification of defined texture occurred in the 

form of macrocrysts at 44m, and amygdules in the sample from 396.4m. It is important to identify 

regions where discrepancies are associated with texture since this may indicate issues with scale 

dependency of the test configurations. Regions with coarser texture may result in signal 

attenuation at longer distances between transducers. 

12cm



 

181 

 

 These findings may suggest that geologic texture and anisotropy do have an influence on 

measured velocity values. However, there were also regions where good correlations occurred in 

samples with well-defined metamorphic texture. Since the best correlations occurred in the 

metamorphosed foliated metapelitic paragneiss units at 385.2m and 386.5m, and the amphibolite 

paragneiss at 509m, variability in measured velocity was not always associated with the presence 

of metamorphic texture.  

7.1.5 Evaluation of P-wave Velocity Values  

Due to the variability of the measured velocity values across the different configurations, P-wave 

velocity values were assessed to determine whether lithologic controls were influencing the test 

results. Laboratory velocity values from a similar experiment conducted by Long and Salisbury 

(1995) in the southwestern Grenville Province were used as standards for comparison.  

 For their analysis P-wave velocity values were measured using the standard core-axis 

testing method at pressures between 60MPa and 600MPa. Due to testing under high pressures, 

measured velocity values from Long and Salisbury (1995) were higher than values measured 

using the three test configurations at atmospheric pressure. This was expected since conducting 

testing under stress reduces the amount of microcracks within the specimen, which results in an 

increase in measured velocity values (Barton, 2007). Differences in measured values of P-wave 

and S-wave velocity as a function of stress are illustrated in Figure 7.7. 
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Figure 7.7: Changes in measured ultrasonic velocity as a result of applied stress (Nur, 1971; 

Barton, 2007). 

Since direct correlations could not be made between the P-wave velocity values due to 

different pressure conditions, the results were compared by evaluating the effects of bulk density 

on P-wave velocity. Comparisons were made between (Vp vs r) plots based on the associated 

linear regressions (R) values as well as the respective locations of the (Vp vs r) fields for each of 

the geologic units. The corresponding (Vp vs r) plot from Long and Salisbury (1995) is illustrated 

in Figure 7.8.   
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Figure 7.8:  Schematic diagram showing compressional wave velocity - bulk density fields of 

Britt Domain rocks from Long and Salisbury (1995). The linear regression fit had a 

correlation coefficient of 0.793. 

From comparisons between bulk density and P-wave velocity shown in Figure 7.9, the 

linear trend from Long and Salisbury (1995) was not exhibited by the ultrasonic test 

configurations under atmospheric pressure. Poor linear correlations were generated and R2 values 

ranged from 0.39 from core-axis testing to 0.29 from indirect testing. The best linear trend was 

generated by core-axis testing when 54kHz transducers were used to measure P-wave velocity. 

Core-diameter testing exhibited lower P-wave values along each of the tested samples, while 

indirect testing exhibited lower values at bulk density values between 2.7g/cm3 and 3.0g/cm3.  

From the large spread of velocity values at lower bulk density values, it was determined 

that geologic factors other than density (i.e. grain size, roughness and anisotropy) affected the 

measured P-wave velocity values.  

(Vp vs r) field plots were generated as visual means to compare the results from the 

different test configurations. Since only two samples were evaluated for each rock type, there was 

not enough statistical validity to quantitatively evaluate the results.   
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Figure 7.9: Correlations between bulk density and P-wave velocity for each of the ultrasonic 

testing configurations exhibited poor linear regressions. 

From qualitative analysis of the (Vp vs r) fields shown in Figure 7.10, each of the 

ultrasonic configurations exhibited the points in the same relative locations. There was a 

progression of the (Vp vs r) fields for each of the rock types. The transitions went from syenite 

porphyry and paragneiss with low Vp and r, up to diorite and monzonite and mafic amphibolite 

rocks with high Vp and r. The relative locations of the fields corresponded to the trends exhibited 

by Long and Salisbury (1995) in Figure 7.8.  

Based on positive correlations to the (Vp vs r) fields determined by Long and Salisbury 

(1995), each of the test methods generated velocity values that were considered geologically 

significant in terms of bulk density. Lower values of P-wave velocity from core-diameter and 

indirect testing at lower values of bulk density were believed to be the result of surface roughness 

and heterogeneity. 
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Figure 7.10:  P-wave velocity - bulk density fields for the seven main rock types tested using 

the three velocity configurations. For this analysis the two types of metapelitic paragneiss 

units were combined. 
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7.1.6 Assessment of Velocity Measurements from the Three UPV Test Configurations  

Variability was exhibited in velocity values measured from the three test configurations. The 

variability in P-wave velocity values was larger than values of S-wave velocity. Average range in 

P-wave values between the test configurations was 900m/s, while the average range in S-wave 

velocity values was 460m/s. For both values of ultrasonic velocity, core-diameter testing often 

generated the lowest values while the core-axis testing generated the highest.  

 In regions where P-wave velocity values from core-diameter and indirect testing were 

lower than core-axis testing by 1000m/s, the discrepancies were believed to be the result of poor 

coupling of the transducers and surface roughness. Since there was less variability in S-wave 

velocity values, there may be issues with the specific P-wave couplant that was used during 

testing. For testing along the cylindrical surface of the specimen, couplant more viscous than gel 

may be required to mitigate the effects of surface roughness. Sanding down of the surface may 

also be required as a form of surface preparation to remove the surface roughness. 

 From evaluations of P-wave velocity and bulk density it was determined that each of the 

different ultrasonic test methods generated velocity values within the same relative Vp – r fields 

exhibited by Long and Salisbury (1995). As a result, it was determined that although the 

measured P-wave values were variable, they were still considered geologically significant in 

terms of bulk density. 

The best correlation between the test configurations occurred in the same samples for 

measured values of both P-wave and S-wave velocity. From examination of Figures 7.2 and 7.3, 

closely correlated P-wave velocity results and consistent S-wave velocity results from each test 

configuration occurred in samples of quartz monzonite from 283.8m, foliated paragneiss from 

385.2m and 386.5m, and meta-amphibolite pyroxenite from 397.8.  

Since good correlations occurred in multiple geologic units, it was not apparent whether 

the heterogeneity of the samples influenced the exhibited range in measured velocity values. In 
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addition to anisotropic samples with discrepancies in measured values there were also regions 

where good correlations occurred in samples with well-defined metamorphic texture. Since the 

best correlations occurred in the metamorphosed foliated metapelitic paragneiss units at 385.2m 

and 386.5m, and the amphibolite paragneiss at 509m, variability in measured velocity was not 

always associated with the presence of metamorphic texture. 

7.2 Assessment of UPV Values for the Determination of Ultrasonic Elastic Moduli 

7.2.1 Calculation of Ultrasonic Elastic Moduli 

Further analysis was conducted to determine which of the configurations would provide 

meaningful values of ultrasonic elastic moduli. In order to quantify whether values were 

meaningful, comparisons were made between values of Young’s modulus and Poisson’s ratio 

from mechanical testing.  

Values of Young’s modulus were used in the analysis since the modulus quantifies the 

stiffness of the materials which is important for quantifying the energy storage potential. Values 

of Poisson’s ratio were examined since they are often used to correlate with velocity values using 

Vp/Vs ratios (Mavko et al., 2009).  

Ultrasonic values of Young’s modulus and Poisson’s ratio were calculated using the 

equations listed below in Figure 7.11. Bulk density values for the calculations were measured 

from the core-axis samples used in the analysis using the methodology listed in Section 3.3.4.1. 

Values of Young’s Modulus and Poisson’s ratio for each of the test configurations are listed in 

Tables 7.3 and 7.4. Refer to Appendix G for a comprehensive list of ultrasonic velocity and 

elastic moduli values.  
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Figure 7.11: Values of ultrasonic elastic moduli from ultrasonic velocity and bulk density. 

Young's modulus is calculated in terms of bulk modulus (K) and shear modulus (µ). 

 

Table 7.3: Calculated values of Young’s modulus using the three different test 

configurations. Two core-axis analyses were examined based on the two types of 

transducers used to measure P-wave velocity. 

 

Young's Modulus (GPa) 

Sample Location 

(m) Core-Axis a Core-Axis b Core-Diameter Indirect 

34.3 97.08 91.65 70.88 65.49 
44 88.02 85.74 66.64 79.57 

157 82.97 75.88 48.88 79.65 
169.9 106.82 103.62 69.15 59.68 
185 93.09 88.79 62.07 65.23 

195.5 101.72 108.80 66.58 66.92 
283.8 96.09 90.65 75.90 86.47 
306.3 113.52 106.34 92.27 123.73 
385.2 74.87 79.44 74.60 68.61 
386.5 92.50 90.67 81.71 73.94 
396.4 135.35 135.35 122.54 102.66 
397.8 143.68 143.68 124.64 149.13 
458.7 100.40 91.63 83.75 117.60 
509 136.80 130.01 111.74 128.34 

Core-Axis a = Vp 54kHz, Vs 250kHz 

Core-Axis b = Vp 250kHz, Vs 250kHz 

Core-Diameter = Vp 250kHz, Vs 250kHz 

Indirect = Vp 54kHz, Vs 54kHz 
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Table 7.4: Calculated values of Poisson’s ratio using the three different test configurations. 

Two core-axis analyses were examined based on the two types of transducers used to 

measure P-wave velocity. 

  Poisson's Ratio 

Sample Location (m) Core-Axis a Core-Axis b Core-Diameter Indirect  

34.3 0.25 0.22 0.18 0.38 
44 0.23 0.22 0.19 0.31 

157 0.21 0.16 0.28 0.33 
169.9 0.29 0.28 0.26 0.22 
185 0.28 0.27 0.29 0.26 

195.5 0.26 0.28 0.30 0.16 
283.8 0.29 0.27 0.23 0.24 
306.3 0.25 0.22 0.26 0.31 
385.2 0.21 0.23 0.18 0.09 
386.5 0.25 0.24 0.20 0.14 
396.4 0.16 0.16 0.23 0.17 
397.8 0.27 0.27 0.24 0.28 
458.7 0.22 0.18 0.25 0.27 
509 0.30 0.29 0.31 0.35 

Core-Axis a = Vp 54kHz, Vs 250kHz 

Core-Axis b = Vp 250kHz, Vs 250kHz 

Core-Diameter = Vp 250kHz, Vs 250kHz 

Indirect = Vp 54kHz, Vs 54kHz 

7.2.2 Determination of Elastic Moduli from Mechanical Testing  

To assess the validity of the ultrasonic elastic moduli values, mechanical testing was conducted 

on the specimens that were previously prepared for core-axis testing. Due to the requirement that 

the samples remain intact, a modified uniaxial compressive test was conducted for the 

determination of Young’s modulus and Poisson’s ratio.  

In order to ensure that the samples were not damaged, uniaxial loading was stopped 

before the crack initiation (CI) threshold of 40% UCS was reached (Diederichs, 2007). To 

determine an estimate for UCS, multiple Schmidt hammer readings were taken on sections of 

drill core in regions proximal to where the sample was extracted. Testing was conducted in the 



 

190 

 

vertical direction and the sample was placed within a metal grinding cradle on the cement floor to 

ensure that testing was completed on a solid surface (Figure 7.12).  

 

Figure 7.12: Testing apparatus for conducting the Schmidt hammer readings 

Schmidt hammer values were not taken on the samples as the process could cause 

internal damage. From the results of the Schmidt hammer readings listed in Appendix G, values 

of the rebound number ranged from 50-60 in the vertical direction. Using correlation equations 

from Azimian (2017) and Karaman and Kesimal (2015) listed in Appendix G, the rebound 

numbers corresponded to UCS values between 130MPa and 170MPa. Based on comparisons with 

UCS testing conducted in granite and norite (refer to Section 7.5), and UCS testing conducted on 

metagabbro and metabasalt by LeRiche (2017), these correlations appeared to underestimate UCS 

values for igneous and metamorphic units. As a result, Schmidt hammer readings were conducted 

on samples of metagabbro and metabasalt collected by LeRiche (2017), to compare the rebound 

values to the measured UCS values. The samples from LeRiche (2017) also exhibited rebound 

numbers from 50-60 and had average UCS values of 213.9MPa and 198.0MPa, respectively 

(LeRiche, 2017).  

From this analysis, expected values of UCS were believed to be within 200MPa.  With an 

estimated UCS value of 200MPa, the uniaxial loading was conducted up to 80MPa to ensure that 

the applied stress was within the CI threshold and internal damage was not generated during the 

process of testing.  
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7.2.2.1 Test Procedure  

As stated previously in Section 7.1.1, sample preparation parameters for the testing conformed to 

the established ASTM standards for UCS testing (ASTM, 2008a; ASTM, 2014).  

Testing was completed using a 2.2MN capacity hydraulic MTS machine. To conform to 

the guidelines outlined in ASTM (2014), axial strain was measured using three axial 

extensometers, while lateral strain was measured using a circumferential extensometer that 

wrapped around the specimen. An example of the equipped instrumentation is shown in Figure 

7.13. Based on loading rate calibration conducted by LeRiche (2017) in samples of similar 

strength and degree of metamorphism, a loading rate of 0.1 mm/min was selected for testing.  

 
Figure 7.13: Three axial and one circumferential extensometer were used to measure axial 

and circumferential strain during testing. This image shows the axial extensometers.  The 

chain is attached to a circumferential extensometer on the other side. 

Before testing was conducted, photographic scans of the circumference of the drill core 

were taken along with photographs of the samples grouped in pairs based on the geology. Once 
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the sample was placed in the machine it was loaded up to 80MPa using the loading rate of 

0.1mm/min. In the event that a sample failed prematurely due to the presence of structure, the 

program was set to automatically stop the test. Once the test reached 80MPa the test maintained a 

constant axial stress for 10 seconds. After the peak stress was applied, the sample was unloaded at 

the same rate of 0.1mm/min with constant axial stress applied for 10 seconds at 60MPa. Once the 

system recorded axial displacements of less than 0.001mm the test was stopped and the sample 

was retrieved from the machine. 

7.2.2.2 Results from Mechanical Testing 

Due to the conservative test procedure, none of the samples failed prematurely and the modified 

uniaxial testing was carried out successfully. As a result of conducting the test up to 80MPa, the 

measured values used in the calculation of elastic moduli had to be modified from the standard 

range outlined in ASTM (2014). Since it was estimated that the UCS values of each of the tested 

rock types was within 200MPa, two ranges of measured values were used to calculate the elastic 

modulus values.  

The first range used values from 40MPa to 80MPa which was estimated to be 20-40% of 

the UCS. A 20% range was used to correspond to the standard range specified by ASTM (2014). 

Since crack closure during axial compression is complete after 20MPa (New, 1976), the 40MPa 

to 80MPa range ensured that the measurement recorded modulus values within the elastic realm. 

The second range used values from 50MPa to 80MPa, which corresponded to values between 25-

40% of the estimated UCS. This range was selected based on experimental results from 

Jaczkowski and Ghazvinian (2017) based on testing with heterogeneous limestone. Although the 

measurement range from 50MPa to 80MPa was smaller, using measured strain values at higher 

levels of axial stress would likely generate better linear correlations. Measured values of Young’s 

modulus and Poisson’s ratio are listed in Table 7.5.  
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Table 7.5: Values of Young’s modulus and Poisson’s ratio were measured during 

mechanical testing using two ranges between 40MPa to 80MPa and 50MPa to 80MPa which 

was believed to correspond to 20-40% and 25-40% of the estimated UCS, respectively. 

  Range of 40MPa to 80MPa  Range of 50MPa to 80MPa  

Sample 
Location (m) 

Young's 
Modulus (GPa) 

Poisson's 
Ratio 

Young’s 
Modulus (GPa) 

Poisson's 
Ratio 

34.3 80 0.21 80 0.22 
44 74 0.23 74 0.24 

157 76 0.16 77 0.16 
169.9 90 0.23 91 0.24 
185 79 0.20 79 0.21 

195.5 97 0.15 97 0.16 
283.8 82 0.24 83 0.25 
306.3 95 0.16 95 0.17 
385.2 82 0.178 83 0.186 
386.5 88 0.103 88 0.109 
396.4 113 0.13 114 0.14 
397.8 122 0.17 122 0.17 
458.7 88 0.12 91 0.13 
509 109 0.16 109 0.18 

 

7.2.3 Assessment of Elastic Modulus Values from Mechanical Testing  

Measured values of Young’s modulus are illustrated in Figure 7.14. In each of the tested samples 

the measured values were very high. This was attributed to the crystalline composition of the 

units and the degree of metamorphism that was experienced. Very high values in the amphibolite 

pyroxenite and amphibolite paragneiss units were attributed to the high density of the rock, which 

ranged from 3250kg/m3 to 3680 kg/m3, respectively.  
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Figure 7.14: Values of Young’s modulus for the fourteen samples that underwent 

mechanical testing. Two values were measured for each of the samples, which corresponded 

to 40-80MPa and 50-80MPa, respectively. 

Measured values of Poisson’s ratio are illustrated in Figure 7.15. Based on comparisons 

with ranges in Poisson’s ratio values listed in Gercek (2007), measured values of Poisson’s ratio 

were within the range that was specified for each rock type. The samples comprised of gneiss and 

diorite fell along the lower margin of the range. Lower values in Poisson’s ratio could be 

attributed to the method in which the values were determined for these rock types. Since the tests 

were only conducted up to 80MPa, which was estimated to be 40% of the UCS, the range of data 
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used to calculate Poisson’s ratio may not be representative of each sample’s true behaviour. In 

particular, samples that exhibited gneissic foliation may require the samples to be taken to failure 

in order to properly calculate Poisson’s ratio.  

 

Figure 7.15: Values of Poisson’s ratio for the fourteen samples that underwent mechanical 

testing. Two values were measured for each of the samples, which corresponded to 40-

80MPa and 50-80MPa, respectively. 

Values for Poisson’s ratio in the sample from 386.5m were examined since they marked 

the lower boundary of acceptable values for gneissic units, and the measured values were 
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noticeably lower than the paragneiss sample from 385.2m. Both units were comprised of well-

layered, dark grey quartz-plagioclase-feldspar-biotite-amphibolite gneiss that exhibited steep-

planar centimeter to millimeter scale foliation comprised of biotite and amphibolite (Kerr, 2015).  

The samples were examined for fracturing parallel to the core diameter. If fractures were 

present they would close as the axial load was applied and result in minimum lateral 

displacement. From observations of the core samples shown in Figure 7.16, there were no 

fractures exhibited along the core surface to suggest this kind of behaviour.  

From visual observation, the difference in colour of the samples suggested that there may 

be a difference in the mineral proportions within the paragneiss unit. The sample from 386.5m 

was darker in colour which would suggest higher proportions of dark grey quartz. However, more 

detailed mineralogical analysis is required to determine the correct proportions.  

 

Figure 7.16: Comparison between foliated metapelitic paragneiss samples that exhibited 

different values in Poisson’s ratio. 

Between the two samples of paragneiss the only difference in geological characteristics 

was the colour, which could suggest a difference in the proportion of minerals. Both samples 

exhibited similar planar foliation and there were no fractures exhibited. As a result, it was still 

unclear as to why the sample from 386.5m exhibited low values of Poisson’s ratio. 

  

12cm
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7.2.3.1 Evaluation of Elastic Moduli Values from the Two Measurement Ranges  

Correlations were made between the two measurements of the elastic moduli to determine 

whether there was an appreciable difference in measured values. Correlations were made by 

conducting a linear regression analysis and comparing R2 values (Christaras et al. 1994). From 

the results shown in Figure 7.17, the two measurement ranges generated excellent correlations 

with slopes of 1.0 and R2 values of 0.99.  As a result of the similar values, correlations to values 

from ultrasonic testing were made to using the measured values from the 40MPa to 80MPa 

exclusively.  

 

Figure 7.17: Values of Young’s modulus and Poisson’s ratio exhibit linear trends which 

indicated that there was good correlation between the two measurement methods. 

7.3 Correlation of Elastic Modulus Values from Ultrasonic and Mechanical Testing  

Values of elastic moduli from ultrasonic and mechanical testing were assessed by examining 

direct correlations between the measured values from the same samples. Assessment of linear 

regression values was only conducted when linear trends were exhibited (Christaras et al. 1994). 

The analysis of mechanical testing, shown in Figure 7.17 previously, was included to determine 

whether results from ultrasonic testing would generate similar trends. The results of the analysis 

of Young’s modulus and Poisson’s ratio are shown in Figures 7.18 and 7.19, respectively.  
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7.3.1 Assessment of Young’s Modulus Values  

As shown in Figure 7.18, there were good correlations between Young’s modulus from ultrasonic 

and mechanical testing. Values from core-axis testing occurred within the same range, and 

closely followed the trend exhibited by mechanical testing at lower values of Young’s modulus. 

At higher values of Young’s modulus, the ultrasonic testing generated overestimates for the 

values from mechanical testing. Based on the good correlations with R2 values of 0.873 and 

0.940, there was confidence that Young’s modulus values from core-axis testing were comparable 

to values measured during mechanical testing.  

 

Figure 7.18: Correlations of Young’s modulus between mechanical testing from 40MPa to 

80MPa and ultrasonic testing from the three different test configurations. 
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mechanical testing. Along the lower range of values from 75GPa to 100GPa, some of the core-

diameter values underestimated the measured values from mechanical testing.  

The results from indirect testing were more scattered along the trend that followed the 

mechanical test values, and generated an R2 value of 0.521. The poor correlation was the result of 

lower estimates of Young’s modulus from 75GPa to 100GPa and overestimates from 100GPa to 

120GPa. 

 The underestimation of Young’s modulus values at the lower range in measured values 

from core-diameter and indirect test method could have been the result of the approximated 

density values used to calculate the measurements. Bulk density values were taken from the 

samples used in core-axis and mechanical testing, and used as approximations for the other two 

ultrasonic methods. Since values of bulk density would vary in regions with heterogeneity, the 

size of the ultrasonic test would change the effective bulk density at that location.  

7.3.2 Assessment of Poisson’s Ratio Values 

From examination of the Poisson’s ratio values in Figure 7.19, ultrasonic test methods did not 

calculate Poisson’s ratio values at the lower range exhibited in mechanical testing. However, 

from previous discussions in Section 7.2.3, the lower values from mechanical testing may have 

been the result of calculating Poisson’s ratio below the CI threshold. 

Values of ultrasonic elastic moduli for each of the UPV test configurations exhibited 

overestimates of Poisson’s ratio values from mechanical testing. Values from core-axis testing 

exhibited the closest range in values from mechanical testing. However, no linear trend was 

exhibited. Core-diameter test values occurred in a cluster above the range in mechanical values 

and did not exhibit a linear trend. Similarly, indirect test results also exhibited values which were 

higher than the range from mechanical testing.  
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Figure 7.19: Correlations of Poisson’s ratio between mechanical testing from 40MPa to 

80MPa and ultrasonic testing from the three different test configurations. Since the 

Poisson’s ratio values did not exhibit linear trends, regression analysis was not applied. 

From the results of this analysis, it was evident that the current ultrasonic methods could 

not generate reasonable approximations for Poisson’s ratio values from mechanical testing. 

Between the three test configurations, there was more confidence in the ultrasonic values 

measured using core-axis testing.  

From both comparisons, there was higher confidence in using ultrasonic estimates for 

Young’s modulus compared to Poisson’s ratio. Core-axis testing provided the best correlation to 

values from mechanical testing for both elastic moduli. Core-diameter and indirect testing 

provided underestimates at values of Young’s modulus, and exhibited no correlation in values of 

Poisson’s ratio.  
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7.3.2.1 Discrepancies in Measured Values of Poisson’s Ratio 

Due to the poor correlation between the ultrasonic and mechanical values of Poisson’s ratio, 

further analysis was conducted to determine whether the discrepancies were the result of the 

measured velocity values. The analysis examined measured and calculated values of Vp/Vs ratios 

due to the empirical relationship between velocity and Poisson’s ratio outlined in the Equation 7.1 

below.  

     CX
CH
= 8(34Y)

(348Y)

3
8   [7.1] 

 

For the comparison, values of Vp/Vs ratios were calculated using the measured Poisson’s 

ratio values from mechanical testing. Based on the preliminary comparison shown in Figure 7.20, 

Vp/Vs values from mechanical testing generated values of velocity ratios that were within the 

lower range of values measured from velocity testing. This was likely attributed to the lower 

values of Poisson’s ratio from mechanical testing that was discussed in Section 7.2.3. Velocity 

ratios from mechanical testing corresponded well to values from indirect testing in samples of 

metapelitic paragneiss and the pyroxenite. However, since it was previously determined that the 

indirect test method generated anomalous values of P-wave velocity, this suggested that the 

calculated Vp/Vs ratios for mechanical testing did not generate the best approximations. 
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Figure 7.20: Comparison between Vp/Vs ratios from ultrasonic testing and values calculated 

from mechanical testing using Equation 7.1 for each of the main rock types in the drill core. 
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To examine whether Vp/Vs ratios from the ultrasonic testing were reasonable for each of 

the test configurations, comparisons were made to measured velocity values from Long and 

Salisbury (1995), which examined seismic velocity of the southwestern Grenville Province. Since 

Long and Salisbury (1995) measured velocity under confined pressures between 60MPa and 

600MPa, the measured velocities would be higher than values measured from atmospheric 

pressure. As a result, comparisons were only made using Vp/Vs ratios. The evaluation is shown in 

Figure 7.21 using the velocity ratios for each of the tested rock types. 

 

Figure 7.21: Values of Vp/Vs ratios for each of the tested rock types with comparisons 

between values from ultrasonic and mechanical testing to measured values from Long and 

Salisbury (1995). 
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As shown in Figure 7.21, values for Vp/Vs ratios between Long and Salisbury (1995) and 

the ultrasonic testing were relatively consistent for each of the rock types. Similar to Figure 7.20, 

velocity ratios calculated from mechanical testing marked the lower margin of the Vp/Vs range.  

 In the relatively homogeneous units of syenite, metagabbro and monzonite, the values of 

Vp/Vs ratios were very close. In more heterogeneous units, such as the metapelitic paragneiss and 

amphibolite paragneiss, there was a larger spread in measured values. In the heterogeneous 

samples, values from Long and Salisbury (1995) marked the upper boundary while calculated 

values from mechanical testing marked the lower boundary.  

This relationship between the correlation between velocity ratios and the degree of 

heterogeneity indicated that the discrepancies in measured values of Poisson’s ratio may have 

been the result of testing heterogeneous units. In addition, the application of the modified uniaxial 

testing method generated a smaller measurement range to calculate values which may not be 

representative of each sample’s true behaviour. 

7.4 Summary of Testing on Lamontagne Samples  

7.4.1 Evaluation of UPV Values from the Three Test Configurations  

Core-diameter testing and core-axis testing were conducted along locations of the drill core to 

compare with measured values from indirect testing and to evaluate the effects of anisotropy on 

the measured UPV values. The results of the analysis showed that ultrasonic values were more 

variable for P-wave velocity while S-wave values were more consistent between the different test 

configurations.  

Within the P-wave and S-wave velocity ranges, the core-axis testing often generated the 

higher velocity values while core-diameter testing often generated the lowest values. Of the three 

configurations, the indirect testing generated the largest variation in velocity values when 

compared to the velocity values from the other configurations.  
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In regions where atypical values of ultrasonic velocity were measured from core-diameter 

and indirect testing, the discrepancies were associated with the roughness of the outer surface of 

the samples and the heterogeneity of one of the metapelite units.  

Based on the results of the analysis it was determined that the measured values from 

core-diameter testing were not consistent enough with core-axis testing values to be used as 

standards for comparison. Regions of heterogeneity may require multiple readings of core-

diameter testing along a 10cm interval to measure in order to calculate a velocity average that is 

comparable to core-axis testing. Additionally, further evaluation into the impact of surface 

roughness is required which may influence the type of gel couplant that is used during P-wave 

velocity testing. 

Values of P-wave velocity from indirect testing were variable along the fourteen 

specimens. Some of the specimens generated good correlations between indirect and core-axis 

testing while other specimens generated poor correlations. Since poor correlations generally 

generated similar velocity values between core-diameter and indirect testing this may suggest that 

there are issues with the test procedure.  

Surprisingly, anisotropy did not generate the notable discrepancies between velocity 

values from the three test configurations. Anisotropy of the rock was only associated with one of 

the calcareous metapelitic paragneiss samples, while the three best correlations occurred in 

foliated metapelitic paragneiss and foliated amphibolite paragneiss. In addition, the velocity 

values in the calcareous metapelitic paragneiss did not exhibit the anisotropic values that would 

be expected with the orientation of the structure. As a result, it was determined that variability in 

measured velocity was not always associated with the presence of heterogeneous structure.  

7.4.2 Evaluation of Ultrasonic Elastic Moduli Values  

Further analysis was conducted to determine which of the testing configurations would provide 

the most reliable values of ultrasonic elastic moduli. The analysis compared values of Young’s 
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modulus and Poisson’s ratio to measured values from uniaxial testing taken up to 40% of the 

estimated UCS. 

There was higher confidence in ultrasonic estimates for Young’s modulus compared to 

Poisson’s ratio. Core-axis testing provided the best correlations to values from mechanical testing 

for both elastic moduli. Core-diameter and indirect testing provided underestimates at Young’s 

modulus values between 75GPa and 100GPa. 

Ultrasonic values of Poisson’s ratio from core-axis testing generated very poor 

correlations to measured values from mechanical testing while values from core-diameter and 

indirect testing exhibited no correlation. To determine whether the poor correlations were caused 

by measured velocity values, measured Vp/Vs ratios were examined and velocity ratios from 

mechanical testing were empirically derived. Values of Vp/Vs ratios from the southwestern 

Grenville Province (Long and Salisbury, 1995) and ultrasonic testing were consistent, while 

empirical values from mechanical testing marked the lower margin of the Vp/Vs ratio range. 

Relationships between the quality of the correlations and the degree of heterogeneity in the rock 

sample indicated that the discrepancies in measured values of Poisson’s ratio could have been the 

result of testing heterogeneous rock types.  

Based on these results it was apparent that the standard core-axis test method generated 

the best approximations for measured ultrasonic velocity values. The correlations with core-

diameter and indirect testing were not as consistent due to the variability in the measured P-wave 

values. In addition, Young’s modulus values from core-diameter and indirect testing were not as 

accurate due to the use of bulk density values that were approximated from core-axis testing.   

These preliminary results suggest that the current indirect testing method should not be 

used to provide estimates for ultrasonic elastic moduli at specific locations along the drill core. 

Indirect testing could still be used as a first pass method to determine where transitions in 

ultrasonic elastic moduli values occur within the drill core. Where transitions were identified 
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from indirect testing the core-axis method should be used to generate estimates for ultrasonic 

elastic moduli.  

7.5 Correlations between Ultrasonic and Mechanical Values of Elastic Modulus 

In order to further assess correlations of Young’s modulus and Poisson’s ratio values from 

ultrasonic and mechanical testing, a more intensive analysis was completed. Since the previous 

analysis from the Lamontagne drill core only examined crystalline rocks from the Grenville 

Province, testing was completed on a variety of rock types in order to examine rocks from 

different geologic settings.  

For this analysis UPV values were measured using core-axis testing exclusively since this 

testing configuration generated the best correlation to mechanical values from the testing on the 

Lamontagne drill core. Core-axis testing was conducted once the samples were prepared for 

mechanical testing using the established ASTM standards for UCS testing (ASTM, 2008a; 

ASTM, 2014).  

Mechanical testing was conducted on norite samples from the southeast Sudbury basin. 

Values of elastic moduli were calculated from uniaxial testing which was conducted using 

standards outlined in ASTM (2014). In addition to the ASTM standards, the samples were 

prepared so the length of the sample was within 5% of the specified length to diameter ratio of 

2.5:1. The analysis used results from standard uniaxial testing to determine whether calculating 

elastic modulus values from a larger range would improve correlations between Poisson’s ratios.  

In addition to the norite samples, the analysis examined samples of argillaceous 

limestone, granite, tonalite, rhyolite, metabasalt, metagabbro, andesite, volcanic breccia and 

dacite. UPV testing was conducted prior to mechanical testing and values of elastic moduli were 

obtained from mechanical testing completed by Jaczkowski (2017), Packulak (2017) and LeRiche 

(2017). Mechanical testing values of andesite, volcanic breccia and dacite were provided courtesy 
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of MDEng. In total, fifty-two samples were tested, covering ten rock types from four different 

geologic settings.  

With the exception of samples of argillaceous limestone, the rock types under 

investigation were relatively homogeneous and devoid of structures. This decision was made in 

order to determine whether discrepancies in elastic modulus values in the Lamontagne drill core 

were influenced by heterogeneity of the rock under evaluation. Descriptions of the rock types are 

provided in the following section.  

7.5.1 Geological Units under Evaluation 

The analysis was conducted on ten rock types which spread across four different geologic 

settings. Samples of argillaceous limestone were collected from the St. Mary’s quarry near 

Bowmanville, Ontario (Jaczkowski, 2017). Samples of rhyolite, metagabbro and metabasalt were 

extracted from one pilot hole in the northwest Sudbury Basin (LeRiche, 2017), while samples of 

norite were extracted from a scout-hole at 1800m depth in the southeast margin of the Sudbury 

Basin. Samples of granite and tonalite were extracted from shallow boreholes within the Pointe 

du Bois tonalite unit in southeastern Manitoba (Kamp, 2009). Volcanic samples of andesite, 

dacite and volcanic breccia were taken from a high sulphide epithermal deposit, however no 

further descriptions were provided.  

7.5.1.1 Argillaceous Limestone from the Cobourg Formation 

The argillaceous limestone was part of the Cobourg Formation which formed during the middle 

Ordovician, and marks one of the lower units in the sedimentary stratigraphy in southwestern 

Ontario. From a regional description, the Cobourg Formation consists of very fine-to-coarse 

grained, fossiliferous, bluish-grey to grey-brown limestones and argillaceous limestones 

(Armstrong and Carter, 2006). Close to the site of the quarry where the samples were extracted 

the limestone is pale-grey fine crystalline, argillaceous, nodular, mottled, thick bedded and 

separated by burrowed muddy laminae (NWMO, 2011).  
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7.5.1.2 Meta-Igneous Units from the Sudbury Basin 

From the southeast Sudbury Basin, norite samples were medium-to-fine grained, and light to dark 

grey in colour. The selected samples for the analysis were relatively unaltered. However, due to 

the proximity to a regional scale fault, some samples exhibited minor millimetre scale fractures 

filled with chlorite.  

Samples extracted from the northwest Sudbury Basin exhibited minor alteration and were 

relatively homogeneous. The rhyolite samples were typically fine-grained, light green to grey in 

colour, and displayed white amygdules within the groundmass which consisted of anhedral 

quartz, with less common amphibole, biotite, chlorite, and epidote (LeRiche, 2017). Metagabbro 

samples were fine-to-medium grained. Some samples exhibited megacrysts comprised of 

amphibole. Metagabbro samples of both grain sizes were used in analysis to determine whether 

grain size impacted the elastic moduli correlations. The metabasalts were comprised of fine to 

medium-grained amphibolite or amphibolite schist. Some samples exhibited weak foliation and 

millimeter scale amygdules (LeRiche, 2017). 

7.5.1.3 Igneous Units from Pointe du Bois 

The granite samples from the Pointe du Bois unit occurred as intrusions into the tonalite units and 

were coarse grained, weakly metamorphosed, and had estimated mineral proportions of 40% 

quartz, 40% potassium feldspar, 15% plagioclase and 5% biotite (Kamp, 2009).  

The larger tonalite unit was light to dark black-grey in colour, forming bands. The 

igneous unit was medium-to-coarse grained, and had estimated mineral proportions of 40% 

plagioclase, 30% quartz, 20% biotite and 10% potassium feldspar which varied slightly along the 

length of the drill core. Similar to the granite intrusion, the tonalite was moderately 

metamorphosed (Kamp, 2009). 
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7.5.1.4 Volcanic Units  

Volcanic samples were provided courtesy of MDEng. Samples of andesite, dacite and volcanic 

breccia were proximal to the location of a high sulphide epithermal deposit, however no further 

description of the geology units was provided. 

7.5.2 Determination of Elastic Modulus Values from UPV Testing 

As stated previously, ultrasonic values of P-wave and S-wave velocity were measured using the 

core-axis test method since it provided the best correlation to mechanical test values during 

testing on the Lamontagne drill core. Tests were conducted across the length of the sample once 

the sample had been prepared for UCS testing using the standard guidelines from ASTM (2008a). 

For a detailed description of the procedure for measuring ultrasonic velocity refer to Chapter 3. P-

wave velocity was measured using the 54kHz transducers while the S-wave velocity was 

measured using the 250kHz transducers. 

 Once average values of P-wave and S-wave velocity were determined, the bulk density of 

the sample was calculated using the geometric method, and elastic modulus values were 

calculated from the empirical equations listed in Appendix E.   

7.5.3 Determination of Elastic Modulus Values from Mechanical Testing 

All testing was completed using a 2.2MN capacity, computer servo-controlled, hydraulic MTS 

machine at the Queen’s Geomechanics Research Lab in the department of Geological Sciences 

and Geological Engineering at Queen’s University. Each of the samples used in this analysis were 

prepared and tested at relative room humidity using the established ASTM standards for UCS 

testing (ASTM, 2008a; ASTM, 2014). This section will examine the test procedure that was used 

to measure values of Young’s modulus and Poisson’s ratio for samples of norite, granite and 

tonalite. For more information on the test procedures for elastic modulus values obtained from 

Jaczkowski (2017) and LeRiche (2017), refer to the associated references. Information of the test 

procedure for the volcanic samples could not be provided. 
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7.5.3.1 Test Procedure for Samples of Norite, Tonalite and Granite 

Based on preliminary testing of calibration samples to determine the axial deformation test rate, 

the loading rate was set to 0.125mm/min for testing in norite and 0.1mm/min for testing in granite 

and tonalite. Within the Queen’s Geomechanics laboratory, the average time to complete a UCS 

test is targeted at 10 to 15 minutes. With these loading rates, it ensured that the tests would run 

for a maximum of 15 minutes which is consistent with the laboratory requirements. 

Each of the samples were equipped with four 20mm strain gauges with pairs placed in the 

axial and lateral direction to measure axial and lateral strain. Two pairs of sensors were placed on 

the sample diametrically opposite to one another. An example of the general configuration of 

sensors within the test setup is illustrated in Figure 7.22.   

 

Figure 7.22: Test setup for a sample of norite. Four 20mm strain gauges were used in pairs 

to measure axial and lateral strain. 
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7.5.3.2 Calculation of Young’s Modulus and Poisson’s Ratio 

Values of Young’s modulus were calculated by taking the average slope of the straight-line 

portion of the stress-strain curve from 40% to 60% of the UCS. The slope was measured by 

taking the linear fit to the stress-strain data in the straight-line portion of the curve (ASTM, 2014).  

The value of Poisson’s ratio is greatly affected by nonlinearity at low-stress levels in the 

axial and lateral stress-strain curves. As a result, Poisson’s ratio was measured as the ratio 

between the slope of the axial stress-strain curve and the slope of the lateral stress-strain curve 

(ASTM, 2014). Similar to calculations of Young’s modulus, the slope was measured between 

40% to 60% of the UCS.  

7.5.4 Assessment of Measured Ultrasonic Velocity Values  

In the assessment of the range in measured velocity values shown in Figure 7.23, each rock type 

had a distinct range in measured velocity values. The largest range in measured velocity values 

occurred in norite where P-wave values ranged from 3850m/s to 5300m/s. The largest range in S-

wave velocity values was measured in the metabasalt unit with values ranging from 3000m/s to 

4100m/s. For both P-wave and S-wave velocity, the average range in measured values for each 

rock type was within 400m/s. Measured velocity values are listed in Appendix H.  
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Figure 7.23: Ranges in measured velocity values for each rock type in the analysis. The rock 

types are divided into four graphs based on the four geologic settings where the samples 

were collected. 
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The velocity values were compared to velocity ranges from literature to determine 

whether the measured values were reasonable. From comparisons with velocity values collected 

from various resources shown in Table 7.6, the range in measured velocity values for most rock 

units were within the ranges from literature.  

Table 7.6: Ranges of P-wave and S-wave velocity values were collected from literature 

sources for each rock type to determine whether the measured velocity values were 

reasonable. 

 

Measured values of metabasalt and rhyolite where higher than values from the literature 

sources. This was expected since the volcanic units from the Sudbury Basin have been 

metamorphosed. Since the process of metamorphism causes recrystallization of the minerals and 

the reduction in porosity, this would increase the bulk density of the rock and ultimately increase 

measured acoustic velocity values. From examining differences in bulk density values between 

the volcanic units from a high sulphide epithermal deposit and the rhyolite and metabasalt shown 

Rock Type References

Argillaceous limestone 5700 6000 3000 3100
Hughes and Cross, 1951; Hughes and Maurette, 1956; 
Hughes and Maurette, 1957

Rhyolite Woeber et al. 1963

Metabasalt 5400 5800 3200 3300
Hughes and Cross, 1951; Hughes and Maurette, 1956; 
Hughes and Maurette, 1957

Metagabbro 6450 6800 3420 3500
Hughes and Cross, 1951; Hughes and Maurette, 1956; 
Hughes and Maurette, 1957

Norite 6000 6800 3800 3900 Dortman and Magin, 1968; 

Tonalite 5900 6300 3400 3500 Schock et al. 1974

Granite 5780 6300 3420 3600
Hughes and Cross, 1951; Hughes and Maurette, 1956; 
Hughes and Maurette, 1957

Andesite 5000 5700 3000 3280 Schock et al. 1974; Simmons, 1964

Volcanic breccia Woeber et al. 1963

Dacite 2600 3500 1200 2000 Vanorio et al. 2002

Vp (m/s) Vs (m/s)

3270 1980

4220 2490
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in Table 7.7, it was confirmed that metamorphism likely caused an increase in bulk density in the 

Sudbury volcanic units.  

Table 7.7: Higher values of bulk density in the volcanic units from the Sudbury basin 

suggested that the metamorphism caused an increase in bulk density which would result in 

higher values of measured ultrasonic velocity. 

		 Rock Type  Bulk Density (g/cm3) 

		 Rhyolite  2.732 

		 Metabasalt 3.015 

		 Andesite 2.65 

		 Volcanic breccia 2.294 

		 Dacite 2.234 

 

Measured velocity values of norite were lower than the values from Dortman and Magin 

(1968). This was attributed to the geologic setting where the samples were collected. Samples 

were proximal to a regional shear zone and exhibited minor amounts of quartz and chlorite filling. 

As a result, the lower values were attributed to the local deformation structures which could have 

caused internal fracturing within the samples. Since discrepancies in rhyolite, metabasalt and 

norite were associated with geologic factors, this indicated that discrepancies in the measured 

velocity values would not be the result of the UPV testing procedure.  

To determine whether measured values of Vp and Vs correlated well to one another a 

cross-plot analysis was conducted. Cross-plot analyses are commonly used in acoustic borehole 

logging to examine relationships between acoustic parameters (Blyth, 2017). Cross-plots between 

measured velocity values often follow linear trends. Any deviation from the linear trend would 

indicate potential issues with measured velocity values (Long and Salisbury, 1995). 

As shown in Figure 7.24, measured velocity values from UPV testing generated a linear 

trend and each rock type had its own respective Vp-Vs field. The slope of the linear fit measured 
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an average Vp/Vs ratio of 1.714. The trend line had a good correlation which was indicated by the 

linear regression value (R) of 0.899.   

 

Figure 7.24:  Cross plot of P-wave and S-wave velocity values for each rock type. The 

velocity values generated a linear trend where each rock type had its own respective Vp-Vs 

field. 

As shown in the velocity cross-plot, P-wave velocity values in metabasalt, tonalite and 

limestone were higher in some samples. These anomalous values were attributed to internal 

structure within the tested samples. Meta-volcanic samples from the Sudbury Basin exhibited 

volcanic flow fabric while metamorphism of the metabasalt caused realignment of grains that 

generated roughly planar fabric. Metamorphism was also exhibited in the tonalite, where biotite 

occurred in bands. Limestones samples exhibited argillaceous lenses of clay and silt between 

larger crystalline sections. Types of internal structure in the tonalite and limestone are shown in 

Figure 7.25.  
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Figure 7.25: Examples of internal structure within samples of tonalite and limestone which 

may have resulted in higher values of P-wave velocity relative to S-wave velocity. 

Based on the evaluation of measured velocity values, it was determined that the velocity 

values were reasonable for each rock type, and there was good correlation between P-wave and S-

wave velocity.  

7.5.5 Preliminary Assessment of Correlations between Elastic Modulus Parameters 

A preliminary assessment was conducted before correlations were evaluated to remove outliers in 

the data. From visual inspection of the measured values, a sample of volcanic breccia exhibited a 

Poisson’s ratio of 0.69 during mechanical testing. Since the Young’s modulus value was still 

reasonable, the anomalous Poisson’s ratio was believed to be the result of a malfunction with the 

lateral strain gauge. As a result, only the Poisson’s ratio value was removed from the analysis. 

The main assessment examined values of Young’s modulus since the exhibited linear 

trend would make it easier to identify outliers in the data. Based on the correlation of Young’s 

moduli shown in Figure 7.26, outliers were identified in samples of metagabbro and rhyolite.  
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Figure 7.26: From a preliminary assessment of Young’s modulus values, outliers were 

identified in samples of metagabbro and rhyolite. The outliers are circled in black. 

From examination of measured velocity values, each of the outliers exhibited good 

velocity trends that fell along the line exhibited in Figure 7.24 previously. As a result, the 

discrepancies were believed to be associated with Young’s modulus values from mechanical 

testing, and the original data files were reassessed.  

The metagabbro sample, with a Young’s modulus value of 43.2GPa, exhibited partially 

intact failure. Since all other samples exhibited Young’s modulus values around 110GPa, it was 

believed that the structure influenced the measured value. As a result, the sample was removed 

from the analysis.  

During UCS testing rhyolite samples failed either fully intact where the drill core failed 

into multiple small fragments or partially intact where failure was concentrated along the 

structural planes. The rhyolite unit which had a Young’s modulus value of 113GPa was one of 

the samples that exhibited fully intact failure. The variability in the failure mode and the 
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measured values from mechanical testing were believed to be the result of the degree of 

anisotropy of the sample. 

During the core logging process by LeRiche (2017), the degree of anisotropy in the 

rhyolite appeared to increase with depth. Shallower samples exhibited minor foliation with few 

amygdules, while samples from deeper in the borehole had a strongly developed foliation. The 

varying degrees of metamorphism would explain why there was a spread in measured Young’s 

modulus values from mechanical testing. Since mechanical testing exhibited a range in measured 

values, there was not enough similarity between the samples to have representative results for 

rhyolite. As a result, it was decided that testing in rhyolite would not be included in the 

assessment of both Young’s modulus and Poisson’s ratio values.  

7.5.6 Evaluation of Young’s Modulus 

Using the same analysis that was conducted on the Lamontagne drill core samples, values of 

Young’s modulus from ultrasonic and mechanical testing were plotted against one another. As 

shown in Figure 7.27, the line of best fit generated a slope of 0.92 which is close to the 1:1 ratio 

outlined by the grey line. The linear fit generated an R2 value of 0.79, which indicated that the 

correlation was good.  

Ultrasonic values of Young’s modulus generated reasonable approximations for 

mechanical test values. In most rock types, ultrasonic values generated higher Young’s modulus 

values to within 20GPa. Ultrasonic testing generated larger overestimates for Young’s modulus in 

samples of limestone and metabasalt. These samples exhibited higher values of P-wave velocity, 

which was attributed to internal structure. Ultrasonic testing also generated underestimates for 

Young’s modulus in samples of norite. As was explained previously in Section 7.5.4, some norite 

samples exhibited lower values of P-wave velocity as a result of internal deformation caused by 

regional shear zone.  
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Figure 7.27: Correlations of Young’s modulus between mechanical testing and ultrasonic 

testing using the core-axis test method. 

7.5.7 Application of Ultrasonic Testing for Estimates of Young’s Modulus 

An analysis was conducted to determine whether the heterogeneity of the samples in the 

Lamontagne drill core influenced the reliability of ultrasonic Young’s modulus values. This 

analysis compared ultrasonic Young’s modulus values from the Lamontagne drill core to the 

larger collection of rock types (Figure 7.28). For consistency this analysis examined the 

ultrasonic values from core-axis testing. For the comparison the two analyses were kept separate 

since the mechanical test values were acquired using different methods. The analysis evaluated 

the slope of the linear fit, the linear regression value and the location of measured values for each 

rock type.   
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Figure 7.28: Comparison of ultrasonic Young’s modulus values from the Lamontagne drill 

core and a collection of rock types. For consistency, the Lamontagne testing examined 

ultrasonic values from core-axis testing. 
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From both analyses ultrasonic testing provided estimates that were in general 20GPa 

higher than the results from mechanical testing. Deviations from the linear fit occurred in 

metamorphosed mafic units which often generated overestimates for Young’s modulus values. 

This was exhibited in the amphibolite units in the Lamontagne drill core as well as metabasalt 

samples from the Sudbury Basin.  

Based on the similarity between the trend lines and linear regression values from both 

analyses, heterogeneity of the Lamontagne samples did not appear to influence the measured 

ultrasonic elastic modulus values. From the evaluation of ultrasonic Young’s modulus values 

from all tested samples it was determined that ultrasonic testing provided reasonable estimates to 

within 20GPa, and overestimation of values occurred in metamorphosed mafic units.  

7.5.8 Evaluation of Poisson’s Ratio 

Comparison between ultrasonic and mechanical values of Poisson’s ratio are shown in Figure 

7.29. It was apparent from the results that there was no direct correlation between measured 

values of Poisson’s ratio. Calculating mechanical values of Poisson’s ratio from uniaxial testing 

did not improve the correlation. Values were clustered together with no separation between the 

rock types, and there was no direct relationship between values measured from mechanical testing 

and the estimates from ultrasonic testing.  
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Figure 7.29: Correlations were not exhibited between Poisson’s ratio values from 

mechanical testing and ultrasonic testing. 

For most rock types the general range for Poisson’s ratio values is between 0.05 and 0.45. 

In rock engineering applications, ratio values are generally approximated to be within 0.2 and 0.3 

(Gercek, 2007). Since the values from ultrasonic testing generally fell within the range of 0.2 to 

0.3, the measured values would be considered reasonable for rock engineering applications. 

As shown in Figure 7.30, ranges in Poisson’s ratio values were exhibited in both 

ultrasonic and mechanical testing. With the exception of samples of andesite and volcanic 

breccia, there was minimal overlap in the ranges for Poisson’s ratio values.  
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Figure 7.30: Values of Poisson’s ratio for ultrasonic and mechanic testing generated ranges 

in measured values that had minimal overlap between the two test methods. 

Since there was little consistently in results from mechanical testing of the same rock 

type, it suggested that Poisson’s ratio is a highly variable material property. Values of Poisson’s 

ratio vary as a result of internal deformation of the sample during uniaxial testing. At the 

transition from linear elastic deformation to the crack initiation phase, Poisson’s ratio starts to 

increase due to initiation of new micro cracks or extension of existing ones (Bieniawski, 1967). 

Depending on the relative timing of crack initiation in relation to the UCS of the material, and the 

range of measurements used to calculate Poisson’s ratio, the resulting value of Poisson’s ratio 

may not correspond to fully elastic behaviour. 

 Since mechanical testing could not generate consistent results, it was understandable that 

there would be poor correlations with results from ultrasonic testing. Therefore, it was determined 
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that Poisson’s ratio should not be used a repressive elastic modulus parameter to compare results 

from ultrasonic and mechanical testing.   

7.5.9 Evaluation of Rhyolite Samples  

As was explained previously in Section 7.5.4, the rhyolite samples were removed from the 

analysis due to the variability in measured Young’s modulus values from mechanical testing. 

Mechanical testing generated a large range in measured values while ultrasonic testing generated 

consistent values of Young’s modulus. The discrepancy was likely the result of the planar fabric 

within the rhyolite samples (Figure 7.31).  

 

Figure 7.31: Sample of rhyolite where the amygdules were deformed and preferentially 

aligned along a developed foliation (LeRiche, 2017). 

Ultrasonic velocity values correlated well to values from mechanical testing in the 

samples that failed partially intact and exhibited lower values of Young’s modulus. These results 

indicated that ultrasonic testing would provide conservative estimates of Young’s modulus values 

that is indicative of planar failure.  

 

7.5.10 Results from Assessment of Ultrasonic Elastic Modulus Values 

Testing was conducted on a collection of fifty-two samples, examining ten rock types from four 

different geologic settings. Similar to the results from testing on the samples from the Grenville 
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Province, ultrasonic testing provided reasonable estimates for Young’s modulus values. From 

direct comparison with the results from the Lamontagne drill core, it was determined that 

heterogeneity of the samples did not influence the estimated values. In both analyses, estimated 

values of Young’s modulus were 20GPa higher on average while mafic and ultramafic samples 

generated overestimates for mechanical test values. This was likely attributed to the higher bulk 

densities of the samples, which had a larger influence on ultrasonic velocity than mechanical 

testing. 

Poor correlations were exhibited between ultrasonic and mechanical values of Poisson’s 

ratio. Changing the mechanical test procedure to complete uniaxial testing did not improve the 

results. This indicated that ultrasonic testing could provide estimates for Poisson’s values within 

the range of 0.2 and 0.3, which is the approximated range used in rock engineering applications. 

However, those measured values do not directly correlate with values measured in mechanical 

testing. It is likely that both test procedures have to be conducted in the same environmental 

conditions for ultrasonic testing to provide meaningful estimates for Poisson’s ratio. This would 

require the specimens to be loaded under the same pressure. 
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Chapter 8 

Application of Laboratory UPV Methods for Quantifying Variability in 

Cobourg Limestone   

Canada’s Nuclear Waste Management Organization (NWMO) is currently developing an 

Adaptive Phase Management (APM) plan for the long term storage of low to intermediate level 

nuclear waste. Experts agree that underground Deep Geologic Repositories (DGRs) are the single 

best solution for long term storage of nuclear fuel waste (IAEA, 2009).  

For the safe disposal of Canada’s low to intermediate level nuclear waste, the current 

design shown in Figure 8.1 would place 48 used fuel bundles in a corrosion-resistant copper-

coated Used Fuel Container, surrounded by a low-permeability bentonite clay buffer and 

compacted backfill (Noronha, 2016). The alternative options in Figure 8.1 relate to the different 

methods in which fuel canisters are placed within the repository (Crowe et al., 2015).  

 

Figure 8.1: Conceptual layout of the deep geological repositories for the storage of low to 

intermediate level nuclear waste (Crowe et al., 2015). 
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Since the initial development of the AMP, an interactive site selection process has been 

employed in several communities across Saskatchewan and Ontario. An array of both 

sedimentary and crystalline geologic host sites were considered during the site selection process 

(Crowe et al., 2015). The NWMO is currently conducting detailed technical site evaluation at 

nine communities that successfully passed the initial screening process (Crowe et al., 2015).  

Three potential sites are located in southwestern Ontario, where the host rock will be 

comprised of argillaceous limestone of the Cobourg Formation. At these locations the low to 

intermediate level nuclear waste repository will be located at depths between 500m to 700m 

below ground surface. The range in the depth of the repository is dependent on the quality of the 

host rock at the three specific sites. At the location of the repository, the Cobourg limestone will 

act as the final barrier which will isolate the nuclear waste (Noronha, 2016). 

The combined energy generated by all of the used nuclear materials will heat the used 

fuel containers, buffer materials and surrounding rock. This results not only in an increase in 

temperature, but also in Thermo-Hydro-Mechanical coupling, which is the interconnected process 

where any change to the thermal, hydrological or mechanical properties of the rockmass will 

affect all other components (Pitts, 2017). 

Thermally induced rockmass stresses will be a factor in the long term severity and extent 

of the rock mass damage. During heating the thermal expansion of rock is directly related to the 

increase in stress state for a confined rockmass. Such stress increases can, in turn, increase the 

brittle yield zone – the excavation damage zone around the repository containment holes or rooms 

(Pitts, 2017). These thermally induced stresses are heavily influenced by the composition of the 

rock type. In the case of the Cobourg Formation, the limestone is comprised of varying 

proportions of crystalline calcite and the argillaceous clay matrix. In regions with higher 

proportions of calcite, the increased stiffness in these regions would result in thermal expansion 

stresses. From analysis of the mineralogy of the Cobourg limestone by Pitts (2017), it was 
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determined that there was compositional variation within the Ordovician limestone units, even 

within members of the same stratigraphic unit. Since there is variability in composition along the 

regional stratigraphy of the limestone unit, there are likely to be compositional variations along 

the vertical stratigraphic succession as well.  

One potential method to quantify the variability in composition of the Cobourg 

Formation is to evaluate acoustic velocity values, since velocity is heavily influenced by changes 

in material properties in the rock. Since continuous ultrasonic testing was capable of identifying 

geologic contacts, it is possible for the ultrasonic method to quantify different proportions of the 

mineral assemblage. 

This chapter evaluates the application of acoustic velocity methods for quantifying 

variability in mineral composition of the Cobourg limestone. Acoustic velocity values were 

analyzed at two different scales. Laboratory scale testing was conducted to determine whether the 

variability in modal mineralogy identified by Pitts (2017) could be identified in the ultrasonic 

analysis. Comparisons were made between ultrasonic testing results on samples from different 

stratigraphic regions of the Cobourg Formation. For this analysis, comparisons were made to 

ultrasonic velocity values from NWMO (2010), which examined core samples from the boreholes 

DGR-1 and DGR-2 located at the Bruce site. Since rock saturation influences measured velocity 

values, UPV testing was conducted on a select number of saturated laboratory samples from 

Jaczkowski (2017) to determine how velocity values would be influenced by saturation. Further 

ultrasonic testing was conducted on specific samples to determine whether it was possible to 

identify variability in velocity values as a result of interbedding structure. 

8.1 Description of Samples Used in the Evaluation 

8.1.1 Description of the Cobourg Formation  

The Cobourg Formation is part of the overlying Paleozoic succession that was deposited 

northwestward of the Appalachian Orogen. Within southwestern Ontario, there were two main 
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paleo-depositional centers. The Appalachian is a foreland basin to the Appalachian Orogen, while 

the Michigan Basin is a broadly circular intracratonic basin. The Cobourg formation at the 

location of the Bruce nuclear site was formed as part of the Michigan Basin (NWMO, 2011).  

In the subsurface of southern Ontario, the Middle Ordovician carbonate-dominated 

sedimentary package is divided into the Black River and overlying Trenton groups. The Cobourg 

Formation is part of the Trenton Group and marks the uppermost unit. The Cobourg Formation is 

further subdivided based on lithological variation into an upper member comprised of organic-

rich calcareous shale with fossiliferous interbeds termed the Collingwood Member, and a lower 

member comprised of argillaceous limestone. The lower member is the host formation for the 

proposed DGR project (NWMO, 2011).  

The lower Cobourg Formation is described regionally as a grey, fine-grained limestone to 

argillaceous limestone with coarse-grained fossiliferous beds and a nodular texture (Hamblin, 

2003; Armstrong and Carter, 2006; INTERA, 2011). The limestone is primarily composed of a 

coarse grained fossil rich packstone which is light grey in color and forms as nodular features 

throughout the rock. Dark grey layers composed of argillaceous fine grained limestone surround 

the nodules, representing the irregular bedding formed by bioturbation and compaction during 

diagenesis (Brookfield and Brett, 1988). 

At the location of the DGR site, the Cobourg Formation is described as mottled light-to-

dark grey, very fine to coarse-grained, fossiliferous argillaceous limestone (INTERA, 2011). 

Proximal to the site of the St. Mary’s quarry near Bowmanville, Ontario the Cobourg Formation 

is described as pale-grey fine crystalline limestone, argillaceous, nodular, mottled, thick bedded 

and separated by burrowed muddy laminae (NWMO, 2011). At the scale of acoustic velocity 

testing the nodules vary in diameter from 20 to 80 mm and become more distinguishable in larger 

specimens. The argillaceous wisps that form the matrix around the nodules are variable in 

orientation and generate heterogeneity within the rock (Jaczkowski, 2017). 
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8.1.2 Mineral Composition of the Cobourg Formation  

From an analysis of the mineral composition conducted by Pitts (2017), the modal mineralogy of 

the Cobourg limestone was different between the two depositional basins. Samples from St. 

Mary’s quarry near Bowmanville, Ontario contained approximately 33% calcite content and 

approximately 50% clay matrix, while samples from the Bruce site near Kincardine, Ontario 

contained 69% calcite and 17% illite, which constitutes the clay matrix. Since samples from both 

sites were deposited at the same time in the same sea, it was proposed that the sediments 

deposited at the Bruce site were likely more distal from the sediment source which created facies 

change over the 200 km that separated the two depositional basins (Pitts, 2017). The difference in 

modal mineralogy between the two depositional basins will be important to determine whether 

acoustic velocity analysis can effectively identify variability. 

8.1.3 Moisture Content 

UPV testing was conducted at two levels of moisture content to determine how the level of 

saturation influenced the measured velocity values. Eleven samples were tested at relative room 

humidity while three samples were fully saturated before testing. 

The development and execution of the saturation procedure was conducted by 

Jaczkowski (2017). The samples were saturated using synthetic pore water (SPW) in order to 

replicate the pore water fluid that would be present in the samples in situ. The SPW solution was 

made in the laboratory according to the pore water composition reported for Cobourg limestone at 

depth (Al et al., 2010).  

The samples were saturated using the submerging saturation technique. The specimens 

were submerged in the SPW fluid within a container with a tight lid to avoid evaporation and 

changes in the SPW composition. For the saturated samples that underwent UPV testing, the 

samples were submerged for a one-week duration (Jaczkowski, 2017). 
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UPV values from the Bowmanville samples were compared to ten samples that were 

extracted from the DGR-2 borehole at the Bruce Nuclear site (NWMO, 2010). Since the samples 

from the DGR boreholes were tested at in situ moisture content, the samples were likely stored in 

a protective material which maintained the in situ water conditions of test specimens.  

8.1.4 Influence of Sample Dimensions 

UPV testing was conducted on fourteen samples of Cobourg limestone from the St. Mary’s 

Quarry near Bowmanville, Ontario. To ensure consistency between the evaluation of velocity 

values from the two depositional basins, UPV testing was conducted using the core-axis testing 

configuration, which is the standard test configuration used in industrial laboratories (ASTM, 

2008b).  

 In order to acquire enough velocity data to compare with the results from the testing from 

the DGR boreholes, UPV testing was conducted on samples of four different lengths. The 

dimensions of the samples are listed in Appendix I.  

A preliminary series of UPV tests were conducted on the samples a relative room 

humidity to determine whether the size of the samples would influence the measured velocity 

results. Since the UPV tests were conducted using the core-axis test configuration, the length of 

the sample corresponded to the transducer spacing.  

From examination of measured velocity values (Figure 8.2), variability in measured 

values did not appear to be influenced by the length of the sample. Although there was a gradual 

trend exhibited in the P-wave velocity values, it was uncertain whether the minor decrease in 

velocity values at the larger transducer spacings was a result of the sample length or the 

heterogeneity of the limestone. The minor velocity differences may have been attributed to the 

heterogeneity of the samples which caused notable variability in measured velocity values in 

samples of the sample size. 
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A similar analysis was conducted on samples of Lac du Bonnet granite for the 

underground research lab to determine whether there would be scale effects on laboratory 

mechanical properties. From acoustic velocity testing on five samples of different diameter, the 

test generated a random distribution of velocities.  There was no clear dependency of the 

measured ultrasonic elastic modulus values, with the exception of ultrasonic Poisson’s ratio 

values where values decreased slightly as the sample dimension increased (Jackson and Lau, 

1990).  

Since the Lac du Bonnet granite under investigation was relatively homogeneous and 

isotropic, the geologic factors that would have affected the measured velocity results were 

believed to remain consistent between each of the tested specimens (Jackson and Lau, 1990). 

However, in the case of the Cobourg limestone, the presence of various proportions of 

interbedding structure within the limestone generated differences in texture, density and porosity. 

This made the velocity results unique for each individual sample. This would explain why there 

was larger variability between measured values of the same specimen size compared to the four 

different sample lengths.  

Based on the examination of the results on the Lac do Bonnet granite the gradual 

decrease in P-wave velocity as the sample length increased was attributed to the anisotropy of the 

samples which had a larger impact on larger samples. Since the anisotropy only generated minor 

variations in measured velocity all velocity tests were incorporated into the analyses. 
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Figure 8.2:Measured values were relatively consistent between the different sample 

dimensions. Minor variability was exhibited in samples of the same length which was 

attributed to the heterogeneity of the sample. 

8.2 Comparison of Velocity Values from the Two Depositional Basins 

Laboratory ultrasonic testing was conducted to determine whether the variability in mineral 

composition identified by Pitts (2017) could be identified in the ultrasonic velocity results. The 

analysis examined ten samples from the Michigan basin and sixteen samples from the 

Appalachian basin.  

The velocity values from the Michigan basin were taken from samples that were 

extracted from the DGR-2 borehole at the Bruce nuclear site (NWMO, 2010). The velocity 

testing was conducted on the samples twice from two separate labs run by Intera and Canmet. 

Both labs tested the samples at in situ moisture content. Although the ultrasonic testing 

configuration was not specified, it was assumed that testing was conducted using the core-axis 

configuration, since it is the industry standard.   
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The velocity values from the Appalachian basin were determined from samples taken 

from the St. Mary’s limestone quarry near Bowmanville, Ontario. The samples were taken from 

blocks retrieved at surface so there was a potential for the samples to exhibit internal damage. 

Thirteen of the samples were tested at relative room humidity since the limestone samples were 

extracted directly at surface and the samples did not have pre-existing moisture content from 

groundwater. Three sample were tested after one week of saturation using the procedure outlined 

in Section 8.1.3, to determine whether there would be a notable difference in measured velocity 

values. Testing was conducted using the core-axis configuration to ensure that the velocity results 

were reliable and comparable to the results from the Michigan basin samples. From preliminary 

examination of the velocity values, two samples at relative room humidity exhibited Vp/Vs ratios 

that were outside the typical range of 1.5 to 2.0 (Mavko et al., 2009). As a result, only fourteen 

samples were used in the analysis. The measured velocity values used in the analysis are listed in 

Appendix I.  

 From comparisons between the measured ultrasonic velocity values shown in 

Figure 8.3, there was overlap between measured velocity values from the two depositional basins. 

Limestone samples from both locations exhibited velocity ranges of the same size. P-wave and S-

wave velocity values ranged from 4600m/s to 6000m/s and 2650m/s to 3500m/s, respectively for 

samples from the Michigan basin and 4100m/s to 5150m/s and 2560m/s to 3100m/s, respectively 

for samples from the Appalachian basin. Overall, the samples from the Appalachian basin 

generated lower ranges in measured velocity values. An assessment of the velocity waveform 

profiles was conducted to determine whether the lower velocity values were the result of internal 

damage. Each of the wave profiles generated typical cyclical patterns with clear P-wave and S-

wave arrivals, suggesting that the waveforms were not influenced by the presence of internal 

fractures.  
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In addition, the presence of internal fracturing often generates decreases in velocity 

greater than 1000m/s. Since the differences in velocity were less than 1000m/s it was believed 

that the differences in velocity from the two depositional basins were not the result of internal 

fracturing.  

 

Figure 8.3: Measured velocity values of samples from the Appalachian basin and the 

Michigan basin. Since the samples from the Michigan basin were tested in two separate labs 

(NWMO, 2010), all measured velocity values were included in the assessment. 

From examination of the measured velocity values from the different testing labs (Figure 

8.4), the Intera lab generated the highest values of velocity. There was no overlap between the 

velocity results from the Michigan basin samples from Intera and the Appalachian samples from 

Queen’s University. The test results from the Canmet lab on samples from the Michigan basin 

exhibited lower values in ultrasonic velocity, and there was some overlap with velocity values 

from the Appalachian samples tested at Queen’s University. Discrepancies between measured 

results from the Canmet and Intera lab were not examined since information on the testing 

program and procedure of sample analysis was not provided. 
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Figure 8.4: Ultrasonic velocity values from the three test laboratories. Testing of the 

Appalachian basin samples was conducted at Queen’s University while samples from the 

Michigan basin were conducted at the Canmet and Intera test labs. 

8.3 Effect of Moisture Content on Measured Ultrasonic Velocity Values  

The higher velocity values could have been the result of moisture content between the collections 

of samples from the two depositional basins. P-waves are supported by both solids and fluids so 

the waves are capable of passing through the rock matrix and the pore spaces. In saturated 

samples the pore spaces are filled with fluid that acts as another avenue for the P-wave to 
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propagate. As a result, saturated samples exhibit higher values of P-wave velocity than air dry or 

room humidity samples (Blyth, 2017). 

To determine whether different states of moisture content affected the results from the 

two depositional basins, velocity values from saturated samples from the Appalachian basin were 

compared to the samples from the Michigan basin. The process of saturation was described in 

Section 8.1.3. Since the Michigan basin samples were tested at in situ moisture content it was 

expected that the level of saturation would be similar between the two separate tests. From 

examination of the velocity results from the Appalachian basin shown in Figure 8.5, the saturated 

samples generated higher values of P-wave velocity compared to samples that were at relative 

room humidity. In addition, the velocity values from the saturated samples corresponded to the 

lower range in velocity values from the Canmet lab.  

 

Figure 8.5: Ultrasonic values of P-wave velocity from the three test laboratories. The 

saturated samples from the Appalachian basin generated values of P-wave velocity were in 

the higher range of measured values for those samples. There was overlap between velocity 

results between the Canmet lab testing and the saturated Appalachian samples. 

As a verification tool, values of S-wave velocity from the saturated samples were also 

examined. Since S-waves are only supported by the rock matrix, the effects of saturation at room 

temperature should only occur in P-wave velocity values (Blyth, 2017). Although velocity values 

were not conducted on the samples before they were saturated, the results from saturated samples 

3500 4000 4500 5000 5500 6000 6500
Ultrasonic P-wave Velocity (m/s)

Comparison of  P-wave Velocity when Considering Moisture Content

Queen's University Unsat

Queen's University Sat

Canmet

Intera

Appalachian Basin Samples 

Michigan Basin Samples 

(RRH)

(1 Week Sat)

(Relative room humidity)



 

239 

 

could still be compared to the range in velocity values that were exhibited from other ultrasonic 

tests on samples kept at relative room humidity. From examination of Figure 8.6, the three 

saturated samples did not generate the highest S-wave velocity values from the Appalachian 

samples. Since the velocity results fell along the center of the range in measured S-wave values, 

this was believed to verify that saturation only affected values of P-wave velocity. 

 

Figure 8.6: Ultrasonic values of S-wave velocity from the three test laboratories. The 

saturated samples from the Appalachian basin generated values within the center of the 

range of measured values. This verified that saturation had no impact on the measured S-

wave velocity values. 

8.4 Effect of Modal Mineralogy on Measured Ultrasonic Velocity Values  

From observation of Figure 8.5 and 8.6, the saturated samples from the Appalachian basin 

generated lower values of P-wave velocity compared to the velocity results from the Michigan 

basin. Since saturation did not notably increase P-wave velocity values beyond the range in 

values exhibited from the Appalachian samples, it was determined that the lower values were not 

the result of differences in saturation. This suggested that differences in modal mineralogy from 

the two depositional basins influenced the measured velocity values.  

In order to investigate the potential influence of composition on measured velocity 

values, an analysis was conducted to determine estimates for ultrasonic velocity based on mineral 
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composition and modal mineralogy. Information on the mineralogy of Cobourg samples from the 

two basins was collected from Pitts (2017), who conducted detailed mineralogical analyses to 

determine the composition and modal mineralogy of samples from both basins. Modal 

mineralogy for each of the different depositional basins and are listed in Appendix I. Velocity 

values were collected from Carmichael (1982) and Bourbié et al. (1987) for the minerals that 

were present in the Cobourg Formation, and a weighted average was calculated based on the 

modal mineralogy to determine the expectant velocity value.  

Associated velocity values for each of the minerals is listed in Table 8.1. Velocity values 

for the glauconite and ankerite minerals were approximated using velocity values from biotite and 

calcite, respectively due to the absence of velocity data. This approximation was believed to be 

acceptable due to the similar composition and crystal structure of the respective minerals. 

Velocity values for apatite, pyrite and gypsum were not incorporated into the analysis since the 

proportion of the mineral was less than 1%.  

The velocity values for clay were collected from Bourbié et al. (1987), which listed 

velocity values for saturated silt and clay. The velocity values were given as a range due to the 

high variability in velocity associated with the composition and porosity. As a result, approximate 

values for velocity were determined for three scenarios of clay velocity denoted as low, medium 

and high. The three velocity estimates for the two depositional basins are listed in Table 8.2. 
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Table 8.1: Associated P-wave and S-wave velocity values from Carmichael (1982) and 

Bourbié et al. (1987) for the determination of acoustic velocity as a result of modal 

mineralogy. 

 
P-wave Velocity (m/s) S-wave Velocity (m/s) 

Clay Matrix 1100 / 1800 / 2500 200 / 500 /800 
Calcite 

6530 3360 
Ankerite 
Quartz 6050 4090 

Glauconite 
5260 2870 

Biotite 
Albite 6070 3400 

Orthoclase 5790 3110 
Apatite n/a n/a 
Pyrite n/a n/a 

Gypsum n/a n/a 
 

Table 8.2: Estimates for expected ultrasonic velocity based on the modal mineralogy of the 

Cobourg Formation at the two depositional basins. 

  Bowmanville, Ontario (m/s) Bruce Site, Ontario (m/s) 
  Vp Vs Vp Vs 

Low 
Estimate 3560 1695 5397 2735 

Medium 
Estimate 3915 1847 5513 2785 

High 
Estimate 4270 1999 5630 2835 

 

Comparisons between the measured velocity values and the estimated values are shown 

in Figure 8.7. The modal mineralogy estimates were lower than the measured values in the case 

of the Bowmanville samples, while the estimates were within the range of values for the samples 

from the Bruce site. All estimates for P-wave velocity from the Bruce site corresponded well to 

the measured values. There was a larger spread in the velocity estimates for the Bowmanville 

samples, which showed that the different velocity values for clay had a larger impact on these 

samples. This would help explain the estimates for the Bowmanville samples, where the 



 

242 

 

proportion of clay is as high as 51%. The estimates for the samples from the Bruce site still fit 

within the range since the proportion of clay is lower at 17%. As a result, the lower estimates for 

the Bowmanville samples were believed to be the result of the proportion of clay content. 

 

Figure 8.7: Comparison between measured velocity values and estimated velocity values 

based on the average modal mineralogy of Cobourg samples from Bowmanville, Ontario 

and the Bruce site near Kincardine, Ontario. 

The lower estimates in the Bowmanville samples were believed to be attributed to the 

velocity values of clay. The chosen velocity ranges from Bourbié et al. (1987) would be 

analogous to a saturated clay sedimentary unit. However, the clay matrix within the Cobourg 

formation would likely have different mechanical properties based on the depositional history. 

One of the largest influences that would generate differences in the clay velocity would be the 

amount of consolidation and compaction. The clay matrix within the Cobourg Formation was 

likely more consolidated than the saturated silt and clay from Bourbié et al. (1987). The increase 

in consolidation would reduce the amount of acoustic impedance the P-wave and S-wave 

experienced, resulting in higher velocity values.  
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In samples from both locations, the estimates for S-wave velocity values were lower than 

the measured results. This was also attributed to the amount of consolidation of the samples 

which was quantified in terms of porosity and permeability. From estimates of porosity calculated 

by Pitts (2017) using scanning electron microscope (SEM) images, the porosity of the samples 

from Cobourg Formation were relatively low and ranged from 5% to 40% in samples from the 

Bruce site. Porosity was generated in the form of micro pores, voids between grains and micro 

fractures within the sample, with a high proportion of the porosity being generated by the micro 

fractures (Pitts, 2017). The limestone also had low permeability on the order of 10-4m/s and 

hydraulic conductivity with minimal cross-unit flow (NWMO, 2015). As a result, the Cobourg 

formation represents a limestone that is very well consolidated.  

Since S-waves only transmit through solid material, the porosity and permeability have a 

large influence on the measured velocity value. Both porosity and permeability represent the void 

space where the S-wave cannot transmit through. Compared to unconsolidated clay, the clay 

matrix within the limestone had low porosity that was primarily generated through micro 

fractures. Since the clay matrix within the Cobourg limestone is less porous than a clay 

sedimentary unit, it was expected that the limestone would generate higher values of S-wave 

velocity.  

Although the velocity estimates from modal mineralogy could not replicate the results of 

the measured velocity values in the Bowmanville samples, the proportion of clay matrix within 

the sample did appear to influence the measured velocity values. In addition, the low porosity of 

the samples appeared to have generated S-wave velocities that were higher than the estimates. 

This determined that the depositional history of the clay material influenced the consolidation of 

the unit and the overall measured velocity value.  

Based on the analysis, it was determined that the selection of the velocity estimates for 

clay influenced how well the velocity estimates fit with the measured velocity values. This 
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highlighted that the velocity values for individual components within the estimated values was 

different from measured velocity values for the rock mass. Saturation, porosity and permeability 

also contributed to the measured velocity values. As a result, the configuration of the minerals 

within the rockmass played as much of a role in the measured velocity values as the modal 

mineralogy. 

8.5 Application of Detailed UPV Analysis for the Identification of Interbedding 

Structure 

Small scale geologic features within the Cobourg unit are important to consider when 

determining the acoustic velocity values. Interbedding of the crystalline nodules and the 

argillaceous wisps causes differences in stiffness which can influence the rock mass strength. In 

regions where there was higher content of calcite nodules, the stiffness of the surrounding region 

increased. For the purposes of excavation design, the importance of small scale anisotropy cannot 

be understated since laboratory testing is conducted on individual core samples (Blacklock et al., 

2017). When testing smaller samples, each individual structure makes a larger contribution to the 

overall strength of the sample. Spatial variability of sampling in anisotropic rock can greatly 

affect the mechanical property values that are later used in numerical modeling. Detailed 

laboratory testing was conducted to see whether small scale changes in the mineral composition 

of the Cobourg limestone could be detected in UPV testing.  

8.5.1 Test Procedure 

Values of P-wave and S-wave velocity were determined using the 54kHz and 250kHz 

transducers, respectively. In order to determine whether laboratory testing could detect small 

scale changes as a result of the interbedding structure, UPV testing was conducted using the core-

diameter configuration along the length of the samples. A series of tests were conducted along 

two opposing axes. P-wave velocity measurements were conducted with 0.5cm to 1cm spacing 

between tests, while S-wave velocity testing was conducted at five locations along the test axis. 
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S-wave velocity testing was conducted more sparingly due to issues with applying the highly 

viscous couplant to the core samples. A schematic of the test procedure is shown in Figure 8.8. 

Once the tests were completed, photoscans were taken of the perimeter of the core to correlate 

variations in velocity to the mineral composition. 

 

Figure 8.8: Core-diameter testing was conducted along the length of the sample using 

different spacing intervals for P-wave and S-wave velocity. 

8.5.2 Sample Selection for the Analysis 

Four samples from Bowmanville, Ontario were used in the analysis and were selected based on 

their lengths (Table 8.3). Since the samples were larger than the typical size used for mechanical 

testing, it allowed for potential variations in velocity to be more easily identified during core-

diameter testing. 

Table 8.3: Dimensions of the samples used in the analysis. 

Sample 
ID Diameter (cm) Length (cm) Mass (g) Density 

(g/cm3) 
P-wave Velocity 

Test Spacing (cm) 
A2-16 7.62 19.0 2300.05 2.650 0.5 
C2-12 7.61 19.0 2294.48 2.651 0.5 
A1-2-2 7.60 40.3 4849.13 2.655 1 
A1-1-1 7.61 40.2 4876.48 2.664 1 
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8.5.3 Results from the Detailed Ultrasonic Velocity Analysis  

The results of the detailed UPV testing are illustrated in Figures 8.9 to 8.12. In each of the figures 

the two lines correspond to the two testing axes. Variability in velocity values was exhibited 

along the length of each tested sample. With the exception of sample A1-1-1, the general trend in 

measured velocity values along the length of the samples was relatively consistent along the two 

tested axes. Similarly, values of P-wave and S-wave velocity often exhibited the sample velocity 

trends. Values of measured velocities are listed in Appendix I.  

 

Figure 8.9: Values of ultrasonic velocity along the length of sample A2-16 using the core-

diameter testing method at 0.5cm spacing between tests. 

0

20

40

60

80

100

120

140

160

180

200

4000 4500 5000 5500 6000

Po
si

tio
n 

al
on

g 
C

or
e 

(m
m

)

P-Wave Velocity (m/s)

0

20

40

60

80

100

120

140

160

180

200

2500 2750 3000 3250 3500

Po
si

tio
n 

al
on

g 
C

or
e 

(m
m

)

S-Wave Velocity (m/s)

Values from core-diameter testing along Axis A
Values from core-diameter testing along Axis B

Detailed Velocity Analysis of Sample A2-16



 

247 

 

 

Figure 8.10: Values of ultrasonic velocity along the length of sample C2-12 using the core-

diameter testing method at 0.5cm spacing between tests. 
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Figure 8.11: Values of ultrasonic velocity along the length of sample A1-2-2 using the core-

diameter testing method at 1cm spacing between tests. 
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Figure 8.12: Values of ultrasonic velocity along the length of sample A1-1-1 using the core-

diameter testing method at 1cm spacing between tests. 

Results of the velocity testing were compared to geologic core scans of the samples to 

determine whether the variability corresponded to the interbedding structure. Using the method 

developed by Ghazvinian (2015) to estimate the percentage of the fine matrix, regions with 

higher proportions of clay content were identified within the core scans. As shown in Figure 8.13, 

the original core scans were modified to black and white images to help differentiate the calcite 

nodules from the argillaceous matrix. In each of the modified core scans, the test axes were 

plotted on the images to identify the composition of the limestone at the location of UPV testing.  
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Figure 8.13: The core scan photos were modified to assist in differentiating between 

crystalline material and argillaceous matrix. 

From the analysis, average velocity values were consistent along the lengths of all four 

samples. P-wave velocity values within the crystalline calcite nodules were 5500m/s on average, 

while S-wave velocity values were 3125m/s. Regions of crystalline material exhibited higher 

velocity along each of the samples.  

Variability in velocity values from testing along the two axes corresponded to the 

interbedding structure. From examination of samples A2-16 and A1-2-2, reduction in velocity 

values was exhibited differently along the two tested axes. In sample A2-16, there was a 

reduction in velocity values along Axis-A which occurred earlier than the reduction along Axis-

B. By examination of the core scans, the drill core along axis A transitioned into clay material at a 

different location than axis B (Figure 8.14a). Similarly, intersections into the crystalline unit 

within sample A1-2-2 occurred at slightly different locations along the core samples and this 

generated good correlation to the measured velocity values (Figure 8.14b).  

1cm 1cm
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Figure 8.14: Correlation of measured velocity values to intersections of regions with 

different proportions of clay content. A: Measured values of P-wave and S-wave velocity 

reduce at different rates along the two tested axes as a result of different intersections with 

clay content. B: Intersections with the larger region of calcite nodules generated different 

trends in P-wave velocities along the two tested axes. 

Based on the results of the analysis, it was determined that locations with higher contents 

of clay material resulted in drops in velocity values. The measured velocity value at the location 

of the clay rich sections was more variable and depended on the proportion of clay along the 

tested axis. This was exhibited in sample C2-12, where the interbedding structure was not 

A.

B.

Detailed Velocity Analysis of Sample A2-16

Detailed Velocity Analysis of Sample A1-2-2
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consistent along the center of the sample. This resulted in variable velocity values in sections with 

higher clay content (Figure 8.15).   

 

Figure 8.15: Reductions in measured velocity values at the center of samples was associated 

with an intersection of clay rich matrix. 

Results from sample A1-1-1 had anomalous P-wave velocity values along the core that 

did not appear to correspond to the geology that was exhibited (Figure 8.16). Discrepancies in 

measured velocity values were especially noticeable in testing along axis B, where P-wave 

velocity values dropped below 4000m/s. It was unclear what caused the discrepancies in 

measured values in sample A1-1-1, since the other tested samples generated good correlations.  
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Figure 8.16: Measured P-wave velocity results were not consistent with the exhibited 

proportions of calcite and clay, particularly along Axis B. 

The low velocity values could have been the result of the interbedding structure. From 

examination of the core scans the structure appeared to be discontinuous along the diameter of the 

sample which corresponded to the horizontal bedding plane. The discontinuous structure could 

result in attenuation of the signal which would result in lower velocity values. Roughness of the 

outer surface of the drill core could have also resulted in lower values of measured velocity. 

Values from S-wave velocity were more consistent with the results from the other drill core 

samples. Particularly along axis A, the higher proportion of clay content of the sample 

corresponded to average velocity values to within 3000m/s.  

Since detailed UPV test values were dependent on the mineral composition, average 

ranges in P-wave velocity values were generated for proportions of calcite content. S-wave 

proportions were not determined since fewer tests were conducted along the length of the drill 

core and there was less variability in measured velocity values. Proportions of clay content were 

determined from the core scans using visual inspection. Since the measured velocity values were 

consistent along three of the samples, ranges in velocity values were determined as the average 

Detailed Velocity Analysis of Sample A1-1-1
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from the three samples. Velocity ranges are illustrated in Figure 8.17 with corresponding images 

from the core scans.  

 

Figure 8.17: Ranges in P-wave velocity that were attributed to the relative proportion of 

calcite at the location where the test was conducted. 

Results from the analysis demonstrated that it was possible to conduct detailed velocity 

testing along the length of the drill core samples. Variations in calcite and clay content along the 

length of the test axes generated changes in velocity values that corresponded well to the 

interbedding structure at that location. Based on the results from testing along both axes it was 

determined that the interbedding structure was not consistently planar along the specimen. Slight 

variations in the consistency of the structure were visible in the velocity logs.  

8.6 Assessment of Velocity Results for Quantifying Variability 

A series of analyses were conducted to evaluate the application of acoustic velocity methods for 

quantifying variability in mineral composition of the Cobourg limestone. Differences in modal 

mineralogy were identified in the ultrasonic velocity testing. When comparing samples of 

Cobourg limestone associated with the Michigan and Appalachian depositional centers, samples 
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with higher proportions of clay content generated lower values of measured velocity.  From the 

detailed ultrasonic analyses on individual samples, the different proportions of calcite and clay 

matrix were successfully identified in the velocity logs.  

Although the differences in modal mineralogy between the two depositional centers were 

identified in the velocity values, the relative proportions of clay matrix and calcite nodules could 

not be determined. It would require a more detailed analysis with a samples of different 

proportions of clay matrix to determine how the relative proportions influence the measured 

velocity values. Estimates of velocity could also be determined to simulate how modal 

mineralogy would affect the velocity values. However, this would likely require velocity values 

for clay to be determined on clay samples directly from the Cobourg Formation.  

This ability to identify the detailed interbedding structure further proved that acoustic 

velocity testing could be used as a tool to quantify differences in modal mineralogy. Based on the 

laboratory testing, information on variability of modal mineralogy was determined along both 

horizontal stratigraphic regions and vertical stratigraphic sections.  

 The next step would be to apply acoustic techniques on the macroscopic scale as a first 

pass method to determine whether acoustic borehole velocity testing could be used to identify 

variably in modal mineralogy. Since testing on drill core samples could quantify modal 

mineralogy, and detailed UPV testing could identify the location of interbedded crystalline 

nodules, the investigation could integrate the results from the laboratory scale testing to determine 

the cause of variability within the borehole velocity profiles.  

 The characterization of differences in mineral composition is important for evaluating the 

potential for thermally induced stresses, which are heavily influenced by the composition of the 

rock type. In regions with higher proportions of calcite, the increased stiffness in these regions 

would result in thermal expansion stresses. Since thermally induced rockmass stresses will be a 

factor in the long term severity and extent of the rock mass damage, it is important to quantify the 
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variability in calcite proportions along the vertical succession of the Cobourg Formation. If the 

acoustic borehole testing was successful in quantifying differences in modal mineralogy, it could 

be used as a first pass method to determine the potential for thermal expansion stresses along the 

vertical succession.  
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Chapter 9 

Summary and Conclusions  

9.1 Summary of Findings 

In some situations, the presence of geologic structures can increase the likelihood of rockbursting 

in competent and moderately jointed rockmasses. Since the current rockburst prediction methods 

were originally developed for massive “unjointed” rock, these regions of high stress that are 

associated with structure would not be identified in a hazard analysis. At present it is difficult to 

empirically assess or quantify the influence of structure on rockburst hazard potential through 

numerical methods.  

The mechanical property analysis technique is a borehole method that has been proven to 

be useful in identifying the location of discrete structures by collecting continuous stiffness data 

along the length of the borehole. Key structures that could generate increased stress 

concentrations are identified at locations where large stiffness transitions are present in the 

borehole. However, due to limitations of the test procedure, the technique is not commonly 

incorporated into scout-hole programs.  

In the absence of borehole mechanical property analysis surveys, laboratory UPV testing 

could be an alternative method to collect continuous acoustic velocity information. The work in 

this thesis aimed to apply ultrasonic pulse velocity techniques as a hazard analysis tool for the 

identification of key stiffness transitions that are generated by geologic features. 

9.1.1 Evaluation of UPV Test Configurations   

9.1.1.1 Results from Core-Axis Testing  

Velocity results from the core-axis configuration generated the most consistent velocity values 

and the best approximations for elastic modulus values when compared to values obtained from 

mechanical testing. This was the combined result of the direct transmission of the waveform and 
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good coupling between the transducer on the flat polished surface of the rockmass. As a result, 

values from the core-axis test configuration should be used as the standard velocity value to 

calibrate velocity results from the core-diameter and indirect test configurations.  

9.1.1.2 Results from Core-Diameter Testing 

During this thesis, the core-diameter test method was developed to be used as the standard 

velocity value for calibration of indirect test values. However, from examination of the results 

between the core-diameter and indirect testing, values from core-diameter testing were not 

reliable comparisons due to the difference in the scale of testing. Since core-diameter testing can 

only be conducted along small 5 cm cross-sections of the drill core, structural features that are 

incorporated into an indirect test configuration may be absent in the results from core-diameter 

testing. As a result, the geology that is under investigation is dependent on the scale of testing and 

is likely different between the two test configurations. 

Originally the influence of test orientation with structure was believed to be the main 

cause of discrepancies between measured velocity values. However, examination of drill core 

samples from the Lamontagne drill hole showed that heterogeneous samples with foliation and 

gneissic layering generated the best correlations between samples. From further examination, the 

discrepancies were associated with issues of signal attenuation caused by poor coupling of the 

transducers to the drill core surface.  

 In order to improve results from the core-diameter test method, the first step would be to 

examine whether the poor coupling was a result of the equipment that was used to conduct the 

test. Issues with coupling were likely associated with the use of flat transducers on the curved 

drill core surface. In addition, the gel coupling product was not viscous enough to effectively 

couple the flat transducer to the surface. The application of curved transducers may increase the 

amount of the wave pulse that is transmitted into the rock specimen, while applying different 

couplant material could reduce the signal attenuation at the sample surface. If modifications to the 
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equipment do not improve the results, the issue may lie in surface roughness of the sample. In 

order to reduce the impact of surface roughness, particularly in granular rock types, it may be 

necessary to grind down the tested surface beforehand using fine sand paper.  

The issue may also be the result of the size of the sample specimen. In the case of core-

diameter testing the sample dimension may be too short to receive a proper waveform signal. This 

is a particular issue with very coarse grained samples since Condition 2 from Section 3.3.2 states 

that the pulse-travel distance should be at least 10 times the average grain size (ASTM 2008a). In 

circumstances where very coarse grained samples are under evaluation (conglomerate, breccia, 

porphyroblastic intrusions) it may not be possible to conduct core-diameter testing and core-axis 

and indirect testing may be the only viable options.  

9.1.1.3 Results from Indirect Testing  

The indirect test method was selected for application in the continuous UPV test program due to 

the similarity of the apparatus configuration to borehole acoustic methods. From this technique 

the location of discrete structures was successfully identified in the acoustic logs. However, from 

analysis of the measured velocity values, the program did not generate reliable values of S-wave 

velocity. Issues with transducer coupling also generated anomalous values of P-wave velocity. 

From the assessment of the resulting ultrasonic elastic modulus values, the current test program 

could not generate reasonable estimates for elastic modulus values compared to results from 

standard uniaxial compressive testing.  

Key decisions were made during the initial development of the test procedure that 

affected the reliability of the measured velocity values. The 54kHz transducers were used to 

determine values of S-wave velocity, tests were conducted at all locations where intact drill core 

was available and the transducer spacing was kept constant through all rock types.  These 

decisions were originally made with the intention of improving the efficiency of the test method 

and minimizing the amount of preparation time that was required. Unfortunately, improvements 
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were made to the efficiency of the test method at the cost of producing reliable estimates for 

ultrasonic elastic modulus values.  

 Modifications to the equipment that were addressed in the results for core-diameter 

testing including the application of curved transducers, more viscous couplant and prior 

smoothing of the tested surface would also minimize the issues with poor coupling and signal 

attenuation that affected the P-wave velocity results.  

One of the main influences on the measured results was the use of 54kHz transducers to 

determine values for S-wave velocity. The 54kHz transducers were chosen for the indirect testing 

method because of their ability to generate clear wave pulses. This allowed for greater 

consistency of repeatable measurements and to remove restrictions on the transducer spacing 

caused by transducer frequency. Although these factors are important for the implementation of 

the test program, the decision did not consider the impact on reliability of the measured S-wave 

values. In some locations, the indirect transmission of the wave pulse generated signal 

contamination, where the end of the P-wave interfered with the S-wave arrival. In these regions 

where the waveform did not exhibit typical cyclical trends, issues with the selection of the S-

wave arrival likely resulted in the discrepancies in measured S-wave velocity values. 

Further investigations are required to determine the best method to measure values of S-

wave velocity. Lower frequency shear wave transducers may have to be applied in order to 

properly determine the S-wave velocity over larger transducer spacings. Since the indirect 

transmission of the wave would be influenced by the presence of structural features, it may be 

useful to record both the horizontal and vertical S-wave components to determine the proper S-

wave arrival.  

During the process of testing, the machine inputs and transducer spacing were kept fixed 

for convenience. From the results of testing on the Lamontagne drill core which had a large 

variety of rock types with different velocities, it was determined that the fixed approach generated 
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a-typical waveforms that made it difficult to identify wave arrivals. As a result, the machine 

inputs and transducer spacing may need to be optimized for each rock unit that is intersected. For 

each new geological unit that occurred in the drill core the procedure in Section 4.4.4 would have 

to be completed to determine the ideal transducer spacing. Although this would require the 

discretion of the analyser to determine when a new geologic unit had been intersected, it would 

still improve the waveform signature and make the data processing easier. 

If these improvements were made, the results from the indirect test configuration may be 

able to generate correlations with core-axis test results. Since the test procedure was developed as 

an alternative to borehole mechanical property analysis, the next stage of research would involve 

comparisons between the continuous laboratory UPV testing and results from borehole sonic 

logging.   

9.1.2 Evaluation of the Continuous UPV Testing Program 

With the current system setup, minimal preparation was required and the test program could be 

conducted relatively easily and systematically. The average time per test was one minute, with an 

overall time of 15 minutes per 3.5m of drill core, including data processing.  

Whether or not the time frame is acceptable depends on the purpose of conducting the 

UPV test program. Although amount of time needed to conduct the testing may take longer than 

results from borehole logging it is worthwhile of you and pick up something you don’t see in the 

core logging. Rather than conducting the procedure along the entire length of the drill core, it may 

be more productive to conduct the UPV testing in regions where brittle failure is expected.  

 Those sections of core may be selected based on the geology of the rock that is present 

and its capability of storing and releasing energy, the presence of key regional structures, the 

presence of stressed induced features like disking, and whether the drill core is largely intact. 

Independent of the geology at the location of the excavation, it may be important to evaluate drill 
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core sections where the in-situ stress may be expected to exceed the crack-initiation threshold of 

the rock.  

Through the entire process of applying the continuous UPV test program, several factors 

came to light that influenced the overall effectiveness of the continuous testing program. Some of 

the factors were initially considered during the development of the UPV test program while 

others were formulated during the process of conducting the data processing and the velocity 

transition analysis. Some of these factors are beyond the control of the tester and influence 

whether it is feasible to conduct the test program. Where factors can be mitigated, 

recommendations have been provided in order to improve the continuous UPV test program. The 

factors are summarized below in terms of their effects on data collection, data processing and 

results of the velocity transitional analysis.  

9.1.2.1 Factors Affecting Data Collection  

9.1.2.1.1 Influence of Transducer Placement 

At specific locations where structures were present, the placement of the transducers did 

influence the measured velocity values. When indirect testing was conducted through smaller 

structures like veins, dykes and metamorphic textures, the location of the transmitter and receiver 

determined how the geologic feature was incorporated into the velocity measurement. As a result, 

it would be appropriate to take a series of measurements at regions with distinct geologic 

structures to minimize the influence of transducer placement.  

9.1.2.1.2 Influence of Fractures and Internal Fracturing 

From preliminary analyses it was determined that UPV testing could not be conducted across core 

fractures. Restricting testing to intact sections limited the percentage of core that could be tested 

as well as the maximum transducer spacing.  
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 In addition, regions that exhibited internal fracturing within the intact core resulted in 

anomalously low velocity values. Since the effects of internal fracturing can only be mitigated by 

testing the samples under confined pressure, it is the most significant limitation of the current 

continuous testing program. The feasibility of conducting the testing is directly dependent on how 

fractured the drill core is. In cases of heavily fractured drill core, the core-diameter method could 

be used to conduct testing.  

9.1.2.1.3 Long Term Deterioration of Drill Core 

Deterioration of the drill core affects the results of UPV testing. There are two main time 

constraints that influence the amount of deterioration. Overtime as the drill core equalizes to 

atmospheric pressure and fractures that were once held tightly together to slowly detach. This 

process of detachment of fractures can be accelerated during transport. Long term deterioration 

occurs when the drill core is stored in environments that experience fluctuations in temperature 

and levels of saturation, whether it be humidity or precipitation. 

Within the Lamontagne drill core, a large proportion of faulting and brecciation occurred 

in the cataclastic zone which could not be tested by the UPV program due to the fractured state of 

the drill core. Long term degradation of the drill core may have increased the degree of fracturing 

within the cataclasite zone so it is suggested that UPV testing be conducted soon after the core is 

retrieved. 

9.1.2.1.4 Influence of Structural Orientation on Measured Velocity Values  

From the velocity transition analysis that was conducted in the Lamontagne drill core, the 

orientation of structures relative to the drill core did not influence whether certain structures 

exhibited velocity transitions. Geologic structures that were associated with velocity transitions 

exhibited a range in orientation values. In all circumstances where structures were identified 

along the drill core, the range in orientation values was consistent whether or not the structures 

had an associated velocity transition. This lack of orientation dependency was favourable for 
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indirect testing since this suggested that it was acceptable to conduct the indirect testing along 

one axis only. 

9.1.2.2 Factors Affecting the Characterization of Velocity Transitions 

9.1.2.2.1 Importance of Geologic Logging to Detect Velocity Transitions 

Locations of velocity transitions were first identified without any geologic information from Kerr 

(2015) in order to remove the selection bias during the process. However, by associating velocity 

transitions to geologic features, it was clear that some of the velocity transitions were not explicit 

enough to be appropriately characterized without previous geological knowledge. Transitions 

associated with intersections of veins, dykes, faults and shear zones were more difficult to 

identify since changes in P-wave velocity were less than 1500m/s. From the velocity transition 

analysis, it was determined that the success of structural characterization was heavily dependent 

on how the drill core was logged. Although most of the transitions were not likely to cause 

problems, it is important to log visible structures to ensure that a key transition will not be 

missed. One way to improve the results of UPV analysis would be to have the drill core logger 

and UPV analyser work close together to catch any geologic structures that were not identified. 

9.1.2.2.2 Influence of the Procedure for Recording Structural Measurements 

There were concerns about the procedure in which primary and metamorphic textures were 

documented during drill core logging. Descriptions of metamorphic texture did not denote how 

pervasive the fabric was along the drill core, and conventions for identifying textures were not 

specified. Only in sections of strong foliation were ranges provided to denote the length of the 

section exhibiting the fabric. These discrepancies in recording metamorphic texture made it 

difficult to correlate the structures to regions with velocity transitions. In order for the velocity 

transition analysis to be successful, specific conventions for the description of structures need to 
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be identified. These requirements may need to be provided by people with a geotechnical 

background in order to make sure that geotechnical structures are also well represented.  

9.1.3 Evaluation of Ultrasonic Elastic Modulus Values  

Between the three test configurations, the core-axis testing configuration generated the most 

consistent values of P-wave and S-wave velocity. Variability in velocity values was generated 

from the core-diameter and indirect test configurations.  

 The discrepancies between measured velocity values were not the result of heterogeneous 

structure, and the structure had minimal influence of measured values from the different test 

orientations. This was proven when the best correlations between test configurations occurred in 

heterogeneous samples of foliated paragneiss and foliated meta-amphibolite pyroxenite.  

Based on the results of the analysis, heterogeneous structure could help explain why 

discrepancies were present in the velocity results in some situations, but heterogeneity was not 

the cause of all discrepancies. In relatively homogenous samples the variability in core-diameter 

and indirect test results was generated by signal attenuation. The attenuation was believed to be 

associated with poor coupling of the transducers to samples that exhibited rough surfaces. 

The variability in measured velocity values was reflected in the ultrasonic elastic 

modulus values. Core-axis testing provided the best correlations to values from mechanical 

testing, while core-diameter and indirect testing provided underestimates for values of Young’s 

modulus. 

 From both analyses that were conducted to evaluate the results of ultrasonic elastic 

modulus values, there was higher confidence in ultrasonic estimates for Young’s modulus 

compared to Poisson’s ratio. Correlations between values of Young’s modulus from ultrasonic 

and mechanical testing generated linear trends, while Poisson’s ratio values generated clusters of 

data with no visible correlation. Since mechanical testing could not generate consistent results of 
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Poisson’s ratio, it was determined that it should not be used a repressive elastic modulus 

parameter to compare results from ultrasonic and mechanical testing.   

Since both analyses exhibited similar results when examining correlations between elastic 

modulus values from ultrasonic and mechanical testing, it was determined that the degree of 

heterogeneity of the samples had minimal influence on the resulting correlations.   

Results from the analysis suggested that the elastic modulus values from indirect testing 

were likely not to provide reliable approximations for elastic modulus values to the ones obtained 

from mechanical testing. If the indirect test procedure was improved such that reliable 

comparisons could be made to values from core-axis testing, continuous stiffness data could be 

generated along the length of the tested drill core. In terms of identification of key geologic 

structures that generate stiffness transitions, the difference between the measured values at the 

location of the structure is more important than the individual values. The continuous UPV test 

program could be used as a first pass method to locate regions where stiffness transitions are 

likely. 

9.1.4 Further Applications of Ultrasonic Testing 

9.1.4.1 Development of Geological Structural Hierarchy 

With the laboratory test program 30% of the identified geologic structures generated velocity 

transitions. There needs to be a methodology to filter the data to determine which structures are 

relevant in terms of rockburst potential. Further work needs to be conducted to develop a 

hierarchy of which structures are truly problematic.  

Different hierarchies would be developed for different types of underground excavations. 

Mining environments are more likely to be influenced by large fault structures since seismic 

events from surrounding excavations can be transported along the deformation structure. In 

tunneling environments in virgin ground, stiff rockmasses and stiff geologic structures generate 

the stress concentrations necessary for auto-seismic events. Having an understanding of which 
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geologic structures are more relevant in certain underground environments would improve the 

effectiveness of this approach as a hazard analysis tool. 

9.1.4.2 Evaluation of Ultrasonic Testing at Different Scales  

Extensive work has been conducted to examine the application of UPV testing for the 

identification of structures within drill core samples. In terms of designing large underground 

excavations, stiffness transitions may need to be identified at different scales of testing. Samples 

of argillaceous Cobourg Limestone were accessed to determine whether the test method could 

identify differences in mineralogy that were generated by interbedding structure. Due to the 

intense argillaceous fabric within the limestone, detailed UPV analysis was conducted using the 

core-diameter and core-axis test methods. Differences in modal mineralogy were successfully 

identified in the core-axis logging, and the detailed core-diameter testing was able to identify the 

location of interbedding structures. 

The next step would be to integrate the results across the different scales of testing. It 

would require the application of acoustic techniques on the macroscopic scale to determine 

whether the sample interpretations could be made in acoustic borehole velocity testing. The 

laboratory testing may provide context for the acoustic borehole logging results. 

9.1.4.3 Evaluation of Degree of Fracturing of Drill Core 

Based on the influence that internal fracturing was believed to play on the velocity results, the 

system may be responsive enough to determine the extent of damage in drill core. UPV testing 

has been applied for this purpose in civil engineering to evaluate the long term degradation of 

concrete infrastructure. For this analysis the absolute values of P-wave velocity are not as 

significant as the change in velocity values which could be used to assess the degree of fracturing. 

If the technique was believed to be successful it may be useful in locating regions of internal 

fracturing of drill core as a result of over-stressed regions at depth.  
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9.2 Conclusion 

This thesis examined the potential applications of laboratory UPV testing for the identification of 

stiffness transitions for rockburst hazard analysis. In addition to completing a comprehensive 

review of the current methods in which UPV testing is applied in laboratory settings, new UPV 

test procedures were developed for the implementation of a continuous UPV test program. The 

velocity results from the test program were used to characterize geologic structures, and a hazard 

analysis was conducted on structures that generated large stiffness transitions. The results from 

the test program and hazard analysis were assessed, and comparisons were made between elastic 

modulus values from UPV testing and laboratory mechanical testing.  

 The literature review examined the relationship between ultrasonic velocity values and 

rock physical properties, and assessed current standards for conducting UPV testing. A detailed 

overview of previous applications of UPV testing in the civil and geotechnical field as well as the 

rock mechanics field was also provided. The results from these applications were used in the 

development of the continuous UPV test program.  

The continuous UPV testing program was developed as a ‘core shed’ approach to provide 

continuous UPV data along the length of drill core as an alternative to borehole mechanical 

property analysis surveys. For this procedure, the indirect test configuration was used in order to 

replicate the apparatus configuration used in borehole acoustics.  

Once the test procedure was formulated, the continuous UPV test program was applied to 

573m of drill core that was extracted from a vertical borehole in Kingston, Ontario. Testing from 

the indirect test configuration was conducted at eight hundred seventy-eight locations, while core-

diameter testing was conducted at fifty locations to correlate with values from indirect testing in 

each of the exhibited rock units. 

With the exception of velocity values measured in the limestone and dolostone units, the 

indirect testing provided reasonable values for P-wave velocity in the other geologic units present 
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in the drill core. From the preliminary data processing it was determined that the resulting 

waveforms from 54kHz transducers were highly variable. As a result of waveform contamination, 

it was difficult to determine S-wave arrival in a consistent manner over the entire length of the 

drill core. The issues with the S-wave arrival selection were reflected in the resulting S-wave 

velocity values. The issues with the reliability of the S-wave velocity values limited the feasibility 

of the test program. As a result, values for ultrasonic elastic moduli were not calculated along the 

length of the drill core. 

The continuous UPV test program was used to characterize geologic structures that 

generated velocity transitions. Velocity transitions were initially identified in the ultrasonic logs 

and then correlated to geologic structures that were identified in the drill core logs.  

The continuous UPV test program was successful at identifying structural features such 

as lithology contacts, dykes, veins, and intact deformation structures. Similar to the results from 

the borehole mechanical property analysis survey in Sudbury, the program was not able to 

identify continuous structures such as bedding, foliation and gneissic layering unless it was 

associated with some larger geologic structure.  

In locations where large velocity transitions were identified, a hazard analysis was 

conducted by calculating preliminary values for ultrasonic elastic moduli and evaluating the 

potential for brittle failure as a result of the stiffness transitions. Fourteen key velocity transitions 

were identified and occurred as a result of geologic contacts or deformation structures that were 

present in the drill core. The program identified three locations where geologic features could 

generate stiffness contrasts in excess of 60GPa. 

 As a hazard analysis tool, the continuous UPV test program was effective at locating 

discrete structures within the drill core. However, there were still some key structures that could 

not be identified with the current test program. Since the program was only able to identify 

structures that remained intact after drilling, joints, faults and shear zones that were associated 
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with fractures could not be identified. During borehole mechanical property analysis, these 

structures would be clamped in the surrounding borehole wall due to the in situ stress and it could 

still be possible to identify the structures. However, once the drill core is retrieved to surface, 

these structures are destressed and become fractured. This does not allow them to be tested. As a 

result, the program is only effective at identifying geologic structures that remain intact. 

A select number of samples from the 573m borehole were analysed to determine whether 

ultrasonic elastic modulus values from the indirect testing configuration could be used as reliable 

estimates for values acquired from mechanical testing. Comparisons were made between each of 

the three UPV configurations to determine which would generate comparable results to elastic 

modulus values from mechanical testing. 

Variability was mostly generated from tests using core-diameter and indirect testing 

configurations and was believed to be associated with poor coupling of the transducers to the 

samples. Core-axis testing provided the best correlations to values from mechanical testing, while 

core-diameter and indirect testing provided underestimates for values of Young’s modulus. There 

was higher confidence in ultrasonic estimates for Young’s modulus compared to Poisson’s ratio. 

Correlations between values of Young’s modulus from ultrasonic and mechanical testing 

generated linear trends while Poisson’s ratio values generated clusters of data with no obvious 

trend. 

 A more intensive analysis was completed using core-axis testing on a collection of fifty-two 

samples from four different tectonic settings to further assess correlations of Young’s modulus 

and Poisson’s ratio from the two test methods. Based on the suite of analyses, the ultrasonic 

values of Young’s modulus from core-axis testing generated the best approximations for values 

from mechanical testing. From examinations of Poisson’s ratio, mechanical testing could not 

generate consistent values within the same rock type. Based on these results it was determined 
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that Poisson’s ratio values were too variable and the moduli should not be used a repressive 

elastic modulus parameter to compare results from ultrasonic and mechanical testing.   

From examination of the results from analyses of velocity and ultrasonic elastic moduli, 

heterogeneity was not the key influencer of measured variability. The discrepancy in velocity 

values was attributed to issues with the UPV test procedures.  

Additional laboratory UPV testing was conducted to determine whether there was scale 

dependency on the identification of stiffness contrasts. Detailed UPV analysis using the core-axis 

and core-diameter methods was conducted to determine whether centimeter scale structures could 

be identified with the laboratory UPV test methods.  

Samples of argillaceous Cobourg Limestone were examined in order to determine 

whether the test method could identify differences in mineralogy that were generated by 

interbedding structure. Since the Cobourg limestone is the potential host rock for low to 

intermediate level nuclear waste storage, the characterization of differences in mineral 

composition would be important for evaluating the potential for thermally induced stresses, which 

are heavily influenced by the composition of the rock type. It was possible to correlate differences 

in modal mineralogy with the results from core-axis testing. Similarly, the location of 

interbedding structure could be identified in the detailed core-diameter testing, where regions of 

calcite nodules and clay matrix generated consistent ranges in velocity values.  

Based on the work of this thesis, a UPV test program has been developed as a 

preliminary tool to identify which discrete structures may generate stiffness transitions that could 

generate reservoirs for energy storage and energy release favourable for rockbursting. At present, 

the test program can only identify the location of intact discrete structures including geologic 

contacts, faults, shear zones, veins and dykes. Due to the current concerns about the reliability of 

measured velocity values, the procedure is acceptable as a first pass method to locate regions of 

large stiffness transitions. In regions where these structures are identified, the assessment of 
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rockburst potential should be conducted using either the core-axis UPV test configuration or 

laboratory mechanical testing. There is potential for UPV applications to be used in identifying 

stiffness transitions at different scales. Further work is required to improve the existing test 

methods. As well, the results of laboratory UPV testing should be integrated with the results from 

borehole mechanical property analysis to address any concerns with scale dependency on the 

identification of key geologic structures.  
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Appendix A 

Analyses for the Determination UPV Test Procedures for Core-Diameter 

Testing and Indirect Testing  
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Evaluations of the Core-Diameter Testing Method 

Sample Parameters for Testing  
 

Table A-1: Dimensions of the Westerly granite samples and aluminum cylinders used for 
evaluation of the core-diameter method. 

 
 

Table A-2: Ultrasonic velocity and density values of Westerly granite. 

 
 

Table A-3: Average velocity values of Westerly granite from literature sources. 
Vp Vs Density 

4080 2777 2.64 
 
 
 
 
 
 
 
 

 

Name Diameter (m) Length (m) Volume (m3 ) Weight (kg) Bulk Density (kg/m3 )
WG1 0.04946 0.15635 0.00030 0.78894 2626.32430
WG2 0.04943 0.15636 0.00030 0.79015 2633.37766
A1 0.07590 0.15245 0.00069 1.87104 2712.58014
A2 0.05054 0.10160 0.00020 0.55189 2707.68929

Westerly Granite

Aluminum Cylinder

Reference Primary Wave 
Velocity (m/s)

Secondary Wave 
Velocity (m/s)

Density 
(g/cm 3)

a 4415 2964 2.65
a 4341 2703 /
a 3767 2652 /
b 3800 2800 2.65
c / 2970 2.635
c / 2650 /
c / 2700 /

Average 4081 2777 2.65

a (Simmons and Brace, 1965)
b (Nur and Simmons, 1969)
c (Simmons , 1964)

Historical Values for Westerly Granite 



 

282 

 

 

 

 

 

 

 

 

 

 

 

Table A-4: Ultrasonic velocity values for aluminum. 

 
 
 

Table A-5: Average velocity values of aluminum from literature sources. 
Vp (m/s) Vs (m/s) 

6331 3107 
 
 
  

Reference Primary Wave 
Velocity (m/s)

Secondary Wave 
Velocity (m/s)

a 6380 3100
a 6320 3100
a 6260 3040
b 6375 3130
c 6229 3073
c 6375 3150
c 6299 3150
d 6379 3100
e 6365 3117

AVG 6331 3107

a

b Dakota Ultrasonics Website Resources
c Advanced NDT LTD Website Resources
d (Hughes et al., 1949)
e (Simmons and Brace, 1965)

Historical Values for Aluminum

Carmichael: Handbook of Physical 
Properties of Rocks Volume 2
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Sample W2-2 Diameter Testing  

  
Distance down core 
(mm) V Axis a (m/s) V Axis b (m/s) 

1 26.1 2688 2732 
2 78.2 2688 2688 
3 130.3 2688 2688 

 
Table A-9: S-wave velocity values from Westerly granite using core-axis testing. 

Sample W2-1 Core Axis Testing 
  Distance down core (mm)  V (m/s) 

1 155.0 2556 
Sample W2-2 Core Axis Testing 

  Distance down core (mm)  V (m/s) 
1 155.0 2579 

 
 

Aluminum Cylinders 
Compressional Wave Velocity 

 
Table A-10: P-wave velocity values from aluminum using core-diameter testing along two 
axes. 

Sample A1 Diameter Testing  
		 Distance down core (mm) V Axis a (m/s) V Axis b (m/s) 
1	 19.1 6302 6302 
2	 57.2 6302 6302 
3	 95.3 6302 6302 
4	 133.4 6302 6302 

Sample A2 Diameter Testing  
		 Distance down core (mm) V Axis a (m/s) V Axis b (m/s) 
1	 25.4 6173 6173 
2	 76.2 6173 6173 

 
Table A-11: P-wave velocity values from aluminum using core-axis testing. 

Sample A1 Core Axis Testing 
  Distance down core (mm) V (m/s) 
1 152 6333 
2 152 6333 

Sample A2 Core Axis Testing 
  Distance down core (mm) V (m/s) 
1 102 6296 
2 102 6335 
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Shear Wave Velocity 
 
Table A-12: S-wave velocity values from aluminum using core-diameter testing along two 
axes. 

Sample A1 Diameter Testing  
		 Distance down core (mm) V Axis a (m/s) V Axis b (m/s) 
1	 19.0 3024 3024 
2	 57.2 3024 3024 
3	 95.3 3024 3024 
4	 133.4 3024 3024 

Sample A2 Diameter Testing  
		 Distance down core (mm) V Axis a (m/s) V Axis b (m/s) 
1	 25.4 2994 2994 
2	 76.2 2994 2994 

 
 

Table A-13: S-wave velocity values from aluminum using core-axis testing. 
Sample A1 Core Axis Testing 

		 Distance down core (mm) V (m/s) 
1	 152 3096 

Sample A2 Core Axis Testing 
		 Distance down core (mm) V (m/s) 
1	 102 3072 
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Comparison of P-wave velocity values from 54kHz and 250kHz transducers 
 

Westerly Granite 
 

Table A-14: Comparison of Vp values from 54kHz and 250kHz  
transducers using core diameter testing. 
54kHz 250kHz 

Distance 
along core 
axis (mm) 

Velocity 
(m/s) 

Distance 
along core 
axis (mm) 

Velocity 
(m/s) 

26.1 4261 26.1 3769 
78.2 4261 78.2 3740 

130.3 4261 130.3 3740 
26.1 4237 26.1 3684 
78.2 4237 78.2 3769 

130.3 4167 130.3 3740 
26.1 4202 26.1 3906 
78.2 4202 78.2 3906 

130.3 4132 130.3 3968 
26.1 4098 26.1 3731 
78.2 4132 78.2 3731 

130.3 4132 130.3 3731 
    

Table A-15: Comparison of Vp values from 54kHz and 
250kHz transducers using core axis testing. 

54kHz 250kHz 
Length of 
Core (mm) 

Velocity 
(m/s) 

Length of 
Core (mm) 

Velocity 
(m/s) 

0 4139 0 4120 
156 4139 156 4120 
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Aluminum Cylinders 
 

Table A-16: Comparison of Vp values from 54kHz and 
250kHz transducers using core diameter testing. 

54kHz 250kHz 
Distance 
along core 
axis (mm) 

Velocity 
(m/s) 

Distance 
along core 
axis (mm) 

Velocity 
(m/s) 

19.1 6303 19.1 6000 
57.2 6303 57.2 5952 
95.3 6303 95.3 5906 

133.4 6303 133.4 5906 
19.1 6303 19.1 5906 
57.2 6303 57.2 5952 
95.3 6303 95.3 5952 

133.4 6303 133.4 5952 
25.4 6173 25.4 5882 
76.2 6173 76.2 5882 
25.4 6173 25.4 5882 
76.2 6173 76.2 5882 

    
Table A-17: Comparison of Vp values from 54kHz and 

250kHz transducers using core axis testing. 
54kHz 250kHz 

Length of 
Core (mm) 

Velocity 
(m/s) 

Length of 
Core (mm) 

Velocity 
(m/s) 

0 6324 0 6250 
152 6324 152 6250 
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Evaluation of Transducer Spacing for the Indirect Test Configuration  
 

Transducer Spacing of 15cm  
 

Table A-18: Indirect testing using 15cm transducer spacing. 
Indirect Core Axis Testing: 15cm Spacing Between Transducers 

Name  
Transmitter 
Location 
(cm) 

Receiver 
Location 
(cm) 

P-wave 
Velocity 
(m/s) 

S-wave 
Velocity 
(m/s) 

LMT_TESTB1 3.5 18.5 N/A N/A 
LMT_TESTB2 18.5 33.5 6000 2982 
LMT_TESTB3 33.5 48.5 5282 2843 
LMT_TESTB4 48.5 63.5 5034 2583 
LMT_TESTB5 63.5 78.5 5535 N/A 

Average Velocity 5463 2803 
 

Table A-19: Core-diameter testing at the 15cm spacing midpoint. 
Direct Diameter Testing: 15cm Spacing Midpoint 

Name  
Testing 
Location 
(cm) 

P-wave 
Velocity 
(m/s) 

S-wave 
Velocity 
(m/s) 

P15a 11 6026 3154 
P15b 26 6104 3072 
P15c 41 6184 3241 
P15d 56 6026 3219 
P15e 71 6184 3310 

Average Velocity 6105 3199 
 
 

Transducer Spacing of 20cm  
 

Table A-20: Indirect testing using 20cm transducer spacing. 
Indirect Core Axis Testing: 20cm Spacing Between Transducers 

Name  
Transmitter 
Location 
(cm) 

Receiver 
Location 
(cm) 

P-wave 
Velocity 
(m/s) 

S-wave 
Velocity 
(m/s) 

LMT_TESTC1 3.5 23.5 5797 N/A 
LMT_TESTC2 23.5 43.5 6042 2895 
LMT_TESTC3 43.5 63.5 6431 2895 
LMT_TESTC4 63.5 83.5 6154 2895 

Average Velocity 6106 2736 
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Table A-21: Core-diameter testing at the 20cm spacing midpoint. 
Direct Diameter Testing: 20cm Spacing Midpoint 

Name  
Testing 
Location 
(cm) 

P-wave 
Velocity 
(m/s) 

S-wave 
Velocity 
(m/s) 

P20a 13.5 6026 3241 
P20b 33.5 6104 3241 
P20c 53.5 6184 3310 
P20d 73.5 6184 3241 

Average Velocity 6125 3258 
 

 
Transducer Spacing of 25cm  

 
Table A-22: Indirect testing using 25cm transducer spacing. 

Indirect Core Axis Testing: 25cm Spacing Between Transducers 

Name  
Transmitter 
Location 
(cm) 

Receiver 
Location 
(cm) 

P-wave 
Velocity 
(m/s) 

S-wave 
Velocity 
(m/s) 

LMT_TESTD1 3.5 28.5 6053 3392 
LMT_TESTD2 28.5 53.5 6053 3035 
LMT_TESTD3 53.5 78.5 6053 3487 

Average Velocity 6053 3491 
 

Table A-23: Core-diameter testing at the 25cm spacing midpoint. 
Direct Diameter Testing: 25cm Spacing Midpoint 

Name  
Testing 
Location 
(cm) 

P-wave 
Velocity 
(m/s) 

S-wave 
Velocity 
(m/s) 

P25a 16 6026 3241 
P25b 41 6026 3241 
P25c 66 6026 3241 

Average Velocity 6026 3241 
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Transducer Spacing of 30cm  
 

Table A-24: Indirect testing using 30cm transducer spacing 
Indirect Core Axis Testing: 30cm Spacing Between Transducers 

Name  
Transmitter 
Location 
(cm) 

Receiver 
Location 
(cm) 

P-wave 
Velocity 
(m/s) 

S-wave 
Velocity 
(m/s) 

LMT_TESTE1 3.5 33.5 6329 3695 
LMT_TESTE2 33.5 63.5 6424 3606 

Average Velocity 6377 3651 
 

Table A-25: Core-diameter testing at the 25cm spacing midpoint. 
Direct Diameter Testing: 30cm Spacing Midpoint 

Name  
Testing 
Location 
(cm) 

P-wave 
Velocity 
(m/s) 

S-wave 
Velocity 
(m/s) 

P30a 18.5 6026 3310 
P30b 48.5 6026 3241 

Average Velocity 6026 3276 
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Summary of Transducer Spacing Results  
 

 

Figure A-1: Values of all UPV measurements conducted on the monzonite drill core. The 
points of solid denote tests conducted using the indirect test configuration, while the points 
outlined in colour are from the core-diameter test configuration. The different shapes 
correspond to the different transducer spacings while the dashed line denotes the average 
velocity value.  
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Appendix B 

Data Processing Associated with UPV Testing on Lamontagne Drill 

Core 
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Measured S-wave Velocity Values for the Determination of Vs Error Margins 
while Conducting UPV Testing using Non-Standard Test Configurations  

 

Vs Error Margins for Indirect Testing 

Table B-1: Selected indirect test measurements for the determination of Vs error margins. 
High and low estimates of velocity were determined using offsets of the S-wave arrival time 
by half a wavelength. ID values denote the velocity wave file.  

ID High Estimate (m/s) Low Estimate (m/s) Difference in measured 
velocity (m/s) 

1787 3115 2890 225 
1800 2841 2564 277 
1807 3044 2732 312 
1817 3077 2813 264 
1823 2924 2587 337 
1832 3322 3145 177 
1841 3215 2841 374 
2320 3150 2751 399 
2411 3044 2706 338 
2380 4125 3650 475 
2241 3650 3247 403 
2247 3369 3075 294 
2248 3307 3023 284 
2221 3316 2921 395 
2120 2597 2336 261 
2119 3049 2721 328 
2118 3049 2751 298 
2117 2646 2398 248 
1902 2861 2695 166 
1903 3263 2890 373 
1904 3226 2721 505 
1905 3017 2833 184 
1906 3185 2751 434 
1868 3419 2950 469 
1881 3180 2721 459 
1515 1442 1302 140 
1516 1602 1442 160 
1527 1311 1178 133 
1535 1951 1681 270 

1536 1741 1519 222 
Average Difference 311 
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Vs Error Margins for Core Diameter Testing  

Table B-2: Selected core-diameter test measurements for the determination of Vs error 
margins. High and low estimates of velocity were determined using offsets of the S-wave 
arrival time by half a wavelength. ID values denote the velocity wave file.  
 

High Estimate 
(m/s) 

Low Estimate 
(m/s) 

Difference in measured 
velocity (m/s) 

2749 2386 363 
2938 2703 235 
3313 2611 702 
2938 2749 189 
2938 2541 397 
2938 2500 438 
3113 2655 458 
3052 2655 397 
3357 3052 305 
3287 2749 538 
3176 2798 378 
3241 2749 492 
2848 2541 307 

Average Difference 400 
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Styles of Waveforms Observed during Indirect Testing 
 

The styles of waveforms that were exhibited during indirect testing along the 

Lamontagne drill core were documented and organized to ensure consistent selection of the 

shear wave location. The naming conventions for the types of waveform generally describes 

the shapes of the compressional waveforms (P-wave) and occasionally the shear waveforms 

(S-wave). The T1 in the images marks where the S-wave arrival was selected. The number 

of waveforms that are included in the appendix to show each waveform style do not 

indicate how prevalent the style of the waveform was. In some cases it was important to 

include more examples to show the variability within the waveform style. 

 

Waveform Styles Associated with the P-wave Arrival 

Smaller Amplitude Angular P-wave 

 
Figure B-1: Indirect waveform that exhibited a P-wave with a small amplitude. 
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P-wave with one wave cycle 

 

Figure B-2: Indirect waveform that exhibited P-wave arrivals with one wave cycle. 
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P-wave with two wave cycles 

 

Figure B-3: Indirect waveform that exhibited P-wave arrivals with two wave cycles. 

 
Long P-wave (multiple wave cycles) 

 

Figure B-4: Indirect waveform that exhibited a P-wave arrival with multiple wave cycles. 
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P-wave in Positive Amplitude 

 

Figure B-5: Indirect waveform that exhibited a P-wave arrival that remained 
predominately in the positive amplitude range.  

 

‘W’ Shape P-wave 

 

Figure B-6: Indirect waveform that exhibited a P-wave arrival that made a ‘W’ shape. 
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‘Tooth’ shape after P-wave Arrival 

 

Figure B-7: Indirect waveform that exhibited a P-wave wave arrival that made a ‘tooth 
shape’. The location of the tooth shape is highlighted in the last waveform image.  
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Big ‘Tooth’ shape after P-wave Arrival 

 

Figure B-8: Indirect waveform that exhibited a P-wave wave arrival that made a large 
‘tooth shape’. The location of the tooth shape is highlighted in the last waveform image.  
 

Small ‘Tooth’ shape after P-wave Arrival 

 

Figure B-9: Indirect waveform that exhibited a P-wave wave arrival that made a small 
‘tooth shape’.  
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‘Pinch’ in P-wave Before S-wave Arrival 

 

Figure B-10: Indirect waveform that exhibited a ‘pinch’ (undulation) in the waveform 
before the P-wave arrival. The location of the pinch is highlighted in the last waveform 
image.  
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Styles Associated with the Indirect Waveform 

Cyclical Waveform 

 

Figure B-11: The indirect waveform exhibited a cyclical pattern that was attributed to 
internal fracturing within the drill core.  
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Angular Waveform 

 

Figure B-12: The indirect waveform was very angular and was often attributed to internal 
structure in the drill core.  
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Appendix C 

Ultrasonic Velocity Testing on the Lamontagne Drill Core 
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Indirect Testing on Lamontagne Drill Core  
 

Indirect Testing Documentation 
 
Table C1: Information on the selected transducer spacing and number of test that were 
conducted in each core box during indirect testing of the drill core. The Test ID range 
corresponds to UPV test ID value in the pundit program. 

Box # Spacing of transducers # of Tests Per Core box Test ID range 
1 20cm 5 1537-1541 
2 20cm 10 1527-15-36 
3 20cm 9 1518-1526 
4 20cm 4 1514-1517 
6 20cm 8 1606-1613 
7 20cm n/a n/a 
8 20cm n/a n/a 
9 20cm n/a n/a 

10 20cm n/a n/a 
11 20cm n/a n/a 
13 20cm n/a n/a 
14 20cm n/a n/a 
15 20cm n/a n/a 
16 20cm 5 1622-1626 
17 20cm 4 1628-1631 
18 20cm 8 1632-1639 
19 20cm 6 1640-1645 
20 20cm 10 1646-1655 
21 20cm 4 1656-1659 
22 20cm 8 1684-1691 
23 20cm 9 1692-1700 
24 20cm 2 1707-1708 
25 20cm 7 1660-1666 
26 20cm 7 1667-1673 
27 20cm 8 1674-1681 
28 20cm 6 1701-1706 
29 20cm 7 1709-1715 
30 20cm 2 1716-1717 
31 20cm 6 1718-1723 
32 20cm 2 1724-1725 
33 20cm 3 1726-1728 
34 20cm 3 1733-1735 
35 20cm 7 1736-1743 
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Table C1 continued.  
Box # Spacing of transducers # of Tests Per Core box Test ID range 

36 20cm 6 1744-1749 
37 20cm 5 1750-1754 
38 20cm 10 1755-1764 
39 20cm 7 1765-1771 
40 20cm 4 1772-1776 
41 20cm 8 1777-1784 
42 20cm 12 1785-1796 
43 20cm 10 1797-1806 
44 20cm 12 1807-1818 
45 20cm 10 1819-1828 
46 20cm 11 1829-1839 
47 20cm 3 1840-1843 
48 20cm 2 1847-1848 
52 20cm 4 1850-1853 
53 20cm 9 1854-1862 
54 20cm 2 1863-1864 
55 20cm 15 1865-1880 
56 20cm 11 1881-1891 
57 20cm 10 1892-1901 
58 25cm 10 1928-1937 
59 20cm 11 1902-1912 
60 20cm 8 1913-1921 
61 25cm 6 1938-1943 
62 25cm 6 1944-1949 
63 25cm 6 1951-1956 
64 25cm 10 1957-1966 
65 25cm 8 1967-1974 
66 25cm 10 1975-1985 
67 25cm 6 1985-1990 
68 25cm 13 1991-2003 
69 25cm 7 2014-2020 
70 25cm 10 2004-2013 
71 25cm 9 2021-2029 
72 25cm 11 2030-2040 
73 25cm 7 2041-2047 
74 25cm 7 2048-2054 
75 25cm 10 2055-2064 
76 25cm 4 2065-2068 
77 25cm 8 2069-2076 
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 Table C1 continued.  
Box # Spacing of transducers # of Tests Per Core box Test ID range 

78 25cm 9 2077-2085 
79 25cm 8 2086-2093 
80 25cm 8 2094-2101 
81 25cm 9 2102-2110 
82 20cm 6 2111-2116 
83 25cm 9 2117-2126 
84 25cm 11 2127-2137 
85 25cm 12 2138-2149 
86 25cm 8 2150-2157 
87 25cm 6 2158-2163 
88 25cm 7 2164-2170 
89 25cm 4 2171-2174 
90 25cm 4 2175-2178 
91 25cm 7 2179-2185 
92 25cm 10 2186-2195 
93 25cm 10 2196-2205 
94 25cm 8 2206-2213 
95 25cm 3 2214-2216 
96 25cm 5 2217-2221 
97 25cm 5 2222-2226 
98 25cm 4 2227-2230 
99 25cm 4 2231-2234 

100 25cm 6 2235-2240 
101 25cm 3 2241-2243 
102 25cm 5 2244-2248 
103 25cm 6 2249-2254 
104 25cm 8 2255-2262 
105 25cm 10 2263-2272 
106 25cm 12 2273-2284 
107 25cm 8 2285-2292 
108 25cm 10 2293-2302 
109 25cm 9 2303-2311 
110 25cm 8 2312-2319 
111 25cm 7 2320-2326 
112 25cm 7 2327-2333 
113 25cm 9 2334-2342 
114 25cm 5 2343-2347 
115 25cm 9 2348-2356 
116 20cm 2 2357-2358 
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Table C1 continued. 

Box # Spacing of transducers # of Tests Per Core box 
Test ID 
range 

117 25cm 11 2359-2369 
118 25cm 13 2370-2382 
119 25cm 10 2383-2392 
120 25cm 6 2393-2398 
121 25cm 5 2399-2403 
122 25cm 8 2404-2411 
123 25cm 3 2412-2414 
124 25cm 7 2415-2421 
125 25cm 8 2422-2429 
126 25cm 9 2430-2438 
127 25cm 7 2439-2445 
128 25cm 7 2446-2452 
129 25cm 7 2453-2459 
130 25cm 7 2460-2466 
131 25cm 6 2467-2472 
132 25cm 8 1504-1513 
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Measurements of Indirect Testing 
Table C2: Values of ultrasonic velocity from indirect testing conducted on the Lamontagne 
drill core. The ID name corresponds to the location of the transmitter transducer along the 
length of the borehole while the depth along the drill hole is taken as the midpoint between 
the two transducers. 

Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

1	 9.44	 1537	 54.6	 3663	 116.9	 1711	 9.54	
1	 9.73	 1538	 60.2	 3322	 113.4	 1764	 9.83	
1	 10.06	 1539	 59.5	 3361	 125.2	 1597	 10.16	
1	 10.90	 1540	 60.2	 3322	 122.7	 1630	 11.00	
1	 11.74	 1541	 53.9	 3711	 113.4	 1764	 11.84	
2	 12.60	 1527	 39.4	 5076	 102.3	 1955	 12.70	
2	 12.90	 1528	 39.4	 5076	 82.3	 2430	 13.00	
2	 13.16	 1529	 33.2	 6024	 80.9	 2472	 13.26	
2	 13.36	 1530	 31.1	 6431	 61.5	 3252	 13.46	
2	 14.04	 1531	 40.1	 4988	 107.2	 1866	 14.14	
2	 15.54	 1532	 29.7	 6734	 60.8	 3289	 15.64	
2	 15.74	 1533	 31.1	 6431	 62.2	 3215	 15.84	
2	 15.86	 1534	 32.5	 6154	 62.9	 3180	 15.96	
2	 16.15	 1535	 31.8	 6289	 61.5	 3252	 16.25	
2	 16.35	 1536	 33.2	 6024	 79.5	 2516	 16.45	
3	 16.72	 1518	 38.0	 5263	 78.8	 2538	 16.82	
3	 16.96	 1519	 33.2	 6024	 78.1	 2561	 17.06	
3	 17.20	 1520	 33.9	 5900	 62.9	 3180	 17.30	
3	 17.51	 1521	 46.3	 4320	 87.1	 2296	 17.61	
3	 17.71	 1522	 47.7	 4193	 102.3	 1955	 17.81	
3	 19.74	 1525	 32.5	 6154	 60.8	 3289	 19.84	
3	 20.58	 1526	 39.4	 5076	 97.5	 2051	 20.68	
4	 21.07	 1514	 40.1	 4988	 96.8	 2066	 21.17	
4	 21.72	 1515	 36.6	 5464	 83.7	 2389	 21.82	
4	 21.92	 1516	 36.0	 5556	 65.0	 3077	 22.02	
6	 30.55	 1606	 10.0	 4700	 16.1	 2919	 30.55	
6	 31.13	 1607	 10.1	 4563	 16.0	 2901	 31.13	
6	 31.65	 1609	 10.0	 5222	 15.2	 3092	 31.65	
6	 31.84	 1610	 9.4	 4947	 15.2	 3092	 31.84	
6	 33.11	 1612	 8.9	 5281	 14.1	 3333	 33.11	
6	 33.42	 1613	 8.9	 5281	 14.4	 3264	 33.42	
7	 33.00	 1548	 38.0	 5263	 93.3	 2144	 33.10	
7	 33.26	 1549	 39.4	 5076	 88.5	 2260	 33.36	
7	 33.84	 1550	 40.1	 4988	 92.0	 2174	 33.94	
7	 34.17	 1551	 40.1	 4988	 103.7	 1929	 	
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Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

7	 35.32	 1552	 39.4	 5076	 90.6	 2208	 35.42	
8	 35.66	 1553	 42.9	 4662	 96.1	 2081	 35.76	
8	 36.05	 1554	 42.9	 4662	 93.3	 2144	 36.15	
8	 36.54	 1555	 40.1	 4988	 89.2	 2242	 36.64	
8	 36.85	 1556	 39.4	 5076	 96.8	 2066	 36.95	
8	 37.26	 1557	 38.7	 5168	 87.8	 2278	 37.36	
8	 38.21	 1560	 39.9	 5013	 88.5	 2260	 38.31	
9	 38.41	 1561	 41.5	 4819	 99.6	 2008	 38.51	
9	 39.61	 1562	 39.9	 5013	 89.9	 2225	 39.71	
9	 43.17	 1565	 47.0	 4376	 99.6	 2008	 43.27	
9	 43.90	 1566	 35.8	 5588	 68.1	 2937	 44.00	
9	 44.45	 1567	 35.8	 5588	 72.2	 2770	 44.55	
9	 44.67	 1568	 35.8	 5588	 71.5	 2797	 44.77	

10	 45.21	 1569	 35.1	 5698	 71.5	 2797	 45.31	
10	 45.32	 1570	 38.0	 5263	 73.6	 2718	 45.42	
10	 46.80	 1571	 36.6	 5464	 64.3	 3110	 46.90	
10	 50.49	 1572	 42.9	 4662	 101.0	 1980	 50.59	
10	 54.24	 1573	 39.4	 5076	 97.5	 2051	 54.34	
10	 54.67	 1574	 36.6	 5464	 80.9	 2472	 54.77	
11	 55.00	 1575	 34.6	 5780	 81.6	 2451	 55.10	
11	 55.48	 1576	 33.2	 6024	 87.8	 2278	 55.58	
11	 55.57	 1577	 32.5	 6154	 87.8	 2278	 55.67	
11	 57.03	 1578	 31.8	 6289	 60.2	 3322	 57.13	
12	 57.39	 1579	 31.8	 6289	 85.7	 2334	 57.49	
12	 57.53	 1580	 34.6	 5780	 90.6	 2208	 57.63	
12	 57.90	 1581	 33.9	 5900	 79.5	 2516	 58.00	
12	 58.19	 1582	 33.2	 6024	 75.4	 2653	 58.29	
12	 58.54	 1583	 38.7	 5168	 85.1	 2350	 58.64	
12	 58.83	 1584	 34.6	 5780	 86.4	 2315	 58.93	
12	 60.05	 1585	 32.5	 6154	 102.3	 1955	 60.15	
13	 60.47	 1586	 35.3	 5666	 82.3	 2430	 60.57	
13	 61.05	 1587	 44.3	 4515	 88.5	 2260	 61.15	
13	 62.53	 1588	 45.6	 4386	 74.7	 2677	 62.63	
13	 63.17	 1589	 37.3	 5362	 76.1	 2628	 63.27	
13	 63.41	 1590	 36.6	 5464	 87.1	 2296	 63.51	
14	 64.00	 1591	 35.3	 5666	 96.1	 2081	 64.10	
14	 64.34	 1592	 35.3	 5666	 81.6	 2451	 64.44	
14	 64.68	 1593	 35.3	 5666	 87.8	 2278	 64.78	
14	 65.33	 1594	 42.9	 4662	 88.5	 2260	 65.43	
14	 65.73	 1595	 38.7	 5168	 89.2	 2242	 65.83	
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Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

15	 68.12	 1597	 40.1	 4988	 73.5	 2721	 68.22	
15	 68.62	 1598	 40.1	 4988	 73.3	 2729	 68.72	
15	 70.21	 1600	 36.0	 5556	 87.8	 2278	 70.31	
16	 72.18	 1622	 38.0	 5263	 83.7	 2389	 72.28	
16	 72.80	 1624	 36.0	 5556	 92.7	 2157	 72.90	
16	 73.52	 1625	 39.4	 5076	 91.3	 2191	 73.62	
16	 74.37	 1626	 39.6	 5051	 92.7	 2157	 74.47	
17	 78.50	 1628	 40.8	 4902	 89.2	 2242	 78.60	
17	 78.70	 1629	 42.2	 4739	 98.9	 2022	 78.80	
17	 78.90	 1630	 40.1	 4988	 67.1	 2981	 79.00	
17	 79.44	 1631	 37.3	 5362	 82.3	 2430	 79.54	
18	 79.94	 1632	 40.1	 4988	 99.4	 2012	 80.04	
18	 80.24	 1633	 40.1	 4988	 94.0	 2128	 80.34	
18	 80.58	 1634	 41.5	 4819	 89.2	 2242	 80.68	
18	 81.14	 1635	 41.5	 4819	 98.9	 2022	 81.24	
18	 81.42	 1636	 39.4	 5076	 94.0	 2128	 81.52	
18	 83.04	 1637	 40.1	 4988	 83.0	 2410	 83.14	
18	 83.24	 1638	 40.1	 4988	 79.5	 2516	 83.34	
18	 83.44	 1639	 36.6	 5464	 66.4	 3012	 83.54	
19	 84.04	 1640	 43.6	 4587	 73.3	 2729	 84.14	
19	 84.65	 1641	 36.0	 5556	 63.6	 3145	 84.75	
19	 85.00	 1642	 45.6	 4386	 72.6	 2755	 85.10	
19	 86.21	 1643	 36.0	 5556	 90.6	 2208	 86.31	
19	 87.29	 1644	 42.9	 4662	 92.0	 2174	 87.39	
19	 87.96	 1645	 34.6	 5780	 89.2	 2242	 88.06	
20	 88.20	 1646	 40.1	 4988	 87.1	 2296	 88.30	
20	 88.40	 1647	 36.6	 5464	 88.5	 2260	 88.50	
20	 88.60	 1648	 35.3	 5666	 78.8	 2538	 88.70	
20	 89.77	 1649	 41.5	 4819	 89.2	 2242	 89.87	
20	 90.39	 1650	 40.1	 4988	 80.9	 2472	 90.49	
20	 90.55	 1651	 36.0	 5556	 89.9	 2225	 90.65	
20	 90.78	 1652	 36.6	 5464	 71.2	 2809	 90.88	
20	 91.06	 1653	 45.6	 4386	 94.7	 2112	 91.16	
20	 91.46	 1654	 42.9	 4662	 96.8	 2066	 91.56	
20	 91.70	 1655	 40.1	 4988	 88.5	 2260	 91.80	
21	 92.64	 1656	 35.3	 5666	 96.1	 2081	 92.74	
21	 93.35	 1657	 39.4	 5076	 78.8	 2538	 93.45	
21	 96.02	 1658	 38.0	 5263	 89.9	 2225	 96.12	
21	 96.17	 1659	 36.6	 5464	 82.3	 2430	 96.27	
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Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

22	 96.93	 1684	 38.7	 5168	 98.2	 2037	 97.03	
22	 97.83	 1687	 33.2	 6024	 74.0	 2703	 97.93	
22	 98.60	 1688	 42.3	 4728	 92.7	 2157	 98.70	
22	 98.67	 1689	 48.0	 4167	 104.4	 1916	 98.77	
22	 99.04	 1690	 50.5	 3960	 97.5	 2051	 99.14	
22	 100.14	 1691	 59.3	 3373	 114.5	 1747	 100.24	
23	 101.08	 1692	 58.2	 3436	 95.4	 2096	 101.18	
23	 101.28	 1693	 60.9	 3284	 114.1	 1753	 101.38	
23	 102.44	 1694	 56.1	 3565	 121.7	 1643	 102.54	
23	 102.47	 1695	 54.6	 3663	 96.1	 2081	 102.57	
23	 102.74	 1696	 50.5	 3960	 117.5	 1702	 102.84	
23	 103.05	 1697	 50.5	 3960	 81.3	 2460	 103.15	
23	 103.52	 1698	 62.2	 3215	 89.9	 2225	 103.62	
23	 103.78	 1699	 60.1	 3328	 90.6	 2208	 103.88	
23	 104.57	 1700	 62.9	 3180	 116.2	 1721	 104.67	
24	 105.87	 1707	 40.2	 4975	 78.4	 2551	 105.97	
24	 108.45	 1708	 49.8	 4016	 86.6	 2309	 108.55	
25	 109.90	 1660	 50.5	 3960	 96.1	 2081	 110.00	
25	 110.56	 1661	 49.1	 4073	 96.1	 2081	 110.66	
25	 112.00	 1663	 45.0	 4444	 90.6	 2208	 112.10	
25	 112.66	 1664	 43.7	 4577	 118.2	 1692	 112.76	
25	 112.68	 1665	 43.0	 4651	 90.6	 2208	 112.78	
25	 113.51	 1666	 40.1	 4890	 70.5	 2837	 113.61	
26	 114.21	 1667	 52.8	 3788	 108.4	 1845	 114.31	
26	 115.00	 1669	 54.6	 3839	 102.3	 1955	 115.10	
26	 115.82	 1670	 42.1	 5013	 83.7	 2389	 115.92	
26	 116.03	 1671	 42.1	 4751	 83.7	 2389	 116.13	
26	 117.53	 1672	 40.6	 4926	 103.0	 1942	 117.63	
26	 117.73	 1673	 42.3	 4728	 93.3	 2144	 117.83	
27	 118.22	 1674	 45.6	 4484	 96.8	 2066	 118.32	
27	 118.44	 1675	 42.9	 4662	 83.7	 2389	 118.54	
27	 119.01	 1677	 47.0	 5013	 96.1	 2081	 119.11	
27	 120.11	 1678	 44.3	 5181	 96.8	 2066	 120.21	
27	 121.17	 1679	 29.7	 6734	 56.0	 3571	 121.27	
27	 121.44	 1680	 29.0	 6897	 53.9	 3711	 121.54	
27	 121.87	 1681	 37.3	 5362	 71.2	 2809	 121.97	
28	 122.63	 1701	 49.1	 4073	 95.4	 2096	 122.73	
28	 122.77	 1702	 49.1	 4073	 105.8	 1890	 122.87	
28	 123.03	 1703	 47.0	 4255	 101.0	 1980	 123.13	
28	 123.23	 1704	 49.8	 4016	 108.6	 1842	 123.33	
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Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

28	 124.71	 1705	 41.5	 4819	 78.2	 2558	 124.81	
28	 125.00	 1706	 44.3	 4515	 77.5	 2581	 125.10	
28	 125.00	 1706	 44.3	 4515	 77.5	 2581	 125.10	
29	 128.65	 1710	 40.1	 4988	 72.3	 2766	 128.75	
29	 128.85	 1711	 33.9	 5900	 80.3	 2491	 128.95	
29	 129.25	 1712	 35.3	 5666	 79.0	 2532	 129.35	
29	 130.54	 1714	 33.2	 6024	 71.5	 2797	 130.64	
30	 134.40	 1717	 40.1	 4988	 68.8	 2907	 134.50	
31	 136.78	 1718	 53.9	 3711	 87.3	 2291	 136.88	
31	 137.20	 1719	 47.1	 4246	 92.7	 2157	 137.30	
31	 137.53	 1720	 45.7	 4376	 105.2	 1901	 137.63	
31	 138.53	 1721	 54.6	 3663	 103.0	 1942	 138.63	
31	 138.92	 1722	 53.2	 3759	 83.2	 2404	 139.02	
31	 139.20	 1723	 53.2	 3759	 93.3	 2144	 139.30	
32	 140.46	 1724	 52.6	 3802	 83.2	 2404	 140.56	
32	 141.05	 1725	 51.8	 3861	 81.8	 2445	 141.15	
33	 144.71	 1727	 56.0	 3571	 122.4	 1634	 144.81	
33	 145.68	 1728	 51.2	 3906	 111.3	 1797	 145.78	
33	 147.05	 1729	 47.7	 4193	 82.8	 2415	 147.15	
34	 148.45	 1733	 48.4	 4132	 112.7	 1775	 148.55	
34	 149.00	 1734	 51.2	 3906	 106.5	 1878	 149.10	
34	 149.70	 1735	 54.6	 3663	 95.4	 2096	 149.80	
35	 153.39	 1736	 45.6	 4386	 99.6	 2008	 153.49	
35	 153.59	 1737	 44.9	 4454	 100.3	 1994	 153.69	
35	 154.09	 1738	 44.9	 4454	 74.7	 2677	 154.19	
35	 154.29	 1739	 45.7	 4376	 86.6	 2309	 154.39	
35	 154.40	 1740	 48.4	 4132	 85.3	 2345	 154.50	
35	 154.85	 1741	 38.0	 5263	 81.6	 2451	 154.95	
35	 155.40	 1743	 34.6	 5780	 61.5	 3252	 155.50	
36	 156.90	 1744	 36.0	 5556	 71.5	 2797	 157.00	
36	 157.59	 1745	 33.2	 6024	 60.2	 3322	 157.69	
36	 158.30	 1746	 35.3	 5666	 71.5	 2797	 158.40	
36	 158.67	 1747	 43.6	 4587	 82.5	 2424	 158.77	
36	 159.48	 1748	 40.1	 4988	 87.3	 2291	 159.58	
36	 160.80	 1749	 38.7	 5168	 60.2	 3322	 160.90	
37	 162.80	 1750	 48.4	 4132	 114.8	 1742	 162.90	
37	 162.90	 1751	 48.4	 4132	 109.3	 1830	 163.00	
37	 164.26	 1752	 49.8	 4016	 107.2	 1866	 164.36	
37	 164.51	 1753	 40.1	 4988	 111.3	 1797	 164.61	
37	 164.71	 1754	 41.5	 4819	 73.3	 2729	 164.81	
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Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

28	 124.71	 1705	 41.5	 4819	 78.2	 2558	 124.81	
28	 125.00	 1706	 44.3	 4515	 77.5	 2581	 125.10	
28	 125.00	 1706	 44.3	 4515	 77.5	 2581	 125.10	
29	 128.65	 1710	 40.1	 4988	 72.3	 2766	 128.75	
29	 128.85	 1711	 33.9	 5900	 80.3	 2491	 128.95	
29	 129.25	 1712	 35.3	 5666	 79.0	 2532	 129.35	
29	 130.54	 1714	 33.2	 6024	 71.5	 2797	 130.64	
30	 134.40	 1717	 40.1	 4988	 68.8	 2907	 134.50	
31	 136.78	 1718	 53.9	 3711	 87.3	 2291	 136.88	
31	 137.20	 1719	 47.1	 4246	 92.7	 2157	 137.30	
31	 137.53	 1720	 45.7	 4376	 105.2	 1901	 137.63	
31	 138.53	 1721	 54.6	 3663	 103.0	 1942	 138.63	
31	 138.92	 1722	 53.2	 3759	 83.2	 2404	 139.02	
31	 139.20	 1723	 53.2	 3759	 93.3	 2144	 139.30	
32	 140.46	 1724	 52.6	 3802	 83.2	 2404	 140.56	
32	 141.05	 1725	 51.8	 3861	 81.8	 2445	 141.15	
33	 144.71	 1727	 56.0	 3571	 122.4	 1634	 144.81	
33	 145.68	 1728	 51.2	 3906	 111.3	 1797	 145.78	
33	 147.05	 1729	 47.7	 4193	 82.8	 2415	 147.15	
34	 148.45	 1733	 48.4	 4132	 112.7	 1775	 148.55	
34	 149.00	 1734	 51.2	 3906	 106.5	 1878	 149.10	
34	 149.70	 1735	 54.6	 3663	 95.4	 2096	 149.80	
35	 153.39	 1736	 45.6	 4386	 99.6	 2008	 153.49	
35	 153.59	 1737	 44.9	 4454	 100.3	 1994	 153.69	
35	 154.09	 1738	 44.9	 4454	 74.7	 2677	 154.19	
35	 154.29	 1739	 45.7	 4376	 86.6	 2309	 154.39	
35	 154.40	 1740	 48.4	 4132	 85.3	 2345	 154.50	
35	 154.85	 1741	 38.0	 5263	 81.6	 2451	 154.95	
35	 155.40	 1743	 34.6	 5780	 61.5	 3252	 155.50	
36	 156.90	 1744	 36.0	 5556	 71.5	 2797	 157.00	
36	 157.59	 1745	 33.2	 6024	 60.2	 3322	 157.69	
36	 158.30	 1746	 35.3	 5666	 71.5	 2797	 158.40	
36	 158.67	 1747	 43.6	 4587	 82.5	 2424	 158.77	
36	 159.48	 1748	 40.1	 4988	 87.3	 2291	 159.58	
36	 160.80	 1749	 38.7	 5168	 60.2	 3322	 160.90	
37	 162.80	 1750	 48.4	 4132	 114.8	 1742	 162.90	
37	 162.90	 1751	 48.4	 4132	 109.3	 1830	 163.00	
37	 164.26	 1752	 49.8	 4016	 107.2	 1866	 164.36	
37	 164.51	 1753	 40.1	 4988	 111.3	 1797	 164.61	
37	 164.71	 1754	 41.5	 4819	 73.3	 2729	 164.81	
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Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

38	 165.25	 1755	 45.6	 4386	 96.1	 2081	 165.35	
38	 165.88	 1756	 49.5	 4338	 96.4	 2594	 165.98	
38	 166.18	 1757	 48.1	 4545	 96.3	 2597	 166.28	
38	 166.32	 1758	 48.1	 4545	 93.7	 2667	 166.42	
38	 167.41	 1760	 49.0	 4695	 91.1	 2743	 167.51	
38	 168.70	 1761	 43.9	 4545	 87.6	 2853	 168.80	
38	 168.80	 1762	 41.2	 5013	 78.2	 3195	 168.90	
38	 169.06	 1763	 42.1	 5195	 85.1	 2937	 169.16	
38	 169.36	 1764	 44.4	 5292	 86.0	 2907	 169.46	
39	 169.80	 1765	 44.0	 4695	 88.5	 2825	 169.90	
39	 170.28	 1766	 45.5	 5013	 82.5	 3030	 170.38	
39	 170.66	 1767	 44.7	 5013	 84.3	 2967	 170.76	
39	 171.52	 1768	 42.1	 5195	 78.2	 3195	 171.62	
39	 172.09	 1769	 44.4	 4773	 89.4	 2797	 172.19	
39	 172.20	 1770	 45.8	 4843	 91.1	 2743	 172.30	
40	 175.50	 1773	 38.0	 4474	 64.0	 3125	 175.60	
40	 177.23	 1776	 38.5	 4474	 72.9	 2743	 177.33	
41	 178.53	 1777	 39.2	 4545	 81.8	 2446	 178.63	
41	 179.00	 1778	 34.9	 5102	 69.2	 2482	 179.10	
41	 179.33	 1779	 32.1	 5391	 68.5	 2920	 179.43	
41	 180.15	 1780	 32.1	 5292	 68.5	 2920	 180.25	
41	 180.79	 1781	 34.2	 4926	 79.5	 2516	 180.89	
41	 181.47	 1782	 35.7	 5292	 92.0	 2751	 181.57	
41	 181.79	 1783	 32.1	 5391	 88.5	 3049	 181.89	
41	 182.12	 1784	 34.9	 5013	 69.9	 2861	 182.22	
42	 183.03	 1785	 35.4	 4773	 74.2	 2695	 183.13	
42	 183.23	 1786	 34.9	 5102	 72.0	 2778	 183.33	
42	 183.59	 1787	 33.5	 5102	 64.9	 3082	 183.69	
42	 183.79	 1788	 35.7	 4926	 69.9	 2861	 183.89	
42	 184.08	 1789	 34.9	 4843	 70.6	 2833	 184.18	
42	 184.37	 1790	 34.2	 5102	 69.2	 2890	 184.47	
42	 185.30	 1792	 36.6	 4843	 72.5	 2759	 185.40	
42	 185.57	 1793	 34.9	 5102	 73.9	 2706	 185.67	
42	 186.10	 1794	 37.1	 4773	 73.2	 2732	 186.20	
42	 186.50	 1795	 34.2	 4545	 69.8	 2865	 186.60	
42	 186.70	 1796	 33.5	 5495	 88.5	 2865	 186.80	
43	 187.61	 1798	 39.2	 4695	 69.1	 2895	 187.71	
43	 187.81	 1799	 39.9	 5102	 94.7	 2813	 187.91	
43	 188.50	 1800	 36.4	 4695	 76.8	 2604	 188.60	
43	 188.70	 1801	 36.2	 4773	 69.1	 2895	 188.80	
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Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

43	 189.05	 1802	 35.7	 4926	 78.8	 2865	 189.15	
43	 190.39	 1805	 32.8	 5195	 69.8	 2865	 190.49	
43	 190.76	 1806	 32.6	 5292	 67.0	 2985	 190.86	
44	 191.48	 1807	 33.5	 5195	 87.8	 3044	 191.58	
44	 192.03	 1808	 37.3	 5102	 69.1	 2895	 192.13	
44	 192.55	 1810	 32.8	 5195	 67.7	 2954	 192.65	
44	 193.47	 1812	 32.1	 5292	 92.0	 2985	 193.57	
44	 194.03	 1814	 34.2	 5102	 78.8	 2786	 194.13	
44	 194.34	 1815	 34.9	 5102	 87.8	 2895	 194.44	
44	 194.47	 1816	 31.4	 5292	 83.7	 2985	 194.57	
44	 194.73	 1817	 39.2	 5013	 78.1	 2732	 194.83	
45	 195.39	 1819	 32.8	 5013	 80.9	 3180	 195.49	
45	 195.95	 1821	 32.8	 5495	 75.4	 2895	 196.05	
45	 197.13	 1822	 32.1	 5391	 75.4	 2954	 197.23	
45	 197.41	 1823	 32.1	 5195	 78.1	 2786	 197.51	
45	 197.61	 1824	 33.5	 5195	 77.4	 2841	 197.71	
45	 198.60	 1825	 34.2	 5102	 85.7	 2924	 198.70	
45	 198.80	 1826	 32.8	 5292	 85.1	 2954	 198.90	
45	 199.02	 1827	 31.4	 5292	 58.8	 2924	 199.12	
45	 199.22	 1828	 37.8	 5292	 76.8	 2895	 199.32	
46	 199.87	 1829	 32.1	 5292	 83.7	 2985	 199.97	
46	 200.07	 1830	 30.7	 5195	 83.7	 2985	 200.17	
46	 201.18	 1832	 34.2	 5102	 85.7	 3145	 201.28	
46	 201.38	 1833	 33.4	 5194	 76.1	 2985	 201.48	
46	 203.00	 1837	 37.8	 5292	 85.1	 2954	 203.10	
46	 203.36	 1838	 38.5	 5195	 86.4	 2786	 203.46	
47	 204.25	 1841	 38.5	 5013	 87.1	 2924	 204.35	
47	 205.91	 1843	 37.8	 5292	 69.1	 2895	 206.01	
52	 226.62	 1850	 34.9	 5731	 68.4	 2924	 226.72	
52	 227.20	 1851	 34.9	 5731	 74.5	 2685	 227.30	
52	 227.40	 1852	 34.9	 5731	 80.2	 2494	 227.50	
52	 227.72	 1853	 34.9	 5731	 80.9	 2472	 227.82	
53	 228.44	 1854	 42.1	 4751	 87.8	 2278	 228.54	
53	 228.64	 1855	 42.8	 4673	 87.1	 2296	 228.74	
53	 228.84	 1856	 42.8	 4673	 85.7	 2334	 228.94	
53	 229.04	 1857	 42.8	 4673	 85.7	 2334	 229.14	
53	 229.33	 1858	 39.9	 5013	 92.7	 2157	 229.43	
53	 230.55	 1859	 46.4	 4310	 101.6	 1969	 230.65	
53	 230.78	 1860	 47.1	 4246	 80.9	 2472	 230.88	
53	 231.46	 1861	 42.8	 4673	 94.7	 2112	 231.56	
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Name	

Proceq	
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Arrival	
(µs)	
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(m/s)	

Depth	along	
drillhole	(m)	

53	 232.52	 1862	 47.8	 4184	 98.2	 2037	 232.62	
54	 233.77	 1863	 49.2	 4065	 96.8	 2066	 233.87	
54	 234.92	 1864	 39.2	 5102	 85.1	 2350	 235.02	
55	 237.11	 1865	 33.5	 5970	 71.9	 2782	 237.21	
55	 237.40	 1866	 34.2	 5848	 86.4	 2315	 237.50	
55	 237.60	 1868	 32.1	 6231	 67.7	 2954	 237.70	
55	 237.80	 1869	 32.8	 6098	 76.8	 2604	 237.90	
55	 238.00	 1870	 34.9	 5731	 87.1	 2296	 238.10	
55	 238.20	 1871	 35.7	 5602	 88.5	 2260	 238.30	
55	 238.70	 1872	 36.4	 5495	 105.1	 1903	 238.80	
55	 238.90	 1873	 35.7	 5602	 86.4	 2315	 239.00	
55	 239.10	 1874	 34.2	 5848	 85.1	 2350	 239.20	
55	 239.30	 1875	 34.2	 5848	 87.1	 2296	 239.40	
55	 239.50	 1876	 34.9	 5731	 94.7	 2112	 239.60	
55	 240.24	 1877	 39.2	 5102	 89.9	 2225	 240.34	
55	 240.68	 1878	 32.8	 6098	 71.2	 2809	 240.78	
55	 240.88	 1879	 34.2	 5848	 90.6	 2208	 240.98	
55	 241.08	 1880	 33.5	 5970	 75.4	 2653	 241.18	
56	 241.45	 1881	 34.9	 5731	 62.9	 3180	 241.55	
56	 241.76	 1882	 40.7	 4914	 89.2	 2242	 241.86	
56	 242.09	 1883	 40.7	 4914	 89.9	 2225	 242.19	
56	 242.58	 1884	 43.5	 4598	 92.7	 2157	 242.68	
56	 243.16	 1885	 33.5	 5970	 84.4	 2370	 243.26	
56	 243.36	 1886	 34.2	 5848	 84.4	 2370	 243.46	
56	 243.56	 1887	 39.9	 5013	 89.2	 2242	 243.66	
56	 243.76	 1888	 36.4	 5495	 89.9	 2225	 243.86	
56	 244.35	 1889	 36.4	 5495	 90.6	 2208	 244.45	
56	 245.00	 1890	 34.9	 5731	 87.1	 2296	 245.10	
56	 245.43	 1891	 40.7	 4914	 96.1	 2081	 245.53	
57	 246.41	 1893	 35.7	 5602	 80.2	 2494	 246.51	
57	 246.69	 1894	 37.8	 5292	 99.6	 2008	 246.79	
57	 247.12	 1895	 35.7	 5602	 80.2	 2494	 247.22	
57	 247.32	 1896	 36.4	 5495	 78.1	 2561	 247.42	
57	 247.52	 1897	 34.9	 5731	 88.5	 2260	 247.62	
57	 247.72	 1898	 36.4	 5495	 89.9	 2225	 247.82	
57	 248.69	 1899	 34.2	 5848	 78.1	 2561	 248.79	
57	 249.40	 1900	 33.5	 5970	 89.2	 2242	 249.50	
57	 249.70	 1901	 34.2	 5848	 88.5	 2260	 249.80	
58	 250.11	 1928	 39.9	 6266	 79.5	 3145	 250.24	
58	 250.36	 1929	 37.1	 6739	 69.8	 3582	 250.49	
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58	 250.61	 1930	 37.1	 6739	 69.8	 3582	 250.74	
58	 250.81	 1931	 37.8	 6614	 78.8	 3173	 250.94	
58	 251.50	 1932	 39.9	 6266	 81.6	 3064	 251.63	
58	 252.03	 1933	 39.9	 6266	 81.6	 3064	 252.16	
58	 252.25	 1934	 38.5	 6494	 71.2	 3511	 252.38	
58	 252.92	 1935	 39.2	 6378	 79.5	 3145	 253.05	
58	 253.58	 1936	 38.5	 6494	 80.2	 3117	 253.71	
58	 253.81	 1937	 38.5	 6494	 78.8	 3173	 253.94	
59	 254.48	 1902	 33.2	 6024	 67.8	 2950	 254.58	
59	 254.68	 1903	 33.7	 5935	 61.3	 3263	 254.78	
59	 255.44	 1904	 33.2	 6024	 62.0	 3226	 255.54	
59	 256.00	 1905	 33.9	 5900	 64.9	 3082	 256.10	
59	 256.20	 1906	 33.2	 6024	 64.9	 3082	 256.30	
59	 256.40	 1907	 33.2	 6024	 69.2	 2890	 256.50	
59	 256.60	 1908	 32.5	 6154	 69.2	 2890	 256.70	
59	 257.00	 1909	 31.8	 6289	 67.8	 2950	 257.10	
59	 257.32	 1910	 32.5	 6154	 69.2	 2890	 257.42	
59	 257.52	 1911	 31.8	 6289	 69.2	 2890	 257.62	
59	 258.10	 1912	 31.8	 6289	 69.2	 2890	 258.20	
60	 260.00	 1913	 33.2	 6024	 69.2	 2890	 260.10	
60	 260.57	 1914	 33.2	 6024	 62.2	 3215	 260.67	
60	 261.11	 1915	 33.2	 6024	 65.8	 3040	 261.21	
60	 261.37	 1916	 33.9	 5900	 71.4	 2801	 261.47	
60	 261.57	 1917	 33.2	 6024	 70.0	 2857	 261.67	
60	 261.77	 1918	 32.5	 6154	 70.0	 2857	 261.87	
60	 261.97	 1920	 31.1	 6431	 69.9	 2861	 262.07	
60	 262.29	 1921	 31.8	 6289	 69.9	 2861	 262.39	
61	 263.10	 1938	 55.6	 5274	 93.3	 2680	 263.23	
61	 263.53	 1939	 43.5	 5747	 80.2	 3117	 263.66	
61	 264.43	 1940	 48.5	 5155	 87.1	 2870	 264.56	
61	 264.87	 1941	 40.7	 6143	 80.2	 3117	 265.00	
61	 265.85	 1942	 39.9	 6266	 73.3	 3411	 265.98	
61	 266.08	 1943	 39.9	 6266	 80.2	 3117	 266.21	
62	 267.39	 1944	 38.5	 6494	 78.8	 3173	 267.52	
62	 268.02	 1945	 38.5	 6494	 80.2	 3117	 268.15	
62	 268.26	 1946	 39.9	 6266	 70.5	 3546	 268.39	
62	 268.74	 1947	 39.2	 6378	 71.2	 3511	 268.87	
62	 268.96	 1948	 40.7	 6143	 71.2	 3511	 269.09	
62	 269.66	 1949	 39.9	 6266	 71.2	 3511	 269.79	
63	 271.60	 1951	 46.7	 5353	 89.2	 2803	 271.73	
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63	 272.24	 1952	 46.0	 5435	 83.7	 2987	 272.37	
63	 273.06	 1953	 43.5	 5747	 76.8	 3255	 273.19	
63	 273.57	 1954	 41.4	 6039	 75.4	 3316	 273.70	
63	 274.98	 1955	 42.1	 5938	 76.1	 3285	 275.11	
63	 275.33	 1956	 43.5	 5747	 76.8	 3255	 275.46	
64	 276.41	 1957	 39.9	 6266	 83.0	 3012	 276.54	
64	 277.07	 1958	 40.7	 6143	 80.2	 3117	 277.20	
64	 277.39	 1959	 39.9	 6266	 79.5	 3145	 277.52	
64	 277.73	 1960	 37.1	 6739	 69.1	 3618	 277.86	
64	 277.86	 1961	 39.2	 6378	 71.2	 3511	 277.99	
64	 278.58	 1962	 41.4	 6039	 81.3	 3075	 278.71	
64	 279.22	 1963	 38.5	 6494	 71.2	 3511	 279.35	
64	 279.44	 1964	 37.8	 6614	 70.5	 3546	 279.57	
64	 279.67	 1965	 40.7	 6143	 69.8	 3582	 279.80	
64	 279.87	 1966	 37.8	 6614	 68.5	 3650	 280.00	
65	 280.38	 1967	 38.5	 6494	 71.9	 3477	 280.51	
65	 280.61	 1968	 38.5	 6494	 69.8	 3582	 280.74	
65	 280.83	 1969	 44.2	 5656	 80.2	 3117	 280.96	
65	 281.73	 1970	 39.9	 6266	 72.6	 3444	 281.86	
65	 282.22	 1971	 39.2	 6378	 73.3	 3411	 282.35	
65	 282.45	 1972	 44.2	 5656	 77.4	 3230	 282.58	
65	 283.93	 1973	 43.5	 5747	 72.6	 3444	 284.06	
65	 284.17	 1974	 43.5	 5747	 71.2	 3511	 284.30	
66	 284.57	 1975	 45.6	 5482	 70.5	 3546	 284.70	
66	 285.14	 1976	 44.2	 5656	 68.5	 3650	 285.27	
66	 285.64	 1978	 38.5	 6494	 69.8	 3582	 285.77	
66	 286.02	 1979	 37.8	 6616	 69.9	 3577	 286.15	
66	 286.70	 1980	 37.1	 6739	 69.8	 3582	 286.83	
66	 287.10	 1981	 36.4	 6868	 69.1	 3618	 287.23	
66	 287.50	 1982	 37.8	 6614	 65.7	 3805	 287.63	
66	 288.04	 1983	 39.2	 6378	 71.9	 3477	 288.17	
66	 288.35	 1984	 39.2	 6378	 71.2	 3511	 288.48	
66	 288.58	 1985	 39.9	 6266	 65.7	 3805	 288.71	
67	 288.88	 1985	 41.4	 6039	 75.6	 3307	 289.01	
67	 289.52	 1986	 42.8	 5841	 86.3	 2897	 289.65	
67	 289.75	 1987	 46.1	 5423	 77.1	 3243	 289.88	
67	 292.06	 1988	 41.4	 6039	 74.4	 3360	 292.19	
67	 292.39	 1989	 42.8	 5841	 74.9	 3338	 292.52	
67	 292.61	 1990	 42.8	 5841	 74.9	 3338	 292.74	
68	 293.28	 1991	 41.4	 6039	 83.4	 2998	 293.41	
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68	 293.50	 1992	 40.7	 6143	 82.0	 3049	 293.63	
68	 294.04	 1993	 44.2	 5656	 81.3	 3075	 294.17	
68	 294.27	 1994	 39.9	 6266	 81.1	 3083	 294.40	
68	 294.92	 1996	 44.2	 5656	 73.5	 3401	 295.05	
68	 295.15	 1997	 39.9	 6266	 80.6	 3102	 295.28	
68	 295.39	 1998	 39.2	 6378	 78.8	 3173	 295.52	
68	 295.61	 1999	 37.8	 6614	 79.4	 3149	 295.74	
68	 296.09	 2000	 38.5	 6494	 65.6	 3811	 296.22	
68	 296.38	 2001	 39.2	 6378	 67.0	 3731	 296.51	
68	 296.60	 2002	 41.4	 6039	 73.5	 3401	 296.73	
68	 297.15	 2003	 37.8	 6614	 65.6	 3811	 297.28	
69	 297.53	 2014	 38.5	 6494	 67.0	 3731	 297.66	
69	 297.81	 2015	 40.7	 6143	 81.4	 3071	 297.94	
69	 298.24	 2016	 39.9	 6266	 79.7	 3137	 298.37	
69	 299.00	 2017	 40.7	 6143	 66.3	 3771	 299.13	
69	 299.32	 2018	 39.9	 6266	 80.8	 3094	 299.45	
69	 299.70	 2019	 40.7	 6143	 81.1	 3083	 299.83	
69	 300.71	 2020	 39.9	 6266	 80.5	 3106	 300.84	
70	 301.83	 2004	 39.9	 6266	 82.0	 3049	 301.96	
70	 302.06	 2005	 39.2	 6378	 72.0	 3472	 302.19	
70	 303.18	 2006	 39.9	 6266	 78.4	 3189	 303.31	
70	 303.81	 2007	 42.8	 5841	 79.7	 3137	 303.94	
70	 304.04	 2008	 43.5	 5747	 79.2	 3157	 304.17	
70	 304.80	 2009	 44.2	 5656	 81.0	 3086	 304.93	
70	 305.04	 2010	 38.5	 6494	 77.4	 3230	 305.17	
70	 305.26	 2011	 37.8	 6614	 68.5	 3650	 305.39	
70	 305.50	 2012	 35.7	 7003	 68.5	 3650	 305.63	
70	 305.72	 2013	 36.4	 6868	 75.7	 3303	 305.85	
71	 306.05	 2021	 37.1	 6739	 69.9	 3577	 306.18	
71	 306.28	 2022	 36.4	 6868	 69.2	 3613	 306.41	
71	 306.62	 2023	 37.1	 6739	 69.2	 3613	 306.75	
71	 306.85	 2024	 35.7	 7003	 68.5	 3650	 306.98	
71	 307.00	 2025	 37.8	 6614	 72.4	 3453	 307.13	
71	 307.65	 2026	 37.8	 6614	 71.0	 3521	 307.78	
71	 308.12	 2027	 37.8	 6614	 68.5	 3650	 308.25	
71	 309.38	 2028	 36.4	 6868	 68.5	 3650	 309.51	
71	 309.61	 2029	 37.8	 6614	 69.2	 3613	 309.74	
72	 310.63	 2030	 38.5	 6494	 71.7	 3487	 310.76	
72	 310.86	 2031	 42.5	 5882	 78.0	 3205	 310.99	
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72	 311.32	 2033	 37.1	 6739	 77.4	 3230	 311.45	
72	 312.17	 2034	 37.1	 6739	 69.9	 3577	 312.30	
72	 312.51	 2035	 37.8	 6614	 78.6	 3181	 312.64	
72	 312.74	 2036	 37.1	 6739	 76.9	 3251	 312.87	
72	 313.18	 2037	 45.6	 5482	 84.2	 2969	 313.31	
72	 313.40	 2038	 40.7	 6143	 83.0	 3012	 313.53	
72	 313.79	 2039	 41.4	 6039	 81.9	 3053	 313.92	
72	 314.02	 2040	 39.9	 6266	 72.0	 3472	 314.15	
73	 314.74	 2041	 39.2	 6378	 72.0	 3472	 314.87	
73	 315.05	 2042	 39.9	 6266	 79.9	 3129	 315.18	
73	 315.38	 2043	 37.8	 6614	 65.6	 3811	 315.51	
73	 316.28	 2044	 38.5	 6494	 66.3	 3771	 316.41	
73	 316.51	 2045	 40.2	 6219	 73.5	 3401	 316.64	
73	 316.74	 2046	 45.7	 5470	 84.9	 2945	 316.87	
73	 318.59	 2047	 45.7	 5470	 82.0	 3049	 318.72	
74	 319.08	 2048	 45.7	 5470	 71.3	 3506	 319.21	
74	 319.68	 2049	 40.2	 6219	 72.7	 3439	 319.81	
74	 319.99	 2050	 41.6	 6010	 74.9	 3338	 320.12	
74	 321.04	 2051	 42.3	 5910	 82.7	 3023	 321.17	
74	 321.94	 2052	 38.2	 6545	 69.9	 3577	 322.07	
74	 322.17	 2053	 39.6	 6313	 71.3	 3506	 322.30	
74	 322.82	 2054	 35.5	 7042	 67.8	 3687	 322.95	
75	 323.28	 2055	 36.8	 6793	 69.9	 3577	 323.41	
75	 324.04	 2056	 36.8	 6793	 77.7	 3218	 324.17	
75	 324.27	 2057	 37.5	 6667	 69.2	 3613	 324.40	
75	 324.63	 2058	 36.1	 6925	 77.0	 3247	 324.76	
75	 324.86	 2059	 38.2	 6545	 77.7	 3218	 324.99	
75	 325.15	 2060	 40.2	 6219	 79.2	 3157	 325.28	
75	 325.39	 2061	 38.9	 6427	 78.4	 3189	 325.52	
75	 325.62	 2062	 38.2	 6545	 78.4	 3189	 325.75	
75	 326.54	 2063	 39.6	 6313	 79.2	 3157	 326.67	
75	 327.05	 2064	 40.8	 6129	 82.7	 3023	 327.18	
76	 327.72	 2065	 39.6	 6313	 79.9	 3129	 327.85	
76	 329.21	 2066	 39.6	 6313	 79.2	 3157	 329.34	
76	 329.44	 2067	 40.2	 6219	 69.9	 3577	 329.57	
76	 330.81	 2068	 40.2	 6219	 79.9	 3129	 330.94	
77	 332.13	 2069	 38.2	 6545	 77.7	 3218	 332.26	
77	 332.36	 2070	 38.2	 6545	 78.4	 3189	 332.49	
77	 332.59	 2071	 39.6	 6313	 79.2	 3157	 332.72	
77	 333.58	 2072	 36.8	 6793	 69.9	 3577	 333.71	



 

321 

 

 

 

Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

77	 333.81	 2073	 37.5	 6667	 77.7	 3218	 333.94	
77	 334.04	 2074	 38.2	 6545	 78.4	 3189	 334.17	
77	 334.37	 2075	 38.2	 6545	 69.9	 3577	 334.50	
77	 335.63	 2076	 38.9	 6427	 79.9	 3129	 335.76	
78	 336.63	 2077	 38.2	 6545	 70.6	 3541	 336.76	
78	 337.11	 2078	 39.6	 6313	 79.2	 3157	 337.24	
78	 337.88	 2079	 38.9	 6427	 78.4	 3189	 338.01	
78	 338.27	 2080	 42.3	 5910	 73.7	 3392	 338.40	
78	 338.50	 2081	 37.5	 6667	 76.3	 3277	 338.63	
78	 338.72	 2082	 41.6	 6010	 79.2	 3157	 338.85	
78	 339.07	 2083	 42.3	 5910	 79.9	 3129	 339.20	
78	 339.38	 2084	 37.5	 6667	 77.7	 3218	 339.51	
79	 340.59	 2086	 38.2	 6545	 78.4	 3189	 340.72	
79	 340.81	 2087	 36.8	 6793	 77.7	 3218	 340.94	
79	 341.05	 2088	 39.6	 6313	 77.0	 3247	 341.18	
79	 341.27	 2089	 38.2	 6545	 77.7	 3218	 341.40	
79	 342.26	 2090	 40.2	 6219	 82.7	 3023	 342.39	
79	 343.39	 2091	 40.2	 6219	 79.9	 3129	 343.52	
79	 343.62	 2092	 40.2	 6219	 79.9	 3129	 343.75	
79	 344.30	 2093	 40.2	 6219	 79.9	 3129	 344.43	
80	 345.11	 2094	 40.9	 6112	 80.6	 3102	 345.24	
80	 345.52	 2095	 38.9	 6427	 79.9	 3129	 345.65	
80	 346.15	 2096	 39.6	 6313	 71.3	 3506	 346.28	
80	 346.37	 2097	 38.9	 6427	 78.4	 3189	 346.50	
80	 346.90	 2098	 41.2	 6068	 79.9	 3129	 347.03	
80	 347.13	 2099	 40.2	 6219	 81.3	 3075	 347.26	
80	 348.18	 2100	 40.9	 6112	 77.7	 3218	 348.31	
80	 348.41	 2101	 39.6	 6313	 70.6	 3541	 348.54	
81	 349.22	 2102	 40.2	 6219	 74.2	 3369	 349.35	
81	 349.52	 2103	 40.2	 6219	 80.6	 3102	 349.65	
81	 349.73	 2104	 38.2	 6545	 69.9	 3577	 349.86	
81	 350.68	 2105	 38.2	 6545	 79.9	 3129	 350.81	
81	 351.26	 2106	 40.2	 6219	 81.3	 3075	 351.39	
81	 351.62	 2107	 38.2	 6545	 78.4	 3189	 351.75	
81	 352.06	 2108	 45.0	 5556	 81.3	 3075	 352.19	
81	 352.29	 2109	 43.0	 5814	 79.9	 3129	 352.42	
81	 352.53	 2110	 43.0	 5814	 85.6	 2921	 352.66	
82	 353.39	 2111	 35.5	 5634	 77.7	 2574	 353.49	
82	 354.45	 2112	 35.5	 5634	 81.3	 2460	 354.55	
82	 355.43	 2113	 49.4	 5063	 102.5	 2439	 355.53	
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82	 355.84	 2114	 51.0	 4902	 86.3	 2317	 355.94	
82	 356.57	 2115	 46.5	 5376	 91.3	 2191	 356.67	
82	 357.34	 2116	 48.6	 5141	 92.0	 2174	 357.44	
83	 357.73	 2117	 38.2	 6545	 75.6	 3307	 357.86	
83	 357.95	 2118	 36.9	 6775	 65.1	 3840	 358.08	
83	 358.20	 2119	 39.2	 6378	 65.6	 3811	 358.33	
83	 358.57	 2120	 40.8	 6127	 76.4	 3272	 358.70	
83	 359.03	 2121	 47.7	 5241	 79.9	 3129	 359.16	
83	 359.25	 2122	 48.4	 5165	 79.9	 3129	 359.38	
83	 360.12	 2124	 45.0	 5556	 84.9	 2945	 361.57	
83	 361.44	 2126	 46.4	 5388	 75.8	 3298	 361.57	
84	 362.00	 2127	 49.1	 5092	 85.6	 2921	 362.13	
84	 362.23	 2128	 45.0	 5556	 68.8	 3634	 362.36	
84	 363.36	 2129	 40.9	 6112	 85.6	 2921	 363.49	
84	 363.60	 2130	 40.9	 6112	 84.2	 2969	 363.73	
84	 363.89	 2131	 43.7	 5721	 78.4	 3189	 364.02	
84	 364.12	 2132	 40.2	 6219	 74.9	 3338	 364.25	
84	 364.35	 2133	 40.9	 6112	 73.0	 3425	 364.48	
84	 364.81	 2134	 47.7	 5241	 84.9	 2945	 364.94	
84	 365.15	 2135	 41.6	 6010	 77.2	 3238	 365.28	
84	 365.46	 2136	 40.2	 6219	 73.7	 3392	 365.59	
84	 365.68	 2137	 41.6	 6010	 73.0	 3425	 365.81	
85	 366.11	 2138	 42.3	 5910	 76.5	 3268	 366.24	
85	 366.35	 2139	 45.0	 5556	 73.3	 3411	 366.48	
85	 366.58	 2140	 41.6	 6010	 74.4	 3360	 366.71	
85	 366.81	 2141	 40.9	 6112	 73.0	 3425	 366.94	
85	 367.56	 2142	 43.7	 5721	 77.6	 3222	 367.69	
85	 367.79	 2143	 49.1	 5092	 79.7	 3137	 367.92	
85	 368.03	 2144	 43.7	 5721	 75.4	 3316	 368.16	
85	 368.27	 2145	 40.9	 6112	 73.7	 3392	 368.40	
85	 368.63	 2146	 51.2	 4883	 79.3	 3153	 368.76	
85	 369.04	 2147	 40.9	 6112	 74.4	 3360	 369.17	
85	 369.27	 2148	 40.9	 6112	 74.4	 3360	 369.40	
85	 369.77	 2149	 51.2	 4883	 78.6	 3181	 369.90	
86	 370.49	 2150	 42.3	 5910	 76.5	 3268	 370.62	
86	 370.72	 2151	 49.8	 5020	 86.7	 2884	 370.85	
86	 370.95	 2152	 41.6	 6010	 73.7	 3392	 371.08	
86	 371.43	 2153	 47.1	 5308	 80.0	 3125	 371.56	
86	 372.04	 2154	 47.1	 5308	 79.7	 3137	 372.17	
86	 372.27	 2155	 48.4	 5165	 74.4	 3360	 372.40	
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86	 374.08	 2156	 51.8	 4826	 77.9	 3209	 374.21	
86	 374.31	 2157	 49.1	 5092	 76.5	 3268	 374.44	
87	 375.20	 2158	 53.2	 4699	 77.7	 3218	 375.33	
87	 375.71	 2159	 51.2	 4883	 77.7	 3218	 375.84	
87	 375.95	 2160	 51.8	 4826	 77.0	 3247	 376.08	
87	 377.67	 2161	 46.4	 5388	 77.7	 3218	 377.80	
87	 378.10	 2162	 52.5	 4762	 75.6	 3307	 378.23	
87	 378.67	 2163	 48.4	 5165	 73.0	 3425	 378.80	
88	 379.75	 2164	 47.7	 5241	 75.8	 3298	 379.88	
88	 380.13	 2165	 50.5	 4950	 77.9	 3209	 380.26	
88	 380.54	 2166	 43.7	 5721	 74.2	 3369	 380.67	
88	 381.46	 2167	 47.7	 5241	 73.0	 3425	 381.59	
88	 382.00	 2168	 41.6	 6010	 71.9	 3477	 382.13	
88	 382.46	 2169	 49.1	 5092	 74.4	 3360	 382.59	
88	 382.95	 2170	 39.6	 6313	 70.9	 3526	 383.08	
89	 384.12	 2171	 53.2	 4699	 82.0	 3049	 384.25	
89	 384.82	 2172	 47.7	 5241	 70.9	 3526	 384.95	
89	 386.39	 2173	 46.4	 5388	 71.6	 3492	 386.52	
89	 386.52	 2174	 43.7	 5721	 76.9	 3251	 386.65	
90	 387.93	 2175	 48.4	 5165	 74.4	 3360	 388.06	
90	 388.41	 2176	 49.1	 5092	 75.8	 3298	 388.54	
90	 390.05	 2177	 49.1	 5092	 81.8	 3056	 390.18	
90	 391.47	 2178	 45.0	 5556	 71.6	 3492	 391.60	
91	 391.96	 2179	 40.2	 6219	 69.5	 3597	 392.09	
91	 392.31	 2180	 48.4	 5165	 75.1	 3329	 392.44	
91	 392.55	 2181	 41.6	 6010	 71.6	 3492	 392.68	
91	 393.34	 2182	 45.0	 5556	 73.7	 3392	 393.47	
91	 393.68	 2183	 39.6	 6313	 67.4	 3709	 393.81	
91	 394.17	 2184	 50.5	 4950	 77.9	 3209	 394.30	
91	 395.39	 2185	 55.9	 4472	 88.1	 2838	 395.52	
92	 396.29	 2186	 43.0	 5814	 68.1	 3671	 396.42	
92	 396.60	 2187	 43.7	 5721	 68.8	 3634	 396.73	
92	 396.84	 2188	 41.6	 6010	 68.1	 3671	 396.97	
92	 397.72	 2189	 35.5	 7042	 64.0	 3906	 397.85	
92	 397.95	 2190	 35.5	 7042	 64.0	 3906	 398.08	
92	 398.19	 2191	 36.8	 6793	 64.7	 3864	 398.32	
92	 398.44	 2192	 38.9	 6427	 65.4	 3823	 398.57	
92	 399.02	 2193	 36.1	 6925	 65.4	 3823	 399.15	
92	 399.44	 2194	 34.8	 7184	 64.7	 3864	 399.57	
92	 399.69	 2195	 41.6	 6010	 64.0	 3906	 399.82	
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93	 400.50	 2196	 37.5	 6667	 66.1	 3782	 400.63	
93	 400.82	 2197	 47.7	 5241	 78.3	 3193	 400.95	
93	 401.06	 2198	 36.8	 6793	 65.6	 3811	 401.19	
93	 402.10	 2199	 38.9	 6427	 67.0	 3731	 402.23	
93	 402.56	 2200	 54.0	 4630	 87.0	 2874	 402.69	
93	 403.00	 2201	 46.4	 5388	 77.9	 3209	 403.13	
93	 403.40	 2202	 42.3	 5910	 66.3	 3771	 403.53	
93	 403.72	 2203	 46.4	 5388	 76.9	 3251	 403.85	
93	 403.96	 2204	 40.2	 6219	 69.8	 3582	 404.09	
93	 404.34	 2205	 40.9	 6112	 70.5	 3546	 404.47	
94	 405.10	 2206	 47.7	 5241	 73.7	 3392	 405.23	
94	 405.50	 2207	 45.7	 5470	 79.0	 3165	 405.63	
94	 405.75	 2208	 44.3	 5643	 76.2	 3281	 405.88	
94	 406.36	 2209	 44.3	 5643	 76.2	 3281	 406.49	
94	 406.61	 2210	 40.2	 6219	 70.5	 3546	 406.74	
94	 406.86	 2211	 43.0	 5814	 74.0	 3378	 406.99	
94	 407.20	 2212	 52.5	 4762	 77.2	 3238	 407.33	
94	 408.73	 2213	 49.1	 5092	 79.0	 3165	 408.86	
95	 410.74	 2214	 52.5	 4762	 77.2	 3238	 410.87	
95	 412.81	 2215	 46.4	 5388	 75.4	 3316	 412.94	
95	 413.27	 2216	 49.8	 5020	 74.0	 3378	 413.40	
96	 413.67	 2217	 53.2	 4699	 79.3	 3153	 413.80	
96	 415.34	 2218	 47.1	 5308	 83.9	 2980	 415.47	
96	 415.87	 2219	 45.0	 5556	 68.8	 3634	 416.00	
96	 416.13	 2220	 46.4	 5388	 67.4	 3709	 416.26	
96	 417.52	 2221	 45.6	 5482	 75.4	 3316	 417.65	
97	 419.00	 2222	 55.2	 4529	 88.4	 2828	 419.13	
97	 420.10	 2223	 60.0	 4167	 82.7	 3023	 420.23	
97	 420.80	 2224	 49.1	 5092	 78.4	 3189	 420.93	
97	 421.06	 2225	 50.5	 4950	 80.6	 3102	 421.19	
97	 421.63	 2226	 51.2	 4883	 80.6	 3102	 421.76	
98	 423.31	 2227	 46.4	 5388	 78.4	 3189	 423.44	
98	 424.45	 2228	 46.7	 5353	 77.7	 3218	 424.58	
98	 424.70	 2229	 50.2	 4980	 79.2	 3157	 424.83	
99	 426.96	 2231	 47.7	 5241	 76.3	 3277	 427.09	
99	 427.22	 2232	 47.1	 5308	 75.6	 3307	 427.35	
99	 428.34	 2234	 46.0	 5435	 74.9	 3338	 428.47	
100	 431.55	 2235	 47.4	 5274	 78.4	 3189	 431.68	
100	 432.34	 2236	 42.3	 5910	 77.0	 3247	 432.47	
100	 432.59	 2237	 42.3	 5910	 75.6	 3307	 432.72	



 

325 

 

 

 

Bx	#	 ID	
Name	

Proceq	
ID	

P-Wave	
Arrival	(µs)	

P-Velocity	
(m/s)	

S-Wave	
Arrival	
(µs)	

S-Velocity	
(m/s)	

Depth	along	
drillhole	(m)	

100	 433.16	 2238	 43.0	 5814	 77.0	 3247	 433.29	
100	 433.93	 2239	 43.1	 5800	 77.7	 3218	 434.06	
100	 434.54	 2240	 45.0	 5556	 77.7	 3218	 434.67	
101	 435.34	 2241	 43.7	 5721	 77.0	 3247	 435.47	
101	 435.66	 2242	 42.8	 5841	 75.6	 3307	 435.79	
101	 439.04	 2243	 48.4	 5165	 78.4	 3189	 439.17	
102	 441.54	 2244	 47.4	 5274	 77.0	 3247	 441.67	
102	 441.85	 2245	 49.5	 5051	 79.9	 3129	 441.98	
102	 442.35	 2246	 47.1	 5308	 77.0	 3247	 442.48	
102	 442.60	 2247	 51.2	 4883	 81.3	 3075	 442.73	
102	 443.25	 2248	 46.4	 5388	 75.6	 3307	 443.38	
103	 444.63	 2249	 50.2	 4980	 73.5	 3401	 444.76	
103	 445.54	 2250	 42.8	 5841	 68.5	 3650	 445.67	
103	 445.85	 2251	 43.0	 5814	 77.7	 3218	 445.98	
103	 446.10	 2252	 43.7	 5721	 70.6	 3541	 446.23	
103	 447.14	 2253	 43.7	 5721	 78.4	 3189	 447.27	
103	 447.60	 2254	 43.7	 5721	 70.6	 3541	 447.73	
104	 448.12	 2255	 43.7	 5721	 71.1	 3516	 448.25	
104	 448.44	 2256	 45.8	 5459	 71.1	 3516	 448.57	
104	 450.04	 2257	 44.4	 5631	 71.1	 3516	 450.17	
104	 450.39	 2258	 47.2	 5297	 72.5	 3448	 450.52	
104	 450.69	 2259	 47.2	 5297	 81.1	 3083	 450.82	
104	 451.60	 2260	 55.5	 4505	 80.0	 3125	 451.73	
104	 451.44	 2261	 50.6	 4941	 83.9	 2980	 451.57	
104	 451.84	 2262	 49.9	 5010	 75.9	 3294	 451.97	
105	 452.45	 2263	 51.3	 4873	 84.6	 2955	 452.58	
105	 453.08	 2264	 45.8	 5459	 73.9	 3383	 453.21	
105	 453.33	 2265	 49.2	 5081	 81.8	 3056	 453.46	
105	 454.28	 2266	 50.6	 4941	 85.3	 2931	 454.41	
105	 454.54	 2267	 41.6	 6010	 72.5	 3448	 454.67	
105	 454.78	 2268	 40.2	 6219	 74.7	 3347	 454.91	
105	 455.35	 2269	 43.0	 5814	 74.0	 3378	 455.48	
105	 455.71	 2270	 54.8	 4562	 83.4	 2998	 455.84	
105	 456.04	 2271	 40.9	 6112	 70.5	 3546	 456.17	
105	 456.28	 2272	 40.2	 6219	 64.3	 3888	 456.41	
106	 456.66	 2273	 46.5	 5376	 71.9	 3477	 456.79	
106	 456.90	 2274	 52.0	 4808	 76.6	 3264	 457.03	
106	 457.16	 2275	 40.9	 6112	 71.9	 3477	 457.29	
106	 457.74	 2276	 39.5	 6329	 70.5	 3546	 457.87	
106	 458.23	 2277	 40.2	 6219	 70.5	 3546	 458.36	
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106	 458.39	 2278	 43.7	 5721	 66.3	 3771	 458.52	
106	 458.73	 2279	 49.2	 5081	 74.7	 3347	 458.86	
106	 459.10	 2280	 47.8	 5230	 74.5	 3356	 459.23	
106	 459.50	 2281	 40.9	 6112	 65.7	 3805	 459.63	
106	 459.75	 2282	 45.1	 5543	 76.2	 3281	 459.88	
106	 460.30	 2283	 46.5	 5376	 78.6	 3181	 460.43	
106	 460.55	 2284	 46.5	 5376	 78.3	 3193	 460.68	
107	 461.12	 2285	 44.4	 5631	 68.4	 3655	 461.25	
107	 461.36	 2286	 45.1	 5543	 67.0	 3731	 461.49	
107	 462.53	 2287	 45.8	 5459	 77.7	 3218	 462.66	
107	 462.94	 2288	 45.8	 5459	 77.7	 3218	 463.07	
107	 463.19	 2289	 54.1	 4621	 82.7	 3023	 463.32	
107	 463.51	 2290	 59.6	 4195	 85.6	 2921	 463.64	
107	 464.06	 2291	 57.6	 4340	 83.4	 2998	 464.19	
107	 464.56	 2292	 67.0	 3731	 94.9	 2634	 464.69	
108	 465.29	 2293	 52.0	 4808	 78.6	 3181	 465.42	
108	 465.54	 2294	 50.6	 4941	 78.0	 3205	 465.67	
108	 465.87	 2295	 58.9	 4244	 92.7	 2697	 466.00	
108	 466.13	 2296	 58.9	 4244	 88.4	 2828	 466.26	
108	 466.90	 2297	 52.0	 4808	 86.3	 2897	 467.03	
108	 467.28	 2298	 55.5	 4505	 88.4	 2828	 467.41	
108	 468.13	 2299	 51.3	 4873	 78.0	 3205	 468.26	
108	 468.28	 2300	 49.9	 5010	 77.0	 3247	 468.41	
108	 468.95	 2301	 52.7	 4744	 84.9	 2945	 469.08	
108	 469.34	 2302	 52.7	 4744	 79.3	 3153	 469.47	
109	 469.70	 2303	 53.4	 4682	 89.9	 2781	 469.83	
109	 470.03	 2304	 47.8	 5230	 81.3	 3075	 470.16	
109	 470.56	 2305	 49.2	 5081	 80.6	 3102	 470.69	
109	 471.11	 2306	 47.2	 5297	 77.7	 3218	 471.24	
109	 471.62	 2307	 47.2	 5297	 70.4	 3551	 471.75	
109	 472.82	 2309	 43.0	 5814	 69.1	 3618	 472.95	
109	 473.09	 2310	 44.4	 5631	 77.0	 3247	 473.22	
109	 473.04	 2311	 47.2	 5297	 71.8	 3482	 473.17	
110	 474.13	 2312	 45.1	 5543	 70.4	 3551	 474.26	
110	 474.53	 2313	 45.8	 5459	 75.6	 3307	 474.66	
110	 474.91	 2314	 47.8	 5230	 77.7	 3218	 475.04	
110	 475.69	 2315	 46.5	 5376	 77.0	 3247	 475.82	
110	 476.12	 2316	 49.9	 5010	 73.9	 3383	 476.25	
110	 476.36	 2317	 47.8	 5230	 77.0	 3247	 476.49	
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110	 477.43	 2318	 45.8	 5459	 75.6	 3307	 477.56	
110	 477.76	 2319	 49.9	 5010	 73.9	 3383	 477.89	
111	 478.50	 2320	 47.2	 5297	 74.5	 3356	 478.63	
111	 478.75	 2321	 49.2	 5081	 80.4	 3109	 478.88	
111	 479.28	 2322	 46.5	 5376	 76.9	 3251	 479.41	
111	 481.74	 2323	 48.5	 5155	 79.0	 3165	 481.87	
111	 481.77	 2324	 45.1	 5543	 76.9	 3251	 481.90	
111	 482.02	 2325	 54.1	 4621	 87.4	 2860	 482.15	
111	 482.28	 2326	 47.2	 5297	 76.9	 3251	 482.41	
112	 483.10	 2327	 59.6	 4195	 86.9	 2877	 483.23	
112	 483.34	 2328	 53.4	 4682	 79.0	 3165	 483.47	
112	 483.83	 2329	 57.6	 4340	 91.0	 2747	 483.96	
112	 484.52	 2330	 52.7	 4744	 81.1	 3083	 484.65	
112	 484.77	 2331	 51.3	 4873	 73.2	 3415	 484.90	
112	 486.33	 2332	 45.8	 5459	 71.1	 3516	 486.46	
112	 487.59	 2333	 46.5	 5376	 70.4	 3551	 487.72	
113	 487.10	 2334	 47.2	 5297	 71.8	 3482	 487.23	
113	 487.40	 2335	 49.2	 5081	 80.4	 3109	 487.53	
113	 487.64	 2336	 49.2	 5081	 81.1	 3083	 487.77	
113	 487.90	 2337	 47.2	 5297	 71.8	 3482	 488.03	
113	 488.56	 2338	 49.2	 5081	 79.0	 3165	 488.69	
113	 489.14	 2339	 48.5	 5155	 80.4	 3109	 489.27	
113	 489.52	 2340	 49.2	 5081	 79.7	 3137	 489.65	
113	 490.17	 2341	 48.5	 5155	 79.0	 3165	 490.30	
113	 490.42	 2342	 47.8	 5230	 71.1	 3516	 490.55	
114	 492.56	 2343	 48.5	 5155	 81.3	 3075	 492.69	
114	 493.54	 2344	 47.8	 5230	 72.0	 3472	 493.67	
114	 493.79	 2345	 50.6	 4941	 79.9	 3129	 493.92	
114	 494.44	 2346	 46.5	 5376	 71.3	 3506	 494.57	
114	 495.06	 2347	 48.5	 5155	 79.2	 3157	 495.19	
115	 495.75	 2348	 47.2	 5297	 88.9	 2812	 495.88	
115	 496.11	 2349	 45.1	 5543	 89.6	 2790	 496.24	
115	 496.43	 2350	 44.4	 5631	 77.7	 3218	 496.56	
115	 496.67	 2351	 41.6	 6010	 75.6	 3307	 496.80	
115	 497.23	 2352	 52.7	 4744	 84.3	 2966	 497.36	
115	 497.70	 2353	 47.2	 5297	 79.9	 3129	 497.83	
115	 498.29	 2354	 48.5	 5155	 81.3	 3075	 498.42	
115	 499.43	 2355	 45.8	 5459	 77.7	 3218	 499.56	
115	 499.68	 2356	 42.3	 5910	 74.9	 3338	 499.81	
116	 500.77	 2357	 39.5	 5063	 66.3	 3017	 500.87	
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116	 503.62	 2358	 37.4	 5348	 66.3	 3017	 503.72	
117	 504.35	 2359	 44.4	 5631	 74.9	 3338	 504.48	
117	 505.00	 2360	 44.4	 5631	 69.9	 3577	 505.13	
117	 505.42	 2361	 41.6	 6010	 73.5	 3401	 505.55	
117	 506.04	 2362	 47.2	 5297	 79.2	 3157	 506.17	
117	 506.29	 2363	 45.1	 5543	 71.3	 3506	 506.42	
117	 506.70	 2364	 43.7	 5721	 77.3	 3234	 506.83	
117	 507.20	 2365	 40.2	 6219	 72.0	 3472	 507.33	
117	 507.45	 2366	 40.2	 6219	 72.0	 3472	 507.58	
117	 507.69	 2367	 40.2	 6219	 73.5	 3401	 507.82	
117	 507.94	 2368	 46.5	 5376	 83.4	 2998	 508.07	
117	 508.19	 2369	 40.2	 6219	 81.3	 3075	 508.32	
118	 508.92	 2370	 40.2	 6219	 82.7	 3023	 509.05	
118	 509.17	 2371	 43.7	 5721	 77.0	 3247	 509.30	
118	 509.42	 2372	 41.6	 6010	 83.4	 2998	 509.55	
118	 509.68	 2373	 44.4	 5631	 81.3	 3075	 509.81	
118	 510.06	 2374	 45.8	 5459	 79.9	 3129	 510.19	
118	 510.32	 2375	 40.2	 6219	 71.3	 3506	 510.45	
118	 510.56	 2376	 40.9	 6112	 82.7	 3023	 510.69	
118	 510.82	 2377	 40.9	 6112	 82.7	 3023	 510.95	
118	 511.08	 2378	 40.2	 6219	 80.6	 3102	 511.21	
118	 511.63	 2379	 40.2	 6219	 69.2	 3613	 511.76	
118	 512.02	 2380	 38.5	 6494	 67.9	 3680	 512.15	
118	 512.27	 2381	 40.2	 6219	 69.9	 3577	 512.40	
118	 512.52	 2382	 40.2	 6219	 72.0	 3472	 512.65	
119	 513.04	 2383	 47.2	 5297	 80.6	 3102	 513.17	
119	 513.29	 2384	 47.8	 5230	 79.9	 3129	 513.42	
119	 513.53	 2385	 46.5	 5376	 80.6	 3102	 513.66	
119	 513.78	 2386	 49.9	 5010	 82.0	 3049	 513.91	
119	 514.52	 2387	 48.5	 5155	 82.0	 3049	 514.65	
119	 514.67	 2388	 47.8	 5230	 80.6	 3102	 514.80	
119	 515.02	 2389	 49.9	 5010	 89.1	 2806	 515.15	
119	 515.26	 2390	 47.2	 5297	 88.4	 2828	 515.39	
119	 516.03	 2391	 45.8	 5459	 76.3	 3277	 516.16	
119	 516.27	 2392	 47.8	 5230	 78.4	 3189	 516.40	
120	 517.35	 2393	 48.5	 5155	 81.4	 3071	 517.48	
120	 517.60	 2394	 45.1	 5543	 79.2	 3157	 517.73	
120	 518.09	 2395	 52.0	 4808	 79.9	 3129	 518.22	
120	 519.57	 2396	 47.2	 5297	 79.2	 3157	 519.70	
120	 520.42	 2397	 48.5	 5155	 79.9	 3129	 520.55	
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120	 520.96	 2398	 47.2	 5297	 89.1	 2806	 521.09	
121	 523.51	 2399	 47.8	 5230	 86.3	 2897	 523.64	
121	 523.74	 2400	 48.5	 5155	 84.9	 2945	 523.87	
121	 524.58	 2401	 55.9	 4472	 92.7	 2697	 524.71	
121	 525.03	 2402	 51.3	 4873	 84.2	 2969	 525.16	
121	 525.27	 2403	 51.3	 4873	 73.5	 3401	 525.40	
122	 526.22	 2404	 47.2	 5297	 77.7	 3218	 526.35	
122	 526.47	 2405	 49.2	 5081	 80.6	 3102	 526.60	
122	 526.71	 2406	 53.4	 4682	 81.3	 3075	 526.84	
122	 528.58	 2409	 47.8	 5230	 84.2	 2969	 528.71	
122	 528.03	 2410	 43.7	 5721	 76.3	 3277	 528.16	
122	 529.07	 2411	 43.0	 5814	 74.2	 3369	 529.20	
123	 531.65	 2412	 39.5	 6329	 72.7	 3439	 531.78	
123	 531.90	 2413	 40.2	 6219	 71.3	 3506	 532.03	
123	 533.30	 2414	 40.2	 6219	 71.3	 3506	 533.43	
124	 534.45	 2415	 40.2	 6219	 69.9	 3577	 534.58	
124	 535.12	 2416	 46.5	 5376	 72.0	 3472	 535.25	
124	 535.75	 2417	 45.8	 5459	 80.6	 3102	 535.88	
124	 536.08	 2418	 39.5	 6329	 71.3	 3506	 536.21	
124	 536.32	 2419	 40.9	 6112	 72.7	 3439	 536.45	
124	 537.23	 2420	 45.8	 5459	 80.7	 3098	 537.36	
124	 537.39	 2421	 47.2	 5297	 72.0	 3472	 537.52	
125	 538.85	 2422	 40.9	 6112	 71.3	 3506	 538.98	
125	 539.09	 2423	 40.9	 6112	 70.6	 3541	 539.22	
125	 539.64	 2424	 46.5	 5376	 72.0	 3472	 539.77	
125	 540.05	 2425	 43.7	 5721	 72.7	 3439	 540.18	
125	 540.30	 2426	 40.2	 6219	 71.3	 3506	 540.43	
125	 540.92	 2427	 40.2	 6219	 69.2	 3613	 541.05	
125	 541.17	 2428	 40.9	 6112	 68.5	 3650	 541.30	
125	 541.88	 2429	 45.8	 5459	 80.6	 3102	 542.01	
126	 543.01	 2430	 48.4	 5165	 82.7	 3023	 543.14	
126	 543.26	 2431	 59.3	 4216	 85.3	 2931	 543.39	
126	 543.60	 2432	 56.6	 4417	 83.9	 2980	 543.73	
126	 544.11	 2433	 50.6	 4941	 80.6	 3102	 544.24	
126	 544.49	 2434	 45.8	 5459	 77.0	 3247	 544.62	
126	 544.63	 2435	 49.9	 5010	 72.7	 3439	 544.76	
126	 546.29	 2436	 47.2	 5297	 76.3	 3277	 546.42	
126	 546.53	 2437	 47.8	 5230	 79.9	 3129	 546.66	
126	 547.07	 2438	 50.6	 4941	 72.0	 3472	 547.20	
127	 547.57	 2439	 47.8	 5230	 81.3	 3075	 547.70	
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127	 548.21	 2440	 46.5	 5376	 81.3	 3075	 548.34	
127	 549.33	 2441	 63.8	 3918	 99.0	 2525	 549.46	
127	 549.57	 2442	 58.2	 4296	 103.1	 2425	 549.70	
127	 550.28	 2443	 43.0	 5814	 73.5	 3401	 550.41	
127	 550.64	 2444	 43.0	 5814	 73.5	 3401	 550.77	
127	 551.25	 2445	 40.9	 6112	 69.9	 3577	 551.38	
128	 552.46	 2446	 46.5	 5376	 79.9	 3129	 552.59	
128	 552.71	 2447	 47.2	 5297	 79.9	 3129	 552.84	
128	 553.59	 2448	 51.3	 4873	 84.9	 2945	 553.72	
128	 554.02	 2449	 45.8	 5459	 71.3	 3506	 554.15	
128	 555.03	 2450	 45.1	 5543	 71.3	 3506	 555.16	
128	 555.28	 2451	 42.3	 5910	 68.5	 3650	 555.41	
128	 555.52	 2452	 45.1	 5543	 71.3	 3506	 555.65	
129	 556.46	 2453	 49.9	 5010	 82.0	 3049	 556.59	
129	 558.06	 2454	 46.5	 5376	 76.3	 3277	 558.19	
129	 558.46	 2455	 47.2	 5297	 77.0	 3247	 558.59	
129	 559.33	 2456	 41.6	 6010	 68.5	 3650	 559.46	
129	 559.58	 2457	 45.6	 5482	 71.3	 3506	 559.71	
129	 559.83	 2458	 47.8	 5230	 73.5	 3401	 559.96	
129	 560.09	 2459	 39.9	 6266	 73.5	 3401	 560.22	
130	 560.48	 2460	 38.5	 6494	 79.2	 3157	 560.61	
130	 561.21	 2461	 39.2	 6378	 69.9	 3577	 561.34	
130	 561.94	 2462	 43.5	 5747	 73.5	 3401	 562.07	
130	 562.20	 2463	 39.9	 6266	 71.3	 3506	 562.33	
130	 562.62	 2464	 39.9	 6266	 71.3	 3506	 562.75	
130	 562.87	 2465	 39.9	 6266	 71.3	 3506	 563.00	
130	 563.97	 2466	 39.9	 6266	 72.5	 3448	 564.10	
131	 564.93	 2467	 52.8	 4735	 88.4	 2828	 565.06	
131	 565.17	 2468	 42.1	 5938	 76.3	 3277	 565.30	
131	 565.42	 2469	 42.8	 5841	 76.3	 3277	 565.55	
131	 567.04	 2470	 41.4	 6039	 75.6	 3307	 567.17	
131	 567.29	 2471	 39.2	 6378	 72.7	 3439	 567.42	
131	 567.69	 2472	 39.9	 6266	 73.5	 3401	 567.82	
132	 569.20	 1504	 48.4	 5165	 81.6	 3064	 569.33	
132	 569.45	 1505	 46.3	 5400	 80.2	 3117	 569.58	
132	 570.80	 1508	 44.9	 5568	 82.3	 3038	 570.93	
132	 571.05	 1509	 48.4	 5165	 84.4	 2962	 571.18	
132	 571.30	 1510	 49.1	 5092	 83.0	 3012	 571.43	
132	 571.55	 1511	 41.5	 6024	 74.0	 3378	 571.68	
132	 572.15	 1512	 53.2	 4699	 81.6	 3064	 572.28	
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Core-Diameter Testing on Lamontagne Core 
 

Geology at the Test Locations 
The geological descriptions of the sample locations were taken from the geology drill hole 
logging conducted by Kerr (2015). The numbers correspond to the length along the drillhole. 
Multiple samples were taken in heterogeneous rockmass. The term ‘sample’ denotes the location 
were the test was conducted.  
 
SAMPLE 1-2 
9.00-24.60: 
-> Unsubdivided carbonate sedimentary rocks of the Gull River Formation (a.k.a. C and B 
Members of the Pamelia Formation). 
->Subhorizontal beds, mm- to dm-scale. 
->Predominantly light to dark grey muddy carbonates, with lesser fossiliferous and/or intraclastic 
limestones and muddy dolosiltstones (typically greenish grey). 
->Locally include black shaley partings and mm-scale beds but no macroscopic terrigenous 
clastic component observed except in lower-most 95 cm (interbedded limestone and dolosiltite). 
 
SAMPLE 3 
9.00-24.60: 
Lower limit of unit defined by appearance of distinct, thinly-bedded limestone unit. 
 
SAMPLE 4 
24.6-27.80: Interbedded Dolosiltite, Black Shale and minor limestone (upper part of the Shadow 
Lake Formation of the Basal Group, a.k.a. the A Member of the Pamelia Formation). 
 
SAMPLES 5-6 
27.8-32.00: Calcareous siltstone-sandstone-conglomerate (Shadow Lake Formation; gradational 
with overlying unit). Distinctive, upwards-fining sequence of olive-green and brick-red 
siliciclastic rocks with silty calcareous matrix. Evidence of repeated reworking of detritus 
principally derived from granitic/gneissic basement rocks. Basal facies is polymictic 
conglomerate with sub-rounded pebbles and intraclasts. 
 
SAMPLES 7-14 
Principally comprised of nested dykes of various "Frontenac-type" meta-granitoids (monzonite-
quartz syenite-granite), early mafic intrusive and late alkali granites from the Frontenac Terrain 
of the Central Metasedimentary Belt (Grenville Province). 
 
SAMPLE 7 
33.55-36.60: Coarse grained grey/pink Meta-quartz syenite porphyry (mQzSyP) with potassium 
feldspar macrocrysts, with minor hornblende biotite. Moderate folding, strongly magnetic.   
 
SAMPLE 8 
36.60-38.30: Medium grained gabbro with strong foliation at contacts with quartz 
monzonite/syenite granite 
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SAMPLE 9 
43.85-44.60: Coarse grained pink quartz syenite with foliation. Quartz syenite is dark grey/pink, 
equigranular, moderately to strongly magnetic, minor amounts of biotite and horblende with 
bt>hb. 
 
SAMPLE 10 
44.60-45.70: Biotite hornblende monzonite. Strong biotization associated with veinlets 
comprised of quartz, pyrite, biotite and chlorite.  
 
SAMPLE 11 
60.95-62.70: Red hornblende bearing alkali feldspar granite. Medium grained to very coarse 
grained. Composed of potassium feldspar, quartz and horblende with local biotization. Not 
magnetic. 
 
SAMPLE 12 
64.10-66.75: Proto-mylonite of biotite, hornblende monzonite and hornblende alkali feldspar 
granite with gradational contacts. 
 
SAMPLE 13 
66.75-71.40: Biotite, hornblende monzonite with some in-situ cataclastics. Has potassium 
feldspar staining. Intruded by an undeformed syenite-granite dyke at 67.55-68.65m. 
 
SAMPLE 14 
67.55-68.65: Undeformed syenite-granite dyke intruding into biotite-hornblende monzonite.  
 
SAMPLE 15 
98.65:105.1: Very coarse grained Hornblende Alkali Feldspar Granite. Potassium feldspar 
phenocrysts are brick red/pink and are at the >cm-scale. Phenocrysts make of 70% of the rock, 
with accessory hornblende (15%, partly deuteric altered to biotite-muscovite-epidote), interstitial 
quartz (15%) and minor sphene. Only contacts of intrusive phase are foliated. Weakly magnetic 
in locations with hornblende only. 
 
SAMPLE 16 
121.15-136.10: Calc-Silicate Rock (Meta-Pelitic Carbonates/Impure Limestones). Pale 
green/grey, unfoliated rock composed of calc-silicate minerals (incl. dolomite, 
tremolite/wollastonite, quartz, diopside, phlogopite, and scapolite). Overgrown by distinctive 
porphyroblastic clots of very coarse grained actinolite with interstitial calcite, phlogopite and 
epidote. Includes medium grained syenite granites dykes with calc-silicate xenoliths from 
121.90-123.35m. 
 
SAMPLE 17-18 
142.75-153.30: Syenite/Syenite granite, pinkish brown; strongly foliated. Locally 
protomylonitic; possibly more mafic phase of syenite and/or darker tone due to grain size 
reduction and possible retrograde alteration associated with mylonitization. Sharp lower 
boundary. 
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SAMPLE 19 
155.10-161.7: Calcareous Metapelitic Paragneiss: Dominantly plagioclase-biotite- quartz-
hornblende/actinolite+/-garnet-staurolite gneiss, with subordinate diopside-dolomite-actinolite-
quartz layers and local actinolite layers with magnetite+/-pyrrhotite-pyrite-tourmaline. Could 
possibly be a metasomatized paragneiss. 
 
SAMPLE 20 
167.10-180.9: Calcareous Metapelitic Paragneiss with the same general characteristics as Sample 
18 above. Has well-defined gneissic layering; dominantly composed of plagioclase+amphibole+ 
biotite+dolomite+quartz+diopside+/-muscovite; local actinolite-rich layers with muscovite+/-
pyrite-tremolite. 
 
SAMPLE 21 
180.9-185.4: MetaGabbro/Diorite, medium grained and foliated (orthogneiss). Lower contact 
determined by first appearance of paragneiss. 
 
SAMPLE 22 
191.2-207.15: MetaGabbro/Diorite, massive to weakly foliated, composed of 
plagioclase+amphibole +biotite+quartz. Fine grained from 191.30-195.70m and medium grained 
from 195.00-207.15m. Chorite fracture filling downhole towards the cataclastic zone which 
marks the gradational lower contact. 
 
SAMPLE 23 
226.50-228.30: Mixed, Frontenac-Type Meta-Intrusive Rocks. Strongly foliated Meta-quartz 
syenite. Salmon/black colour (25% amphibole); fracture controlled chloritization overprinted by 
quartz augite sericite hydrothermal alteration.  
 
SAMPLE 24 
243.75-249.85: Dark grey quartz syenite. Meduim grained mostly comprised of alkali feldspar 
macrocrysts. Weakly to moderately foliated. Locally faulted/sheared. 
 
SAMPLE 25 
276.50-288.75: Altered Grey Monzonite + Quartz monzonite with increased abundance of 
hairline to cm-scale quartz-muscovite-biotite-pyrite veinlets and much stronger, fracture-
controlled to pervasive quartz-muscovite-biotite-pyrite (with possible actinolite) alteration. 
Locally a stockwork or in-situ bx (e.g. 283.5-283.65) which may be further cross cut by the late 
augite-quartz veining. 
 
SAMPLE 26 
288.75-294.00: Foliated, Pink, Alkali Feldspar Granite/SyenoGranite. Multiphase, medium 
grained with local occurrences of macrocrystic potassium feldspar), moderately to strongly 
foliated. Overprinted by fracture filled veinlets comprised of augite quartz mineralization with 
sericite in the alteration selvages. 
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SAMPLE 27 
302.80-313.25: Altered Dark grey medium grained monazite. Similar to sample 24 in 
composition with less fracturing. Cross cut with minor cm to dm-scale dykelets of coarse grained 
white to pale grey quartz-monzonite or monzonite-granite with up to 2% disseminated pyrite.   
 
SAMPLE 28 
313.70-318.70: Dark grey fine grained mafic syenite with intervals of potassium feldspar 
macrocrysts. More siliceous and finer-grained than altered dark grey monzonite of other regions.   
 
SAMPLE 29 
319.95-322.60: Gneissic mafic quartz-monzonite/quartz-syenite with potassium feldspar 
macrocrysts. Moderately to highly sheared (proto-mylonitic). Includes horse of dark grey 
monzonite at 320.40-321.00m. 
 
SAMPLE 30 
354.25-375: Mixed Paragneiss with Abundant Syenite Dykes. The paragneiss is comprised of 
well-foliated metapelitic gneiss (dominantly feldspar-quartz-biotite-actinolite/hornblende) and 
calcareous metasedimentary gneiss (e.g. clinopyroxene-quartz-garnet-muscovite). Sub-mm to 
cm-scale layering.  
 
SAMPLE 31-32 
363.30-371.35:  
31->Lithologically and texturally complex interval of metapelitic paragneiss similar in 
composition to sample 29.  
32->Dykelets of pale-grey medium to coarse grained potassium feldspar porphyritic, Syenite / 
Syentie-Granite/ Monzonite.  
 
SAMPLE 33-34  
363.30-371.35:  
33->Well-layered, dark grey quartz-plagioclase-potassium feldspar-biotite-amphibolite gneiss. 
34->Dark grey quartz-plagioclase-potassium feldspar-biotite-amphibolite gneiss with cm- to 
mm-scale planar foliation. 
 
SAMPLE 35-36 
394.50-407.15: 
35->Dark Green Meta-Amphibolite/Pyroxenite overprinted by size-graded porphyroblasts of 
white, fibrous to tabular cm to mm-scale crystals. Foliation is cm to mm-scale and generally 
planar, without minor folds. 
36->Dark Green Meta-Amphibolite/Pyroxenite protolith composed of medium grained 
clinopyroxene / amphibole + plagioclase. Magnetic. Massive to finely-banded (foliated), with 
shadow nodular texture (paler spheroids with a diameter to 1 cm), suggesting plutonic protolith. 
 
SAMPLE 37-39 
407.15-431.95: Orange-Grey-White-Pink-Dark Green Quartzo-Feldspathic Gneiss. Apparent 
bedding & pseudo-conglomeratic intervals suggests this unit is a paragneiss. 
Metaquartzite/conglomerate multicoloured and blotchy to banded appearance. Composed of  
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quartz, feldspar, amphibole (green intervals and mafic clasts), biotite and iron oxide (orange-pink 
intervals). 
 
SAMPLE 40  
431.95-435.70: Fine grained, dark grey biotite monzonite dyke. Weakly foliation outlined by the 
biotite.  
 
SAMPLE 41 
445.55-448.00: Biotite-Hornblende-Brg Mafic syenite dyke. Medium grained equigranular. 
Typically weakly foliated.  
 
SAMPLE 42  
452.25-467.60: Dark green amphibole-quartz-muscovite-feldspar paragneiss. Thickly layered to 
banded (mm- to cm-scale) with evidence of folding. Possible protolith is metamorphosed 
Silicate-Oxide Facies Iron Formation. 
 
SAMPLE 43  
468.65-495.70: Pink-Grey-Orange-White-Dark Green Quartzo-Feldspathic Gneiss similar to 
what was described for Samples 36-38. 
 
SAMPLE 44  
506.80-512.85: Well-Layered Magnetite-Green Amphibole-Quartz ParaGneiss. Possible 
protolith is Meta-Banded Oxide-Silicate Iron Formation. Primary layering denotes medium 
grained recyrstalized banded iron formation that is locally folded and deformed. 
 
SAMPLE 45  
509.20-509.55: Fine grained biotite monzonite dykelet cross cutting the well-Layered Magnetite-
Green Amphibole-Quartz ParaGneiss. 
 
SAMPLE 46 
512.85-523.25: Very coarse grained grey alkaline feldspar granite / syenogranite dyke composed 
of white to grey potassium feldspar macrocrysts with interstitial quartz and amphibole with 
minor amounts of biotite+garnet+pyrite.  
 
SAMPLE 47 
528.55-541.00: Late, Multi-Phase, Glomeroporphyritic Mafic Intrusive. Groundmass of fine 
grained plagioclase+ amphibole+biotite+ quartz with up to 10% pale grey, euhedral, tabular 
feldspar glomerocrysts up to 3 cm long. 
 
SAMPLE 48 
553.90-557.35: Co-Mingled Pale Grey potassium feldspar macrocrystic syenogranite/alkali 
feldspar granite and dark Grey, medium grained horblende biotite quartz monzonite.  
 



 

336 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAMPLE 49 
557.35-559.70: Magnetite-Green Amphibole-Quartz ParaGneiss. Possible protolith is Meta-
Banded Oxide-Silicate Iron Formation. Foliation at low c.a.; folded minor cm-scale syenogranite 
dykelets cross cut banding. 
 
SAMPLE 50 
565.10-573.00: Dominantly Biotite-Amphibole Monzonite with Subordinate Meta diorite/gabbro 
weakly to strongly foliated, typically at 20-35cm. 
 
SAMPLE 51 
565.10-573.00: Dominantly Biotite-Amphibole Monzonite with Subordinate Meta diorite/gabbro 
weakly to strongly foliated, typically at 20-35cm. 
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Measurements of Core-Diameter Testing 
Table C3: Values of ultrasonic velocity from core-diameter testing conducted on the Lamontagne 
drill core. The ID # name corresponds to number the test number while Test ID corresponds to the 
file number in the pundit program. The distance corresponds to the exact location where the test 
was conducted along the drill core.  

ID 
# Brief Rock Description Box 

# 
Distance 

(m) Test Name Test 
ID 

P-Wave  
(m/s) 

S-Wave 
(m/s) 

1 limestone 1 10.50 10.5 Bx1 1602 4312 2703 
2 argillaceous limestone 2 14.32 14.32 Bx2 1603 5222 2733 
2 laminated limestone 3 20.70 20.7 Bx3 1604 5949 3113 
3 Interbedded dolo/siltstone 4 24.70 24.7 Bx4 1605 4796 2831 
4 Conglomerate - Fine 6 31.13 31.13 Bx6a 1607 4796 3406 
5 Conglomerate - Medium 6 31.65 31.65 Bx6b 1609 5222 3615 
6 quartz syenite porphyry 7 34.30 34.3 Bx7a 1614 5595 3197 
7 fine quartz syenite 7 37.00 37 Bx7b 1615 5949 3241 
8 quartz syenite porphyry 2 9 44.00 44 Bx9a 1616 5529 3197 
9 fine quartz syenite 2 9 45.40 45.4 Bx9b 1617 5595 3154 

10 Hornblende Alkali F Granite 13 61.20 61.2 Bx13 1618 4796 2938 

11 Hornblende Alkali F Granite 
with strong foliation 14 65.20 65.2 Bx14a 1619 5409 3197 

12 foliated granite 14 66.58 66.58 
Bx14b 1620 5222 3154 

13 Syenite granite dyke 15 68.00 68 Bx15 1621 5595 3072 

14 Hornblende Alkali F Granite - 
with K-Fsp Phenocrysts 23 103.80 103.8 Bx23 1730 4612 2749 

15 calc-silicate rock with 
syenite/granite dyke 28 126.07 126.07 

Bx28 1683 5165 2749 

16 syenite with incipent disking 32 142.70 142.7 Bx32 1731 4747 2919 
17 Strongly foliated syenite 33 147.10 147.1 Bx33 1732 4653 2919 

18 Calcareous Metapelitic 
Paragneiss  35 156.99 156.99 

Bx35 1925 4312 2410 

19 Calcareous Metapelitic 
Paragneiss  39 169.90 169.9 Bx38 1926 5054 2883 

20 Metagabbro/diorite with 
orthogneiss  42 185.00 185 Bx42 1922 4850 2627 

21 Meta Gabbro/Diorite 44 195.50 195.5 Bx44 1927 5000 2686 
22 Meta quartz syenite 52 227.10 227.1 Bx52 1924 4700 2640 

23 Dark grey quartz syenite with 
K-feldspar macrocrysts 57 247.00 247 Bx57 1923 4896 2730 

24 Quartz monzenite  65 283.80 283.8 Bx65 2473 4850 3154 

25 Granite-Syenite with Kf 
macrocrysts  68 293.40 293.4 Bx68 2474 5465 3264 

26 Dark grey monzanite  71 306.30 306.3 Bx71 2475 5875 3333 
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ID 
# Brief Rock Description Box 

# 
Distance 

(m) Test Name Test 
ID 

P-Wave  
(m/s) 

S-Wave 
(m/s) 

27 Syenite with Kf macrocrysts 74a 321.20 321.2 
Bx74a 2476 5875 3406 

28 Quartz monzenite gneiss 74b 322.45 322.45 
Bx74b 2477 5875 3406 

29 Amphibole syenite with 
Macrocrysts 83 359.70 359.7 Bx83 2478 5165 3092 

30 Heavily altered metapelitic 
paragneiss  85a 367.90 367.9 

Bx85a 2479 4850 3032 

31 igneous dyke with Ksp 
porphyroclasts 85b 370.00 370 Bx85b 2480 4850 2994 

32 Foliated metapelitic paragneiss  89a 385.20 385.2 
Bx89a 2481 5465 3406 

33 Layered metapelitic paragneiss  89b 386.50 386.5 
Bx89b 2482 5663 3456 

34 Meta-amphibolite pyroxenite 
with white porphyroblasts 92a 396.40 396.4 

Bx92a 2483 6351 3760 

35 Meta-amphibolite pyroxenite 92b 397.80 397.8 
Bx92b 2484 6620 3760 

36 Quartzo Feldspathic Gneiss 
(cm scale mafic/felsic banding) 95a 410.00 410 Bx95a 2485 5663 3406 

37 
Quartzo Feldspathic Gneiss 
(high silica content with bt 
crystals) 

95b 412.05 412.05 
Bx95b 2486 5341 3333 

38 Quartzo Feldspathic Gneiss 
with inconsistent banding 95c 413.50 413.5 

Bx95c 2487 5465 3406 

39 Dark grey biotite monzonite  100 433.00 433 Bx100 2488 5663 3197 

40 Bt-Hb-brg Mafic Sy Dyke 103 446.90 446.9 
Bx103 2489 5465 3154 

41 Banded Green Amph-Qz-Mt-
Feld Paragneiss 106 458.70 458.7 

Bx106 2490 5341 3092 

42 Quartzo Feldspathic Gneiss  109 470.40 470.4 
Bx109 2491 5341 3154 

43 Layered Mag-Green Amp-Qz 
Paragneiss  118a 509.00 509 

Bx118a 2492 5000 3032 

44 Monzenite dyke 118b 509.30 509.3 
Bx118b 2493 6104 3456 

45 Grey Alk Feld Granite with Kf 
macrocrysts 119 514.00 514 Bx119 2494 5341 3197 

46 
Mafic intrusive with euhedral, 
tabular feld glomerocrysts up to 
3 cm long 

124 535.00 535 Bx124 2495 6104 3534 
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ID 
# Brief Rock Description Box 

# 
Distance 

(m) Test Name Test 
ID 

P-Wave  
(m/s) 

S-Wave 
(m/s) 

47 Pale Grey Kf-Macrocrystic 
SyGr 129a 556.95 556.95 

Bx129a 2496 4700 2883 

48 Magnetite-Green Amphibole-
Quartz ParaGneiss  129b 557.90 557.9 

Bx129b 2497 5465 3406 

49 Biotite ampibolite monozite 132a 569.85 LMT_D1 1399 6026 3310 
50 Biotite ampibolite monozite 132b 569.85 LMT_D2 1400 6026 3287 
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Core-Axis Testing on Lamontagne Core 
 

Geology of the Samples  
 

Table C4: Geologic descriptions of the samples from Kerr, (2015).  
Sample # Geologic Description 

34.30 Quartz syenite porphyry 
44.00 Quartz syenite porphyry 2 
157.00 Calcareous Metapelitic Paragneiss  
169.90 Calcareous Metapelitic Paragneiss  
185.00 Metagabbro/diorite with orthogneiss  
195.50 Meta Gabbro/Diorite 
283.80 Quartz monzenite  
306.30 Dark grey monzanite  
385.20 Foliated metapelitic paragneiss  
386.50 Layered metapelitic paragneiss  
396.40 Meta-amphibolite pyroxenite with white porphyroblasts 
397.80 Meta-amphibolite pyroxenite 
458.70 Banded Green Amph-Qz-Mt-Feld Paragneiss 
509.00 Layered Mag-Green Amp-Qz Paragneiss  

 
Velocity Values from Core Axis Testing  

 
Table C5: UPV velocity values from samples of Lamontagne core using core-axis testing 

Sample 
Name 

P Arrival  
54kHz 

(µs) 

P Arrival 
250kHz 

(µs) 

S Arrival 
250kHz 

(µs) 

Vp 54kHz 
(m/s) 

Vp 
250kHz 

(m/s) 

Vs 250kHz 
(m/s) 

34.30 19.4 19.9 33.4 6180 6005 3578 
44.00 20.4 20.6 34.3 5877 5801 3484 
157.00 21.9 22.9 36.0 5670 5422 3449 
169.90 19.6 19.9 36.0 6281 6187 3420 
185.00 20.9 21.4 37.9 5939 5801 3275 
195.50 19.4 19.4 35.1 6180 6392 3533 
283.80 20.3 20.9 37.2 6009 5837 3279 
306.30 18.4 18.9 31.5 6516 6307 3784 
385.20 21.9 21.9 37.2 5475 5639 3320 
386.50 19.9 20.1 34.4 6025 5965 3485 
396.40 18.4 18.4 28.9 6675 6675 4250 
397.80 17.9 17.9 31.7 6912 6912 3903 
458.70 21.4 22.4 35.8 5848 5587 3496 
509.00 19.4 19.9 36.6 6420 6258 3403 

 



 

341 

 

Appendix D 

Assessment of Velocity Values from Indirect Testing  

on the Lamontagne Drill Core 
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Assessment of P-wave Velocity Values 
 

Table D1: Evaluation of P-wave velocity values through examination of velocity ranges. 
Measured ranges were compared to velocity ranges listed in Braun, (2013) from Dineva 
(2010). 

 (Braun, 2013) Measured UPV 
Main Rock Types in the Drill 

Core 
Min 
(m/s) 

Max 
(m/s) 

Min 
(m/s) 

Max 
(m/s) 

Limestone 3000 5500 4000 6000 
Dolostone 3000 5500 4500 6500 

Granite 4000 6000 3500 6500 
Calc-silicate 1500 5500 4000 5000 
Metapelite 4000 6000 4000 6000 

Gabbro 4000 6000 4500 5500 
Monzonite 4000 6000 5000 6000 
Paragneiss 4000 6000 4000 6000 

Amphibolite 6000 8000 5000 6000 
Pyroxenite 6000 8000 5000 7000 

Quartzofeldspathic Gneiss 4000 6000 4000 6000 
Syenite  4000 6000 3500 6500 
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Assessment of S-wave Velocity Values 
 

Indirect Velocity Values used for Comparison with Core-Diameter Testing 
 

Table D2: Select locations where indirect velocity values were used to compare with values 
from Core-Diameter testing. In locations where there was variable behaviour multiple 
values were taken and used as an average.  

Proceq ID# 
Vp 

(m/s) Vs (m/s) 
Location in Hole 

(m) # of Points Used 
1539-1540 3341 1613 10.5 2 avg 

1531 4987 1865 14.32 1 
1526 5076 2051 20.7 1 

1516, 1606 5127 2997 24.7 2 avg 
1607 4563 2901 31.13 1 

1609-1610 5084 3092 31.65 2 avg 
1551 4987 1928 34.3 1 
1556 5076 2066 37 1 
1566 5588 2937 44 1 

1569-1570 5480 2757.5 45.4 2 avg 
1587 4514 2259 61.2 1 
1594 4662 2259 65.2 1 
1595 5167 2242 66.58 1 

1596-1597 5076 2683.5 68 2avg 
1697-1699 3620 2298 103.8 3avg 

1705-1706, 1710 4773 2635 126.07 3 avg 
1725 3861 2445 142.7 1 
1729 4192 2415 147.1 1 
1744 5555 2797 156.99 1 
1765 4695 2825 169.9 1 

1790, 1792 4972 2824 185 2 avg 
1819 5013 3180 195.5 1 

1852-1855 5221 2385 227.1 4avg 
1894-1895 5447 2250 247 2 avg 
1972-1973 5701 3336 283.8 2 avg 

1991 6038 2997 293.4 1 
2021-2022 6803 3594 306.3 2avg 

2051 5910 3022 321.2 1 
2053 6313 3508 322.45 1 
2122 5165 3128 359.7 1 
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Table D2 continued. 

Proceq ID# 
Vp 

(m/s) Vs (m/s) 
Location in Hole 

(m) 
# of Points 

Used 
2143 5091 3136 367.9 1 

2148-2150 5635 3269 370 3 avg 
2172 5241 3526 385.2 1 
2173 5387 3491 386.5 1 
2186 5813 3671 396.4 1 
2189 7042 3906 397.8 1 
2213 4926 3201 410 2 avg 
2214 5074 3277 412 1 
2215 5387 3315 413 1 

2236-2239 5858 3254 433 4 avg 
2250-2254 5763 3247 446.9 5 avg 

2276 6329 3546 458.7 1 
2304-2305 5155 3088 470.4 2 avg 

2370 6218 3022 509 1 
2371 5720 3246 509.3 1 
2386 5010 3048 514 1 
2416 5276 3472 535 1 

2450-2453 5495 3401 556.95 4 avg 
2454 5376 3276 557.9 1 
1505 5399 3117 569.85 1 
1505 5399 3117 569.85 1 

 
Comparison between S-wave Values from Core-Diameter Testing and Indirect Testing 

 
Table D3: S-wave velocity values used in the comparison between core-diameter testing and 
indirect testing.  

Length Along Drill core Vs Diameter Vs Indirect 
10.50 2374 1613 
14.32 2733 1865 
20.70 3113 2051 
24.70 2831 2997 
31.13 2938 2901 
31.65 3052 3092 
34.30 3287 1928 
37.00 3406 2066 
44.00 3154 2937 
45.40 3154 2758 
61.20 2848 2259 
65.20 3197 2259 
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Table D3 continued. 
Length Along Drill core Vs Diameter Vs Indirect 

66.58 3154 2242 
68.00 3072 2684 

103.80 2749 2298 
126.07 2765 2635 
142.70 2556 2445 
147.10 2513 2415 
156.99 2410 2797 
169.90 2883 2825 
185.00 2627 2824 
195.50 2686 3180 
227.10 2640 2385 
247.00 2730 2250 
283.80 3154 3336 
293.40 3264 2997 
306.30 3357 3594 
321.20 3406 3022 
322.45 3406 3508 
359.70 3092 3128 
367.90 3032 3136 
370.00 3052 3269 
385.20 3406 3526 
386.50 3456 3491 
396.40 3760 3671 
397.80 3760 3906 
410.00 3406 3201 
412.05 3333 3277 
413.50 3406 3315 
433.00 3287 3254 
446.90 3154 3247 
458.70 3092 3546 
470.40 3154 3088 
509.00 3032 3022 
509.30 3456 3246 
514.00 3197 3048 
535.00 3534 3472 
556.95 2883 3401 
557.90 3406 3276 
569.85 3310 3117 
569.85 3287 3117 
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Evaluation of P-wave Velocity and S-wave Velocity Correlations  
using the WR-Fit Analysis 

 
Table D4: T1 and T2 values from the WR-Fit analysis using intervals along drill core of 
20m margins 

Distance of Interval (m) # of Measurements in 
Analysis T1 T2 

0-19 21 0.71 0.50 
20-39 23 0.69 0.49 
40-59 20 0.76 0.59 
60-79 25 0.77 0.60 
80-99 32 0.73 0.55 

100-119 27 0.66 0.46 
120-139 21 0.68 0.47 
140-159 20 0.64 0.42 
160-179 26 0.56 0.32 
180-199 41 0.56 0.31 
200-219 7 0.55 0.30 
220-239 26 0.77 0.60 
240-259 45 0.74 0.54 
260-279 36 0.63 0.40 
280-299 42 0.58 0.34 
300-319 41 0.61 0.38 
320-339 34 0.65 0.42 
340-359 37 0.65 0.42 
360-379 40 0.52 0.28 
380-399 31 0.49 0.25 
400-419 27 0.48 0.24 
420-439 20 0.49 0.25 
440-459 39 0.48 0.24 
460-479 40 0.45 0.21 
480-499 34 0.47 0.23 
500-519 40 0.55 0.31 
520-539 26 0.52 0.27 
540-559 34 0.48 0.24 
560-579 22 0.56 0.32 
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Table D5: T1 and T2 values from the WR-Fit analysis using intervals along Drill Core 
from the major geologic units 

To (m) From 
(m) Geology (Kerr, 2015) 

# of 
Measurements 

in Analysis 
T1 T2 

9.01 24.60 Limestone 25 0.72 0.51 
27.81 32.00 Calcareous Sediment 4 0.47 0.22 
32.31 64.78 Metaplutonic 44 0.76 0.59 
64.78 98.65 Metaplutonic 45 0.74 0.56 
98.66 105.10 Granite 13 0.63 0.41 
105.11 136.10 Calc-Silicate 32 0.70 0.49 
136.11 155.10 Granite 20 0.63 0.41 
155.11 161.70 Metapelite 7 0.61 0.37 
167.11 180.90 Metapelite 18 0.53 0.29 
180.91 185.40 Metagabbro 10 0.55 0.31 
185.41 191.30 Monzonite 11 0.55 0.31 
191.31 207.15 Metagabbro 25 0.56 0.31 
226.51 271.73 Metaintrusive 92 0.72 0.52 
271.73 312.64 Metaintrusive 83 0.60 0.36 
312.64 354.25 Metaintrusive 75 0.64 0.41 
354.26 375.00 Mixed Paragneiss 44 0.57 0.33 
375.01 391.05 Metapelite 20 0.45 0.21 
394.51 407.15 Pyroxenite 27 0.52 0.27 
407.16 431.95 Quartzofeldspathic Gneiss  23 0.45 0.20 
436.46 445.55 Quartzofeldspathic Gneiss  7 0.46 0.21 
452.26 467.60 Amphibolite Paragneiss 36 0.47 0.23 
468.61 495.70 Quartzofeldspathic Gneiss  49 0.45 0.21 
506.81 512.85 Amphibolite Paragneiss 19 0.60 0.36 
512.86 523.25 Granite Intrusion 16 0.52 0.27 
528.56 541.00 Mafic Intrusive 18 0.53 0.28 
541.01 552.00 Calc-Silicate Paragneiss 19 0.48 0.24 
560.16 565.10 Amphibolite Paragneiss 9 0.57 0.33 
565.11 573.00 Monzonite 13 0.55 0.31 
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Appendix E 

Location of Structures Using Velocity Transition Analysis  
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Identification of Geologic Contacts and Geologic Structure 
 

Locations of Geologic Features in the Drill Core from Kerr (2015) with Correlations to 
Regions with Velocity Transitions.  

 
Table E1: Locations of geology contacts with identified velocity transitions 
To (m) From (m) Identified Geology Units (Kerr, 2015) 
32.01 32.30 Paleozoic Contact 
32.31 98.65 Metaplutonic 
98.66 105.10 Granite 
105.11 136.10 Calc-Silicate 
136.11 155.10 Granite 
155.11 161.70 Metapelite 
161.81 165.65 Monzonite 
165.66 167.10 Metagabbro 
180.91 185.40 Metagabbro 
354.26 375.00 Mixed Paragneiss 
394.51 407.15 Pyroxenite 
407.16 431.95 Quartzofeldspathic Gneiss 
452.26 467.60 Amphibolite Paragneiss 
467.61 468.60 Kf-Macrocryst Granite 
468.61 495.70 Quartzofeldspathic Gneiss 
495.71 498.55 Granite Dykes 
498.56 501.30 Quartzofeldspathic Gneiss 
501.31 503.10 Syenite Dyke 
503.11 506.25 Mafic Plutonic Paragneiss 
506.26 506.45 Syenite Dyke 
506.46 506.80 Granite Dykes 
506.81 512.85 Amphibolite Paragneiss 
512.86 523.25 Granite Intrusion 
528.56 541.00 Mafic Intrusive 
541.01 552.00 Calc-Silicate Paragneiss 
552.01 553.20 Monzonite 
560.16 565.10 Amphibolite Paragneiss 
565.11 573.00 Monzonite 
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Table E2: Locations of deformation structures with identified velocity transitions. 

Location Along Drill Core (m)  Structure Type Orientation Relative to 
Core Axis 

33.70 brittle fault, healed 60 
60.95 minor fault - 
83.50 shear+dykes various 
93.60 minor healed fault - 

235.90 shear fabric 25 
249.20 narrow shear zone 55 
288.75 sheared intrus cntct 35 
403.18 igneous bx (gt-amph) - 
530.35 late brittle fault 10 
548.15 minor fault 65 
564.60 minor fault 75 

 
Table E3: Locations of geotechnical structures with identified velocity transitions. 

Location Along Drill Core (m)  Structure Type Orientation Relative to 
Core Axis 

52.25 rubbly core - 
53.50 rubbly core - 
56.75 rubbly core - 
62.05 rubbly core 85 
42.65 joint zone; H20 loss 65 

138-153 Incipient disking - 
 

Table E4: Locations of igneous structures with identified velocity transitions. 

Location Along Drill Core (m)  Structure Type Orientation Relative 
to Core Axis 

78.10 SyGr dykelet 25 
84.33 AfGr+Peg dykes 45-60 
242.60 aug-qz-py veinlet 55 
252.60 minor SyGr dykelet 45 
262.10 several aug-qz veinlet 45-55 
270.73 aug-qz+/-py-cc vein 55 
285.00 aug-qz xcut mt-qz-bt - 
294.70 aug-qz-py-cc vein 50 
302.73 aug-qz-py vein 55 
313.38 aug-py-qz-cc veining 65-90 
319.18 aug-qz+/-py-cc vein 25 
357.58 late Bt Mz dyke (contacts) 35,75 
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Table E4 continued. 

Location Along Drill Core (m)  Structure Type Orientation Relative 
to Core Axis 

370.28 FP Bt Mz dyke - 
382.00 Sy Gr dykelet 30 
385.73 m.gr Sy dyke 75 
394.28 grey Mz dyke 65 
452.70 SyGr dykelet 35 
472.15 minor Sy Gr dykelet - 
482.10 late 10cm Peg dyke 80 
494.38 c.gr SyGr dykelet 60 
513.53 py-aug-qz veinlets - 
527.60 c.gr. SyGr dykelets - 
536.05 qz-aug-py veinlet 65 
536.90 aug-qz-py vein 45 
543.33 SyGr / AF Gr dyke 35 

 
 
Table E5: Locations of metamorphic texture with identified velocity transitions. 

Location Along 
Drill Core (m)  Structure Type Orientation Relative 

to Core Axis (∘) Geology (Kerr, 2015) 

98.65 Foliated contact 35 Metaplutonic 
154.00 Foliation 60 Granite 
288.95 Protomylonite 35 Metaintrusive 
296.80 Mylonite band 80 Metaintrusive 
322.00 Foliation 30 Metaintrusive 
338.00 Foliation 25 Metaintrusive 
362.65 Gneissosity 30 Mixed Paragneiss 
383.00 Foliation 25 Metapelite 
418.50 Mylonite band 60 Quartzofeldspathic Gneiss 
443.20 Foliation 25 Quartzofeldspathic Gneiss 
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Styles of Geologic Contacts and their Relation to Rock Type 
 

Table E6: Styles of geologic contacts at boundaries associated with velocity transitions. 
Location of Velocity 

Anomalies  Geology Units at the Contact Type of Contact  

32.31 Palaeozoic contact (calcareous 
sediment/meta plutonic) Sharp contact 

98.66 Metaplutonic / granite Sharp angular  
105.11 Granite / calc-silicate Sharp contact 
136.11 Calc-silicate / granite Sharp contact 
155.11 Granite / metapelite Sharp angular  

161.80 Metagabbro / monzonite 
Gradational hydrothermal 

contact 
164.30 Monzonite / metagabbro Sharp hydrothermal contact 
185.41 Metagabbro / monzonite Sharp hydrothermal contact 

354.26 Metaintrusive / mixed 
paragneiss  Sharp angular  

394.51 Amphibolite paragneiss / 
pyroxenite Sharp contact 

407.16 Pyroxenite / quartzofeldspathic 
gneiss  Sharp contact 

452.26 Mafic plutonic paragneiss / 
amphibolite paragneiss  Sharp angular  

468.61 Granite / quartzofeldspathic 
gneiss  

Gradational hydrothermal 
contact 

503.11 Syenite dyke / mafic plutonic 
paragneiss  

Gradational hydrothermal 
contact 

512.86 Amphibolite paragneiss / 
granite intrusion Sharp angular  

528.56 Calc-silicate paragneiss / mafic 
intrusive Sharp hydrothermal contact 

541.01 Mafic intrusive / calc-silicate 
paragneiss Sharp angular  

565.11 Amphibolite paragneiss / 
monzonite Sharp angular  

 



 

353 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Relationship between the specific types of igneous and deformation structures 
and the number of associated velocity transitions 

 
Table E7: Determination of the relationship between the types of igneous structures and 
their affinity to generate a velocity transitions. 

Types of 
Igneous 

Structure 

Number of 
Igneous Structures 

with velocity 
transitions 

Percentage of 
Igneous Structures 

Characterized 

Number 
of Igneous 
Structures 

Percentage of 
Igneous Structures 
Identified in Drill 

Core 
Augite Pyrite 
Quartz Veining 11 44% 44 55% 
Coarse Grained 
Dykes  2 8% 7 9% 
Medium Grained 
Dykes  1 4% 3 4% 
Pegmatitic Dykes  2 8% 6 8% 
Pegmatitic Dykes  3 12% 6 8% 
Pegmatitic Dykes  6 24% 14 18% 

Sum 25 80 
 
 
Table E8: Determination of the relationship between the types of deformation structures 
and their affinity to generate a velocity transitions. 

Types of 
Deformation 
Structures 

Number of 
Deformation 

Structures with 
velocity 

transitions 

Percentage of 
Deformation 
Structures 

Characterized 

Number of 
Deformation 
Structures 

Percentage of 
Deformation 
Structures 

Identified in Drill 
Core 

Faults  6 55% 19 51% 
Healed 
Cataclastite  0 0% 3 8% 

Breccia 1 9% 5 14% 
Shear zone  4 36% 10 27% 

Sum  11 37 
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Appendix F 

Determination of Ultrasonic Elastic Moduli Using Ultrasonic Velocity 
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Equations for Ultrasonic Elastic Moduli 

 

Only values of Young’s moduli and Poisson’s ratio were used to assess stiffness contrast found in 
the UPV indirect testing logs. Since values of Young’s modulus are functions of bulk modulus 
and shear modulus, all four elastic moduli equations are listed below.  
 

 

Bulk modulus is a function of density and acoustic velocity where: 

 

𝐾 = 	𝜌𝑉+8 −
4
3
𝑉08 

 

Shear modulus is a function of density and acoustic velocity where:  

 

𝜇 = 	𝜌𝑉08 

 

 

Bulk modulus and Shear modulus are incorporated into the equation for Young’s modulus where: 

𝐸 =
9𝐾𝜌𝑉08

3𝐾 + 	𝜌𝑉08
 

 

Poisson’s ratio is a function of the ratio between P-wave velocity and S-wave velocity where:  

 

𝑣+
𝑣0
=

2(1 − 𝜈)
(1 − 2𝜈)

3
8
 

 

The equation is rearranged to solve in terms of Poisson’s ratio where: 

 

𝜈 = (CX CH)V48
8((CX CH)V43)
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Application of UPV Testing for the Determination of Stiffness Contrasts 
 

Calculated Values of Ultrasonic Elastic Moduli 
 

Table F1: Analysis of ultrasonic elastic moduli values at locations where key velocity 
transitions were identified in the indirect testing along the Lamontagne drill core. 
 

 
 

 
 

Velocity	
Transition

P-Wave	
Velocity	(m/s)

S-Wave	
Velocity	
(m/s)

P-wave	
modulus	M	

(Gpa)

Shear	
modulus	G	

(Gpa)

Poisson's	
Ratio

Bulk	
Modulus	K	

(Gpa)

Young's	
Modulu
s	(Gpa)

Density	
(kg/m3)

4376 2224 54.22 14.01 0.33 54.22 48.79 2832
5588 2797 88.42 22.15 0.33 88.41 79.57 2832
4819 2259 65.76 14.45 0.36 65.75 59.17 2832
3663 1890 37.99 10.11 0.32 37.99 34.19 2832
4975 2251 74.00 15.15 0.37 74.00 66.60 2990
5899 2797 104.05 23.39 0.35 104.04 93.63 2990
3711 1941 38.99 10.67 0.31 38.99 35.09 2832
4454 1877 56.17 9.98 0.39 56.17 50.55 2832
5665 3322 90.87 31.25 0.24 90.86 81.77 2832
5665 3322 90.87 31.25 0.24 90.86 81.77 2832
4132 1865 50.48 10.28 0.37 50.48 45.43 2957
4695 2937 62.42 24.42 0.18 62.40 56.16 2832
5012 2296 71.13 14.93 0.37 71.12 64.01 2832
6493 3226 119.38 29.47 0.34 119.36 107.43 2832
6313 3217 112.85 29.30 0.32 112.83 101.55 2832
5141 2439 75.81 17.06 0.35 75.80 68.22 2868
6127 3840 107.67 42.29 0.18 107.65 96.89 2868
4472 2837 67.52 27.17 0.16 67.51 60.76 3376
6426 3906 139.41 51.51 0.21 139.39 125.45 3376
5241 3250 92.74 35.66 0.19 92.72 83.45 3376
4699 2979 66.46 26.71 0.16 66.45 59.81 3010
5482 3709 90.46 41.41 0.08 90.44 81.40 3010
4528 2828 61.71 24.07 0.18 61.70 55.53 3010
5720 3355 93.84 32.28 0.24 93.83 84.45 2868
4244 2828 62.59 27.79 0.10 62.58 56.32 3475
5296 3382 97.47 39.75 0.16 97.45 87.71 3475
4194 2747 49.81 21.37 0.12 49.80 44.82 2832
6099 3576 129.26 44.44 0.24 129.25 116.32 3475
5296 3101 82.25 28.20 0.24 82.23 74.01 2932
5230 3276 80.36 31.53 0.18 80.35 72.31 2938
3918 2525 45.10 18.73 0.14 45.09 40.58 2938
6265 3506 136.39 42.71 0.27 136.38 122.74 3475
4734 2828 66.26 23.65 0.22 66.25 59.63 2957

10

11

12

13

14

9

Assesment	of	Ultrasonic	Elastic	Moduli	for	Hazard	Identification

1

2

3

4

5

6

7

8



 

358 

 

Appendix G 

Evaluation of Ultrasonic Elastic Moduli Values  
from the Lamontagne Drill Core  

 

  



 

359 

 

UPV Values from Different Testing Configurations along the Drill Core 

 
Table G1: Values for UPV velocity using three different test configurations along specific 

locations of the Lamontagne drill core.  

 

Core-Axis Testing Vp 

54kHz Vs 250kHz 

Core-Axis Testing Vp 

and Vs 250kHz 

Core-Diameter 

Testing Vp and Vs 

250kHz 

Indirect Testing Vp 

and Vs 54kHz 

Sample 

Location 

(m)  

P-Wave 

Velocity 

(m/s) 

S-Wave 

Velocity 

(m/s) 

P-Wave 

Velocity 

(m/s) 

S-Wave 

Velocity 

(m/s) 

P-Wave 

Velocity 

(m/s) 

S-Wave 

Velocity 

(m/s) 

P-Wave 

Velocity 

(m/s) 

S-Wave 

Velocity 

(m/s) 

34.3 6180 3578 6005 3578 5281 3287 5076 2208 

44 5877 3484 5801 3484 5114 3154 5588 2937 

157 5670 3449 5422 3449 4352 2410 5555 2797 

169.9 6281 3420 6187 3420 5054 2883 4695 2825 

185 5939 3275 5801 3275 4850 2627 4972 2824 

195.5 6180 3533 6392 3533 5000 2686 5013 3180 

283.8 6009 3279 5837 3279 5341 3154 5701 3336 

306.3 6516 3784 6307 3784 5875 3357 6803 3594 

385.2 5475 3320 5639 3320 5465 3406 5241 3526 

386.5 6025 3485 5965 3485 5663 3456 5387 3491 

396.4 6675 4250 6675 4250 6351 3760 5813 3671 

397.8 6912 3903 6912 3903 6438 3760 7042 3906 

458.7 5848 3496 5587 3496 5341 3092 6329 3546 

509 6420 3403 6258 3403 5802 3032 6218 3022 
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Calculated Values of Ultrasonic Elastic Moduli from the Drill Core 
 

Bulk Density Values for Each Test Specimen 
 

Table G2: Values for bulk density calculated using the geometric method. 

Sample 
Location (m) 

Density 
(g/cm3) 

Sample 
Location (m) 

Density 
(g/cm3) 

34.3 2.824 306.3 2.971 
44 2.832 385.2 2.776 

157 2.868 386.5 2.832 
169.9 3.009 396.4 3.376 
185 2.932 397.8 3.342 

195.5 2.959 458.7 3.262 
283.8 2.957 509 3.688 

 
Values of Ultrasonic Elastic Moduli for Each Set of Velocity Values 

 
Table G3: Ultrasonic elastic moduli for the samples prepared for core-axis testing using the 
54kHz transducer for the determination of P-wave velocity. 

Core-Axis Testing Vp 54kHz Vs 250kHz 
Sample 

Location 
(m) 

P-Wave 
Velocity 

(m/s) 

S-Wave 
Velocity 

(m/s) 

P-wave 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Poisson's 
Ratio 

Bulk 
Modulus 

(GPa) 

Young's 
Modulus 

(GPa) 

Density 
(kg/m3) 

34.3 6180 3578 107.88 36.15 0.25 107.86 97.08 2824.30 
44 5877 3484 97.81 34.37 0.23 97.80 88.02 2831.55 

157 5670 3449 92.21 34.12 0.21 92.19 82.97 2868.22 
169.9 6281 3420 118.70 35.19 0.29 118.69 106.82 3008.60 
185 5939 3275 103.44 31.46 0.28 103.43 93.09 2932.36 

195.5 6180 3533 113.04 36.93 0.26 113.03 101.72 2959.40 
283.8 6009 3279 106.78 31.80 0.29 106.76 96.09 2956.74 
306.3 6516 3784 126.15 42.54 0.25 126.13 113.52 2970.85 
385.2 5475 3320 83.21 30.60 0.21 83.19 74.87 2775.90 
386.5 6025 3485 102.79 34.40 0.25 102.78 92.50 2831.55 
396.4 6675 4250 150.41 60.97 0.16 150.39 135.35 3376.17 
397.8 6912 3903 159.67 50.91 0.27 159.65 143.68 3341.86 
458.7 5848 3496 111.57 39.87 0.22 111.55 100.40 3262.49 
509 6420 3403 152.01 42.71 0.30 152.00 136.80 3688.42 
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Table G4: Ultrasonic elastic moduli for the samples prepared for core-axis testing using the 
250kHz transducer for the determination of P-wave velocity. 

Core-Axis Testing Vp and Vs 250kHz 

Sample 
# 

P-Wave 
Velocity 

(m/s) 

S-Wave 
Velocity 

(m/s) 

P-wave 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Poisson's 
Ratio 

Bulk 
Modulus 

(GPa) 

Young's 
Modulus 

(GPa) 

Density 
(kg/m3) 

34.3 6005 3578 101.85 36.15 0.22 101.83 91.65 2824.30 
44 5801 3484 95.29 34.37 0.22 95.27 85.74 2831.55 

157 5422 3449 84.33 34.12 0.16 84.31 75.88 2868.22 
169.9 6187 3420 115.15 35.19 0.28 115.13 103.62 3008.60 
185 5801 3275 98.67 31.46 0.27 98.65 88.79 2932.36 

195.5 6392 3533 120.90 36.93 0.28 120.89 108.80 2959.40 
283.8 5837 3279 100.74 31.80 0.27 100.72 90.65 2956.74 
306.3 6307 3784 118.17 42.54 0.22 118.15 106.34 2970.85 
385.2 5639 3320 88.28 30.60 0.23 88.26 79.44 2775.90 
386.5 5965 3485 100.76 34.40 0.24 100.74 90.67 2831.55 
396.4 6675 4250 150.41 60.97 0.16 150.39 135.35 3376.17 
397.8 6912 3903 159.67 50.91 0.27 159.65 143.68 3341.86 
458.7 5587 3496 101.83 39.87 0.18 101.81 91.63 3262.49 
509 6258 3403 144.47 42.71 0.29 144.45 130.01 3688.42 

 
 

Table G5: Ultrasonic elastic moduli from velocity values measured using core-diameter 
testing. The tests were conducted across the diameter of the core at the locations along the 
core specified by the sample number. Due to the small diameter of the drill core P-wave 
was calculated using the 250kHz transducers.  

Core-Diameter Testing Vp and Vs 250kHz 
Sample 

Location 
(m) 

P-Wave 
Velocity 

(m/s) 

S-Wave 
Velocity 

(m/s) 

P-wave 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Poisson's 
Ratio 

Bulk 
Modulus 

(GPa) 

Young's 
Modulus 

(GPa) 

Density 
(kg/m3) 

34.3 5281 3287 78.77 30.51 0.18 78.75 70.88 2824.30 
44 5114 3154 74.05 28.17 0.19 74.04 66.64 2831.55 

157 4352 2410 54.32 16.66 0.28 54.32 48.88 2868.22 
169.9 5054 2883 76.85 25.01 0.26 76.84 69.15 3008.60 
185 4850 2627 68.98 20.24 0.29 68.97 62.07 2932.36 

195.5 5000 2686 73.99 21.35 0.30 73.98 66.58 2959.40 
283.8 5341 3154 84.34 29.41 0.23 84.33 75.90 2956.74 
306.3 5875 3357 102.54 33.48 0.26 102.53 92.27 2970.85 
385.2 5465 3406 82.91 32.20 0.18 82.89 74.60 2775.90 
386.5 5663 3456 90.81 33.82 0.20 90.79 81.71 2831.55 
396.4 6351 3760 136.18 47.73 0.23 136.16 122.54 3376.17 
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Table G5 Continued. 
Sample 

Location 
(m) 

P-Wave 
Velocity 

(m/s) 

S-Wave 
Velocity 

(m/s) 

P-wave 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Poisson's 
Ratio 

Bulk 
Modulus 

(GPa) 

Young's 
Modulus 

(GPa) 

Density 
(kg/m3) 

397.8 6438 3760 138.51 47.25 0.24 138.49 124.64 3341.86 
458.7 5341 3092 93.07 31.19 0.25 93.05 83.75 3262.49 
509 5802 3032 124.16 33.91 0.31 124.15 111.74 3688.42 

 
 

Table G6: Ultrasonic elastic moduli from velocity values measured using indirect testing. 
Values were selected from locations where core-diameter testing was conducted. In 
locations where there was variable behaviour in velocity values, multiple measurements 
were taken as an average. P-wave and S-wave velocity were measured using 54kHz 
transducers. 

Indirect Testing Vp and Vs 54kHz 
Sample 

Location 
(m) 

P-Wave 
Velocity 

(m/s) 

S-Wave 
Velocity 

(m/s) 

P-wave 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Poisson's 
Ratio 

Bulk 
Modulus 

(GPa) 

Young's 
Modulus 

(GPa) 

Density 
(kg/m3) 

34.3 5076 2208 72.77 13.76 0.38 72.77 65.49 2824.30 
44 5588 2937 88.42 24.42 0.31 88.41 79.57 2831.55 

157 5555 2797 88.51 22.44 0.33 88.50 79.65 2868.22 
169.9 4695 2825 66.32 24.01 0.22 66.31 59.68 3008.60 
185 4972 2824 72.49 23.39 0.26 72.48 65.23 2932.36 

195.5 5013 3180 74.37 29.93 0.16 74.36 66.92 2959.40 
283.8 5701 3336 96.10 32.91 0.24 96.08 86.47 2956.74 
306.3 6803 3594 137.49 38.37 0.31 137.48 123.73 2970.85 
385.2 5241 3526 76.25 34.51 0.09 76.23 68.61 2775.90 
386.5 5387 3491 82.17 34.51 0.14 82.15 73.94 2831.55 
396.4 5813 3671 114.08 45.50 0.17 114.07 102.66 3376.17 
397.8 7042 3906 165.72 50.99 0.28 165.70 149.13 3341.86 
458.7 6329 3546 130.68 41.02 0.27 130.67 117.60 3262.49 
509 6218 3022 142.61 33.68 0.35 142.59 128.34 3688.42 
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Modified Uniaxial Testing on Samples from the Lamontagne Drill Core 
 

Samples Dimensions and Density 
 

Table G7: Dimensions and density values of samples used to conduct core axis testing 
Sample 

Location (m) 
Height 
(mm) Diameter (mm) Volume 

(mm3) Mass (g) Density 
(g/cm3) 

34.30 119.09 47.52 211211.7297 596.52 2.8243 
44.00 119.54 47.65 213171.399 592.48 2.7794 

157.00 119.285 47.505 211424.0334 606.41 2.8682 
169.90 119.215 47.47 210988.7215 634.78 3.0086 
185.00 119.195 47.506 211273.4094 619.53 2.9324 
195.50 119.9 47.52 212648.3029 629.31 2.9594 
283.80 119.245 47.52 211486.6295 625.31 2.9567 
306.30 119.14 47.54 211478.3068 628.27 2.9708 
385.20 119.08 47.343 209623.6357 581.9 2.7759 
386.50 119.27 47.326 209807.3469 594.08 2.8316 
396.40 119.2 47.33 209719.6568 708.05 3.3762 
397.80 120.19 47.298 211175.6128 705.72 3.3419 
458.70 119.035 47.74 213073.4705 695.15 3.2625 
509.00 119.225 47.211 208710.1663 769.81 3.6884 

 
Schmitt Hammer Readings for Select Samples 

 
Table G8: Multiple Schmidt hammer readings were taken on sections of drill core in 
regions proximal to where the sample was taken to approximate values of UCS. Values 
were not taken directly on the samples to avoid internal damage.  

Sample Location (m) Schmitt Hammer Readings in the Vertical Direction 
34.3 56 54 56 52 55 
44 52 54 54 54 54 
157 47 50 48 44 47 

169.9 56 54 52 50 53 
185 61 59 58 56 59 

195.5 58 61 58 59 59 
283.8 57 58 54 56 56 
306.3 57 58 62 58 59 
385.2 54 58 54 57 56 
386.5 56 55 56 55 56 
396.4 52 53 48 52 51 
397.8 56 54 56 - 55 
458.7 52 55 51 56 54 
509 54 50 52 52 52 
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Correlation Equations used to Estimate UCS Values from Rebound Numbers 
     
  UCS = 4.2423	×	R,- − 81.92  (Azimian, 2017) 
 
  UCS = 0.1383	×	R,-3.456  (Karaman and Kesimal, 2015) 
 

 
Values of Elastic Moduli from Modified Uniaxial Testing  

 
Table G9: Measured values of Young’s modulus and Poisson’s Ratio from the modified 
uniaxial test system. Values elastic moduli values were measured from two ranges in 
applied load which were attributed to 20-40% and 25-45% of the estimated UCS.  

  Range of 40MPa to 80MPa  Range of 50MPa - 80MPa  

Sample 
Location 

(m) 

Young's Modulus 
(GPa) 

Poisson's 
Ratio 

Young’s Modulus’s 
(GPa) 

Poisson's 
Ratio 

34.3 80 0.21 80 0.22 
44 74 0.23 74 0.24 
157 76 0.16 77 0.16 

169.9 90 0.23 91 0.24 
185 79 0.20 79 0.21 

195.5 97 0.15 97 0.16 
283.8 82 0.24 83 0.25 
306.3 95 0.16 95 0.17 
385.2 82 0.178 83 0.186 
386.5 88 0.103 88 0.109 
396.4 113 0.13 114 0.14 
397.8 122 0.17 122 0.17 
458.7 88 0.12 91 0.13 
509 109 0.16 109 0.18 
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Table G11: Vp/Vs ratios were calculated from each of the ultrasonic testing configurations. 

Values for mechanical testing were empirically derived from Poisson’s ratio values. 

Measured velocity ratio values were compared to ratios measured by Long and Salisbury 

(1995) in the southwestern Grenville Province.  

 

Vp / Vs Ratios  

Rock Types  
Core-Axis 

Testing  

Core-Diameter 

Testing 

Indirect 

Testing 

Long and 

Salisbury (1995) 

Mechanical 

Testing 

Quartz Syenite Porphyry 1.707 1.672 1.614 2.299 1.716 1.674 

Metapelitic Paragneiss 1.740 1.691 1.779 1.824 1.812 1.627 

Metagabbro / Diorite 1.781 1.790 1.854 1.669 1.697 1.603 

Quartz Monzonite 1.777 1.723 1.722 1.801 1.702 1.646 

Metapelitic Paragneiss 1.689 1.705 1.622 1.515 1.812 1.551 

Amphibolite Pyroxenite 1.671 1.671 1.701 1.693 1.881 1.558 

Amphibolite Paragneiss 1.780 1.719 1.820 1.921 1.706 1.548 

 

Evaluation of Poisson’s Ratio Results using Vp / Vs Ratios 
 

Empirical Calculation from Mechanical Testing  
 
Table G10: Empirical values of Vp/Vs ratios calculated using Poisson’s ratio values from 
mechanical testing.  

Sample 
Location 

(m) 

Poisson's 
Ratio 

Calculated 
Vp/Vs Rock Types  Avg Vp/Vs 

34.30 0.209 1.649 Quartz Syenite 
Porphyry 1.674 

44.00 0.234 1.698 
157.00 0.158 1.569 

Metapelitic Paragneiss 1.627 
169.90 0.229 1.686 
185.00 0.204 1.641 

Metagabbro / Diorite 1.603 
195.50 0.155 1.565 
283.80 0.242 1.714 

Quartz Monzonite 1.646 
306.30 0.165 1.578 
385.20 0.178 1.598 

Metapelitic Paragneiss 1.551 
386.50 0.103 1.503 
396.40 0.133 1.537 Amphibolite 

Pyroxenite 1.558 
397.80 0.166 1.580 
458.70 0.117 1.518 Amphibolite 

Paragneiss 1.548 
509.00 0.165 1.578 

 
List of Velocity Ratios  
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Appendix H 

UPV and Mechanical Testing Values for Correlations between Values of 
Elastic Modulus in Different Rock Types 
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Values of Ultrasonic Velocity from Core-Axis Testing 
 

Table H1: Velocity values for samples of limestone from the Cobourg Formation. Velocity 
values were determined using the core-axis testing method.  

Argillaceous Limestone  
Name of Sample  Geology  P-Wave (m/s) S-Wave (m/s) 

D4-14_CCA1 Limestone 4974.29 2926.05 
D4-14_CAA2 Limestone 5064.73 3054.39 
D6-4_CCA1 Limestone 5094.27 2985.92 
D6-4_CAA2 Limestone 5094.27 3116.89 

D4-5-2_CCA1 Limestone 5195.31 3071.59 
D4-5-2_CCA2 Limestone 5236.22 3071.59 
D3-13_CCA1 Limestone 5107.91 2644.32 
D3-13_CCA2 Limestone 5107.91 2669.17 
D3-10_CCA1 Limestone 5480.00 2707.51 
D3-10_CCA2 Limestone 5502.01 2707.51 
D2-2_CCA1 Limestone 4579.61 2818.92 
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Table H2: Velocity values for samples collected from the Sudbury Basin. Velocity values 
were determined using the core-axis testing method. 

Meta-Igneous Units in the Sudbury Basin 
Name of Sample  Geology  P-Wave (m/s) S-Wave (m/s) 

BO-RHY-1479.8-44 Rhyolite 4748 2744.7725 
BO-RHY-1487.1-46A Rhyolite 4463 2541.3183 
BO-RHY-1487.1-46B Rhyolite 4510 2519.7816 
BO-RHY-1496.3-47 Rhyolite 4655 2791.8623 

        
BO-MTBS-1162.1-18 Metabasalt 6929 4099 
BO-MTBS-1171.8-17 Metabasalt 6902 4164 

BO-MTBS - 1181.4-19 Metabasalt 6564 3625.2369 
BO-MTBS - 1195.2 - 20 Metabasalt 6198 3370.3226 
BO-MTBS - 1195.9-21 Metabasalt 6238 3076.9711 
BO-MTBS-1196.9-23 Metabasalt 6176 3326.5668 

        
BO-MTGB-909.1-4 Metagabbro 6457 3760.2851 
BO-MTGB-908.4-3 Metagabbro 6811 4106.2198 

MTGB-901.2-1 Metagabbro 6589 4010.9196 
BO-MTGB-902.5-2 Metagabbro 6836 4302 

        
NR180001-2 Norite 3867 2508 
NR180001-4 Norite 4144 2682 
NR180001-5 Norite 4205 2618 
NR180001-6 Norite 5083 2980 
NR180001-7 Norite 5229 2875 
NR180001-8 Norite 5374 3030 
NR180001-9 Norite 4581 2734 
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Table H3: Velocity values for samples collected from the Pointe du Bois tonalite unit east of 
Lac du Bonnet. Velocity values were determined using the core-axis testing method. 

Igneous Pluton from Pointe du Bois 
Name of Sample Geology P-Wave (m/s) S-Wave (m/s) 

B1 Granite 5357.14 3157.89 
B2 Granite 5286.344 3116.883 
C1 Granite 5128.205 2941.176 
C2 Granite 5479.452 3116.883 

C3 Granite 5240.175 2992.519 
 

E1 Tonalite 5741.627 3116.883 
11E Tonalite 6185.567 3007.519 
F1 Tonalite 5940.594 2992.519 
F2 Tonalite 5607.477 3409.091 
F3 Tonalite 5741.627 3269.755 

 
Table H4: Velocity values for samples of andesite, volcanic breccia and dacite provided by 

MDEng. Velocity values were determined using the core-axis testing method. 

Volcanic Rock Types  
Name of Sample Geology P-Wave 

(m/s) 
S-Wave 

(m/s) 
36 Andesite 5453.00 3235.22 
34 Andesite 5408.45 3141.10 
35 Andesite 5236.71 3153.93 

        
10 Volcanic breccia with propolytic alteration 3371.40 2123.60 
12 Volcanic Breccia 3327.91 1939.90 
14 Volcanic breccia with propolytic alteration 3485.33 2053.19 
13 Volcanic Breccia 4163.49 2550.92 

        
16 Dacite 3322.52 2032.11 
9 Dacite 3121.14 1834.65 

19 Dacite 3094.25 1911.72 
15 Dacite 3238.66 1939.12 
18 Dacite 2875.21 1748.35 
21 Dacite 3060.08 1876.14 
8 Dacite 3492.05 2125.17 
5 Dacite 3497.03 2032.18 
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Values of Ultrasonic Elastic Moduli from Core-Axis Testing 
 

Table H5: Ultrasonic elastic moduli values for samples of argillaceous limestone.  

Argillaceous Limestone  
Name of 
Sample Geology 

P-wave 
Modulus 

(GPa) 

Shear 
Modulus 

(GPa) 

Poisson's 
Ratio 

Bulk 
Modulus 

(GPa) 

Young's 
Modulus 

(GPa) 

Density 
(kg/m3) 

D4-14_CCA1 Limestone 66.00 22.84 0.24 65.98 59.39 2667.17 
D4-14_CAA2 Limestone 68.42 24.88 0.21 68.40 61.56 2667.17 
D6-4_CCA1 Limestone 69.20 23.78 0.24 69.19 62.27 2666.69 
D6-4_CAA2 Limestone 69.20 25.91 0.20 69.19 62.27 2666.69 

D4-5-2_CCA1 Limestone 71.53 25.00 0.23 71.51 64.36 2650.00 

D4-5-2_CCA2 Limestone 72.66 25.00 0.24 72.65 65.38 2650.00 

D3-13_CCA1 Limestone 69.14 18.53 0.32 69.13 62.22 2650.00 

D3-13_CCA2 Limestone 69.14 18.88 0.31 69.13 62.22 2650.00 
D3-10_CCA1 Limestone 79.58 19.43 0.34 79.57 71.61 2650.00 
D3-10_CCA2 Limestone 80.22 19.43 0.34 80.21 72.19 2650.00 
D2-2_CCA1 Limestone 57.38 21.74 0.19 57.37 51.63 2736.00 

 
 
 



 

371 

 

Table H6: Ultrasonic elastic moduli for samples of rhyolite, metabasalt, metagabbro and 

norite collected from the Sudbury Basin. 

Meta-Igneous Units in the Sudbury Basin 

Name of Sample  Geology  

P-wave 

Modulus 

(GPa) 

Shear 

Modulus 

(GPa) 

Poisson's 

Ratio 

Bulk 

Modulus 

(GPa) 

Young's 

Modulu

s (GPa) 

Density 

(kg/m3) 

BO-RHY-1479.8-44 Rhyolite 61.52 20.56 0.25 61.51 55.36 2729 

BO-RHY-1487.1-46A Rhyolite 54.47 17.66 0.26 54.46 49.01 2735 

BO-RHY-1487.1-46B Rhyolite 55.55 17.34 0.27 55.54 49.99 2731 

BO-RHY-1496.3-47 Rhyolite 59.26 21.31 0.22 59.25 53.32 2734 

                

BO-MTBS-1162.1-18 Metabasalt 150.41 52.64 0.23 150.39 135.35 3133 

BO-MTBS-1171.8-17 Metabasalt 147.64 53.74 0.21 147.62 132.86 3099 

BO-MTBS - 1181.4-19 Metabasalt 132.04 40.27 0.28 132.02 118.82 3064 

BO-MTBS - 1195.2 - 20 Metabasalt 114.39 33.82 0.29 114.37 102.93 2977 

BO-MTBS - 1195.9-21 Metabasalt 113.17 27.53 0.34 113.16 101.85 2908 

BO-MTBS-1196.9-23 Metabasalt 110.93 32.19 0.30 110.92 99.83 2909 

                

BO-MTGB-909.1-4 Metagabbro 126.96 43.06 0.24 126.94 114.25 3045 

BO-MTGB-908.4-3 Metagabbro 142.16 51.67 0.21 142.14 127.93 3065 

MTGB-901.2-1 Metagabbro 131.70 48.80 0.21 131.68 118.51 3034 

BO-MTGB-902.5-2 Metagabbro 142.96 56.62 0.17 142.94 128.64 3059 

                

NR180001-2 Norite 41.52 17.46 0.14 41.51 37.36 2776 

NR180001-4 Norite 47.88 20.06 0.14 47.87 43.09 2788 

NR180001-5 Norite 49.59 19.22 0.18 49.58 44.63 2805 

NR180001-6 Norite 71.99 24.75 0.24 71.98 64.78 2787 

NR180001-7 Norite 76.43 23.10 0.28 76.42 68.78 2795 

NR180001-8 Norite 80.85 25.71 0.27 80.84 72.76 2800 

NR180001-9 Norite 58.72 20.91 0.22 58.71 52.84 2798 
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Table H7: Ultrasonic elastic moduli for samples of tonalite and granite collected from the 

Pointe du Bois unit.  

Igneous Pluton from Pointe du Bois 

Name of 

Sample 
Geology 

P-wave 

Modulus 

(GPa) 

Shear 

Modulus 

(GPa) 

Poisson's 

Ratio 

Bulk 

Modulus 

(GPa) 

Young's 

Modulus 

(GPa) 

Density 

(kg/m3) 

B1 Granite  75.05 26.08 0.23 75.03 67.53 2615.00 

B2 Granite  73.08 25.40 0.23 73.06 65.76 2615 

C1 Granite  68.80 22.63 0.25 68.79 61.91 2616 

C2 Granite  78.54 25.41 0.26 78.53 70.68 2616 

C3 Granite  71.70 23.38 0.26 71.68 64.52 2611 

                

E1 Tonalite 87.36 25.74 0.29 87.35 78.61 2650 

11E Tonalite 102.65 24.27 0.35 102.64 92.38 2683 

F1 Tonalite 93.80 23.80 0.33 93.79 84.41 2658 

F2 Tonalite 83.14 30.73 0.21 83.12 74.81 2644 

F3 Tonalite 87.59 28.41 0.26 87.58 78.82 2657 
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Table H8: Ultrasonic elastic moduli for samples of andesite, volcanic breccia and dacite 

provided by MDEng.  

Volcanic Rock Types  

Name of 

Sample 
Geology 

P-wave 

Modulus 

(GPa) 

Shear 

Modulus 

(GPa) 

Poisson's 

Ratio 

Bulk 

Modulus 

(GPa) 

Young's 

Modulus 

(GPa) 

Density 

(kg/m3) 

36 Andesite 78.27 27.55 0.23 78.25 70.43 2632.19 

34 Andesite 78.32 26.42 0.25 78.31 70.47 2677.43 

35 Andesite 72.47 26.29 0.22 72.46 65.21 2642.61 

                

10 

Volcanic breccia 

with propolytic 

alteration 

26.87 10.66 

0.17 

26.87 24.18 2364.16 

12 Volcanic Breccia 24.15 8.21 0.24 24.15 21.73 2180.69 

14 

Volcanic breccia 

with propolytic 

alteration 

27.10 9.41 

0.23 

27.10 24.39 2231.03 

13 Volcanic Breccia 41.65 15.63 0.20 41.64 37.47 2402.44 

                

16 Dacite 24.94 9.33 0.20 24.93 22.44 2258.81 

9 Dacite 20.57 7.11 0.24 20.57 18.51 2111.63 

19 Dacite 21.34 8.15 0.19 21.34 19.20 2228.93 

15 Dacite 23.74 8.51 0.22 23.73 21.36 2263.29 

18 Dacite 18.44 6.82 0.21 18.43 16.59 2230.02 

21 Dacite 21.35 8.03 0.20 21.35 19.21 2279.96 

8 Dacite 27.39 10.14 0.21 27.39 24.65 2246.24 

5 Dacite 27.58 9.31 0.25 27.58 24.82 2255.40 
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Elastic Moduli Values from Uniaxial Testing  
 

Table H9: Values of elastic moduli obtained from Jaczkowski (2018). 
 Argillaceous Limestone 

  Sample Name Young's Modulus (GPa) Poisson's Ratio 

A
rg

ill
ac

eo
us

 L
im

es
to

ne
 D4-14 35.26 0.31 

D4-14 35.26 0.31 
D6-4 35.48 0.23 
D6-4 35.48 0.23 

D3-13 36.67 0.16 
D3-13 36.67 0.16 
D3-10 45.75 0.21 
D3-10 45.75 0.21 
D4-2-2 47.38 0.25 

 
Table H10: Values of elastic moduli from samples collected from the Sudbury Basin. 
Values for rhyolite, metabasalt and metagabbro were obtained from LeRiche (2017). 

  Meta-Igneous Units in the Sudbury Basin 

  Sample Name Young's Modulus 
(GPa) Poisson's Ratio 

R
hy

ol
ite

 BO-RHY-1479.8-44 113.81 0.23 
BO-RHY-1487.1-46A 46.58 0.19 
BO-RHY-1487.1-46B 86.41 0.19 
BO-RHY-1496.3-47 69.18 0.26 

M
et

a-
B

as
al

t 

BO-MTBS-1162.1-18 99.97 0.28 
BO-MTBS-1171.8-17 91.55 0.34 

BO-MTBS - 1181.4-19 91.74 0.25 
BO-MTBS - 1195.2 - 20 114.82 0.22 
BO-MTBS - 1195.9-21 98.29 0.26 
BO-MTBS-1196.9-23 84.37 0.25 

M
et

a-
G

ab
br

o BO-MTGB-909.1-4 111.10 0.29 
BO-MTGB-908.4-3 108.86 0.30 

MTGB-901.2-1 108.86 0.24 
BO-MTGB-902.5-2 43.23  --- 

N
or

ite
 

NR180001-2 58.461 0.252 
NR180001-4 63.561 0.299 
NR180001-5 64.912 0.309 
NR180001-6 66.796 0.216 
NR180001-7 69.919 0.210 
NR180001-8 77.688 0.277 
NR180001-9 73.560 0.276 
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Table H11: Values of elastic moduli for granite and tonalite samples from the Pointe du 
Bois unit were obtained from Packulak (2017). 

  Igneous Pluton from Pointe du Bois 

  
Sample 
Name 

Young's Modulus 
(GPa) 

Poisson's 
Ratio 

To
na

lit
e 

B1 78.58 0.23 
B2 81.04 0.23 
C1 81.09 0.22 
C2 78.95 0.21 
C3 78.907 0.23 

G
ra

ni
te

 E1 74.15 0.27 
F1 79.57 0.32 
F2 74.52 0.29 
F3 73.90 0.26 

 
 

Table H12: Values for elastic moduli for samples of andesite, volcanic breccia and dacite 
were obtained from MDEng (2017).  

  Volcanic Rock Types  

  
Sample 
Name 

Young's Modulus 
(GPa) 

Poisson's 
Ratio 

A
nd

es
ite

 

36 56.86 0.26 
34 51.41 0.26 
35 44.40 0.22 

V
ol

ca
ni

c 
B

re
cc

ia
 10 43.60 0.69 

12 17.20 0.24 
14 10.87 0.20 
13 28.21 0.20 

D
ac

ite
 

16 16.82 0.19 
9 12.18 0.20 

19 11.27 0.25 
15 20.75 0.34 
18 14.15 0.29 
21 12.32 0.33 
8 16.23 0.38 
5 17.51 0.27 
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Vp/Vs Ratios for the Analysis of Discrepancies in Poisson’s Ratio 
 

Table H13: Vp/Vs ratios from mechanical and ultrasonic testing. Empirical Vp/Vs ratios for 
mechanical testing were calculated from Poisson’s ratios.  

 

Poisson's Ratio 
Values from 

Mechanical Testing  

Empirical Vp/Vs 
Ratio 

Velocity Values from 
Ultrasonic Testing (m/s) 

Vp/Vs 
Ratio 

A
rg

ill
ac

eo
us

 L
im

es
to

ne
  0.252 1.74 4974 2926 1.70 

0.299 1.87 5065 3054 1.66 
0.309 1.90 5094 2986 1.71 
0.216 1.66 5094 3117 1.63 
0.210 1.65 5195 3072 1.69 
0.277 1.80 5236 3072 1.70 
0.276 1.80 5108 2644 1.93 
0.29 1.83 5108 2669 1.91 
0.30 1.86 5480 2708 2.02 

M
et

ab
as

al
t 

0.24 1.71 6929 4099 1.69 
0.28 1.80 6902 4164 1.66 
0.34 2.03 6564 3625 1.81 
0.25 1.72 6198 3370 1.84 
0.22 1.68 6238 3077 2.03 
0.26 1.74 6176 3327 1.86 

M
et

ag
ab

br
o 

0.25 1.73 6457 3760 1.72 

0.27 1.78 6811 4106 1.66 

0.32 1.94 6589 4011 1.64 

N
or

ite
 

0.29 1.84 3867 2508 1.54 
0.26 1.76 4144 2682 1.55 
0.23 1.69 4205 2618 1.61 
0.23 1.69 5083 2980 1.71 
0.22 1.67 5229 2875 1.82 
0.21 1.65 5374 3030 1.77 
0.23 1.69 4581 2734 1.68 

To
na

lit
e 

0.26 1.77 5742 3117 1.84 
0.26 1.75 6186 3008 2.06 
0.22 1.67 5941 2993 1.99 
0.24 1.70 5607 3409 1.64 
0.20 1.64 5742 3270 1.76 
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Table H13 Continued. 

 

Poisson's Ratio 
Values from 

Mechanical Testing  

Empirical Vp/Vs 
Ratio 

Velocity Values from 
Ultrasonic Testing (m/s) 

Vp/Vs 
Ratio 

G
ra

ni
te

 0.20 1.63 5357 3158 1.70 
0.19 1.61 5286 3117 1.70 
0.20 1.63 5128 2941 1.74 
0.25 1.74 5479 3117 1.76 

A
nd

es
ite

 0.34 2.02 5453 3235 1.69 

0.29 1.84 5408 3141 1.72 

0.33 2.00 5237 3154 1.66 

V
ol

ca
ni

c 
B

re
cc

ia
 0.38 2.27 3328 1940 1.72 

0.27 1.78 3485 2053 1.70 

0.31 1.91 4163 2551 1.63 

D
ac

ite
 

0.31 1.91 3323 2032 1.64 
0.23 1.68 3121 1835 1.70 
0.23 1.68 3094 1912 1.62 
0.16 1.57 3239 1939 1.67 
0.16 1.57 2875 1748 1.64 
0.21 1.65 3060 1876 1.63 
0.21 1.65 3492 2125 1.64 
0.25 1.74 3497 2032 1.72 
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Appendix I 

Evaluation of Velocity Measurements in Limestone from the 

Cobourg Formation 
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List of Sample Parameters  
 
Table I1: Parameters for samples extracted near Bowmanville, ON. Two levels of moisture 
content were examined when conducting the evaluation.  

 Samples of Cobourg Limestone from the St Mary’s Quarry in Bowmanville, On 
 Sample ID Length (cm) Diameter (cm) Mass (g) Density (g/cm3) 

Relative 
Room 

Humidity 

B1-4-3-B3 9.0 10.1 1907.78 2.647 
B1-4-3 8.7 10.1 1836.97 2.637 
B2-3-3 21.2 7.5 2536.67 2.672 
B2-3-1 21.4 7.6 2571.31 2.676 
C2-12 19.0 7.6 2294.48 2.651 
A2-16 19.0 7.6 2300.05 2.650 
C2-5 18.9 7.6 2280.30 2.654 

D4-14 13.9 6.2 1114.67 2.667 
D6-4 14.2 6.2 1136.17 2.667 
D3-13 14.2 6.2 1136.17 2.650 
D2-2 14.2 6.1 1149.00 2.736 

One Week 
Saturated 

D3-5 14.5 6.2 1161.24 2.680 
D3-9 14.3 6.2 1123.39 2.681 
D1-3 14.0 6.2 1152.96 2.682 

 
 
Table I2: Parameters for samples extracted from the DGR2 drill hole near the Bruce 
nuclear site. Test were conducted from two separate labs with in-situ moisture content. 

 
Sample ID Sample Description Diameter 

(cm) 
Length 

(cm) 
Mass 

(g) 
Density 
(g/cm3) 

In-situ 

DGR2-
654.97 

grey/brown limestone 
fossiliferous layers 
(abundant bivalves) 

7.6 18 2190.29 2.682 

DGR2-
660.68 

light grey to tan 
argillaceous limestone 7.6 18 2174.8 2.663 

DGR2-
661.61 

light grey to tan 
argillaceous limestone 7.6 17.9 2170.3 2.673 

DGR2-
666.79 

medium to light grey 
argillaceous limestone 7.6 18.8 2288.14 2.683 

DGR2-
668.46 

medium to light grey 
argillaceous limestone 7.6 17.8 2193.93 2.717 

DGR2-
673.26 

medium to light grey 
argillaceous limestone 7.6 17.7 2181.5 2.717 

DGR2-
674.11 

medium to light grey 
argillaceous limestone 7.6 18 2205.32 2.701 
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Michigan Basin 

 

Table I3: Ultrasonic velocity values for samples extracted from the DGR2 drill hole at the 

Bruce Nuclear site. The ultrasonic testing was conducted by Intera and Canmet labs with 

samples at in situ moisture content.  

  

  INTERA     CANMET   

Sample ID 

Depth 

within the 

DGR 2 

Hole (m) 

P-Wave 

Velocity, 

Vp (m/s) 

S-Wave 

Velocity, 

Vs (m/s) 

Vp/Vs 

Ratio 

P-Wave 

Velocity, 

Vp (m/s) 

S-Wave 

Velocity, 

Vs (m/s) 

Vp/Vs 

Ratio 

DGR2-654.97 654.97 5422 3291 1.65 4530 2650 1.71 

DGR2-660.68 660.68 6020 3422 1.76 5940 3150 1.89 

DGR2-661.61 661.61 5888 3469 1.70 5700 3130 1.82 

DGR2-666.79 666.79 5912 3521 1.68 5430 2810 1.93 

DGR2-668.46 668.46 5875 3430 1.71 5350 2750 1.95 

DGR2-673.26 673.26 5531 3260 1.70 4950 2650 1.87 

DGR2-674.11 674.11 5902 3429 1.72 5410 2990 1.81 

DGR2-676.75 676.75 5960 3437 1.73 5460 2950 1.85 

DGR2-679.83 679.83 5651 3346 1.69 4790 2640 1.81 

DGR2-683.02 683.02 5599 3369 1.66 4590 2620 1.75 

 
 
 
 
 

Table I2 Continued  

In-situ 

DGR2-
676.75 

medium to light grey 
argillaceous limestone 7.6 17.7 2164.52 2.696 

DGR2-
679.83 

medium to light grey 
argillaceous limestone 

7.6 17.8 2203.73 2.729 

DGR2-
683.02 

medium to light grey 
argillaceous limestone 7.6 18.7 2280.6 2.688 

 
 
 

Examination of the Effects of Modal Mineralogy on the Cobourg Formation 
 

Velocity Values from the Two Depositional Basins 
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Appalachian Basin 
 
Table I4: Ultrasonic velocity values for samples extracted from the St. Mary’s Quarry in 
Bowmanville, Ontario. Ultrasonic testing was conducted using the core-axis testing method 
on samples at relative room humidity as well as one-week saturated.  

Sample ID 
P-Wave 

Velocity, Vp 
(m/s) 

S-Wave 
Velocity, Vs 

(m/s) 
Vp/Vs Ratio 

Relative Room Humidity 
D4-14 5020 2990 1.68 
D6-4 5094 3051 1.67 
D3-13 5108 2657 1.92 
D2-2 4580 2819 1.62 

B1-4-3-B3 5143 3092 1.66 
B1-4-3 5014 2745 1.83 
B2-3-3 4343 2738 1.59 
B2-3-1 4346 2793 1.56 
C2-12 4115 2682 1.53 
A2-16 4557 2355 1.94 
C2-5 4498 2566 1.75 

One-Week Saturated 
D3-5 4872 2759 1.77 
D3-9 4942 2656 1.86 
D1-3 5065 2962 1.71 
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Modal Mineralogy for the Two Depositional Basins 
 

Table I5: Modal mineralogy for Cobourg Formation samples from the two depositional 
basins from Pitts (2017). Modal mineralogy was determined from a set of samples using 
SEM and XRD analysis. The proportion of minerals was used to determine an estimate for 
ultrasonic velocity.  

  Bowmanville, Ontario Bruce Nuclear Site 
Clay matrix  50.73% 16.65% 
Calcite  34.25% 69.37% 
Ankerite  5.36% 6.44% 
Quartz  2.29% 0.96% 
Glauconite  2.19% 0.53% 
Biotite  1.57% 1.87% 
Albite  0.80% 0.19% 
Orthoclase  0.23% 1.09% 
Apatite  0.13% 0.06% 
Pyrite  0.12% 0.17% 
Gypsum  0.07% 0.26% 
Unknown  2.05% 2.11% 
Low Count  0.22% 0.28% 
No X-Ray  0.00% 0.01% 
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Measured Velocity Values from Detailed Testing  

using the Core-Diameter Configuration 
 

Sample Dimensions 

 

Table I6: Sample dimensions for the four samples used in the detailed testing. 

 

Measurement # 
Diameter 

(mm) 

Length 

(mm) 
Mass (g) Bulk Density kg/m3 

Sample 

ID: A2-16 

1 76.30 190.30     

2 76.15 190.34 

 

  

3 76.14 190.40 

 

  

Average 76.2 190.35 2300 2650 

Sample 

ID: C2-12 

1 76.12 190.30     

2 76.03 190.34 

 

  

3 76.14 190.30 

 

  

Average 76 190.31 2294 2651 

Sample 

ID: A1-

Tall-2-2 

1 75.95 403.00     

2 76.04 402.00 

 

  

3 75.99 403.00 

 

  

Average 75.99 402.67 4849 2655 

Sample 

ID: A1-

Tall-1-1 

1 76.12 402.00     

2 76.14 402.00 

 

  

3 76.17 402.00 

 

  

Average 76.14 402.00 4876 2664 
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Measured Velocity Values 

Sample A2-16 
 
Table I7: Ultrasonic P-wave velocity values from detailed testing on sample A2-16. Test 
were conducted using the core-diameter test method with 54kHz transducers. 

  Axis A Axis B 
Length Along 

Drill Core (mm) 
P-wave Arrival 

Time (µs) 
P-wave 

Velocity (m/s) 
P-wave Arrival 

Time (µs) 
P-wave Velocity 

(m/s) 
20 14.8 5148 15.7 4853 
25 14.7 5183 15.4 4948 
30 14.5 5255 15.4 4948 
35 14.3 5328 15 5080 
40 14.4 5291 14.5 5255 
45 14.1 5404 14.4 5291 
50 14.1 5404 14.3 5328 
55 14.1 5404 14.1 5404 

 
Table I7 Continued. 

Length Along 
Drill Core (mm) 

P-wave Arrival 
Time (µs) 

P-wave 
Velocity (m/s) 

P-wave Arrival 
Time (µs) 

P-wave Velocity 
(m/s) 

60 13.8 5521 13.9 5482 
65 14 5443 13.9 5482 
70 13.9 5482 13.7 5562 
75 13.8 5521 13.9 5482 
80 13.9 5482 13.8 5521 
85 13.9 5482 13.9 5482 
90 13.9 5482 14.4 5291 
95 13.9 5482 14.1 5404 
100 13.8 5521 14.3 5328 
105 13.8 5521 14.3 5328 
110 13.9 5482 14.7 5183 
115 13.8 5521 14.5 5255 
120 13.8 5521 15.1 5046 
125 13.8 5521 15.4 4948 
130 14.1 5404 15.8 4823 
135 14.5 5255 16.5 4618 
140 15 5080 15.8 4823 
145 14.7 5183 16.1 4733 
150 14.8 5148 15.5 4916 
155 14.9 5114 16.3 4675 
160 15.1 5046 15.7 4853 
165 14.8 5148 16.3 4675 



 

385 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table I8:  Ultrasonic S-wave velocity values from detailed testing on sample A2-16. Test 
were conducted using the core-diameter test method with 250kHz transducers. 

Length Along Drill Core Axis A Axis B 

To (mm) From (mm) 
S-wave 
Arrival 

Time (µs) 
S-wave 

Velocity (m/s) 
S-wave Arrival 

Time (µs) 
S-wave Velocity 

(m/s) 
0 41 27.2 2801 26.05 2925 

41 81 25.1 3036 25.2 3024 
81 122 24.2 3149 24 3175 
122 165 25.7 2965 26.6 2865 
165 190 25.9 2942 27.2 2801 
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Sample C2-12 
 
Table I9: Ultrasonic P-wave velocity values from detailed testing on sample C2-12. Test 
were conducted using the core-diameter test method with 54kHz transducers. 

  Axis A Axis B 
Length Along 

Drill Core (mm) 
P-wave Arrival 

Time (µs) 
P-wave 

Velocity (m/s) 
P-wave Arrival 

Time (µs) 
P-wave 

Velocity (m/s) 
20 13.9 5475 13.9 5475 
25 13.9 5475 13.9 5475 
30 13.8 5514 13.9 5475 
35 14.8 5142 13.9 5475 
40 14.8 5142 13.9 5475 
45 14.8 5142 13.9 5475 
50 14.8 5142 14 5435 
55 14.5 5248 13.7 5555 
60 14.5 5248 14 5435 
65 15.1 5040 14.5 5248 
70 14.8 5142 14.4 5284 
75 14.3 5321 14.4 5284 
80 14.5 5248 14.5 5248 
85 15.1 5040 14.8 5142 
90 14.5 5248 14.5 5248 
95 14.8 5142 14.5 5248 
100 14.5 5248 14.8 5142 
105 14.8 5142 13.9 5475 
110 14.8 5142 13.7 5555 
115 14.5 5248 13.3 5722 
120 14 5435 13.7 5555 
125 14.4 5284 13.7 5555 
130 14.4 5284 13.3 5722 
135 14.4 5284 13.4 5679 
140 14.4 5284 13.9 5475 
145 14.4 5284 13.9 5475 
150 14.4 5284 13.9 5475 
155 14.4 5284 13.9 5475 
160 14.4 5284 13.9 5475 
165 14.4 5284 13.9 5475 
170 14.4 5284 13.9 5475 
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Table I10:  Ultrasonic S-wave velocity values from detailed testing on sample C2-12. Test 
were conducted using the core-diameter test method with 250kHz transducers. 

Length Along Drill Core Axis A Axis B 

To (mm) From (mm) 
S-wave 
Arrival 

Time (µs) 

S-wave 
Velocity 

(m/s) 

S-wave 
Arrival 

Time (µs) 

S-wave 
Velocity 

(m/s) 
0 27 25.3 3008 25.1 3032 
27 68 24 3171 24.1 3158 
68 108 25.1 3032 25.1 3032 

108 150 24.1 3158 24.5 3106 
150 190 24.1 3158 24.3 3132 

 
 
 
Sample A1-2-2 
 
Table I11: Ultrasonic P-wave velocity values from detailed testing on sample A1-2-2. Test 
were conducted using the core-diameter test method with 54kHz transducers. 

  Axis A Axis B 
Length Along 

Drill Core (mm) 
P-wave Arrival 

Time (µs) 
P-wave 

Velocity (m/s) 
P-wave Arrival 

Time (µs) 
P-wave 

Velocity (m/s) 
20 15.9 4779 15.4 4935 
30 17.0 4470 15.1 5033 
40 16.7 4550 15.4 4935 
50 15.8 4810 15.1 5033 
60 15.5 4903 15.1 5033 
70 15.1 5033 15.0 5066 
80 13.9 5467 15.1 5033 
90 13.9 5467 15.1 5033 
100 13.9 5467 16.3 4662 
110 13.4 5671 15.4 4935 
120 13.4 5671 15.3 4967 
130 13.4 5671 15.1 5033 
140 13.8 5507 15.0 5066 
150 13.9 5467 14.1 5390 
160 13.9 5467 14.0 5428 
170 13.9 5467 14.1 5390 
180 13.9 5467 14.3 5314 
190 14.3 5314 14.1 5390 
200 14.4 5277 14.3 5314 
210 14.4 5277 14.3 5314 
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Table I11 Continued.  
Length Along 

Drill Core (mm) 
P-wave Arrival 

Time (µs) 
P-wave 

Velocity (m/s) 
P-wave Arrival 

Time (µs) 
P-wave 

Velocity (m/s) 
220 14.1 5390 13.8 5507 
230 14.4 5277 14.0 5428 
240 14.4 5277 13.7 5547 
250 14.4 5277 14.3 5314 
260 14.4 5277 14.4 5277 
270 14.3 5314 14.7 5170 
280 14.5 5241 14.7 5170 
290 14.0 5428 14.0 5428 
300 13.8 5507 14.0 5428 
310 13.7 5547 14.1 5390 
320 13.9 5467 14.0 5428 
330 14.3 5314 14.7 5170 
340 14.4 5277 14.8 5135 
350 14.4 5277 15.0 5066 
360 14.4 5277 14.8 5135 
370 14.4 5277 15.0 5066 
380 14.4 5277 15.1 5033 

 
 
Table I12: Ultrasonic S-wave velocity values from detailed testing on sample A1-2-2. Test 
were conducted using the core-diameter test method with 250kHz transducers. 

Length Along Drill 
Core Axis A Axis B 

To (mm) From (mm) 
S-wave 
Arrival 

Time (µs) 

S-wave 
Velocity 

(m/s) 

S-wave 
Arrival 

Time (µs) 

S-wave 
Velocity 

(m/s) 
72 120 25.1 3028 25 3040 

120 168 23.8 3193 24.1 3153 
168 216 24.4 3114 24.2 3140 
216 264 24.3 3127 24.2 3140 
264 312 24.9 3052 24.8 3064 
312 360 24.2 3140 24.3 3127 
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Sample A1-1-1 
 
Table I13: Ultrasonic P-wave velocity values from detailed testing on sample A1-1-1. Test 
were conducted using the core-diameter test method with 54kHz transducers. 

  Axis A Axis B 

Length Along 
Drill Core (mm) 

P-wave Arrival 
Time (µs) 

P-wave 
Velocity (m/s) 

P-wave Arrival 
Time (µs) 

P-wave 
Velocity (m/s) 

20 15.5 4912 4138.2 4138 
30 15.0 5076 4351.0 4351 
40 14.4 5288 4452.8 4453 
50 14.7 5180 4729.4 4729 
60 14.7 5180 4559.5 4559 
70 14.7 5180 4160.8 4161 
80 15.7 4850 3461.1 4211 
90 14.8 5145 3240.1 3990 

100 14.3 5325 3339.6 4090 
110 14.4 5288 3212.8 3963 
120 14.4 5288 3445.4 4195 
130 14.1 5400 3172.6 3923 
140 14.4 5288 3845.6 4596 
150 14.5 5251 3660.7 4411 
160 14.4 5288 4206.8 4957 
170 14.0 5439 5076.2 5076 
180 13.9 5478 5400.2 5400 
190 13.9 5478 5324.7 5325 
200 13.8 5518 5400.2 5400 
210 14.4 5288 5324.7 5325 
220 14.4 5288 5287.7 5288 
230 14.7 5180 5324.7 5325 
240 14.8 5145 5076.2 5076 
250 14.9 5110 5076.2 5076 
260 15.0 5076 5076.2 5076 
270 14.8 5145 5076.2 5076 
280 15.1 5043 5076.2 5076 
290 14.8 5145 5251.3 5251 
300 15.0 5076 5517.6 5518 
310 14.8 5145 5400.2 5400 
320 17.4 4376 5400.2 5400 
330 18.1 4207 4206.8 4207 
340 16.1 4729 4401.3 4401 
350 15.1 5043 4376.1 4376 
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Table I13 Continued.  
Length Along 

Drill Core (mm) 
P-wave Arrival 

Time (µs) 
P-wave 

Velocity (m/s) 
P-wave Arrival 

Time (µs) 
P-wave 

Velocity (m/s) 
360 15.0 5076 4729.4 4729 
370 15.0 5076 4819.2 4819 
380 15.3 4977 4819.2 4819 

 
 
Table I14: Ultrasonic S-wave velocity values from detailed testing on sample A1-1-1. Test 
were conducted using the core-diameter test method with 250kHz transducers. 

Length Along Drill 
Core Axis A Axis B 

To (mm) 
From 
(mm) 

S-wave 
Arrival 

Time (µs) 

S-wave 
Velocity 

(m/s) 

S-wave 
Arrival 

Time (µs) 

S-wave 
Velocity 

(m/s) 
74 129 25.5 2986 26.2 2906 

129 184 24.5 3108 26.2 2906 
184 239 24.9 3058 24.1 3159 
239 294 25.5 2986 25.6 2974 
294 349 25.2 3022 25.6 2974 

 
 


