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Abstract 
 

From previous research, it has been proven that rock roughness and closure are two 

important factors for stability of backfilled stope and exposed backfill. 

 

In order to estimate the important parameters of roughness, several investigations have 

been conducted in other scientific fields to study roughness. The results showed that the 

important roughness parameters are application-dependent. 

 

In geology and rock mechanics the Joint Roughness Coefficient (JRC) is a critical factor 

that incorporates the roughness in stability problems. Although JRC is widely used, it is 

very subjective and highly depends on the experience of the individual conducting the 

analysis. During the last several decades there were attempts to use different methods such 

as fractal geometry, Fourier analysis, analytical methods, etc. to convert a random surface 

profile into a JRC. 

 

The goal of the current research is to estimate with greater accuracy the contribution of 

roughness to the shear strength of the interface at the paste-rock contact when backfilling. 

Four hundred and fifty backfill samples were constructed and tested in a shear box. The 

variables of the tests are three: binder percentage, roughness and cure time. From the test 

results the importance of each of those parameters to the final shear strength of the paste-

rock interface was estimated. The normal stress that acts on the samples is also a critical 

factor. From the tests that were tried, it was concluded that there are limits in normal stress 

for which roughness is important. 
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Chapter 1. Introduction and Objectives   

 

The underhand cut and fill mining extraction method ensures a high recovery under paste 

fill back. This mining method is mostly necessary either due to a weak rock mass and/or 

high induced back stresses. A major concern in the design of paste fill placement is the 

loading and strengths associated with the overlying paste fill. Backfilling in North America 

has been practiced since the middle of the 20th century. In 1957, cemented backfill was 

used for the first time by Falconbridge Ltd. at the Hardy Mine in Sudbury (Sargeant, 2008). 

This was a complete contrast to timber and sand support was used in the early twentieth 

century. 

 

On the other hand the placement of consolidated fill, either cemented rock fill or paste, 

requires one to understand the overall factors affecting design. De Souza et al. (2003) has 

summarized the advancements in backfill with the introduction of hydraulic fills in the 

1950’s and the addition of cement to fill materials in the 1960’s. Under-estimating strength 

can cause a premature failure of the backfill, once mining exposes the backfill, whereas 

overestimating strength can result in unnecessary expense due to the cost of the cement in 

place. 

 

The methodology of paste fill design is complex as many factors control the overall 

stability. The failure modes must be analysed with respect to the placed fill, stope 

geometry, loading conditions, seismic effects, stope closure, and support placement as well 

as other factors that are due to filling practices. Nowadays the technological development is 

offering new tools to engineers in order to understand and predict more accurately the 

behaviour of paste fill.  

 

The contact between the paste fill and rock wall represents an important factor to paste fill 

stability. However, the contribution of rock wall roughness on backfill behaviour has not 

yet been quantified and, as a result, the effect of wall roughness on backfill stability 

behaviour is often disregarded or in design studies.  
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In geology and rock mechanics, the use of the Joint Roughness Coefficient (JRC) (Beer et 

all, 2002) incorporates the effect of roughness in stability design problems. The use of JRC, 

for the evaluation of wall roughness, in underground stopes is an easy way to introduce the 

roughness factor to paste fill design. On the other hand the proper usage of the JRC factor 

has to be investigated. The question that mainly has to be answered is, if Barton’s equation 

presented in section 2.3.3 can be used in paste fill/rock interface problems, which is the 

best equation to be used in such problems.  

   

Expanding the previous work on this area and in view of the preceding developments, other 

objectives of this research are as follows: 

 

• To quantify, with acceptable accuracy, the contribution of wall roughness to the 

strength behaviour of backfill/rock interfaces. The contribution of paste binder 

content and cure time on interface strength is also investigated.  

 

• To investigate the mechanics of paste/rock interface failure under different normal 

loads, binder contents, cure times and roughness conditions. If this question is 

properly answered it will enhance the accuracy that paste fill design methods are 

offering. 
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Chapter 2. Literature Review 

 

2.1 Introduction to the Concept of Friction  
The traditional behavioural criterion of friction can be represented by a block of weight Fn 

being pulled by a shear force Fs, as shown in Figure (2.1.a). From experiments, it has been 

found that there is a linear relationship between the sliding resistance and normal force 

applied, as given by the following: 

 

Fs = μs Fn             (2.1) 

where:  Fs = pulling shear force  

Fn = block weight 

µs = static coefficient of friction. 

 

Friction was first described by two macroscopic experimental laws, commonly referred to 

as Amonton’s Laws, that are given as: 

 

1) “The friction made by the same weight will be of equal resistance at the beginning of its 

movement although the contact maybe of different breadth and length”. 

2) “Friction produces double the amount of effort if the weight is doubled.” 

 

In the late 1700s Coulomb (Coulomb C. A., 1776) studied and codified the fundamental 

bulk behaviour of sliding friction, studying the effect of five important environmental 

variables upon friction. These variables quantified the nature of the physical contacts and 

surface coating, the impact of the surface area involved in motion, the effects of normal 

force, effects of ambient conditions such as temperature and humidity, and the nature of 

material “memory.” Coulomb found that µs is independent of the normal force, sliding 

velocity, and contact area. Coulomb also examined the effect of stationary contact duration 

on µs material memory, which Coulomb modeled using an understanding of asperity 

interaction, very much in keeping with modern tribology. 
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Depending on the application scale, this criterion of friction is correct (analogous to the 

application of Newtonian vs. Relativistic scales) and has been accepted and successfully 

applied for several thousand years. Engineers normally measure the frictional resistance at 

some point distant from the interface which is orders of magnitude distant from the 

mechanisms that actually provide resistive force. There are some length scales (admittedly 

small or large) where the Coulomb description of friction fails to yield correct estimates of 

physical behaviour. The correct definition of friction is in fact a matter of scale. 

 

Figure 2.1 demonstrates the macro-, meso- and micro-scale processes in friction problems. 

The micro-scale effects in failure mechanisms become more significant for smaller 

dimensions of the shearing materials. The scope of this research is to investigate the 

backfill/rock interface behaviour in the meso-scale, neglecting the micro-scale effects. 

Future work could analyze the forces that dominate in the micro-scale and would more 

accurately estimate scale effects in backfill/rock interface problems.    

    

 
Figure 2.1: Macro-, meso- and micro-scales in friction problems. (Glaser, 2008) 
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2.2 Friction in Other Sciences  
Roughness relates to surface metrology and is a measurement of the small-scale variation 

in the height of a physical surface. Surface metrology is important to many disciplines 

including: tribology, surface engineering, fluid mechanics, optics, machining, and others. 

 

Surface topography can be accurately assessed using a variety of apparatus. Measuring the 

surface roughness provides a means of both defining and of judging a surface. Surface 

assessments can be done for the entire surface or in representative longitudinal profiles of 

the surface (Figure 2.2). It should be mentioned that in a 3D surface, each 2D measurement 

may give different linear profiles, depending on the surface contour (Figure 2.3).  

 

 
Figure 2.2: Lateral and longitudinal profiles. 

 

To solve this problem, scientists have developed different methods of defining and 

assessing a surface, depending on the scientific area which was being studied. However, 

there are common surface parameters which have been accepted and are used in 2D and 3D 

measurements in all sciences.  
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Figure 2.3: 3D surface and the corresponding 2D measurements. (Stout, 2000) 

 

Figure 2.4 shows typical parameters that define a subclass in tribology science. This figure 

clearly shows the complexity of friction problems with regard to scale effects. Each 

subclass has its own laws and approach.  

 

 

 
Figure 2.4: The tribology process studied on machinery, component, asperity and molecular 

levels (Holmberg, 2001). 
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Tribology’s subclasses are: 

1) Nanotribology or molecular tribology includes phenomena related to the 

interaction between molecules and atoms, such as the effects of Van der Waals 

forces and related interatomic phenomena, determined by the crystal and bonding 

structures of materials. 

2) Macrotribology or contact tribology relates to aspects often covering the entire 

contact zone, such as the long-range stresses present within contacting bodies. 

Combined loading responses are important particularly in highly-loaded 

applications like gears, bearing elements and rollers. Macro-level stresses influence 

observable wear mechanisms such as scuffing, scoring and pitting. 

3) Component tribology or decitribology is related to defining and measuring typical 

parameters originating from the interaction of components, and which define their 

performance, such as torque, forces, vibrations, clearance and alignment. 

4) Machinery tribology or unitribology describes the performance-related phenomena 

for a system of components assembled in a machine or a piece of equipment. The 

parameters of interest are performance, efficiency, reliability and lifetime 

estimation. 

 

2.2.1 Surface Measurement Parameters  

The assessment of surfaces using two-dimensional surface profiles has been employed 

since the early 1930s. The early instruments were only capable of measuring and displaying 

profile information with numerical data obtained by averaging the signal obtained from the 

movement of the mechanical stylus. The resulting average roughness parameter eventually 

became an accepted measure of a surface. This parameter, sometimes together with an 

extreme value parameter, peak to value height, became embodied in surface roughness 

standards developed in a number of countries. However, the parameter’s average roughness 

and peak to valley roughness (Ra and RT, respectively) had very limited value in relating 

the surface to its functional effectiveness. By the 1940s engineers and designers were 

already looking for better ways to describe a surface. Using new parameters, over one 

hundred new standards were developed based upon custom practices of surface description 

that were used in individual industries. Nowadays the most commonly used parameters for 
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3D profiles are shown in Table 2.1. The plethora of different surface parameters indicates 

the complexity of the roughness problem. The same parameters are applied in 2D profiles if 

the letter “R” is used. For example Ra is the average roughness in a 2D profile and Sa is the 

average roughness in a 3D surface. Table 2.1 shows the plethora of roughness parameters 

and is another indication of the complexity of roughness measurement and evaluation. Due 

to the complexity of every roughness problem, the evaluation of roughness requires 

quantification of particular roughness parameters. Those parameters can be estimated only 

by research of every specific roughness problem. 

  

Surface roughness parameters can be classified into three categories:  

• amplitude (peak or valley height variation in the profile height of a surface),  

• spacing (spacing of irregularities on a surface) and  

• hybrid (combination of amplitude and spacing) parameters. 

 

Surface roughness parameters can also be classified as statistical, extreme value and texture 

descriptors. Statistical descriptors give the average behaviour of the surface height. 

Examples of statistical descriptors include average roughness, Ra, the root mean square 

roughness, Rsk, and the kurtosis, K. Extreme value descriptors depend on isolated events. 

Examples include the maximum peak height, Rp, the maximum valley height, Rv, and the 

maximum peak to valley height, Rmax. Texture descriptors describe variations of the 

surface based on multiple events. An example is the correlation length. Figure 2.5 shows a 

random roughness, represented by the red line, and how 2D roughness parameters can be 

applied to describe the profile.  

 

From an industrial survey that CIRP (College International pour la Recherche en 

Productique) conducted, it is shown that the most important parameters for roughness 

characterization in micro-scale are Ra, Rz and Rt (Jeswiet J., 2005). Results from the 

industrial CIRP survey, shown in Figure 2.6, involved 284 companies in 18 countries. 

From ISO 4288:1996, it is determined that if the roughness of a surface is between 

0.006μm and 80μm then the best roughness parameter is Ra (average roughness).  
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Table 2.1: List of roughness parameters and corresponding 3D standard. 

Symbol Name 3D standard Default Unit 

Amplitude parameters:  

Sa  Roughness Average ISO 4287, DIN 4768, ANSI 
B46.1, ASME B46.1 [nm] 

Sq Root Mean Square (RMS) ISO 4287/1, ASME B46.1 [nm] 
Ssk  Surface Skewness ISO 4287/1, ASME B46.1  
Sku or Kku  Surface Kurtosis  ANSI B.46.1, ASME B46.1  
Sy Peak-Peak  ISO 4287/1, ASME B46.1 [nm] 

Sz Ten Point Height  ANSI B.46.1, ISO 4287, BS 
1134, DIN 4768 [nm] 

Smin Min Value ASME B46.1 (Rv) [nm] 
Smax Max Value ASME B46.1 (Rp) [nm] 
Smean Mean Value   [nm] 
Hybrid Parameters: 
Ssc  Mean Summit Curvature    [1/nm] 
Sti  Texture Index    
Sdq  Root Mean Square Slope    [1/nm] 
Sdr  Surface Area Ratio     
S2A Projected Area    nm2 
S3A Surface Area    nm2 
Functional Parameters: 
Sbi  Surface Bearing Index     
Sci  Core Fluid Retention Index     
Svi  Valley Fluid Retention Index     
Spk  Reduced Summit Height  DIN 4776  [nm] 
Sk Core Roughness Depth DIN 4776  [nm] 
Svk  Reduced Valley Depth  DIN 4776  [nm] 

Sδcl-h l-h% height intervals of Bearing 
Curve.  ISO 4287 [nm] 

Spatial Parameters: 
Sds  Density of Summits    [1/μm2] 
Std  Texture Direction    [deg] 
Stdi Texture Direction Index     
Srwi Radial Wave Index     
Shw  Mean Half Wavelength    [nm] 
Sfd Fractal Dimension    
Scl20 Correlation Length at 20%     
Scl37 Correlation Length at 37%     
Str20 Texture Aspect Ratio at 20%     
Str37 Texture Aspect Ratio at 37%    
Srw  Dominant Radial Wave Length    [nm] 

• ANSI: American standard 
• ISO: International standard 
• DIN: German standard 
• BS: British standard 

 

http://www.imagemet.com/WebHelp/roughness_parameters.htm#Roughness_Average�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Root_Mean_Square_Sq�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Surface_Skewness_Ssk_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Surface_Kurtosis_Sku_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Peak-Peak_Height_Sy�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Ten_Point_Height_Sz_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Mean_Summit_Curvature_Ssc�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Root_Mean_Square_Slope_Sdq_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Surfaces_Area_Ratio_Sdr_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#S2A�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#S3A�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Surface_Bearing_Index_Sbi�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Core_Fluid_Retention_Index_Sci_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Valley_Fluid_Retention_Index_Svi_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Reduced_Summit_Height_Spk�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Roughness_Depth_Sk�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Reduced_Valley_Depth_Svk�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Height_Intervals_of_Bearing_Curve�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Height_Intervals_of_Bearing_Curve�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Density_of_Summits_Sdq_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Texture_Direction_Std�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Texture_Direction_Index_Stdi_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Radial_Wave_Index_Srwi_�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Mean_Half_Wavelength_Shw�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Sfd�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Scl�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Scl�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Str�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Str�
http://www.imagemet.com/WebHelp/roughness_parameters.htm#Dominating_Radial_Wavelength_Srw_�
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Figure 2.5: Application of 2D roughness parameters to a profile (Jeswiet, 2005). 

 
If the roughness is between 0.025μm and 200μm then the best roughness parameter is Rz 

(ten point height). From the above it is concluded that, even in micro-scale investigations, 

there are different micro-dimensions that are critical to which parameter should be used.  

 

It is thus concluded that the characterization of roughness is strongly dependent upon the 

scale, the use and the material of the surface. The problem in the selection and 

determination of the critical parameter arises when there is not enough field data.  

 

Roughness parameters have not yet been incorporated in rock mechanics. JRC profiles are 

the dominant roughness descriptive parameters in rock mechanics; they are used to 

compare a real surface with pre-determined profiles, making it possible to quantify the 

surface roughness. In rock mechanics problems associated with geological applications, it 

is inherently difficult to determine the critical roughness parameter because the scale of an 

interface can range from a few centimeters to several kilometers. Another reason why 

roughness parameters have not been incorporated in rock mechanics is the infinite number 

of combinations of materials that appear in rock contacts in nature and their different 

properties. Although there is extensive research on different friction problems in rock 

mechanics, the majority of the studies are oriented at comparing the surface with regular 

shapes (triangles, squares) or JRC profiles. Methods which estimate the critical roughness 

parameter associated with scale effects and material problems have not been yet been 

developed. A different assessment approach needs to be developed for conditions when the 

materials in contact present adhesive connected powers (cemented materials).   
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Figure 2.6: Number of companies using R parameters described in ISO 4287:1997. 

 

2.2.2 Surface Measurement Instruments   

A review of the literature clearly shows that a perfect surface measurement system is yet to 

be developed. The measurement technique can be divided into two broad categories: a) a 

contact type, in which, during measurement, a component of the measurement instrument 

actually contacts the surface to be measured; and b) a non-contact type. Each of the existing 

approaches (Figure 2.7) has its inherent advantages and disadvantages. The best 

measurement system is that which combines such features as: 

• the size of the sample to be evaluated, 

• measurement rate,  

• precision,  

• repeatability,  

• spatial resolution, 

• ease of measurement,  

• easy of analyzing the data,  

• suitability for use in the field.  
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Roughness can be measured by several methods: 

• Mechanical Stylus Method, 

• Optical Interference, 

• Fluid Method,  

• Electrical Method, 

• Diffraction, 

• Air Pressure Drop, 

• Capacitance. 

 

 
Figure 2.7: 2D & 3D classification methods for surface measurements (Bhushan, 2002). 

 

Instruments and test methods that are used to produce a sequence of numbers related to the 

“true profile” for an imaginary line on a surface are commonly called profilers. A profiler is 

an instrument used to produce a series of numbers related in a well-defined way to a true 

profile. Profilers commonly used for roughness measurements include: 

 

Profilometer – Mechanical Stylus (Figure 2.8) is a device similar to a phonograph, used to 

measure the length or depth of a feature, usually at the micrometer or nanometer scale.  

 

Available systems for joint-
roughness measurement 
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Optical Profilers (Figure 2.9) are used to make step measurements, from several 

nanometers to many millimeters. They are used in many applications, including polymers, 

life science, pharmaceutical, optics, material science, etc.       

 

Atomic Force Microscope. An (AFM) is a relatively new instrument for imaging a sample 

surface (Figure 2.8). AFM is similar to a conventional stylus profilometer, however AFMs 

can precisely image a sample surface up to the nanometer size in three dimensions. With 

the use of a sharper tip and smaller loading force, the resolution of modern AFMs has been 

extremely improved in comparison with conventional profilometers. 

 

A distinction can be made between the methods of evaluating the nanoscale and microscale 

features of surface roughness. Although the molecular roughness of surfaces has to be 

estimated in some applications, for most engineering and manufacturing surfaces optical 

methods are adequate. These methods can also measure the geometrical parameters of the 

surfaces. In geology and mining applications, where the scales are clearly at the 

macroscale, the most suitable methods to measure the roughness are the optical methods. 

Optical instruments have been used to evaluate the joints in a slope, and laser scanners have 

been used to evaluate the roughness in underground drifts (for ventilation purposes). 

Contact measurement methods (mechanical stylus) have been used in specimens of 

relatively small, laboratory scale (15cm). 
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Figure 2.8: Comparison of a profilometer with an AFM (probe.olympus-global.com). 

 

 

 

 

 
 

 

 

 

 

 

Figure 2.9: Optical profiler (Wyko NT9800) (www.azonano.com). 
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2.3 Friction and Roughness in Rock Mechanics   
Equation (2.2) presents the coefficient of friction, μs, as a function of the friction angle.  

The estimation of the coefficient of friction still presents a major challenge for engineers 

working in different fields. Civil and rock mechanics engineers have developed different 

techniques in order to make the evaluation of the coefficient of friction an easier and more 

precise process.  

 

In the eighteenth century, Coulomb, when studying friction, observed a block on an 

inclined plane and noticed that the block would remain at rest if the resultant of all forces 

acting on the block was at an angle with respect to the normal to the surface of less than φb, 

which he termed the basic friction angle. Coulomb concluded that μ can be replaced by the 

tangent of the angle of friction.  This is represented in Equations 2.2 and 2.3: 

 

bs φµ tan=               (2.2) 

 

where:  μs = coefficient of friction 

φb = basic friction angle  

 

bn φστ tan⋅=              (2.3) 

 

where:  τ =  shear strength  

σn = applied normal stress  

 

It is common for engineers to use friction angles rather than the frictional coefficient. Table 

2.2 lists commonly used friction angles for different types of rocks. 

 

The Mohr-Coulomb equation is commonly used for cemented and planar surfaces: 

 

bnc φστ tan+=          (2.4) 

where:  c = the cohesion between the two surfaces.  
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Table 2.2 Basic friction angles of various unweathered rocks obtained from flat and 

residual surfaces (Barton, 1977). 

 
 

In rock mechanics, the true cohesion occurs only on cemented surfaces. However, in many 

practical situations, the term cohesion is used for convenience and it refers to a 

mathematical quantity related to surface roughness. In such situations, the cohesion c and 

the angle of friction φ can be obtained by drawing a line tangent to the (shear stress/normal 

stress) failure envelope. The cohesion is taken from the intercept on the shear stress axis 

and the angle of friction is taken from the inclination of the tangent with the normal stress 

axis. 
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2.3.1 Shear Behaviour of Discontinuities 

If a surface is sheared at a constant normal stress, at very small displacements, the surface 

behaves elastically until the peak shear strength is reached. Thereafter the shear stress 

required to cause further shear displacements drops rapidly and levels out at a value known 

as the residual shear strength. This behaviour is illustrated in Figure 2.10. The equation for 

describing the residual shear stress is similar to Equation 2.4, with the parameter φb being 

replaced by φr. This is illustrated in Figure 2.11. The two angles are normally close in 

value.   

 

 
Figure 2.10: Peak and residual stress estimated in a shear stress-displacement diagram. 
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Figure 2.11: Shear behaviour of discontinuities (Kiche, 1999) 

 

2.3.2 Patton’s equation  

One of the pioneer researchers in rock mechanics, Patton (1966), related the shear 

behaviour of joints to the normal load and roughness. His work was based on an idealized 

model of a joint in which roughness is represented by a series of constant-angle triangles or 

saw-teeth configuration. For these profiles, the dilatancy angle (arc tangent of the ratio 

between the vertical and shear displacements of the sample during the shearing) is constant, 

assuming that the rock is rigid. Patton observed that at low normal loads, when there was 

practically no shearing of asperities, the shear strength of the joint is described by:  

 

)tan( ibn +⋅= φστ              (2.5) 

 where:  i = the inclination angle of teeth and the inclination of the surface 

         asperities (Figure 2.12). 
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Figure 2.12: Estimation of angle i in a saw-teeth shaped joint (Barton, 1976). 

 

However, the parameter i cannot be easily measured in the laboratory when the samples are 

not saw-cut shaped. Equation 2.5 is still valid at low normal stresses, where the shear 

displacement is due to sliding along the inclined surface.   

 

At higher normal stresses, the strength of the intact material is exceeded and the asperities 

tend to break off resulting in shear strength behaviour which is more closely related to the 

intact material strength than to the frictional characteristics of the surface. It is noted that 

the effect of surface roughness and uniaxial compressive strength are not included in this 

relationship. 

 

At high normal loads Patton found a reasonable agreement with experimental results using 

the following criterion: 

 

rnjc φστ tan⋅+=          (2.6)   

where:  cj =  the apparent joint cohesion  

φr = the residual friction angle. 

 

By combining the two failure criteria, Patton obtained a bilinear envelope that describes 

fairly well the shear strength of a plane surface containing a number of regularly spaced 

teeth of equal dimensions (Figure 2.13). However, these criteria are not suitable for 

describing the shear behaviour of irregular rock surfaces, for which continuous failure 

envelopes are normally obtained. 
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Figure 2.13: Bilinear failure envelope for multiple inclined surfaces (Patton 1966). 

 

Shear failure models can thus be divided into dilatancy and non dilatancy models. Under 

low normal stress levels, the asperities are not sheared and dilatancy normally occurs. In 

this case the surface roughness plays a significant role and must be incorporated in the 

equations that calculate the shear strength. On the other hand, for cases where the normal 

stress levels are relatively high, the asperities break and dilatancy does not occur, and the 

roughness has almost no contribution to the shear strength.  

 

2.3.3 Barton’s equation  

An alternative approach to the problem of predicting the shear strength of rough joints was 

proposed by Barton (1977). Based on tests carried out on natural joints, Barton derived the 

following empirical equation: 

 

)logtan( 10 







⋅+⋅=

n
bnp

JCSJRC
σ

φστ        (2.7) 
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where:  JRC =  the joint roughness coefficient  

JCS = the joint compressive strength 

φb = basic friction angle. 

σn = applied normal stress  

 

JRC is a parameter that represents the roughness of the joint and JCS represents the 

unconfined compressive strength of the rock on the joint surface, taking into account 

possible reductions in resistance resulting from fatigue, chemical alteration, or other 

processes that weaken the rock at the interface. When the joint is “fresh”, JCS is equal to 

the unconfined compressive strength of the rock (i.e. JCS = σc). JCS is usually determined 

using a Schmidt hammer as outlined by Barton (1977).  

 

Comparing Patton’s and Barton’s (JRC) equations (equations 2.5 and 2.7) it is noted that 

the roughness angle (i) of Patton’s equation has been replaced by a term dependent on 

normal stress that contains the JRC. Barton’s original experiments were carried out at 

extremely low normal stress levels and his equation is more applicable for normal stresses 

in the range 0.01 < σn/JCS < 0.3.  

 

It is important to note that as σn→0, the logarithmic term in the Barton equation tends to 

infinity and the equation ceases to be valid. Barton suggests that the maximum value for the 

total friction angle (φb) be 70o.  

 

However, Barton et al. (1977) proposed the estimation of JRC either by back-analyzing 

shear tests, or by visual comparison of roughness to ten standard profiles given in Figure 

2.14. For these standard profiles, JRC values between 0 and 20 were assigned in steps of 

two, with zero corresponding to the smoothest profile and 20 to the roughest. The 

International Society for Rock Mechanics has adopted these standard profiles in their 

suggested procedures for measuring the roughness of discontinuities (ISRM 1978). 
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Figure 2.14: Roughness profiles and corresponding JRC values (Barton and Choubey, 

1977). 

 

2.3.3.1 Field estimates of JRC  

The joint roughness coefficient JRC is a number which is determined by comparing the 

appearance of a discontinuity surface with the standard profiles in Figure 2.14. Barton 

(1987) published a table relating Jr (Q System) to JRC, shown in Figure 2.15. The Q system 

is a rock mass classification system that was developed by Barton N. et al (1974). It is a 

quantitative classification system and is an engineering system facilitating the design of 

tunnel supports. Q system use six different parameters to assess the rock mass quality. The 

parameters are: 

• Rock Quality Designation (RQD) 

• Joint set number (Jn) 

• Roughness of the most unfavorable joint or discontinuity (Jr) 

• Degree of alteration of filling along the weakest joint (Ja) 

http://en.wikipedia.org/wiki/Rock_Quality_Designation�
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• Water inflow (Jw) 

• Stress Reduction Factor (SRF) 

Bandis and Barton (1982) proposed that JRC can also be estimated from a tilt test in which 

a pair of matching discontinuity surfaces is tilted until one slides on the other. Additionally 

there are several investigators (Hsiung et al. 1993, Maertz et al. 1990) that have suggested 

that the visual-comparison method for estimating JRC is subjective and unreliable.  

 

 
Figure 2.15: Relationship between Jr in the Q system for 200mm (JRC20) and 1000mm 

(JRC100) samples (Barton, 1987). 

 

2.3.3.2 Influence of scale 

The effect of sample size on shear components is illustrated in Figure 2.16, in the form of a 

shear stress (τ) / displacement (dh) relationship. Studies of joint shear behaviour indicate 

that increasing block size or length of joints leads to: 

 

1. a gradual increase in the peak shear displacement (dhp), 

2. an apparent transition from a brittle to plastic mode of shear failure, 

3. a decrease of the peak dilation angle, dn
0, 
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4. insignificant scale in the case of relatively planar and smooth joint types. 

 

Barton estimated the peak frictional resistance, considering three other factors: φb, dn and 

SA, according to the following: 

 

Anbnp Sdpeak ++== φστφ )/arctan(         (2.8) 

 

where:  φp = the peak friction angle, 

                        φb = the basic friction angle, 

dn = the peak dilation angle, 

SA = the shearing or failure component. 

The scale effect in those parameters is presented in Figure 2.16.  

 

 
Figure 2.16: The effect of sample size on shear components (Barton, 1987). 

 

The influence of joint scale is of significant importance as to how Barton’s equation should 

be used. Based on extensive testing of joints and joint replicas, Bandis and Barton (1982) 

proposed scale corrections for JRC and JCS, as defined by equations 2.9 and 2.10.  
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where JRC0, JCS0 and L0 (length) refer to 100mm laboratory scale samples and JRCn, JCSn 

and Ln refer to in situ block sizes.  

 

The quantity, JCS0, is the joint wall compressive strength of a 100mm laboratory specimen, 

and has a minimum value equal to the uniaxial compressive strength of the intact material. 

This maximum value relates to fresh, unweathered or unaltered discontinuity surfaces. The 

strength will be reduced by weathering or alteration of the surface and also by the size of 

the surface. 

 

2.3.4 Quantifying surface roughness with other methods   

At present, only one morphological parameter has been broadly accepted in the expression 

for joint strength: the Barton’s expression (Barton & Choubey 1977). As previously 

discussed, Barton was the first to take into account the influence of natural roughness on 

joint strength introducing the joint roughness coefficient (JRC) to quantify roughness in 

one dimension. The subjectivity of estimating the JRC value in a rock profile has led 

scientists to develop different models to quantify JRC. Statistical and fractal approaches are 

discussed in the following sections. 

 

Several other methods have been investigated in order to quantify surface roughness. 

Various statistical, fractal and geostatistical models have been developed, but the 

generalization of those results is still not possible. The different apparati required by each 

method restrict the application range of every method. It is beyond any doubt, though, that 

this research helps scientists better understand the shearing mechanisms between different 

materials.    
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2.3.4.1 Statistical models 

Several researchers have attempted to quantify joint roughness using statistical parameters 

which have been used for the analysis of two-dimensional profiles in other scientific areas 

(Section 2.2.1). Roughness has been characterized based on centreline average, mean 

square, root-mean square (RMS), mean square of the first derivative, RMS of the first 

derivative (Z2), RMS of the second derivative (Z3), auto-correlation function, spectral 

density function, structure function (SF), roughness profile index (Rp) and micro-average 

angle (At). Many of those parameters are based on the same measurements and, thus, are 

closely related. By analysing the digitization of Barton’s roughness profiles, Tse and 

Cruden (1979) found correlations between the RMS of the first derivative of the profile 

(Z2) and JRC: 

 

2log47.322.32 ZJRC +=           (2.11) 

 

and between the structure function (SF), which measures the variation of the profile: 

 

SFJRC log58.1628.37 +=          (2.12) 

 

It is highly questionable whether a single statistical parameter is adequate for capturing the 

roughness arising from profiles. Using statistical tools it is only possible to describe the 

average variation of the profile, but nothing has been said about how the relief varies on the 

plane surface, and, consequently, about the profile slope. In the last two decades many 

researches have concluded that roughness cannot be characterized by one or a limited 

number of discrete statistical values.  

 

Various conventional statistical parameter approaches (Wu and Ali, 1978; Tse and Cruden, 

1979; Krahn and Morgenstern, 1979; Dight and Chiu, 1981; Maerz et al, 1990; Reeves, 

1990) have been used to quantify roughness of rock joints using linear profiles. Modern 

researchers (Grasseli, 2001; Lanaro, 2000; Stout, 2000) are using statistical parameters for 

quantifying 3-D rock profiles.  
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2.3.4.2 Geostatistical models, fractal geometry and spectral methods  

It is argued that the currently available joint models are incapable of accurately predicting 

joint shear behaviour without resorting to substantial levels of empiricism. This is because 

those models fail to adequately quantify joint roughness or incorporate the importance of 

scale. Geostatistical methods and fractal geometry have been used by scientists to describe 

joint roughness behaviour and minimize the use of empiricism. Furthermore, research 

attempts have been made to correlate those methods with the general accepted method of 

JRC determination. 

 

The main idea of geostatistical methods is to relate the spatial variation among population 

densities to the distance lag. Geostatistics is therefore a statistical method that is 

particularly useful in situations where a sample value is affected by its location and its 

relationship with its neighbors. The geostatistical process is a two-step procedure. The first 

is the calculation of experimental variograms and the second is fitting a model to them. The 

structural analysis is the selection and fitting of mathematical expressions to experimental 

variograms for the required first two moments of the regionalized variable. The form of 

these expressions comprises the model. Thus the currently used theoretical models can be 

classified as:  

 

1. Models with a sill (or transition models) and linear behaviour at the origin 

(spherical model and exponential model). 

2. Models with a sill (or transition models) and parabolic behaviour at the origin 

(Gauss model). 

3. Models without a sill where the corresponding regional function is only intrinsic 

and has neither covariance nor finite a priori variance (power model and 

logarithmic model). 

4. Nugget effect.   

 

Geostatistical methods based on variograms are known as kriging. Kriging is the process of 

estimating the value of a specially distributed variable from adjacent values while 

considering the interdependence expressed in the semivariogram. The kriging process 
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involves the construction of a weighted moving average equation which is used to estimate 

the true value of a regionalized variable at a specific domain. This equation is designed to 

minimize the effect of the relatively high variance of the sample values by including 

knowledge of the variance between the estimated point and other sample points within the 

range. Kriging can be a useful technique to densify point clouds of measured joint surfaces, 

to fill a lack in measurements, and to estimate the elevation of the surface on a regular grid 

(Gentier et al, 2000). 

 

As fractal geometry is central to the development of a roughness model, a brief 

introduction to the concepts of fractal geometry has been included. Further details can be 

obtained from any of a number of references on the topic e.g. Kaye (1989), Mandelbrot 

(1977, 1983) and others. 

 

Fractal geometry is the geometry of "chaos theory", and has been described as the geometry 

of Nature. Nature rarely presents itself in the shapes of Euclidean geometrical forms - 

straight lines, triangles, squares, etc. - but rather in forms which can be considered as 

chaotic. Clouds, trees, mountain ranges, coastlines and rock joints have not been 

engineered, but are a result of the conjunction of unknown and random forces. All are 

poorly represented in terms of classical geometrical concepts, but lend themselves to 

probabilistic representation using fractal geometry. The fractal dimension, D, is a 

quantitative measure of roughness. 

 

A number of researchers (Lee et al., 1990; Turk et al, 1987; Carr and Warriner, 1987) have 

applied the concept of fractal dimension to rock joints. Lee et al (1990) and Turk et al 

(1987) applied the concept of fractal dimension to natural and artificially created joints, and 

to the analysis of the ISRM standard roughness profiles (ISRM, 1978). Lee et al. and others 

have determined empirical relationships between JRC and fractal dimension, D, as follows:  

 

 Lee et al: 
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 Carr and Warriner: 

DJRC 92.102355.1022 +−=         (2.14) 

 

 Wakabayashi and Fukushige:   

00004413.0/)1( −= DJRC         (2.15) 

 

 Turk et al: 

DJRC 6.11416.1138 +−=         (2.16) 

 

Turk et al (1987) took an alternative approach and developed a semi-empirical relationship 

between the average asperity angle, i, and the direct profile length, Ld: 

 

cosi = (XLd)1-D         (2.17) 

where X is a constant, to be established empirically. 

 

The approaches described above, which are based on the representation of roughness as a 

single statistic, or a limited set of statistics, cannot capture the complexities of joint 

behaviour, and the interplay of both geometrical and strength properties of rock joints. 

Their use must be coupled with empirical factors, which are at best approximations. In fact, 

the correlation between the standard deviation of the angle and JRC has been recognized by 

others (Williams, 1980; Lam, 1983; Kodikara, 1989). Williams (1980) proposed the 

following empirical relationship from his analysis of the standard roughness profiles: 

 

θsJRC 83.0=                      (2.18) 

where sθ is the chord angle as is defined by Seidel J.P. (1995)     

      

If a fundamental approach to the shear behaviour of rock joints is to be sought, it must be 

matched with a fundamental understanding and quantification of roughness. The 

applicability of the fractal model has been extensively tested by various researchers. One 

conclusion that is drawn is that the prediction of the shear behaviour of rough rock joints 
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should rather be based on a fundamental theoretical understanding of the interface failure 

mechanisms. The shear behaviour of rock joints is dependent not only on the geometry of 

the joint, which can be described by the fractal model, but also on the strength 

characteristics and elastic properties of the rock, and the prevailing boundary conditions. 

All of these considerations must be combined to describe the shear performance of a rock 

joint. Such an approach has been proposed by Seidel (1993). 

 

Durham & Bonner (1995) proposed a spectral method to estimate the surface roughness of 

rock joints. Firstly, the rock surface is digitized using a profilometer by recording 

coordinates (x, y, z) at a given point. The power spectral density (PSD) is then calculated 

for each x-z profile taken, and then they are averaged to produce a single estimate for the 

entire surface. The PSD is calculated based on the direct method of classical spectral 

estimation: 

 

Gi(f)
2

2

)( fZ
L
h

i=          (2.19) 

where:           Gi(f) = power spectral density  

                      h = sampling interval,  

                      L = length of the profile,  

           Zi(f) = fast Fourier transformation (FFT) on the sampled profile.  

 

A spectral analysis proposed by Piggott (1995) describes both the roughness and spatial 

correlation of the fracture surface topography. The spectral method uses the spectral 

density function of surface elevation as: 

 
β−=Γ ff )(            (2.20) 

where:   ƒ = spatial frequency, 

  β = surface dimension. 
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2.3.4.3 Other methods  

• Tilt test 

The tilt test has been used in the past for determination of JRC. The tilt test determines the 

tilt angle, α, at which the top block of a mated joint specimen begins to slide downward 

along the shear direction. JRC can be calculated from the following equation: 

 

)/log(/)( nor JCSJRC σφα −=        (2.21) 

where:  φr = the joint residual angle of friction,  

JCS = the joint wall compressive strength,  

  σno = the corresponding effective normal stress calculated from the weight 

                              of the top block of the joint specimen when sliding occurs.  

 

• Laboratory joint shear tests  

Barton’s equation (3.7) is commonly used for the estimation of the shear strength of a 

discontinuity. However, with the inverse use of the equation it is possible for JRC to be 

determined. So, by estimating the shear strength of a discontinuity from laboratory testing, 

it is possible to apply Barton’s equation and obtain the JRC using the following: 

 

)/log(/))/((tan 1
nn JCSJRC σστ−=        (2.22) 

 

Table 2.3 shows the difficulty in estimating the JRC of a surface with various methods. 

Based on Table 2.3 it is safe to conclude that the estimation of JRC is highly subjective. 

That is why, when the JRC parameter needs to be indirectly estimated, the estimation 

method must be properly selected (tilt test, fractals and shear test).  
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Table 2.3: Comparison of JRC determined by various methods (Hsiung et al., 1993). 

JRC 

Estimates 
1 2 3 4 5 6 7 

Test No. Tilt Test  

Tse 

and 

Cruden  

Carr & 

Warriner 

Turk et 

al.  
Lee et al. 

Wakabayashi 

Fukushige 

Shear 

Test 

1 N/A 8.0 4.6 6.6 6.2 8.3 12.0 

2 N/A 7.3 5.5 7.6 8.0 9.5 13.4 

3 N/A 8.5 5.5 7.6 8.1 9.6 10.8 

4 N/A 6.9 4.6 6.7 6.4 8.5 9.8 

5 5.6 5.2 4.4 6.4 5.9 8.2 11.6 

6 4.1 5.7 4.4 6.4 6.0 8.2 10.5 

7 6.2 6.8 4.5 6.5 6.2 8.4 12.1 

8 6.0 6.3 4.5 6.5 6.1 8.3 11.0 

9 5.4 2.0 3.0 4.8 3.0 6.0 7.1 

10 6.1 8.1 5.2 7.2 7.4 9.2 11.8 

11 3.8 1.9 3.0 4.8 3.0 6.0 10.4 

12 6.4 7.2 5.5 7.6 8.0 9.5 11.9 

13 5.8 7.0 5.2 7.2 7.4 9.2 11.2 

14 6.3 8.2 5.2 7.2 7.4 9.1 11.1 

15 7.3 7.3 5.0 7.0 7.0 8.9 19.8 

16 8.1 10.5 8.0 10.4 12.3 12.4 18.8 

N/A – Not available  

 

• Roughness angle  

Schaffer M. (2001) introduced a method of JRC determination based on the roughness 

angle. The roughness angle is defined by the relationship: cos(i)=LD/LT, where i is the 

roughness angle, LD is the direct length of the fracture (end to end) and LT is the trace 

length of the fracture. After digitizing all JRC profiles, the angle i can been calculated 

using the following relationship:  

 
2028.0815.1827.6 iiJRC −+−=                                                                                      (2.23) 

 

• Joint aperture (Bandis et al., 1982) 

Barton has indicated that, with one simple measurement of the asperity amplitude, the JRC 

can be estimated with significant accuracy. Figure 2.17 shows how the JRC estimation of a 
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profile can be made. By placing the length of the profile and the asperity amplitude in the 

logarithmic diagram of Figure 2.17, the JRC parameter can be estimated. 

 

2.4 Thesis justification 

The safe and profitable operation of an underground mining operation requires selection of 

a well-designed underground mining method. In underhand cut-and-fill mining the 

rock/paste backfill interface properties are some of the most difficult values to predict. 

Tools used for stability design include various numerical analysis methods (FLAC, 

Phase2), supported by empirical models that are used to simplify all the factors that affect 

the interface shear strength. Empirical equations are used to estimate the behaviour of the 

rock-paste interface, which are based on the material properties and Barton’s JRC 

roughness parameter. Because of the lack in related research, design models consistently 

neglect the pastefill interface parameters such as cement content, cure time, moisture 

content and also the three dimensions of the interface surface. This thesis presents a unique 

investigation of the distinct characteristics of rock/fill interface problems and attempts to 

quantify the contribution of significant parameters of pastefill and rock wall properties on 

the final interface strength. The important pastefill characteristics which this project 

investigates include the pastefill cure time and the cement content. The project also focuses 

on the contribution of wall roughness on interface strength.  
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Figure 2.17: JRC estimation using asperity amplitude and length of the profile (Bandis and 

Barton, 1982). 

 

From the discussion presented in this chapter it is concluded that the characterization of 

surface roughness is a complex problem. The current thesis aspires to introduce a method 

of characterizing the rock wall roughness when the rock is in contact with pastefill. 

Barton’s JRC profiles seem to be the most suitable approach to be adapted for engineering 

applications. Possible future work that needs to be conducted in order to make the interface 

investigative methods more accurate and reliable is also uncovered in this thesis. 
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Chapter 3. Plan of Laboratory Work  
 

3.1 Analysis of Study Parameters  
By way of introduction, it can be mentioned that mine backfill is any material that is placed 

in a previously mined area, usually a stope, to provide structural support for the 

unsupported walls around the void. The backfill material can be loose rock, cemented 

material, or an engineered cemented material; it is almost always weaker than the material 

that it is replacing. Pastefill is a denser backfill product and can also be placed as a non-

segregating slurry, which means that it has negligible excess water when stationary and 

remains essentially as a homogeneous single phase product. The density of paste fills from 

underground hard rock mines is typically between 75%Cw and 85%Cw (solids by weight), 

depending on particle size distribution and solids specific gravity.   

 

Pastefill is a relative new technology and it falls into the broad category of thickened 

tailings. Its use became dominant in the mining industry in the last decades. The benefits 

that pastefill presents made this material an important element in many underground 

mining methods, especially in cut-and-fill underground mining methods. Many scientists 

have studied the “art” of making and placing pastefill. The quality of pastefill is strongly 

connected with tailings quality and consistency. It has also to be stressed that paste fill mix 

designs and optimizations are rapidly developed and changing. Transportation and 

placement are additional parameters that also influence pastefill’s final properties. 

 

The control of pastefill properties is a serious problem in the mining mill for mining 

engineers. At the laboratory scale, the control of pastefill properties is a critical procedure 

because a small mistake in moisture or cement content estimation will give pastefill 

different characteristics and different behaviour in tests. The next sections will provide a 

review of pastefill technology and will explain the testing procedure that was followed in 

the current research. 
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3.1.1 Parameters Influencing Backfill Behaviour 

The following list summarizes the critical parameters with strong influence to the pastefill 

properties. Pastefill properties include: mineralogy, specific gravity, moisture content, 

percent solids, void ratio, porosity, rheology, grain size distribution, uniaxial compressive 

strength and shear strength. Due the nature of the problem upon which this research is 

focusing, the most critical pastefill parameters are the uniaxial compressive strength and 

the shear strength. The critical parameters influencing pastefill’s uniaxial and shear 

strengths are: 

 

1. Cure Time 

2. Binder Content and Type  

3. Tailings (grain size distribution, mineralogy) 

4. Solids concentration 

5. Water (mixing water chemistry, percentage) 

6. Casting Conditions 

7. Mixing Procedure 

8. Outside (External) Temperature 

9. Paste Transportation  

 

For experimental consistency all critical parameters, except cure time and binder content, 

were held constant during the laboratory experimental procedure. Cure time and binder 

content are, from experience, the most critical parameters and that is the reason why they 

were chosen for their contribution to the problem, which is investigated in detail. 

 

The pastefill tailings were obtained from an underground mine (Brunswick Mine). More 

details about pastefill preparation are explained in the 4th chapter.   

 

3.1.2 Selection of a Joint Classification System 

3.1.2.1 Justification for the choice of Barton’s criterion.  

In engineering practice, the shear strength criterion, proposed by Barton for rock joints, is 

widely adopted (Yang Z. Y. et al., 2001). The JRC (Joint Roughness Coefficient) value, 
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which the Barton criterion is using for a given joint profile, can be estimated visibly by 

comparing it with ten reference JRC profiles. The JRC value ranges are from 0 to 20. Many 

researchers, as explained in Chapter 2, compared JRC profiles with other methods and 

roughness parameters (root mean square, fractals, maximum profile asperities, etc.). For 

this research the Barton criterion is justified as the best approach for the following reasons: 

 

1. Engineers are familiarized with the use of Barton’s criterion and also the set of JRC 

profiles has been adopted as a standard by the ISRM (International Society for Rock 

Mechanics). 

2. The JRC number can be estimated with alternate methods in order to minimize 

subjectivity. 

3. Barton’s criterion is used by various numerical analysis programs, like FLAC and 

Phase, which are widely adopted for underground design. 

4. Barton’s criterion addresses scale problems with the use of empirical scale types. It is 

possible that every rock wall dimension has its monadic JRC profile number.  

5. Barton’s criterion is also valid for low stress environments which also applies to paste 

backfill cases, where paste uniaxial strength barely exceeds 2 MPa.  

6. The simplicity of this method satisfies ideally this exploratory research.    

 

From the ten JRC profiles, five representative profiles were selected (Figure 3.1):  

 JRC 0 

 JRC 3 

 JRC 11 

 JRC 15 

 JRC 19 

 

The choice of the profiles was selectively based on the needs of the research. The selection 

focused more on the rougher profiles because Barton’s scale factor (Equations 2.7 & 2.8) 

makes smaller the profile number and also because the research aims to investigate whether 

rough rock walls will increase significantly the interface (rock/pastefill) shear strength.  
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Figure 3.1 shows the selected roughness profiles and Figure 3.2 shows how the profiles 

were carefully cut to prepare stencils for physical model casting. About 200 prepared 

profiles create a profile-base which has been prepared from every chosen Barton JRC 

profile (Figure 3.3). A cast was created and the profile-bases were placed inside. Plaster of 

Paris was molded on top of those profile-bases and the negative profile of the actual JRC 

profile was produced.    

  

 
Figure 3.1: Selected JRC profiles for the tests. 
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Figure 3.2: Production of roughness profiles from Barton’s scale.    

 

 
Figure 3.3: JRC profiles constructed from paper, making the base on top of which plaster 

will be cast.    
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Those profiles are representative of wall roughness conditions that can be seen in an 

underground stope. It is not expected that a wall’s roughness character will match 

completely with JRC profiles, though there are methods that can correlate JRC profiles 

with the actual wall roughness (Chapter 2). In some cases when roughness is off the JRC 

scale, engineers make use of JRC numbers larger than 20.        

 

3.1.2.2. Scale influence in JRC calculations  

Barton’s scale uses profiles with 10cm length. The specimens which have been prepared 

have a length of 15.24 cm (6 inches) (see Figure3.4). Using Equations 2.9 and 2.10, with 

Ln= 15.24cm, L0= 10cm and JRC0= 0, 3, 11, 15 and 19, the JRC is calculated as presented 

in Table 3.1.  

 

Table 3.1: Calculated JRC from the specimens. 

 
 

Comparing the results from Equations 2.9 and 2.10, results from Equation 2.9 have been 

chosen because the JRCn roughness is closer to the JRC0 scale. The scale effect should not 

be so strong in this laboratory application because specimen geometry is relatively close to 

Barton’s JRC scale. In the thesis, wherever roughness is mentioned, Barton’s scale will be 

used and not the normalized JRC which is calculated from Equation 2.10. For example, in 

Figure 3.5, the JRC = 19 was the roughness base for this specimen. The normalized JRCn is 

16.19 and this number has been used in all equations in which the JRC is needed (i.e. 

Barton’s equation, Equation 2.7). 

        

L 0 L n JRC 0 JRC n 
10 15.24 0 0 
10 15.24 3 2.93 
10 15.24 11 10.03 
10 15.24 15 13.22 
10 15.24 19 16.19 
10 15.24 0 0 
10 15.24 3 2.89 
10 15.24 11 9.57 
10 15.24 15 12.41 
10 15.24 19 14.94 

Eq 2.9 

Eq 2.10 
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Another issue that has to be stressed is that the shear apparatus, which has been used in the 

Queen’s University Rock Mechanics laboratory, can test only cylindrical specimens. The 

diametrical specifications for the specimens were predetermined to comply with the 

laboratory test equipment and test method standards. The use of cylindrical specimens 

compared to square specimens has some advantages and disadvantages. Cylindrical 

specimens are easier and cheaper to be prepared, can be produced in faster rate and also the 

distribution of stresses across the interface is smoother than in a square specimen. 

However, square specimens present higher stress concentrations in the angles of the square 

interface. 

 

In direct shear tests, circular specimens are common when core drilled samples are 

examined. On the other hand, as presented in Figure 3.5, the JRC profile is complete only 

across the specimen’s diameter, which is parallel to the shear direction. If considering the 

specimen profile along the shearing direction, a variety of profiles can be produced. Figure 

3.6 demonstrates an example of 7 different profiles that could be taken in the same 

specimen. Analytically, profile 1 is closer to Barton’s JRC = 19 profile and profile 7 has a 

minimal contribution to interface shear strength since its profile is only a small part of the 

JRC = 19 Barton profile picture. It is obvious that the choice of cylindrical specimens gives 

more of an indication for Barton’s profile shear strength than a precise value. Due to the 

significance of specimen form, both forms (square and circular) should be tested for a 

better understanding of the importance of roughness in shear strength determination. 

 

Consequently, it is proposed that future research also consider square specimens (Figure 

3.7) in order to assess the contribution of roughness with identical profile lengths on 

specimen interface shear strength.  
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Figure 3.4: Sample dimensions  
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Figure 3.5: Example of sample’s concrete base, with roughness of JRC = 19. 

 

 
Figure 3.6: Seven different profiles in one cylindrical specimen across the direction of 

shear. 
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Figure 3.7 Example of square specimens (Grasselli, 2001). 

 

3.1.2.3 Correlation of Barton’s criterion to previous work   

As was mentioned in previous chapters, Barton’s criterion is widely used by engineers in 

slope stability analysis, rock mass quality rating and in the majority of rock/rock and 

rock/concrete interface problems. Additionally, the Q and RMR rock mass characterization 

indices are the most commonly used methods for rock mass quality rating. In RMR 

classification six parameters are considered, namely uniaxial compressive strength of intact 

rock, joint spacing, rock quality designation, condition of joints, water flow / pressure and 

the inclination of the discontinuities. In the Q-system, six parameters are considered 

namely rock quality designation, joint set, joint roughness, seepage and its pressure, joint 

alteration and stress reduction factor. In the Q System the factor Jr (joint roughness 

number) plays an important role. The values of Jr vary from 0.5 to 4. From statistical 

representation (Vardakos, 2005) it is shown that in rock discontinuities the highest 
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frequency is the undulating joints with Jr =2 and 3 (Figure 3.8). That can be correlated with 

JRC profile numbers between 10 and 15.   

 

Vardakos’ research has determined an average frequency of appearance of roughness scale, 

represented by JRC, in rock discontinuities (Figure 3.8). Those frequencies are the reason 

why this study had to be more focused, with more specimens represented in rougher 

conditions. This also provides an explanation for the specific choice of JRC profiles (0, 3, 

11, 15 and 19). 

 

 
Figure 3.8: Statistical representation by histograms, after analysis of independently 

collected data records. (Vardakos, 2005) 

 

Considering previous research, which has intensively studied the importance of roughness 

in rock/pastefill stability (Dirige, 2003), it was recommended that the roughness of the rock 

wall, after it is formed through drilling and blasting, can be categorized into 3 main 

categories, as pictured in Figure 3.9. Those categories were introduced in centrifuge 

models, which have showed significant influence of wall roughness to the pastefill/rock 

interface shear strength. In the current research those categories were connected with 

Barton’s roughness scale. 

   

The smooth boundary condition, from Dirige’s research, in the current research is given 

JRC values of 0 and 3, while the medium boundary condition is represented with JRC 
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values of 10 and 12 and the rough condition is represented with JRC = 15 and 19. The 

laboratory results, as will be analyzed in more detail in next chapters, confirm Dirige’s 

previous work.        

 

   
                    (a)                         (b)            (c)  
Figure 3.9: Possible rock wall boundary conditions: a. Smooth, b. Medium-rough and c. 

Rough (Dirige, 2003) 

 

3.2 Design of Experimental Program 
As has been mentioned in previous chapters, shear strength testing was chosen as the most 

suitable experimental method for reproduction and study, in laboratory scale, of the 

behaviour and characteristics of the pastefill/rock interface. The shear test method is the 

simplest laboratory experiment for the study of interface problems. Shear test results can 

provide an adequate data base for further investigation which can be conducted by 

analytical and physical methods.   

 

In order to properly plan the shear test experimental procedure, some major questions must 

be answered. The first one is the magnitude and the rate of normal load that should be 

applied to the specimen in order that the nature of the real problem can be simulated. The 

way of stabilizing the specimen during the test and the unrestricted movement of the top 

part of the specimen relative to the bottom part, are important issues that in each shear test 

apparatus have to be exclusively handled.  

 



47 
 

The shear tests were conducted under constant normal load (CNL) conditions due to 

limitations of the testing apparatus. The minimum normal load that was possible to be 

applied and measured in the shear apparatus was 50kN. When those two limitations were 

combined with the needs of the research, the magnitude of normal load and the applied rate 

of shear loading were specified.  

 

3.2.1 Applied Rate of Shear and Normal Load 

Tests performed for the current research have been made under constant normal load 

(CNL) conditions, but in some specimens the method of multistage loading was also 

followed. The multi-stage method in shear tests means that, after the shearing of the joint, 

the specimen is readjusted in its initial position and the applied normal load changes. 

Sometimes the normal load was increased and sometimes it was decreased. After every 

reload of the specimen, the shear test was continued until the next “break” of the interface 

occurred. This method was followed in order that each experiment could provide both 

intact normal strength properties of the pastefill/concrete interface as well as values of 

residual shear strength. The applied rates of normal and shear loading were kept constant, 

in order that all the specimens would be tested in the same way. 

 

After the specimen was placed in the shear apparatus, the normal load was applied first. 

The normal load was applied at a rate of approximately 60 N/s. On the other hand, the 

shear load was controlled based on the specimen’s horizontal displacement rate. For the 

application of shear load an electro-hydraulic pump was used and for the application of 

normal load a hand-operated pump was used. 

    

3.2.2 Magnitude of Applied Normal Load 

The range of the applied normal load, in the direct shear test, has a critical influence on the 

peak and residual shear strength of the interface. It depends on the dimensions of the tested 

discontinuity, the strength of the materials that are in contact and the amount of normal 

loads that the experiment tries to simulate.  
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The area of the discontinuity in the shear apparatus used is about 176cm2. Tisa and Kovari, 

(1984) mention that the maximum normal stress and shear stress which can be applied to a 

rock joint surface of size approximating 288cm2 are 20N/mm2 and 100N/mm2 respectively. 

Bandis (1981) estimated the normal load following the model-prototype geometrical 

similitude and the range of normal load in his experiments varied from 0.007 to 0.1MPa.  

 

Barton’s original experiments (Barton, 1973) were carried out at extremely low normal 

stress levels and his equation is generally accepted to be more applicable in the range 

0.01<σn/JCS <0.3.  

 

For the scope of this research, the selection of very low normal loads would be more 

suitable. The constraint of low normal loads for the shear apparatus led to the selection of a 

higher normal load range than was required. The normal loads that were used during the 

experiments ranged from 25kN to 2000kN or for normal stress levels in the range 142kPa < 

σn< 852kPa.  

 

Normal stresses for peak shear strength  

For the three different pastefill types studied (Table 3.2) the selected normal stresses varied 

over the ranges shown. The lower normal stress (35kPa) that has been used is the minimum 

possible stress that the shear apparatus can reliably maintain. The maximum normal stress 

was determined based upon the uniaxial strength of the pastefill mixture and the scaled 

stresses which are expected in an underground backfilled stope. Table 3.2 shows the 

minimum and maximum normal stresses that were applied during the tests for the various 

pastefills recipes manufactured. 

 

Table 3.2: Ranges of normal stresses for different pastefill recipes. 

 

Pastefill Type  
(cement %) 

Range of  
Normal Stress  

(kPa) 
2.5 35 – 500 
5 35 – 800  

7.5   35 - 1500 
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Normal stresses for residual shear strength  

The residual strength of each specimen was estimated for various normal stresses. The 

target was to estimate the residual friction angle after the measurement of peak, intact 

strength conditions, using the multi-stage direct shear method. Depending on the 

consistency of the results and the progress of each test, in some cases it was necessary to 

repeat the shear tests. The normal pre-consolidation stresses for residual strength estimation 

varied from 50 to 2,000 kPa. For every applied normal pre-consolidation stress, four 

additional residual shear test measurements were needed in order to estimate the trend line 

and the residual friction coefficient.       

 

3.2.3 Number of Tests 

A total of 450 specimens were prepared and tested in total. Table 3.3 describes the rationale 

for the specific number of shear tests. Specimens were tested at cure intervals of 14, 28 and 

56 days. The pastefill types that are usually in use in the mining industry are manufactured 

at 2.5, 5 and 7.5% cement content. To maximize accuracy, tests were repeated, so that the 

peak shear strength would be estimated as an average of two identical tests. Often the 

results were consistent and the tests were not repeated. The surplus samples were tested 

under different normal loads.  

 

Table 3.3: Summary of direct shear sample requirements. 

Paste-fill Types 3

Roughness 
Surfaces Profiles 5

Cure Days 3
Normal Loads 5
Repeatability 2
Total Direct 
Shear Tests 450

 
 

For the determination of the friction angle from a normal stress-shear stress diagram, five 

points were selected as the minimum sample population needed. Figure 3.10 shows an 
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example of how the friction angle was estimated using a plot of normal and shear stresses. 

Similarly, the residual friction angle, in a normal stress-shear stress diagram, based on 

residual shear strengths data, can be determined.      

 

Figure 3.10: Example of the estimation of peak friction angle (φb) in a normal stress – shear 

stress diagram.   

                                                                  

3.2.4 Test Program 

The laboratory test program was set up to achieve the following: a) physical 

characterization of the Brunswick Mine tailings material used in the preparation of 

pastefill; b) investigation of the strength and deformation behaviour of paste backfill; and 

c) investigation of the strength at the interface between pastefill and rock.  

 

All specimens were cast at the laboratories of the Department of Mining Engineering. The 

paste fill recipes using 2.5, 5 and 7% cement contents represent the normal blends that are 

used for narrow stopes at the majority of Canadian mines. Samples were poured at 80 % 

pulp density to simulate typical paste backfill mixture properties.  
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3.3 Testing Apparatus 
3.3.1 Shear Test Equipment  

The testing apparatus can be separated into three main parts. The first one is the main shear 

box; the second part is the force control part; and the third part is the data acquisition 

section. 

 

Figure 3.11 shows the backfill shear testing equipment. It consists of a steel frame for 

mounting two cylinders which carry the specimen, one hydraulic ram and one hydraulic 

pump for applying normal and shear forces, respectively, two dial gages for monitoring the 

applied loads, two load cells for the accurate measurement of normal and shear loads, two 

potentiometers for measuring vertical and horizontal displacements and a data acquisition 

system.  

 
The shear test cylinders were designed to have similar diameters and heights. The bottom 

cylinder is enclosed at its base and the one resting on top is open ended. This is to allow the 

top cylinder to move freely with respect to the bottom cylinder during shearing. The two 

cylinders have dimensions of 8.99 cm height and 15.24 cm inside diameters. 

 

A piston fits inside the top of the cylinder with a narrow tolerance. The hydraulic ram, for 

applying normal force, is designed to ensure that the force is uniformly distributed over the 

plane to be tested, thus ensuring that the resultant force acts normal to the shear plane.  

 
The shear travel of the upper cylinder is sufficient when it is greater than 10% of the 

specimen length and is capable of maintaining normal force within 2% of a selected value 

throughout the test. The dial gages for monitoring normal and shear stresses have ranges up 

to 3,000 kPa. 

 
The hydraulic pump, for applying shear force, is designed so that the force is distributed 

uniformly along the upper cylinder with the resultant applied shear force, acting in the 

plane of shearing. The pump maintains a constant horizontal displacement rate of 30 mm/s. 

This is important for the quality of the tests because the smooth and constant displacement 

of the upper cylinder ensures no impacts from the pump, which can affect the final results.     
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The contacting surfaces of the two cylinders are smooth and coated with a thin layer of 

grease to ensure low friction. The apparatus also includes two rollers, placed between the 

piston, that is used for applying normal force, and a platen to ensure that the resistance of 

the equipment to shear displacement is less than 1% of the maximum shear force applied. 

 

Figure 3.11: Shear testing equipment. 

 

3.3.2 Data Acquisition System and Sensors  

A compatible data acquisition system was used for the needs of the test and in-house 

software was used for the stress-strain data collection. The acquisition system was 

calibrated in the Queen’s Rock Mechanics Laboratory by specialized technicians. The data 

acquisition system retrieved and saved the measurements from two load cells and two 

potentiometers every half second. The voltage outputs from the load cells and 

potentiometers were transformed automatically to normal and shear load (kN) and to 

displacement (mm) values respectively.   
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The measurements were saved in an Excel file for further analysis. The calibration of the 

sensors was made in a MTS (Material Testing System) compression frame. The load cell 

that was used for the measurement of normal load was a 220 kN (50,000 pound) load cell, 

Model 53 constructed by RDP Electrosense, with excitation and output voltage of 10Vdc 

and 2mV/V respectively. For the measurement of shear load a 44 kN (10,000lb) load cell 

was used, that was also a Model 53 load cell constructed by RDP Electorsense with the 

same operating characteristics. The Model 53 load cell is a bonded foil compression unit 

offered in ranges from 22 N to 220 kN (5 to 50,000 lbs). 

  

Two potentiometers, these being HLP 190 hybrid linear potentiometers, were used to 

record the vertical (normal) and horizontal (shear) displacements of the direct shear 

samples. Each had a 100mm electrical stroke capacity and both were calibrated and 

operated with an excitation voltage of 10Vdc with accuracy of ±20μm. This model was 

supplied with a spring loaded shaft, biased to the fully extended position.  

 

3.3.3 Electric Pumps and Jacks 

One hand pump and one submerged electric pump were used for the needs of the 

experiments.  The hand pump was a lightweight two-speed operation pump. The specific 

two-speed model reduces handle strokes by as much as 78% over single speed pumps. The 

model belongs to the P-Series pumps that are manufactured by the Enerpac company (see 

Figure 3.12).  The maximum pressure that this pump can handle is 5,000 psi. 
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Figure 3.12: Lightweight Enerpac hand pump. 
 
The electric pump was also an Enerpac model belonging to the PE-Series, and had a 5 hp 

induction motor which was submerged in an oil reservoir to run cooler, protect the motor, 

simplify the pump interface, save space and reduce noise (see Figure 3.13). External to the 

pump, an adjustable relief valve was used to control of operating pressure without opening 

the pump. The pressure range that this pump is working is from 700 to 10,000 psi. 

 

 
Figure 3.13: Electric Enerpac pump. 
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3.4 Method of Analysis 
3.4.1 Patton’s and Barton’s Equation 

As has been mentioned in previous chapters there are various approaches in quantifying 

rock roughness. The most widely accepted approach is through use of Barton’s equation 

(2.7), which makes use of JRC profiles.    

 

Using Equation 2.7 and substituting the experimental information (σn, τp, JRC and JCS) the 

peak interface friction angle (φb) can be estimated. From shear test experiments τp and σn 

are known, the roughness of the specimen can be predetermined and manufactured based 

on JRC profiles, so the only unknown is φb, which can easily be calculated.  Barton’s 

equation, which is an evolution of Patton’s equation (Equation 2.5) and the Mohr – 

Coulomb equation (Equation. 2.4), works for relatively low normal stresses and does not 

include the cohesion factor.  

 

Furthermore, by using Barton’s Equation (2.7) the expected shear stress can be estimated 

by back calculation. Using the known normal stress (σn), the JRC which is manufactured 

and known, the uniaxial strength (JCS) and the friction angle of the pastefill (φb), it is 

possible that the shear strength of the discontinuity can be determined. So, by controlling 

the factors σn, JRC, JCS and φb it is possible, from Equation 2.7, to estimate shear strength 

and compare values with the experimental results.   

 

In order for the residual strength (τpr) to be calculated from Equation (2.5), it must be noted 

that the cohesion c is set to zero and the relationship between φr and σn can be represented 

by: 

 

)tan( rnpr φστ ⋅=          (3.1) 

where φr is the residual friction angle. 

 

With the use of Equations 2.7 and 3.1, if σn, JRC, JCS and τ of the interface are known, the 

estimation of cohesion (c) and peak and residual friction angles (φb and φr) are possible. 
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The determination of σn and τ comes from the data acquisition system during the direct 

shear test. The JRC profile is manufactured in the laboratory and is, consequently, fully 

controlled and the JCS of the interface is the compressive strength of the weaker material 

(pastefill) which is part of the pastefill’s measured properties and can be correlated with the 

way that the pastefill is prepared (concrete percentage, moisture content, cure time, type of 

tailings, etc.)      

 

By studying the shear strength (τ) relative to the applied normal stress (σn), the JRC, the 

cure time and the paste fill mixture type, it is possible to estimate a correlation between 

those factors. Additionally the importance of roughness can be compared with the influence 

of cement content and pastefill’s cure time to the final interface strength.  

 

3.4.2 Revised Barton’s Equation  

The interface strength of the pastefill/concrete discontinuity is noticeably increased when 

the pastefill is cured on top of a concrete base. The additional shear strength which comes 

from the binding strength that pastefill’s cement is offering is a force which is not 

anticipated in Barton’s equation. Barton’s equation is developed based on discontinuities 

between rock and the bonding forces are weaker compared to what cement offers. The 

additional strength that this bonding force is offering to discontinuity shear strength is 

correlated with cohesion (c).  

 

Obviously the majority of mathematical coefficients such as cohesion (c) and friction angle 

(φ) do not represent physical phenomena. Often engineers use coefficients to explain the 

results of a phenomenon, for example the increase of concrete in a pastefill mixture will 

give higher shear strength to the interface. With higher cement content come higher 

interface friction angle and cohesion conditions. These coefficients can not specify whether 

the increase of the shear strength came from the increase of bonding force or from the 

harder asperities, which are resisting stronger during shearing. Explaining the problem 

further by way of an example can be helpful. It would be different if the pastefill had been 

cured on top of the concrete or if it had been placed after the pastefill had cured. Results 

also vary between the two materials when there is a thin layer (oil, plastic wrap) between 
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them which inhibits the pastefill’s cohesive strength bond with the concrete. Naturally, the 

adhesion that will be developed between the pastefill and the concrete base will not be 

present if the curing of the pastefill does not occur on the top of the concrete base. The 

adhesion that Barton’s equation infers is mainly a factor of the roughness of the interface.  

 

For the needs of this research it has been indicated that Barton’s Equation (2.7) does not 

include the bonding strength between pastefill and concrete due to cement cure on top of 

the concrete base. Due to the pastefill’s adhesion, the peak shear strength is increased by its 

cohesion strength and the new Barton’s revised equation can be rewritten in the form: 

 

)logtan( 10 







⋅+⋅+=

n
bnp

JCSJRCC
σ

φστ        (3.2)       

where c = pastefill cohesion. 

 

By plotting the shear stress versus different normal stress conditions at failure, a linear 

failure curve will be obtained. The intersection of this curve with the shear stress axis (σn = 

0Pa) is the cohesion of the material. So, by measuring the relationship between the shear 

stress and the normal stress, when the normal stress is as small as possible, to minimize 

uncertainty of extrapolation to zero normal stress, the material cohesion can be estimated. 

 

It is noted that, although many researchers have tried to give physical meaning to friction 

angle and cohesion values, those factors are just indications and can not be translated to 

specific material characteristics. Cohesion can be described as the mathematical 

approximation of the binding force that concrete provides between the two surfaces, but 

this is not precise because friction angle also represents a part of this physical bonding 

force. So, the revised Barton’s equation is this writer’s arbitrary attempt to combine the 

Barton and Coulomb criteria. A comparison of the results from the revised Barton’s 

equation and from the actual shear experiments will indicate the accuracy of the equation.  
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Chapter 4. Material Characterization  
 

4.1 Concrete Strength 
The concrete bases were constructed in order to represent the rock wall. However, the 

concrete base was not able to be made as strong as a natural hard rock material. On the 

other hand the strength that the concrete base requires is dependent on the pastefill strength. 

In order to ensure that the concrete roughness will not be destroyed by the paste fill, the 

strength of concrete must be much higher than the pastefill strength.  

 

Another issue requiring attention was that the cement base could not include large 

aggregates. The existence of aggregates would have prevented the cement from exhibiting 

the exact roughness profile that the research required. So, for these reasons it was decided 

that the concrete base should be constructed from sand mix, which is a heterogeneous 

mixture of hydraulic cement and sand.   

 

In order to test the sand mix strength, cylinder specimens were prepared. The length of the 

cylinders was 20cm and the diameter 10cm. Table 4.1 shows the average unconfined 

strength (UCS) that was measured in the Queen’s Rock Mechanics laboratory for the sand 

mix concrete specimens. 

 

Table 4.1: Sand mix average UCS. 

14 20.6
28 32.8
56 33.1

Average sand 
mix UCS 

(MPa)

Cure 
days

 
 

The strength of concrete compared with pastefill strength is, in the worst case, ten times 

bigger. After the end of experiments it was confirmed that in no case did the pastefill 
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mixture manage to damage the concrete roughness, so that the concrete base strength can 

be justified as suitable for use in the current research.   

   

4.2 Backfill  
Rocks associated with mine deposits are different from mine to mine, in that they are 

usually made up of unique mineral assemblages that may require different processing or 

milling techniques. The combination of varying rock types and processing techniques will 

result in a tailings product that is also unique to each mine and hence must be understood in 

order to effectively evaluate backfill strength properties.  

 

In order to control pastefill’s properties it is necessary to use the tailings from one mine, so 

as to make use of the same rock and treatment processes. It has to be taken under 

consideration that, if some quantity of the tailings were exposed to air, oxidization could 

take place in the tailings mass that could detrimentally affect the final pastefill strength.     

 

4.2.1 Backfill Constituents 

4.2.1.1 Cement 

The cement used in this project was made by St. Lawrence Cement. It is a Normal Portland 

Cement (NPC) which is the most common general usage cement world wide.  

 

4.2.1.2 Tailings materials 

The tailings were obtained from the Brunswick Mine. Brunswick is one of the world's 

largest underground zinc mines and it is located on 1,030 hectares of property in 

northeastern New Brunswick, Canada. The mine processes 9,300 tonnes of ore per day and 

produces approximately 2,000 tonnes of zinc concentrate per day. In total, it produces 

about 3.6 million tonnes of zinc, lead, copper and silver ore per year. The characteristics of 

the tailings material are summarized in Table 4.2. The typical particle size distribution is 

shown in Table 4.3, where the coefficient of uniformity is the ratio of the grain size that is 

60% finer by weight to the grain size that is 10% finer by weight on the grain size 

distribution curve. This data is plotted and shown in Figure 4.1. 
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Table 4.2: Physical characteristics of tailings. 
Moisture 
Content 15%

True Solids 
Density 4.11 g/cm3

Coefficient of 
Uniformity 9.5

 
 

Table 4.3: Particle size distribution of tailings used for paste backfill testing. 

Sample 1 Sample 2 Sample 3 Average
100 73.87 73.87 73.87 73.87
90 51.5 50 51 50.83
80 38 38 37.5 37.83
70 30 30 29.5 29.83
60 23 22.5 23 22.83
50 17 17.5 17 17.17
40 12 12 11.5 11.83
30 7.5 7.5 7.4 7.47
20 4.6 4.6 4.5 4.57
15 3.5 3.4 3.4 3.43
10 2.3 2.4 2.4 2.37
5 1.5 1.5 1.4 1.47

Particle size (micrometers)Cumulative 
% Finer
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Figure 4.1: Particle size distribution of Brunswick Mine paste tailings product. 
 

4.2.2 Backfill Preparation  

Three different paste fill mixtures were prepared with different cement contents. The 

cement percentages that were used were 2.5, 5 and 7.5%wt. The cement contents that were 

used were decided based on what is most commonly used in the mining industry.  

 

Paste backfill preparation involved the proportional mixing of tailings, Normal Portland 

Cement and water. The tailings were removed from drums which were received from the 

mine site and thoroughly mixed in plastic buckets in order to obtain acceptable uniformity. 

From each bucket one kilo of tailings was placed in a metallic tray for the determination of 

tailings moisture content. After the buckets were filled with tailings, they were sealed in 
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order to keep their moisture contents intact and to prevent oxidation of the material. In 

Figure 4.2 it can been seen how the tailings were extracted from the shipping drums.  

 

 
Figure 4.2: Removal of received tailings from shipping drums. 
 

4.2.2.1 Calculating the needed amount of pastefill  

From previous research it was known that Brunswick tailings contain increased levels of 

sulphides. The sulphides can promote accelerated backfill strength degradation when the 

water which is used for paste preparation also contains high levels of sulphates. Another 

factor that was known from previous research is that Brunswick’s mine water has increased 

levels of sulphates, so it was decided that, in order to control pastefill strength degradation, 

regular water from the lab would be used for pastefill manufacture.    

 

In Table 4.4 is presented the design that was followed during pastefill manufacturing for 

each paste fill mixture.  
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Table 4.4: Paste fill constituent proportions. 

Mixing 
Items

Mass 
(kg) % Mass 

(kg) % Mass 
(kg) %

Tailings 42,53 94,5 41,40 92 40,28 89,5
Binder 1,13 2,5 2,25 5 3,38 7,5
Add. Water 2,17 3 2,34 3 2,51 3
Total 45 100 45 100 45 100
Tailings 
Moisture 6,38 15 6,21 15 6,04 15

Paste 
Moisture 8,55 19 8,55 19 8,55 19

2.5% Cement 
Content

5% Cement 
Content 

7.5% Cement 
Content 

Paste Fill Mixtures

 
 

In Table 4.5 it can be seen how every paste fill batch was distributed in the experimental 

procedure. In Table 4.6 the logistics of the paste production requirements are displayed.    

 

Table 4.5: Distribution of paste fill batches. 
Paste Batch 

Distribution 

Volume 

(m3) 

Mass 

(kg) 

Direct Shear 

Test 

Specimens 

0.022422 42.60 

Moisture 

measuring 
0.000526 1 

UCS 

determination 
0.000736 1,40 

Total 0.023684 45 
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Table 4.6: Justification of paste fill production. 

 
 
4.2.2.2 Mixing procedure  

The mixing process is a very important factor that affects the final strength of pastefill. This 

research prepared three different paste fill mixtures and used one mixing apparatus. The 

mixing apparatus that was used was a concrete mixer which can be seen in Figure 4.3. The 

mixing procedure lasted, for all paste fill mixtures, 20 minutes, because it was noticed that 

that was the time needed time in order for the pastefill to acquire a homogeneous mix 

texture. After that the paste fill was moulded into prepared specimen storage cylinders. 

Then the specimens were sealed and stored for the pre-designed cure time intervals (14, 28 

and 56 days). (Figure 4.4)   
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Figure 4.3: Mixing the paste fill. 
 

 

 
Figure 4.4: Backfilling specimen casting into moulds. 
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4.2.2.3 Sampling for Moisture and UCS estimation 

An amount of prepared backfill was poured into PVC cylinders, 5 cm in diameter by 12.5 

cm in length. Prior to pouring the backfill, each cylinder was lubricated with oil to ensure 

easy retrieval of cured samples. The cylinders were vibrated on a vibration table for five 

minutes in order to remove contained air from within the paste fill. The next step was to 

enclose the PVC cylinders in secured wooden trays (Figures 4.5 and 4.6). 

 

 
Figure 4.5: Backfill tailings material before mixing. 
 

In order to prevent loss of water (via evaporation) during curing, the prepared cylindrical 

samples were secured vertically and covered (top and bottom) with a non-absorptive, non-

reactive rubberized material. Backfill uniaxial compression strengths were determined at 

cure intervals of 14, 28 and 56 days after pouring. 

 

As was mentioned in previous sections, from every pastefill batch one kilogram was 

removed and placed in metallic trays for moisture content calculation. The metallic tray 
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was then placed into an oven heated at 60o C and was left for one day in order that the 

pastefill’s moisture content could be determined.  

  

 
Figure 4.6: Hermetically sealed cylinders containing paste backfill mixtures. 
 

4.2.3 Backfill Properties  

4.2.3.1 Strength properties   

When the paste fill mixture gained a uniform texture upon mixing, an amount of it was 

directed into 5 cm diameter by 12.5 cm long moulds. These were constructed of plastic 

pipes cut to length which were fastened between layers of thick-impermeable liners and 

plywood boards to create a hermetic storage chamber. The excess paste fill was scraped off 

the top of the samples, and the hermetic chamber was clamped shut. The process of 

manufacture and storage is shown in Figure 4.6. 

 

Three samples from each group by cure time and cement content were tested at regular 

time intervals (see Figure 4.7). For these tests the samples were removed from the cylinders 

and shaved to ensure flat ends. This distributes the load evenly across the loading area of 

the sample, avoiding any point loading on the samples. The diameters and lengths of the 

samples were measured using a digital caliper, and they were weighed using a balance. The 

samples were then placed under compressive force until failure by a Material Test System 

(MTS) compression frame. The tests were performed using an 880 KN capacity servo-

controlled Material Testing System (MTS) of the Department of Mining Engineering, 
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Queen’s University. A computer recorded the force and the strain that the samples 

underwent.  

 

The samples were loaded under a fixed axial stroke rate of 2mm/minute. The dimensions of 

the samples were used as input so that the force could be converted to an axial stress. Load-

deformation curves were developed by the software. The peak strength (UCS) and the 

Young’s Modulus of each test sample were found from these data curves. The failed 

samples were then removed and failure angles were measured. This was only done for 

samples for which failure angles could be determined. 

 

Failure angles were measured for the samples tested after 7 days, 28 days, and 56 days 

cure. Only some samples failed in such a way that a failure angle measurement (ψ) could 

be taken. These were then averaged for each mixture. Using equations 4.1 and 4.2 the 

internal friction angle (φ) and cohesion (c) parameters were calculated for these paste 

backfill mixtures. Tables 4.7 and 4.8 summarize the results of paste fill strength tests that 

were conducted. 

 

902 −= ψφ           (4.1) 

ψ
σ
tan2

cc =            (4.2) 

where σc is the peak compressive stress 

 

To measure stiffness, Young’s Modulus was used. Young’s Modulus was calculated using 

the linear section of the load-deformation curves developed during UCS testing. Young’s 

Modulus is the stress divided by the strain, which is the slope of the typical stress/strain 

curve. Figure 4.8 shows the section of a typical load-deformation curve used to calculate 

Young’s Modulus. 

 

A high value of Young’s Modulus means that it takes more stress to cause displacement in 

the material, and that the material is stiffer than another that yields a lower Young’s 
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Modulus character. Three values for each mixture type and cure time were averaged and 

are shown in Table 4.8. 

 

 
Figure 4.7: Paste backfill sample being tested for UCS in the MTS machine. 

 

Table 4.7: Average UCS and Young’s Modulus values of pastefill mixtures. 

Paste-
Fill 

Recipe 

Cure 
Days 

Average 
UCS 

(MPa) 

Average 
Young's 
Modulus 
(MPa) 

2.50% 
14 0.23 135 
28 0.29 360 
56 0.28 314 

5% 
14 0.7 283 
28 0.77 324 
56 0.8 516 

7.50% 
14 1.5 276 
28 1.79 427 
56 1.81 501 
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Table 4.8: Internal friction angle and cohesion of paste fill. 

Cement 
Percentage 

(%) 

Cure 
Days 

Internal 
Failure 
Angle 

(degrees) 

Cohesion 
(MPa)  

Friction 
Angle 

2.5 
14 55 0.164 20 
28 59 0.155 28 
56 61 0.131 32 

5 
14 57 0.245 24 
28 60 0.197 30 
56 65 0.187 40 

7.5 
14 61 0.607 32 
28 65 0.344 40 
56 64 0.312 38 

 

 

 
Figure 4.8: Load-deformation curve for 100 NPC1

 
 after 7 days of curing. 

 
 

                                                 
1 100 NPC = pastefill mixture were the binder content was by 100% Natal Portland Cement (NPC).  
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In general, the load picked up by the fill will increase with increasing fill stiffness. The fill 

takes load as the surrounding rock is displaced into the opening and the fill resists the 

movement. Since a stiff fill will not displace with the moving rock as much as a less stiff 

fill, the fill takes on more load. Although a stiff fill will take on more load and have lesser 

displacements it will also cause more dilution in adjacent stopes. Since a stiff fill is will not 

displace as much as a less stiff fill, it will be nearer to the explosives during the adjacent 

blasts and will spill into the muck more. When selecting a backfill mixture, it must be 

chosen such that it has the correct stiffness for the specific operation. This will depend on 

whether a stiff material is needed to take on load or reduce dilution by using a less stiff fill. 

 

4.2.3.2 Sulphide Attack 

When sulphides and sulphates are present in the fine processed tailings or mine water, they 

will have a significant influence on the mechanical performance of the pastefill. Sulphides 

and sulphates can affect the fill in different ways depending on concentration, form, and 

surrounding environment. 

 

The sulphides may inhibit the hardening process by oxidizing to produce sulphates and free 

hydrogen atoms. These free hydrogen ions cause acidity in the water that dissolves the 

calcium hydroxide found in the hydrating cement and reduces the overall pastefill strength. 

 

As well, the newly formed sulphates react with calcium hydroxide in the cement to 

precipitate low-density materials (ex. gypsum, ettringite, monoaluminate). These low-

density materials expand with time, forming cracks that weaken the paste fill. Additionally, 

the sulphates in the mine water are thought to contribute more to strength loss than the 

sulphides. Because this happens over a long period of time, abandoned, backfilled stopes 

that were thought to be stable and load-bearing may in fact pose an unknown hazard to the 

mine, if they are significantly weakened. 
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Chapter 5.  Paste Fill/Rock Interface 
 

5.1 Classification of Specimens   
Table 5.1 demonstrates analytically the structure of tests that were conducted for the needs 

of this research. In order for the results to be presented in an organized way and to be more 

understandable for the reader, a categorization of the tests has been adopted. The 450 tests 

have been categorized in three Groups (A, B and C) according to the pastefill cement 

content. Group A represents direct shear test information conducted for pastefill specimens 

having cement content of 2.5% w/w. Group B represents the direct shear test information 

for specimens which have cement content of 5% w/w and Group C represents the test 

information for specimens which have 7.5% w/w cement content. The subcategories 1, 2 

and 3 for each of Group A, B and C samples refer to subsets of samples that have different 

cure time conditions. Subcategory 1, for example, includes fifty specimens designed to be 

tested following 14 days of cure, subcategory 2 represents fifty specimens designed to be 

tested following 28 days of cure and finally subcategory 3 represents fifty specimens 

designed to be tested following 56 days of cure. For example, when Table 5.1 makes 

reference to subcategory A.1 it refers to the fifty specimens exhibiting cement content of 

2.5% w/w which have been left to cure for 14 days.  

 

The final categorization of the specimens has been made regarding the roughness of the 

interface, based on JRC profiles. Because five different roughness profiles were selected 

(JRC 0, 3, 11, 15 and 19), five separate categories (1, 2, 3, 4 and 5) were set to correspond 

to these profiles. Thus subcategory B.2.3 refers to tests on 10 pastefill specimens with a 

cement content of 5% w/w that had been left to cure for 28 days and that also had an 

interface roughness coefficient based on JRC profiling of 11.  
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Figure 5.1: Specimen Classification. 
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5.2 Results of Direct Shear Tests  
All direct shear test results are tabulated in Tables 5.1 through 5.6. Tables 5.1, 5.2 and 5.3 

present the applied normal stress (σn) and the measured peak shear stress (τmp) data 

developed from direct shear tests for peak strength conditions. The peak shear strength 

was measured when the horizontal deformation of all samples approximated 0.5cm. 

Tables 5.4, 5.5 and 5.6 represent applied normal stress (σn) and the measured residual 

shear stress (τmr) data developed from laboratory testing under residual strength test 

conditions. The range of horizontal deformation observed in shear testing varied relative 

to the paste backfill material’s hardness and interface’s roughness characteristics. Tabled 

data also includes the ratio of applied normal stress (σn) to the uniaxial compressive 

strength (σc) of each paste fill mixture.  

 

5.2.1 Peak Shear Test Results  

5.2.1.1 Group A 

From the specimens that belong to Group A, of 150 specimens that were tested, only 

ninety-six tests gave confident results. The other 54 specimens presented erroneous data 

which will be discussed in Section 5.4. The most common problem encountered that led 

to erroneous data was dehydration of the low cement content paste fill mixture. Table 5.1 

illustrates the measured peak shear strengths for Group A specimens.     

 

5.2.1.2 Group B 

For Group B test specimens, of 150 specimens that were tested, only one hundred 

seventeen tests gave confident results. The other 33 specimens presented erroneous data 

which will be discussed in Section 5.4. Table 5.2 illustrates the measured peak shear 

strengths for Group B specimens.     

 

5.2.1.3 Group C 

From the specimens that belong to Group C, of 150 specimens that were tested, only one 

hundred twenty-nine tests gave confident results. The other 21 specimens presented 

erroneous data which will be discussed in Section 5.4. The most common problem was 
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due to instability of the specimens during testing, especially when the normal load was 

low. Table 5.3 illustrates the measured peak shear strengths for Group C test specimens.     

 

Table 5.1: Peak measured shear stress versus normal stress for Group A. 

Group σn    

(MPa)
τmp       

(MPa)
σn/σc Group σn    

(MPa)
τmp       

(MPa)
σn/σc Group σn    

(MPa)
τmp      

(MPa)
σn/σc

1 0.05 0.09 21.7% 1 0.05 0.11 18.3% 1 0.03 0.08 9.6%
2 0.06 0.11 27.2% 2 0.06 0.13 21.4% 2 0.06 0.10 21.8%
3 0.12 0.16 51.7% 3 0.09 0.15 30.3% 3 0.11 0.16 39.6%
4 0.16 0.18 69.1% 4 0.11 0.18 37.2% 4 0.18 0.21 63.2%
5 0.24 0.23 103.9% 5 0.18 0.22 61.4% 5 0.22 0.23 80.0%
1 0.05 0.11 23.0% 6 0.28 0.28 97.2% 6 0.35 0.31 125.7%
2 0.07 0.12 33.5% 1 0.04 0.11 14.8% 1 0.03 0.10 10.4%
3 0.08 0.11 29.7% 2 0.06 0.11 21.4% 2 0.06 0.13 20.7%
4 0.12 0.12 50.9% 3 0.07 0.13 23.9% 3 0.11 0.19 38.9%
5 0.13 0.18 56.5% 4 0.16 0.19 56.2% 4 0.20 0.24 72.5%
6 0.19 0.17 83.9% 5 0.19 0.22 64.3% 5 0.22 0.27 78.2%
7 0.29 0.29 126.5% 6 0.21 0.22 70.7% 6 0.37 0.35 132.9%
1 0.06 0.12 25.6% 7 0.32 0.31 111.7% 1 0.04 0.10 13.9%
2 0.07 0.13 28.7% 1 0.06 0.10 19.7% 2 0.07 0.16 24.6%
3 0.07 0.15 30.6% 2 0.06 0.11 20.2% 3 0.12 0.18 42.5%
4 0.08 0.15 36.7% 3 0.08 0.11 26.2% 4 0.22 0.24 77.1%
5 0.11 0.19 48.7% 4 0.08 0.12 27.2% 5 0.18 0.20 65.4%
6 0.12 0.19 51.3% 5 0.11 0.15 38.6% 6 0.19 0.22 66.4%
7 0.21 0.26 93.0% 6 0.16 0.18 55.9% 7 0.31 0.33 112.1%
8 0.23 0.27 97.8% 7 0.19 0.20 64.1% 1 0.05 0.10 17.4%
9 0.27 0.27 117.4% 8 0.24 0.23 81.7% 2 0.07 0.10 23.9%
1 0.05 0.10 23.0% 1 0.05 0.11 15.9% 3 0.13 0.20 47.5%
2 0.07 0.12 29.0% 2 0.06 0.15 21.9% 4 0.17 0.19 60.0%
3 0.07 0.15 31.8% 3 0.07 0.14 25.1% 5 0.24 0.23 85.4%
4 0.09 0.14 38.3% 4 0.07 0.13 22.4% 6 0.37 0.35 130.4%
5 0.13 0.18 58.5% 5 0.13 0.18 46.4% 1 0.04 0.11 13.9%
6 0.18 0.21 80.0% 6 0.29 0.30 98.3% 2 0.06 0.13 19.6%
7 0.21 0.24 92.6% 1 0.04 0.07 12.8% 3 0.13 0.21 46.1%
1 0.06 0.12 24.3% 2 0.06 0.10 21.4% 4 0.20 0.23 72.9%
2 0.07 0.14 29.0% 3 0.07 0.10 24.8% 5 0.36 0.37 128.6%
3 0.10 0.17 45.2% 4 0.14 0.14 46.7%
4 0.09 0.17 39.4% 5 0.21 0.21 71.2%
5 0.15 0.20 65.5% 6 0.25 0.24 86.2%
6 0.27 0.30 118.7%

A.3.3

A.3.4

A.3.5

A.2.3

A.2.4

A.2.5

A.3.1

A.3.2

A.1.5

A.2.1

A.2.2

A.1.4

A.1.1

A.1.2

A.1.3
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Table 5.2: Peak measured shear stress versus normal stress for Group B. 

Group σn    

(MPa)
τmp       

(MPa)
σn/σc Group σn    

(MPa)
τmp       

(MPa)
σn/σc Group σn    

(MPa)
τmp       

(MPa)
σn/σc

1 0.06 0.19 8.5% 1 0.06 0.18 7.7% 1 0.07 0.27 8.6%
2 0.07 0.21 10.3% 2 0.11 0.21 13.7% 2 0.16 0.34 20.3%
3 0.19 0.37 27.4% 3 0.26 0.35 34.2% 3 0.23 0.47 29.0%
4 0.23 0.33 33.1% 4 0.19 0.31 24.7% 4 0.34 0.55 42.4%
5 0.36 0.49 51.0% 5 0.75 0.71 96.5% 5 0.42 0.50 52.9%
6 0.54 0.57 77.7% 6 0.95 0.95 122.3% 6 0.66 0.83 82.9%
1 0.06 0.16 8.1% 7 0.33 0.41 42.8% 7 0.83 0.98 103.9%
2 0.07 0.21 10.0% 8 0.15 0.37 19.0% 8 0.87 0.92 109.1%
3 0.10 0.21 13.6% 9 0.56 0.69 71.8% 1 0.07 0.19 8.4%
4 0.13 0.21 19.1% 1 0.11 0.22 14.0% 2 0.08 0.24 10.3%
5 0.17 0.33 23.6% 2 0.10 0.23 12.9% 3 0.12 0.24 15.5%
6 0.57 0.59 80.9% 3 0.17 0.30 22.1% 4 0.16 0.35 19.6%
1 0.06 0.18 7.9% 4 0.42 0.53 53.7% 5 0.17 0.29 21.4%
2 0.06 0.19 9.1% 5 0.45 0.57 58.2% 6 0.55 0.60 68.8%
3 0.08 0.23 11.1% 6 0.39 0.48 50.0% 7 0.60 0.83 75.5%
4 0.10 0.25 14.6% 7 0.51 0.60 66.5% 8 0.78 0.85 97.6%
5 0.18 0.32 25.7% 8 0.75 0.71 96.8% 9 1.10 1.09 137.3%
6 0.24 0.40 34.0% 1 0.07 0.26 8.8% 1 0.10 0.28 11.9%
7 0.34 0.43 49.0% 2 0.20 0.38 25.2% 2 0.12 0.27 14.5%
8 0.45 0.51 64.6% 3 0.51 0.69 65.6% 3 0.16 0.25 20.5%
1 0.05 0.18 7.3% 4 0.26 0.46 33.0% 4 0.34 0.58 42.9%
2 0.06 0.18 8.7% 5 0.53 0.69 69.0% 5 0.56 0.73 69.8%
3 0.08 0.20 11.6% 6 0.11 0.29 13.6% 6 0.72 0.83 90.1%
4 0.10 0.24 14.7% 7 0.77 0.83 99.8% 7 1.06 1.14 132.6%
5 0.11 0.23 15.0% 1 0.05 0.23 6.6% 1 0.06 0.26 7.9%
6 0.14 0.27 19.6% 2 0.13 0.37 16.7% 2 0.12 0.28 14.6%
7 0.18 0.30 25.4% 3 0.14 0.37 17.7% 3 0.25 0.46 31.4%
8 0.23 0.34 33.4% 4 0.24 0.48 30.4% 4 0.35 0.57 43.6%
9 0.37 0.50 52.1% 5 0.28 0.40 36.0% 5 0.37 0.65 46.6%
10 0.54 0.56 76.4% 6 0.37 0.49 48.1% 6 0.58 0.84 72.8%
1 0.05 0.18 7.0% 7 0.44 0.65 56.5% 7 0.87 1.07 108.4%
2 0.09 0.23 12.1% 8 0.88 0.97 114.0% 8 1.15 1.24 144.1%
3 0.09 0.26 13.2% 1 0.08 0.24 10.2% 1 0.04 0.24 5.0%
4 0.14 0.25 20.3% 2 0.09 0.29 11.7% 2 0.15 0.36 18.3%
5 0.19 0.30 27.4% 3 0.14 0.32 18.6% 3 0.29 0.47 36.1%
6 0.22 0.36 31.3% 4 0.24 0.47 31.2% 4 0.36 0.65 44.8%
7 0.26 0.41 36.6% 5 0.36 0.58 45.9% 5 0.38 0.59 47.3%
8 0.67 0.73 95.6% 6 0.57 0.72 73.1% 6 0.58 0.70 72.8%
9 0.90 0.90 127.9% 7 0.79 0.86 102.0% 7 0.81 1.00 100.8%

B.3.5

B.2.3

B.2.2

B.3.1

B.3.2

B.3.3

B.2.4

B.1.3

B.1.4

B.1.5
B.2.5

B.3.4

B.1.1

B.1.2

B.2.1
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Table 5.3: Peak measured shear stress versus normal stress for Group C.   

Group σn    

(MPa)
τmp       

(MPa)
σn/σc Group σn    

(MPa)
τmp       

(MPa)
σn/σc Group σn    

(MPa)
τmp       

(MPa)
σn/σc

1 0.05 0.22 3.3% 1 0.05 0.23 2.9% 1 0.06 0.25 3.1%
2 0.07 0.28 4.4% 2 0.06 0.25 3.3% 2 0.07 0.24 3.6%
3 0.10 0.34 6.6% 3 0.08 0.26 4.7% 3 0.25 0.41 14.0%
4 0.23 0.35 15.6% 4 0.15 0.39 8.5% 4 0.27 0.48 15.1%
5 0.32 0.42 21.0% 5 0.19 0.41 10.6% 5 0.57 0.95 31.2%
6 0.44 0.59 29.1% 6 0.22 0.44 12.1% 6 1.26 1.50 69.4%
7 0.69 0.88 45.8% 7 0.29 0.51 16.4% 7 1.90 2.00 104.5%
8 1.06 1.21 70.8% 8 0.54 0.65 29.9% 1 0.24 0.46 13.1%
9 1.43 1.39 95.1% 9 1.17 1.15 65.3% 2 0.26 0.44 14.3%
1 0.06 0.30 3.9% 10 1.42 1.69 79.1% 3 0.31 0.54 17.0%
2 0.09 0.39 6.3% 1 0.05 0.22 2.6% 4 0.54 0.87 29.7%
3 0.11 0.31 7.2% 2 0.09 0.34 5.1% 5 0.70 1.14 38.6%
4 0.18 0.33 11.8% 3 0.15 0.29 8.5% 6 1.13 1.43 62.5%
5 0.19 0.40 12.8% 4 0.21 0.36 11.8% 7 1.69 1.81 93.4%
6 0.24 0.59 16.2% 5 0.25 0.35 14.0% 8 2.11 2.37 116.2%
7 0.35 0.62 23.6% 6 0.28 0.48 15.5% 9 2.18 2.45 120.5%
8 0.98 1.11 65.5% 7 0.38 0.69 21.3% 1 0.13 0.27 7.4%
1 0.12 0.26 8.1% 8 0.87 1.12 48.4% 2 0.17 0.30 9.4%
2 0.28 0.45 18.7% 1 0.06 0.23 3.3% 3 0.22 0.36 12.2%
3 0.31 0.54 20.4% 2 0.07 0.37 4.1% 4 0.39 0.65 21.5%
4 0.66 0.96 43.8% 3 0.14 0.31 7.5% 5 0.56 0.87 30.9%
5 0.80 0.90 53.3% 4 0.21 0.47 11.5% 6 0.71 1.00 39.2%
6 1.13 1.13 75.0% 5 0.22 0.40 12.3% 7 0.91 1.19 50.4%
7 1.18 1.27 78.9% 6 0.22 0.47 12.3% 8 1.25 1.42 68.9%
8 1.19 1.21 79.1% 7 0.45 0.66 25.3% 9 1.74 1.90 95.9%
9 1.67 1.72 111.1% 8 0.53 0.91 29.8% 1 0.17 0.45 9.2%
10 1.86 1.93 123.9% 9 0.87 1.22 48.7% 2 0.22 0.49 12.0%
1 0.06 0.32 4.0% 1 0.06 0.22 3.1% 3 0.27 0.57 14.7%
2 0.26 0.53 17.1% 2 0.07 0.24 3.7% 4 0.39 0.82 21.6%
3 0.42 0.64 27.7% 3 0.07 0.33 4.0% 5 0.57 0.90 31.7%
4 0.58 0.92 38.5% 4 0.13 0.33 7.3% 6 0.61 1.04 33.8%
5 0.63 0.89 41.8% 5 0.19 0.35 10.4% 7 0.78 1.13 43.0%
6 1.22 1.34 81.5% 6 0.21 0.51 12.0% 8 1.07 1.28 59.0%
7 1.81 1.94 120.7% 7 0.27 0.52 15.1% 9 1.76 2.15 97.2%
1 0.05 0.41 3.4% 8 0.40 0.78 22.2% 1 0.20 0.36 11.2%
2 0.14 0.48 9.1% 9 0.62 0.80 34.9% 2 0.34 0.65 18.8%
3 0.29 0.66 19.4% 10 0.95 1.31 52.8% 3 0.39 0.85 21.7%
4 0.43 0.86 28.7% 1 0.11 0.19 6.4% 4 0.69 1.03 37.9%
5 0.61 1.12 40.3% 2 0.13 0.28 7.3% 5 0.92 1.38 51.0%
6 0.86 1.32 57.5% 3 0.14 0.25 8.0% 6 1.18 1.80 64.9%
7 1.19 1.59 79.3% 4 0.24 0.31 13.5% 7 1.79 2.23 98.8%
8 1.91 2.26 127.5% 5 0.33 0.54 18.2%

6 0.50 0.76 27.9%
7 0.60 0.71 33.4%
8 0.65 0.92 36.2%
9 0.74 0.95 41.2%

C.3.1

C.3.2

C.3.3

C.3.4

C.3.5

C.1.3

C.1.4

C.1.5

C.2.2

C.2.3

C.2.4

C.2.5

C.1.2

C.2.1
C.1.1
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5.2.2 Residual Shear Test Results 

5.2.2.1 Group A 

For Group A specimens, about one hundred tests gave confident results during residual 

shear strength testing. Table 5.4 shows the measured peak residual shear strength test data 

for Group A specimens.     

 

Table 5.4: Residual measured shear stress versus normal stress for Group A. 

Group σn    

(MPa)
τmr       

(MPa)
σn/σc Group σn    

(MPa)
τmr       

(MPa)
σn/σc Group σn    

(MPa)
τm       

(MPa)
σn/σc

1 0.20 0.16 85.7% 1 0.05 0.11 18.3% 1 0.03 0.08 9.6%
2 0.24 0.18 103.0% 2 0.06 0.13 21.4% 2 0.06 0.10 21.8%
3 0.24 0.17 104.3% 3 0.09 0.15 30.3% 3 0.11 0.16 39.6%
4 0.27 0.19 116.5% 4 0.11 0.18 37.2% 4 0.18 0.21 63.2%
5 0.27 0.18 119.1% 5 0.18 0.22 61.4% 5 0.22 0.23 80.0%
6 0.28 0.19 122.2% 6 0.28 0.28 97.2% 6 0.35 0.31 125.7%
7 0.29 0.19 126.5% 1 0.04 0.11 14.8% 1 0.03 0.10 10.4%
1 0.14 0.12 62.4% 2 0.06 0.11 21.4% 2 0.06 0.13 20.7%
2 0.16 0.14 75.2% 3 0.07 0.13 23.9% 3 0.11 0.19 38.9%
3 0.17 0.14 68.3% 4 0.16 0.19 56.2% 4 0.20 0.24 72.5%
4 0.19 0.10 83.0% 5 0.19 0.22 64.3% 5 0.22 0.27 78.2%
5 0.20 0.14 94.8% 6 0.21 0.22 70.7% 6 0.37 0.35 132.9%
6 0.22 0.15 88.3% 7 0.32 0.31 111.7% 1 0.04 0.10 13.9%
7 0.29 0.21 124.8% 1 0.06 0.10 19.7% 2 0.07 0.16 24.6%
8 0.25 0.19 150.4% 2 0.06 0.11 20.2% 3 0.12 0.18 42.5%
9 0.35 0.23 110.0% 3 0.08 0.11 26.2% 4 0.22 0.24 77.1%
1 0.13 0.09 55.7% 4 0.08 0.12 27.2% 5 0.18 0.20 65.4%
2 0.14 0.12 59.6% 5 0.11 0.15 38.6% 6 0.19 0.22 66.4%
3 0.22 0.16 97.4% 6 0.16 0.18 55.9% 7 0.31 0.33 112.1%
4 0.24 0.18 105.2% 7 0.19 0.20 64.1% 1 0.05 0.10 17.4%
5 0.25 0.17 107.0% 8 0.24 0.23 81.7% 2 0.07 0.10 23.9%
6 0.25 0.21 110.0% 1 0.05 0.11 15.9% 3 0.13 0.20 47.5%
7 0.30 0.23 130.4% 2 0.06 0.15 21.9% 4 0.17 0.19 60.0%
8 0.30 0.19 131.7% 3 0.07 0.14 25.1% 5 0.24 0.23 85.4%
9 0.35 0.24 150.0% 4 0.07 0.13 22.4% 6 0.37 0.35 130.4%
1 0.05 0.10 23.0% 5 0.13 0.18 46.4% 1 0.04 0.11 13.9%
2 0.07 0.12 29.0% 6 0.29 0.30 98.3% 2 0.06 0.13 19.6%
3 0.07 0.15 31.8% 1 0.04 0.07 12.8% 3 0.13 0.21 46.1%
4 0.09 0.14 38.3% 2 0.06 0.10 21.4% 4 0.20 0.23 72.9%
5 0.13 0.18 58.5% 3 0.07 0.10 24.8% 5 0.36 0.37 128.6%
6 0.18 0.21 80.0% 4 0.14 0.14 46.7%
7 0.21 0.24 92.6% 5 0.21 0.21 71.2%
1 0.06 0.12 24.3% 6 0.25 0.24 86.2%
2 0.07 0.14 29.0%
3 0.10 0.17 45.2%
4 0.09 0.17 39.4%
5 0.15 0.20 65.5%
6 0.27 0.30 118.7%

A.3.4

A.3.5

A.3.1

A.3.2

A.3.3

A.1.1 A.2.1

A.2.2

A.2.3

A.1.4

A.1.5

A.1.2

A.2.4

A.2.5

A.1.3
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5.2.2.1 Group B 

For Group B specimens, about one hundred-twenty tests gave confident results on the 

basis of residual shear strength testing. Table 5.5 shows the measured peak residual shear 

strength test data for Group B specimens.     

 

Table 5.5: Residual measured shear stress versus normal stress for Group B. 

Group σn    

(MPa)
τmr       

(MPa)
σn/σc Group σn    

(MPa)
τmr       

(MPa)
σn/σc Group σn    

(MPa)
τm       

(MPa)
σn/σc

1 0.06 0.19 8.5% 1 0.06 0.18 7.7% 1 0.07 0.27 8.6%
2 0.07 0.21 10.3% 2 0.11 0.21 13.7% 2 0.16 0.34 20.3%
3 0.19 0.37 27.4% 3 0.26 0.35 34.2% 3 0.23 0.47 29.0%
4 0.23 0.33 33.1% 4 0.19 0.31 24.7% 4 0.34 0.55 42.4%
5 0.36 0.49 51.0% 5 0.75 0.71 96.5% 5 0.42 0.50 52.9%
6 0.54 0.57 77.7% 6 0.95 0.93 122.3% 6 0.66 0.83 82.9%
1 0.06 0.16 8.1% 7 0.33 0.41 42.8% 7 0.83 0.98 103.9%
2 0.07 0.21 10.0% 8 0.15 0.37 19.0% 8 0.87 0.92 109.1%
3 0.10 0.21 13.6% 9 0.56 0.69 71.8% 1 0.07 0.19 8.4%
4 0.13 0.21 19.1% 1 0.11 0.22 14.0% 2 0.08 0.24 10.3%
5 0.17 0.33 23.6% 2 0.10 0.23 12.9% 3 0.12 0.24 15.5%
6 0.57 0.59 80.9% 3 0.17 0.30 22.1% 4 0.16 0.35 19.6%
1 0.06 0.18 7.9% 4 0.42 0.53 53.7% 5 0.17 0.29 21.4%
2 0.06 0.19 9.1% 5 0.45 0.57 58.2% 6 0.55 0.60 68.8%
3 0.08 0.23 11.1% 6 0.39 0.48 50.0% 7 0.60 0.83 75.5%
4 0.10 0.25 14.6% 7 0.51 0.60 66.5% 8 0.78 0.85 97.6%
5 0.18 0.32 25.7% 8 0.75 0.71 96.8% 9 1.10 1.09 137.3%
6 0.24 0.40 34.0% 1 0.07 0.26 8.8% 1 0.10 0.28 11.9%
7 0.34 0.43 49.0% 2 0.20 0.38 25.2% 2 0.12 0.27 14.5%
8 0.45 0.51 64.6% 3 0.51 0.69 65.6% 3 0.16 0.25 20.5%
1 0.05 0.18 7.3% 4 0.26 0.46 33.0% 4 0.34 0.58 42.9%
2 0.06 0.18 8.7% 5 0.53 0.69 69.0% 5 0.56 0.73 69.8%
3 0.08 0.20 11.6% 6 0.11 0.29 13.6% 6 0.72 0.83 90.1%
4 0.10 0.24 14.7% 7 0.77 0.83 99.8% 7 1.06 1.14 132.6%
5 0.11 0.23 15.0% 1 0.05 0.23 6.6% 1 0.06 0.26 7.9%
6 0.14 0.27 19.6% 2 0.13 0.37 16.7% 2 0.12 0.28 14.6%
7 0.18 0.30 25.4% 3 0.14 0.37 17.7% 3 0.25 0.46 31.4%
8 0.23 0.34 33.4% 4 0.24 0.48 30.4% 4 0.35 0.57 43.6%
9 0.37 0.50 52.1% 5 0.28 0.40 36.0% 5 0.37 0.65 46.6%
10 0.54 0.56 76.4% 6 0.37 0.49 48.1% 6 0.58 0.84 72.8%
1 0.05 0.18 7.0% 7 0.44 0.65 56.5% 7 0.87 1.07 108.4%
2 0.09 0.23 12.1% 8 0.88 0.97 114.0% 8 1.15 1.24 144.1%
3 0.09 0.26 13.2% 1 0.08 0.24 10.2% 1 0.04 0.24 5.0%
4 0.14 0.25 20.3% 2 0.09 0.29 11.7% 2 0.15 0.36 18.3%
5 0.19 0.30 27.4% 3 0.14 0.32 18.6% 3 0.29 0.47 36.1%
6 0.22 0.36 31.3% 4 0.24 0.47 31.2% 4 0.36 0.65 44.8%
7 0.26 0.41 36.6% 5 0.36 0.58 45.9% 5 0.38 0.59 47.3%
8 0.67 0.73 95.6% 6 0.57 0.72 73.1% 6 0.58 0.70 72.8%
9 0.90 0.90 127.9% 7 0.79 0.86 102.0% 7 0.81 1.00 100.8%

B.3.3

B.3.4

B.3.5

B.3.1

B.3.2

B.2.5

B.2.2

B.2.3

B.2.4

B.2.1

B.1.1

B.1.2

B.1.3

B.1.4

B.1.5
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5.2.2.1 Group C 

For Group C specimens, about one hundred-seventy tests gave satisfactory results on the 

basis of residual shear strength testing. Table 5.6 shows the measured peak residual shear 

strength test data for Group C specimens. 

 

Table 5.6: Residual measured shear stress versus normal stress for Group C.  

Group σn    

(MPa)
τmr       

(MPa)
σn/σc Group σn    

(MPa)
τmr       

(MPa)
σn/σc Group σn    

(MPa)
τmr       

(MPa)
σn/σc

1 0.42 0.32 28.1% 1 0.05 0.23 2.9% 1 0.06 0.25 3.1%
2 0.65 0.47 43.5% 2 0.06 0.25 3.3% 2 0.07 0.24 3.6%
3 0.11 0.08 7.5% 3 0.08 0.26 4.7% 3 0.25 0.41 14.0%
4 0.16 0.12 10.8% 4 0.15 0.39 8.5% 4 0.27 0.48 15.1%
5 0.18 0.15 12.2% 5 0.19 0.41 10.6% 5 0.57 0.95 31.2%
6 0.27 0.20 18.1% 6 0.22 0.44 12.1% 6 1.26 1.50 69.4%
7 0.37 0.27 24.9% 7 0.29 0.51 16.4% 7 1.90 2.00 104.5%
8 0.50 0.30 33.3% 8 0.54 0.65 29.9% 1 0.24 0.46 13.1%
9 0.63 0.47 41.7% 9 1.17 1.15 65.3% 2 0.26 0.44 14.3%
10 0.63 0.44 42.0% 10 1.42 1.69 79.1% 3 0.31 0.54 17.0%
11 0.64 0.43 42.7% 1 0.05 0.22 2.6% 4 0.54 0.87 29.7%
12 0.75 0.44 49.7% 2 0.09 0.34 5.1% 5 0.70 1.14 38.6%
13 0.78 0.54 52.3% 3 0.15 0.29 8.5% 6 1.13 1.43 62.5%
14 0.91 0.68 60.7% 4 0.21 0.36 11.8% 7 1.69 1.81 93.4%
15 0.95 0.69 63.6% 5 0.25 0.35 14.0% 8 2.11 2.37 116.2%
16 1.05 0.61 70.0% 6 0.28 0.48 15.5% 9 2.18 2.45 120.5%
17 1.18 0.76 78.3% 7 0.38 0.69 21.3% 1 0.13 0.27 7.4%
18 1.25 0.92 83.0% 8 0.87 1.12 48.4% 2 0.17 0.30 9.4%
19 1.33 0.90 88.5% 1 0.06 0.23 3.3% 3 0.22 0.36 12.2%
20 1.41 1.24 93.8% 2 0.07 0.37 4.1% 4 0.39 0.65 21.5%
21 1.62 1.18 107.8% 3 0.14 0.31 7.5% 5 0.56 1.00 30.9%
1 0.11 0.08 7.0% 4 0.21 0.47 11.5% 6 0.71 1.00 39.2%
2 0.18 0.12 11.7% 5 0.22 0.40 12.3% 7 0.91 1.19 50.4%
3 0.18 0.14 11.9% 6 0.22 0.47 12.3% 8 1.25 1.42 68.9%
4 0.30 0.28 19.9% 7 0.45 0.66 25.3% 9 1.74 1.90 95.9%
5 0.35 0.24 23.1% 8 0.53 0.91 29.8% 1 0.17 0.45 9.2%
6 0.36 0.31 23.9% 9 0.87 1.22 48.7% 2 0.22 0.49 12.0%
7 0.40 0.37 26.9% 1 0.06 0.22 3.1% 3 0.27 0.57 14.7%
8 0.42 0.30 27.9% 2 0.07 0.24 3.7% 4 0.39 0.82 21.6%
9 0.45 0.52 29.9% 3 0.07 0.33 4.0% 5 0.57 0.90 31.7%
10 0.45 0.43 30.1% 4 0.13 0.33 7.3% 6 0.61 1.04 33.8%
11 0.51 0.33 34.1% 5 0.19 0.35 10.4% 7 0.78 1.13 43.0%
12 0.53 0.41 35.3% 6 0.21 0.51 12.0% 8 1.07 1.28 59.0%
13 0.62 0.55 41.6% 7 0.27 0.52 15.1% 9 1.76 2.15 97.2%
14 0.70 0.62 46.9% 8 0.40 0.78 22.2% 1 0.20 0.36 11.2%
15 0.74 0.53 49.1% 9 0.62 0.80 34.9% 2 0.34 0.65 18.8%
16 0.74 0.67 49.3% 10 0.95 1.31 52.8% 3 0.39 0.85 21.7%
17 0.94 0.82 62.7% 1 0.11 0.19 6.4% 4 0.69 1.03 37.9%
18 0.96 0.73 64.1% 2 0.13 0.28 7.3% 5 0.92 1.38 51.0%
19 1.10 1.00 73.0% 3 0.14 0.25 8.0% 6 1.18 1.80 64.9%
20 1.22 1.01 81.1% 4 0.24 0.31 13.5% 7 1.79 2.23 98.8%
21 1.47 1.09 98.3% 5 0.33 0.54 18.2%
1 0.30 0.25 20.1% 6 0.50 0.76 27.9%
2 0.51 0.41 34.0% 7 0.60 0.71 33.4%
3 0.51 0.54 34.1% 8 0.65 0.92 36.2%
4 0.94 0.74 62.9% 9 0.74 0.95 41.2%
5 0.94 0.65 62.9%
6 0.97 0.82 64.9%
7 1.00 0.96 66.3%
8 1.44 1.31 95.7%
9 1.51 1.15 100.3%
10 1.54 1.25 102.8%

C.2.4

C.3.5

C.2.5

C.2.1

C.3.1

C.3.2

C.2.2

C.3.3

C.2.3

C.3.4

C.1.2

C.1.1

C.1.3
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5.3 Visual Inspection  
Specimen visual inspections were performed after each specimen direct shear test, to 

insure that each test was conducted properly. The main problems that were indicated after 

the visual inspections are described in the following sections. 

 

5.3.1 Misplacement of specimen into the cylinders  

The construction of specimens was handmade and the height of concrete test specimens 

was not always identical between samples. During direct shear testing some specimens 

were sheared through the pastefill while in some other cases portions of the concrete 

profile base restricted the movement of the upper cylinder. In both cases the data acquired 

from direct shear tests did not correctly measure the interface properties. Figure 5.2 

illustrates a concrete base which was sheared off resulting in higher shear stress 

development. The ellipses shown indicate points where the concrete base was exposed. 

 

5.3.2 Dehydration of paste fill mixture 

Pastefill’s strengthening progress was sometimes unsuccessful due to dehydration effects. 

However this problem could not be recognized until after the direct shear tests were 

conducted. It could be seen after testing when specimen moisture was shown to be 

concentrating at the top of the specimen, resulting in potentially uneven curing and 

strength development across the test specimen. Figure 5.3 shows a specimen after direct 

shear testing with water on top of it. The dehydration of paste fill means that the paste fill 

mixture had variable composition, and therefore the test results were untrustworthy. This 

phenomenon was more common in low cement content pastefill mixtures, when the cure 

time was 14 days and when high stresses were applied. When this problem was observed 

in testing, sample measurements were disregarded.      
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Figure 5.2: Interface with scared concrete surface. 

 

Figure 5.3: Variable moisture content pastefill.   
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5.3.3 Sulphide attack in pastefill and its impact on interface strength 

Sulphide attack affects negatively the paste fill strength. This phenomenon, as had been 

previously mentioned, originates from the quality of tailings water and tailings 

mineralogy that is used for pastefill manufacture. Due to knowledge of the existence of 

sulphide minerals in Brunswick Mine tailings the pastefill mixtures were designed, for 

these tests, to be mixed with potable water. The specimens were also sealed in order to 

minimize the sulphide reaction in the mixture. Unfortunately some specimens showed 

evidence of sulphide attack and thus were rejected from the laboratory tests because the 

extended sulphide presence indicated incorrect preparation or storage conditions for those 

specimens. 

  

Figure 5.4 shows a pastefill specimen in which sulphide attack had weakened the 

interface strength. The assessment of the presence of sulphide attack conditions was not 

possible to be determined prior to direct shear testing on any specimen. That is why 

visual inspection after each test was performed.     

 

 
Figure 5.4: Sulphide attack on pastefill shearing interface.  
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5.3.4 Broken concrete base and other problems 

Cases in which the concrete base was not able to handle the normal load applied without 

failing were encountered, but such occasions were very few. When base failure occurred 

it was not immediately evident, so only visual inspection of test specimens after testing 

was complete could be used to indicate whether a specimen had to be rejected due to 

concrete base rupture. Additionally some concrete bases had some minor crack 

occurrences, as shown in Figure 5.5, and it could not be foreseen whether the concrete 

bases could handle normal loads applied.   

 

 
Figure 5.5: Cracks in a concrete base.  
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Chapter 6 Analysis and Discussion  
 

In Chapter 6 the experimental results of the test program are analyzed. In the first part the 

results of direct shear tests are evaluated against the predicted shear strengths of similar 

backfill materials as postulated by the existing theories of Mohr-Coulomb, Barton and the 

revised Barton equation. In the second part of this Chapter, the parameters of cure time, 

cement content and roughness were investigated in order to assess their influence on the 

pastefill/rock interface shear strength. 

 

6.1 Comparison of Measured and Predicted Shear Strengths.  
6.1.1 Peak Shear Strength  

The data set from group B.3 tests was selected to be presented as a representative sample 

of all results, since results for the other groups followed similar trends. The extended 

results of peak shear strength testing were summarized in the previous Chapter in Tables 

5.1 through 5.3. The tests for group B.3 can be divided into five different subgroups, 

according to differences in the roughness profile of the discontinuity used. In each 

subgroup a number of direct shear tests were conducted. 

 

Table 6.1 presents the normal stress (σn), the measured peak shear stress (τmp), and the 

predicted peak shear stress (τcp) from the theories of Barton and Mohr-Coulomb. The 

ratios of measured shear stress versus the predicted values were also calculated and are 

presented in Table 6.1. From analysis of the above data a modification of Barton’s 

equation was suggested and the calculated values (τcp + C) of shear strength are presented 

in the Table. The ratio of the measured shear stress over the revised Barton equation 

predicted value was calculated and presented in the last column. 

 

The first two ratios, shown in Table 6.1, were presented to identify the relation between 

the measured shear stress and the predicted values from Barton’s and Mohr-Coulomb’s 

theories. The third ratio was calculated to show that the revised Barton’s equation is more 

useful for predicting the measured direct shear strengths results.  



 
 

Table 6.1: Measured and predicted peak shear strength data (Group B.3). 
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6.1.2 Residual Shear Strength   

The data set from group B.3 tests was also selected to be presented as a representative sample of 

all results. The extended results of residual shear strength tests was presented in Chapter 5, 

Tables 5.4 through 5.6.    

 

Table 6.2 presents the normal stress (σn), the measured residual shear stress (τmr), and the 

predicted residual shear stress (τcr) from equation (3.1) , as well as the ratio of the last two (τmr / 

τcr). 

 

The results of tests of group B.3 samples can be divided into five different subgroups of data 

according to the various roughness profiles of the discontinuity surfaces used. In each subgroup a 

number of direct shear tests were conducted. The ratio shown in Table 6.2 is presented to 

identify the relationship existing between the measured shear stress and the predicted one from 

equation (3.1). This ratio is used to show that equation (3.1) is able to predict the residual shear 

strength accurately. 

 

6.2 Estimation of Shear Strength Parameters 
The main goal of the current research is to study the relationships between the shear strength of a 

pastefill/rock wall discontinuity and the effects of parameters of roughness, cure time and cement 

content on these relationships. 

 

Based on experimental results, three critical parameters had been identified regarding the shear 

strength of the pastefill/rock wall discontinuity. Those parameters are the peak friction angle, the 

cohesion and the residual friction angle which are discussed in more detail in the next sections. 

 

6.2.1 Peak Friction Angle and Cohesion 

Based on the results from direct shear tests, the shear strength versus the normal stress that was 

applied during the test of all groups can be presented. Figure 6.1 illustrates the results of the peak 

shear stress versus normal stress failure locus trend for subgroup B.3.1.    
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Table 6.2: Measured and calculated residual shear strength data (Group B.3). 

 

 
A linear relationship can be identified between the peak shear stress and normal stress as shown 

in Figure 6.1. For example, for subgroup B.3.1 the Mohr-Coulomb failure locus equation was 

found to be: 

 

MPan 22.086.0 += στ                             (6.1) 

 

This equation fits very well with the presented data due to the fact that the Pearson correlation 

coefficient (R2) is close to unity. Thus, 0.86 is the secant of the τ – σn curve, and represents the 

best fit tangent of that curve.  
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Peak Shear Strengths versus Normal Load
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Figure 6.1: Relationship between peak shear stress and normal stress for Subgroup B.3.1. 

 

From Equation (6.1) the peak friction angle and cohesion parameters can be derived. The 

cohesion was found to be equal to 0.22 MPa and the peak friction angle was calculated as the 

tan-1(0.86) = 40.59o.  

 

For every group of direct shear tests conducted, the peak friction angle and cohesion were 

calculated using the same procedure. 

 

6.2.2 Residual Friction Angle 

The residual friction angle was derived from the measured residual shear and normal stress data, 

as is shown in Figure 6.2, where residual shear versus normal stress data is plotted and a linear 

relationship was found. The cohesion was set to zero because the residual strength of the 

discontinuity interface was measured on sheared discontinuities. 

  

The data from each subgroup of specimens can be fit into an equation of the form:  

nr a στ ×=            (6.2) 

 

where α = the slope of the curve τ - σn  
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Equation (6.2) is the same as Equation (3.1) when α = tan (φr). From the linear equation that is 

shown in Figure 6.2, tan (φr) = 0.887 and φr = 41.6o.  

 

Residual Shear Strength versus Normal Load
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Figure 6.2: Relationship between residual shear stress and normal stress for subgroup B.3.1. 

 

6.3 Impact of Cement Contend on Shear Strength   
Cement content is the most important factor that influences pastefill strength properties. It also 

provides a major challenge for mining engineers who constantly try to reduce the cement content 

in pastefill mixtures for economic reasons. The current research studies the impact of cement 

content on the shear strength of the pastefill/rock wall interface and also compares it with the 

impact of roughness. The analysis that was conducted to assess variation in peak and residual 

shear strength properties with variation in cement content of the pastefill material is presented in 

the next sections. 

 

6.3.1 Peak Shear Strength 

6.3.1.1 Effect on basic friction angle  

Values of peak friction angle parameters are presented in Tables 6.3, 6.4 and 6.5 for cure times 

of 14, 28 and 56 days respectively. The measured values vary with paste fill type (cure time and 
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cement content) and depend on surface profile (roughness) conditions. The impact of varying 

cement content on the friction angle parameter is shown through percentage differences in 

columns of Difference1 and Difference2. The percentage difference evaluates the increase in 

friction angle as the cement content is increased from 2.5%wt to 5%wt and from 5%wt to 

7.5%wt.  

 

For the current research when the cement content is increased from 2.5%wt to 7.5%wt for all 

roughness values, the friction angle increased by about 13% (average value of Difference3 

column in Table 6.3), after 14 days of cure (Table 6.3). When the cure time is increased to 28 

days the friction angle increment is about 32% for all roughness values (average value of 

Difference3 column in Table 6.4) and for 56 days cure time, the increment is about 25% for all 

roughness values (average value of Difference3 column in Table 6.5). It is clear that friction 

angle increases when the cement content is increasing. 

     

Table 6.3: Peak friction angle regarding JRC and cement content for 14 days cure time. 

  Cement Content % 

JRC  
2.5 5 7.5  

φp 
(deg) 

φp 
(deg) 

Difference1 
(%) 

φp 
(deg) 

Difference2 

(%) 
Difference3 

(%) 

0 34.96 39.36 12.58% 41.39 5.17% 18.39% 
3 36.54 38.95 6.60% 41.45 6.41% 13.44% 
11 37.06 39.05 5.36% 41.93 7.38% 13.14% 
15 37.74 40.16 6.41% 42.00 4.58% 11.29% 
19 39.57 40.19 1.57% 44.94 11.80% 13.57% 

Deference1 : Percentage difference between 5% and 2.5% specimens  
Deference2 : Percentage difference between 7.5% and 5% specimens  
Deference3 : Percentage difference between 7.5% and 2.5% specimens  
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Table 6.4: Peak friction angle regarding JRC and cement content for 28 days cure time. 

  Cement Content % 

JRC  
2.5 5 7.5  

φp 
(deg) 

φp 
(deg) 

Difference1 
(%) 

φp 
(deg) 

Difference2 

(%) 
Difference3 

(%) 

0 35.17 39.36 11.89% 43.60 10.78% 23.97% 
3 35.57 38.68 8.76% 48.17 24.52% 35.42% 
11 35.67 39.94 11.95% 49.81 24.72% 39.64% 
15 37.50 40.31 7.50% 49.00 21.55% 30.67% 
19 37.86 41.00 8.29% 50.23 22.52% 32.67% 

Difference1 : Percentage difference between 5% and 2.5% specimens  
Difference2 : Percentage difference between 7.5% and 5% specimens  
Deference3 : Percentage difference between 7.5% and 2.5% specimens  

 

Table 6.5: Peak friction angle regarding JRC and cement content for 56 days cure time. 

  Cement Content % 

JRC  
2.5 5 7.5  

φp 
(deg) 

φp 
(deg) 

Difference 1 
(%) 

φp 
(deg) 

Difference 2 

(%) 
Difference 3 

(%) 
0 35.47 40.59 14.45% 44.27 9.06% 24.81% 
3 35.58 41.68 17.15% 44.61 7.03% 25.38% 
11 36.26 42.88 18.25% 45.42 5.92% 25.26% 
15 37.28 43.16 15.78% 45.56 5.57% 22.21% 
19 37.65 43.48 15.48% 49.24 13.26% 30.78% 

Difference 1 : Percentage difference between 5% and 2.5% specimens  
Difference 2 : Percentage difference between 7.5% and 5% specimens  
Deference3 : Percentage difference between 7.5% and 2.5% specimens  

 

The effect of increasing cement content in tested specimens versus peak friction angle is also 

shown in graphical form in Figures 6.5, 6.6 and 6.7. It can be seen that there is a consistent trend 

between the different cement contents (2.5, 5.0 and 7.5) for all tested specimens. 
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Peak Friction Angle (degrees) - 14 days cure time
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Figure 6.3: The effect of cement content on peak friction angle for 14 days cure time. 

 

Peak Friction Angle (degrees) - 28 days cure time
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Figure 6.4: The effect of cement content on peak friction angle for 28 days cure time. 

 



 

 94 

Peak Friction Angle (degrees) - 56 days cure time
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Figure 6.5: The effect of cement content on peak friction angle for 56 days cure time. 

 

6.3.1.2 Effect in cohesion 

The values of cohesion from peak strength shear tests are presented in Tables 6.6, 6.7 and 6.8 for 

cure times of 14, 28 and 56 days respectively. The measured values vary with paste fill type 

(cure time and cement content) and also depend on surface profile (roughness) conditions. The 

impact of cement content on cohesion development is shown as a percentage difference, in 

columns of Difference1 and Difference2. The percentage difference shows the variation of 

cohesion magnitude as the cement content is increasing from 2.5%wt to 5%wt and from 5%wt to 

7.5%wt for the three different cure times.  

 

It was expected that cohesion would increase as the cement content and the cure time increased. 

However, as shown in Table 6.7, where the cure time was 28 days, as the cement content was 

increased from 5%wt to 7.5 %wt the cohesion coefficient was found to decrease in most cases 

versus a change in JRC.   
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Table 6.6: Cohesion versus JRC and cement content for 14 days cure time. 

 Cement Content % 

JRC 
2.5 5 7.5 
C 

(kPa) 
C 

(kPa) 
Difference1 

(%) 
C 

(kPa) 
Difference2 

(%) 
0 64.8 157.76 143.45% 202.70 28.49% 
3 57.27 136.94 139.12% 263.76 92.62% 
11 63.55 159.34 150.72% 212.81 33.56% 
15 74.72 142.68 90.95% 299.70 110.05% 
19 84.29 158.81 88.41% 403.63 154.16% 

Difference1 : Percentage difference between 5% and 2.5% specimens 
Difference2 : Percentage difference between 7.5% and 5% specimens 

 

Table 6.7: Cohesion versus JRC and cement content for 28 days cure time. 

  Cement Content % 

JRC  
2.5 5 7.5 
C  

(kPa) 
C  

(kPa) 
Difference1 

(%) 
C  

(kPa) 
Difference2 

(%) 
0 88.11 170.57 93.59% 201.76 18.29% 
3 74.61 165.36 121.64% 161.92 -2.08% 
11 61.02 221.60 263.15% 195.62 -11.73% 
15 82.19 226.81 175.97% 186.43 -17.80% 
19 43.83 215.79 392.31% 85.87 -60.20% 

Difference1 : Percentage difference between 5% and 2.5% specimens 
Difference2 : Percentage difference between 7.5% and 5% specimens 

 

Table 6.8: Cohesion versus JRC and cement content for 56 days cure time. 

  Cement Content % 

JRC  
2.5 5 7.5 
C  

(kPa) 
C  

(kPa) 
Difference1 

(%) 
C  

(kPa) 
Difference2 

(%) 
0 68.26 222.73 226.30% 233.02 4.62% 
3 95.27 161.40 69.41% 274.42 70.02% 
11 86.4 178.62 106.73% 215.91 20.87% 
15 63.09 231.48 266.92% 317.98 37.37% 
19 84.97 219.80 158.69% 270.74 23.17% 

Difference1 : Percentage difference between 5% and 2.5% specimens 
Difference2 : Percentage difference between 7.5% and 5% specimens 
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6.3.2 Residual Shear Strength  

Values of residual friction angle are presented in Tables 6.9, 6.10 and 6.11. The measured values 

vary with paste fill type (cure time and cement content) and depend on surface profile 

(roughness). The impact of cement content on the residual friction angle is shown as a 

percentage difference, in columns of Difference1 and Difference2. The percentage difference 

evaluates the increase of friction coefficient as the cement content is increased from 2.5%wt to 

5%wt and from 5%wt to 7.5%wt. It is clear that residual friction angle increases as the cement 

content increases. 

 

For the current research when the cement content is increased from 2.5%wt to 7.5%wt for all 

roughness values, and when the cure time is 14 days, the friction angle increases by about 12%  

(average value of Difference3 column in Table 6.9). When the cure time is 28 days the friction 

angle increase is about 16% (average value of Difference3 column in Table 6.10) and for 56 days 

cure time the friction angle increase is about 18% (average value of Difference3 column in Table 

6.11).      

 

Table 6.9: Residual friction angle for 14 days cure time. 

  Cement Content % 

JRC  
2.5 5 7.5  

φr  
(deg) 

φr  
(deg) 

Difference1 
(%) 

φr  
(deg) 

Difference2 

(%) 
Difference3 

(%) 
0 34.62 35.88 3.64% 36.76 2.45% 5.82% 
3 34.71 35.98 3.66% 39.38 9.44% 11.85% 
11 34.85 37.44 7.45% 40.08 7.04% 13.05% 
15 34.94 38.33 9.69% 40.46 5.57% 13.64% 
19 35.72 38.41 7.51% 41.03 6.83% 12.94% 

Difference1: Percentage difference between 5% and 2.5% specimens  
Difference2: Percentage difference between 7.5% and 5% specimens  
Difference3: Percentage difference between 7.5% and 2.5% specimens  
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Table 6.10: Residual friction angle for 28 days cure time. 

 Cement Content % 

JRC 
2.5 5 7.5  

φr 
(deg) 

φr 
(deg) 

Difference1 
(%) 

φr 
(deg) 

Difference2 
(%) 

Difference3 
(%) 

0 33.85 38.20 12.83% 39.82 4.25% 14.99% 
3 32.47 38.23 17.74% 40.63 6.26% 20.07% 
11 33.92 38.75 14.25% 42.40 9.42% 20.01% 
15 35.70 39.16 9.70% 40.03 2.22% 10.83% 
19 36.01 40.15 11.48% 42.62 6.17% 15.51% 

Difference1: Percentage difference between 5% and 2.5% specimens  
Difference2: Percentage difference between 7.5% and 5% specimens  
Difference3: Percentage difference between 7.5% and 2.5% specimens 

 

Table 6.11: Residual friction angle for 56 days cure time. 

 Cement Content % 

JRC 
2.5 5 7.5  

φr 
(deg) 

φr 
(deg) 

Difference1 
(%) 

φr 
(deg) 

Difference2 
(%) 

Difference3 
(%) 

0 33.61 41.56 23.65% 42.20 1.54% 20.35% 
3 34.60 40.66 17.52% 42.69 4.98% 18.95% 
11 35.11 41.03 16.84% 43.00 4.81% 18.34% 
15 35.43 41.58 17.36% 43.52 4.65% 18.57% 
19 36.63 41.83 14.20% 43.85 4.84% 16.48% 

Difference1: Percentage difference between 5% and 2.5% specimens  
Difference2: Percentage difference between 7.5% and 5% specimens  
Difference3: Percentage difference between 7.5% and 2.5% specimens 

 

The effect of increasing cement content, in tested specimens, versus residual friction angle is also 

shown in graphical form in Figures 6.6, 6.7 and 6.8. It can be seen that there is an incremental 

trend between the different cement contents (2.5%wt, 5.0%wt and 7.5%wt) for all tested 

specimens. 
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Residual Friction Angle (degrees) - 14 days cure time
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Figure 6.6: The effect of cement content on residual friction angle for 14 days cure time. 

 

Residual Friction Angle (degrees) - 28 days cure time
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Figure 6.7: The effect of cement content on residual friction angle for 28 days cure time. 
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Residual Friction Angle (degrees) - 56 days cure time
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Figure 6.8: The effect of cement content on residual friction angle for 56 days cure time. 

 

6.4 Impact of Roughness on Shear Strength  
6.4.1 Peak Shear Strength  

6.4.1.1 Effect in Basic Friction Angle  

Values of peak friction coefficient are presented in Tables 6.12, 6.13 and 6.14. The estimated 

values vary with paste fill type (cure time and cement content) and depend on surface roughness 

(roughness). The impact of roughness on the friction coefficient is shown in the tables as a 

percentage difference, in the last row, and it is symbolized as Difference3. The percentage 

difference evaluates the increase of friction coefficient as the interface’s roughness profile (JRC) 

changes from 0 to 19. 

  

It is noted that the increase of a discontinuity’s roughness from the flat, smooth profile (JRC = 0) 

to a maximum of JRC = 19 increases the friction coefficient between 2% and 15%, as a function 

of cement content and cure time. It can therefore be concluded that the pastefill/rock interface’s 

roughness condition contributes to the final peak shear strength. It is also noted that the friction 

coefficient increases with increases in cement content and cure for similar roughness conditions. 
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Table 6.12: Peak friction angle versus JRC and cement content for 14 days cure time. 

2.5 % wt 
cement

5 % wt 
cement

7.5 % wt 
cement

0 34.96 39.36 41.39
3 36.54 38.95 41.45
11 37.06 39.05 41.93
15 37.74 40.16 42.00
19 39.57 40.19 44.94

13.19% 2.11% 8.58%

φP (degrees)

JRC

Difference3 (%)  
Difference3 : Percentage difference between JRC 0 and JRC 19 specimens 

 

Table 6.13: Peak friction angle versus JRC and cement content for 28 days cure time. 

2.5 % wt 
cement

5 % wt 
cement

7.5 % wt 
cement

0 35.17 39.36 43.6
3 35.57 38.68 48.17
11 35.67 39.94 49.81
15 37.50 40.31 49.00
19 37.86 41.00 50.23

7.65% 4.17% 15.21%

φP (degrees)

JRC

Difference3 (%)  
Difference3 : Percentage difference between JRC 0 and JRC 19 specimens 

 

Table 6.14: Peak friction angle versus JRC and cement content for 56 days cure time. 

2.5 % wt 
cement

5 % wt 
cement

7.5 % wt 
cement

0 35.47 40.59 44.27
3 35.58 41.68 44.61
11 36.26 42.88 45.42
15 37.28 43.16 45.56
19 37.65 43.48 49.24

6.15% 7.12% 11.23%

φP (degrees)

JRC

Difference3 (%)  
Difference3 : Percentage difference between JRC 0 and JRC 19 specimens 
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The values of peak friction angle generally increase as the pastefill/concrete interface becomes 

rougher (Figures 6.9, 6.10 and 6.11). Additionally, it can be seen that, as the cement content 

increases, the roughness effect is also responsible for noticeable friction angle improvement. 

Apart from a few cases, the majority of the results indicate that there is a clear incremental trend 

for the basic friction angle when the interface roughness increases. It is also noticeable that 

significant friction angle improvements appear when the JRC exceeds approximately 12-15 for 

all cement content materials, with minimal improvement generally occurring for interface 

materials in the range between approximately 3-10. 
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Figure 6.9: Peak friction angle versus JRC and cure time for specimens with 2.5% cement 

content. 

 



 

 102 

Peak Friction Angle (5% wt cement)
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Figure 6.10: Peak friction angle versus JRC and cure time for specimens with 5% cement 

content. 
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Figure 6.11: Peak friction angle versus JRC and cure time for specimens with 7.5% cement 

content. 
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6.4.1.2 Effect in Cohesion 

The values of cohesion are presented in Tables 6.15, 6.16 and 6.17 for cure times of 14, 28 and 

56 days respectively. It was expected that cohesion would increase as the interface roughness 

increases. However, as the results show, the cohesion shows great variability in relation to 

roughness parameter (JRC). 

 

The roughness effect on cohesion could not be specified from the data of this research. Tables 

6.15, 6.16 and 6.17 demonstrate that the experimental procedures followed could not be used to 

specify a trend between the roughness and the cohesion coefficient. 

 

Table 6.15: Cohesion versus JRC and cement content for 14 days cure time. 

    Cohesion (kPa) 

    

2.5 % wt 
cement 

5 % wt 
cement 

7.5 % wt 
cement 

JRC 

0 64.80 157.76 202.70 
3 57.27 136.94 263.76 
11 63.55 159.34 212.81 
15 74.72 142.68 299.70 
19 84.29 158.81 403.63 

 

 

Table 6.16: Cohesion versus JRC and cement content for 28 days cure time. 

    Cohesion (kPa) 

    

2.5 % wt 
cement 

5 % wt 
cement 

7.5 % wt 
cement 

JRC 

0 88.11 170.57 201.76 
3 74.61 165.36 161.92 
11 61.02 221.60 195.62 
15 82.19 226.81 186.43 
19 43.83 215.79 85.87 
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Table 6.17: Cohesion versus JRC and cement content for 56 days cure time. 

    Cohesion (kPa) 

    
2.5 % wt 
cement 

5 % wt 
cement 

7.5 % wt 
cement 

JRC 

0 68.26 222.73 233.02 
3 95.27 161.40 274.42 
11 86.40 178.62 215.91 
15 63.09 231.48 317.98 
19 84.97 219.80 270.74 

 

6.4.2 Residual Shear Strength  

Values of residual friction angle data are presented in Tables 6.18, 6.19 and 6.20. The impact of 

interface roughness on the residual friction angle is shown in these tables as a percentage 

difference, in the last row, and it is symbolized as Difference3. The percentage difference 

indicates an increase of the friction coefficient as the interface’s roughness profile is increasing 

from JRC = 0 to 19. From Tables 6.18, 6.19 and 6.20, it can be concluded that the interface 

roughness has a significant influence not only on peak shear strength character but also for 

residual shear strength character.     

 

Table 6.18: Residual friction angle values for all specimens with 14 days cure time. 

2.5 % wt 
cement

5 % wt 
cement

7.5 % wt 
cement

0 34.62 35.88 36.76
3 34.71 35.98 39.38
11 34.85 37.44 40.08
15 34.94 38.33 40.46
19 35.72 38.41 41.03

3.19% 7.05% 11.63%

JRC

Difference3 (%)

Difference3 : Percentage difference between JRC 9 and JRC 0

φr (degrees)

 
 
 

 
 
 



 

 105 

Table 6.19: Residual friction angle values for all specimens with 28 days cure time. 
 

2.5 % wt 
cement

5 % wt 
cement

7.5 % wt 
cement

0 33.85 38.20 39.82
3 32.47 38.23 40.63
11 33.92 38.75 42.40
15 35.70 39.16 40.03
19 36.01 40.15 42.62

6.38% 5.11% 7.04%

φr (degrees)

JRC

Difference3 (%)

Difference3 : Percentage difference between JRC 9 and JRC 0
 

 

Table 6.20: Residual friction angle values for all specimens with 56 days cure time. 

2.5 % wt 
cement

5 % wt 
cement

7.5 % wt 
cement

0 33.61 41.56 42.20
3 34.60 40.66 42.69

11 35.11 41.03 43.00
15 35.43 41.58 43.52
19 36.63 41.83 43.85

8.96% 0.64% 3.91%

Difference3 : Percentage difference between JRC 9 and JRC 0

φr (degrees)

JRC

Difference3 (%)

 
The values of residual friction angles are shown to increase as the pastefill/concrete interface 

becomes rougher (Figures 6.12, 6.13 and 6.14). Additionally it is noticed that the residual 

friction angle increases with increases in cement content. Apart from a few cases, the majority of 

the results indicate that there is a clear incremental trend for the basic friction angle when the 

interface roughness increases. Exceptions to these observations do occur for specimens where 

the cement content is 2.5%, as shown in Figure 6.12.  

 



 

 106 

 
Figure 6.12: Residual friction angle versus JRC and cure time for specimens with 14 days cure 

time. 

 

 
Figure 6.13: Residual friction angle versus JRC and cure time for specimens with 28 days cure 

time. 
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Figure 6.14: Residual friction angle versus JRC and cure time for specimens with 56 days cure 

time. 

 

6.5 Impact of Cure Time on Shear Strength  
Pastefill gains strength in much the same way as concrete, though the ultimate strength achieved 

is much lower for pastefill relative to concrete. This process can also be hindered when the 

tailings contain sulphides and sulphates, as was the case for the tailings used in the current 

pastefill research. The pastefill strength increase is initially high and decreases progressively 

with time. Due to the high concentration of sulphates in tailings, the produced paste fill lost the 

ability to increase its strength in the short term cure interval and, before 56 days of cure, 

specimens had begun to lose strength. The sulphate attack can be delayed or accelerated, 

depending the cement content of paste fill mixture. The sulphate content in the tailings product 

used in the current research detrimentally affects the paste fill strength characteristics (Stewart, 

2007). 

 

6.5.1 Peak Shear Strength  

6.5.1.1 Effect in basic friction angle 

Cure time has a significant effect on the final strength of every paste fill mixture. The impact of 

cure time on the interface shear strength has been proven from practical experience and from 
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theory, and plays a significant role on the final paste fill strength properties. A component of the 

current research goal was the estimation of this impact and a comparison of its effect with the 

effect of roughness and cement content. The problem that arises can be explained due to the 

nature of tailings which contain high concentrations of sulphides and sulphates. The sulphide and 

sulphate attack in tailings has been proved to affect a pastefill’s strength characteristics (Stewart, 

2007). 

 

Values of peak friction angles achieved versus interface roughness conditions are presented in 

Tables 6.21, 6.22 and 6.23. The impacts of cure time on the peak friction coefficient are shown 

as a percentage difference for each roughness condition in the last column of these tables, and 

are symbolized as Difference3. The percentage difference evaluates the increase of the developed 

friction angle parameter as the pastefill cure time increases from 14 to 56 days for each 

roughness condition applied. 

 

Table 6.21: Peak friction angle values for all specimens with 2.5% cement content. 

14 days 28 days 56 days
0 34.96 35.17 35.47 1.46%
3 36.54 35.57 35.58 -2.63%
11 37.06 35.67 36.26 -2.16%
15 37.74 37.50 37.28 -1.23%
19 39.57 37.86 37.65 -4.85%

φp (degrees) Difference3 

(%)

JRC

Difference3 : Percentage difference between 14 and 56 cure days
 

Table 6.22: Peak friction angle values for all specimens with 5% cement content. 

14 days 28 days 56 days
0 39.36 39.36 40.59 3.14%
3 38.95 38.68 41.68 7.00%
11 39.05 39.94 42.88 9.81%
15 40.16 40.31 43.16 7.47%
19 40.19 41.00 43.48 8.17%

φp (degrees) Difference3 

(%)

JRC

Difference3 : Percentage difference between 14 and 56 cure days
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Table 6.23: Peak friction angle values for all specimens with 7.5% cement content. 

14 days 28 days 56 days
0 41.39 43.60 44.27 6.96%
3 41.45 48.17 44.61 7.62%
11 41.93 49.81 45.24 7.89%
15 42.00 49.00 45.56 8.49%
19 44.94 50.23 49.24 9.58%

φp (degrees) Difference3 

(%)

JRC

Difference3 : Percentage difference between 14 and 56 cure days
 

 

In order to better understand the cure time effect, Figures 6.15, 6.16 and 6.17 are also presented. 

It can be seen from these figures that the effect of cure time does not yield similar results for 

friction angle development for all specimens. The pastefill specimens with 2.5% cement are not 

strongly influenced by cure time. It can be noticed that, when the specimens contain pastefill 

with cement content at 2.5%wt, the friction angle remain similar profiles after 28 days cure. That 

is the reason why the friction angle for those specimens does not vary dramatically when the cure 

time increases. On the other hand, for specimen pastefill mixtures at 5%wt and 7.5%wt cement 

content, the friction angle changed noticeably when the cure time increased. Also it can be seen 

that the cure time – friction angle curves follow similar trends for all roughness profiles applied 

for each cement content mix. For the different cement content materials studied, the effect of 

cure time on strength development showed considerable variation. The specimens with 5%wt 

cement content showed a negligible increase in friction angle development with cure time 

between 14 to 28 days and a strong increase from 28 to 56 days cure time. For specimens with 

7.5%wt cement content, the increase of cure time from 14 to 28 days resulted in a notable 

increase of friction angle behaviour. However, when the cure time extended from 28 to 56 days, 

the friction angle response was shown to decease. These effects can be seen in Figures 6.16 and 

6.17 and are validated for all roughness profiles. 

   

Based upon these previous observations, it can be demonstrated that, for the three different paste 

fill recipes tested, the specimen mixtures using 5% cement were better able to present resistance 

against sulphide attack conditions. This can be explained due to the increase in friction angle 

which continues to develop after cure times of 28 days. On the other hand, specimens with 7.5% 
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cement paste fill mixture yielded a reduction in friction angle after a cure time of 28 days. That 

can be explained by the sulphide attack that is developed more aggressively during that particular 

period of cure. This phenomenon indicates that, for the tailings mixtures used, the 5% mixture is 

better able to demonstrate beneficial strength behavior versus cure time.  

 

Consequently the effect of cure time on peak friction angle development can not be generalized 

for all cement contents that were used in the current research. The high sulphide concentrations 

in the tailings that were used, influenced significantly the cure time impact on to interface’s shear 

strength and friction angle. These observations can not be generalized for other paste fill 

mixtures with different tailings composition.  
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Figure 6.15: Peak friction angle versus JRC and cure time for specimens with 2.5% cement 

content. 
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Peak Friction Angle (degrees) - 5% Cement Content
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Figure 6.16: Peak friction angle versus JRC and cure time for specimens with 5% cement 

content. 
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Figure 6.17: Peak friction angle versus JRC and cure time for specimens with 7.5% cement 

content. 

 



 

 112 

6.5.1.1 Effect on Cohesion 

Values of cohesion are presented in Table 6.24 for all paste fill mixtures and cure times. Table 

6.24 shows that the experimental procedure that was followed could not identify a trend between 

the cure time and the cohesion coefficient, thus the effect of cure time on cohesion factor could 

not be determined based on the data from the current research. 

 

Table 6.24: Peak cohesion values for all cure times, roughness profiles and cement contents. 
  

  
  
  

Cohesion (kPa) 

% wt 
cement JRC 

Cure Time (days) 
14 

days 
28 

days 
56 

days 

2.
5 

%
 w

t 
ce

m
en

t  

0 64.80 88.11 68.26 
3 57.27 74.61 95.27 
11 63.55 61.02 86.40 
15 74.72 82.19 63.09 
19 84.29 43.83 84.97 

5 
%

 w
t  

ce
m

en
t  

0 157.76 170.57 222.73 
3 136.94 165.36 161.40 
11 159.34 221.60 178.62 
15 142.68 226.81 231.48 
19 158.81 215.79 219.80 

7.
5 

%
 w

t 
ce

m
en

t  

0 202.70 201.76 233.02 
3 263.76 161.92 274.42 
11 212.81 195.62 215.91 
15 299.70 186.43 317.98 
19 403.63 85.87 270.74 

 

6.5.2 Residual Friction Angle  

Values of residual friction angle are presented in Tables 6.25, 6.26 and 6.27. The impact of cure 

time on residual friction angle is shown in these tables as a percentage difference, in the last 

column, and it is symbolized as Difference3. The percentage difference evaluates the increase of 

friction angle as the cure time was increased from 14 to 56 days. From Tables 6.25, 6.26 and 

6.27, based on the conducted shear tests, it can be concluded that cure time is an important 
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factor, not only for peak shear strength but also for residual shear strength development in the 

pastefill materials tested.     

 

For the shear tests results from specimens with cement contents at 5%wt and 7.5%wt, it can be 

concluded that cure time has a significant impact on development of the residual friction angle. 

The average impact on residual friction angle, for specimens with 5 wt percent Portland cement 

from 14 days to 56 days, is an increase of 11% and, for specimens with 7.5 wt percent Portland 

cement, for the same cure time period, the increase in residual friction angle was estimated at 

9%.  

 

Table 6.25: Residual friction angle values for specimens with 2.5% cement content. 

    φr (degrees) Difference3 
(%) 

    14 days 28 days 56 days 

JRC 

0 34.62 33.85 33.61 -2.90% 
3 34.71 32.47 34.60 -0.32% 
11 34.85 33.92 35.11 0.76% 
15 34.94 35.70 35.43 1.40% 
19 35.72 36.01 36.63 2.53% 

Difference3 : Percentage difference between 14 and 56 cure days 

 

Table 6.26: Residual friction angle values for specimens with 5% cement content. 

    φr (degrees) Difference3 
(%) 

    
14 days 28 days 56 days 

JRC 

0 35.88 38.20 41.56 15.85% 
3 35.98 38.23 40.66 13.01% 
11 37.44 38.75 41.03 9.58% 
15 38.33 39.16 41.58 8.49% 
19 38.41 40.15 41.83 8.91% 

Difference3 : Percentage difference between 14 and 56 cure days 
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Table 6.27: Residual friction angle values for specimens with 7.5% cement content. 

    φr (degrees) Difference3 
(%) 

    
14 days 28 days 56 days 

JRC 

0 36.76 39.82 42.20 14.82% 
3 39.38 40.63 42.69 8.41% 
11 40.08 42.00 43.00 7.29% 
15 40.46 42.10 43.52 7.54% 
19 41.03 42.62 43.85 6.87% 

Difference3 : Percentage difference between 14 and 56 cure days 

 

The effect of increasing cure time in tested specimens versus residual friction angle is also 

shown in graphical form in Figures 6.18, 6.19 and 6.20. It can be seen that there is a consistent 

trend in residual friction angle enhancement versus cure time for different cement content 

materials (5%wt and 7.5%wt) for all roughness profiles. 

 

 
Figure 6.18: Residual friction angle versus cure time for specimens with 2.5% cement content. 
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Figure 6.19: Residual friction angle versus cure time for specimens with 5% cement content. 

 

 
Figure 6.20: Residual friction angle versus cure time for specimens with 7.5% cement content. 

 

6.6 Discussion  
Test results have shown that the shear strength of the pastefill/rock interface, as simulated by 

pastefill in contact with concrete surfaces of varying manufactured roughness, is strongly 

dependent on the cement content of the pastefill, the interface roughness and the pastefill cure 
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time. Those factors have different degrees of influence on the final shear strength of paste fill – 

rock interface. This influence was observed through study of principal shear strength parameters 

of the interface, these being peak shear strength, cohesion and residual shear strength. Among 

the strength factors, the cement content is the strongest parameter that influences an interface’s 

shear strength. Since the tailings that were used had high concentrations of sulphides/sulphates, it 

is postulated that pastefill recipes with lower concentration of sulphates would exhibit less 

variable behaviour. 

 

6.6.1 Prediction through Equations   

From the data analysis three basic observations can be made. Based on these observations the 

revised Barton equation seems to predict the measured results with better accuracy than other 

methods. The later observations are explained analytically based on the results from group B.3.4 

test samples.  

 

• The first noticeable observation is that Equation (2.7) calculates very low shear strengths 

compared to measured ones. That can be seen in results of the (τm /τc) term in Table 6.1. It can 

thus be concluded that Equation (2.7) underestimates the shear strength of the discontinuity as 

shown in Figure 6.21. The design of the roughness parameter was made based on JRC profiles 

and Equation (2.7), and was expected to permit prediction of shear strengths more accurately. 

 

• The second observation is that the revised Barton equation (3.2) predicts the shear strength 

successfully (Figure 6.22). For high normal stresses, it is noted that, because the cohesion 

parameter does not appear in Eqn. (2.7), the measured results cannot be accurately predicted. The 

results of the division operation for (τm / (τc+C)), shown in Figure 6.21, demonstrate that 

Equation (2.7) is lacking the cohesion parameter to be accurate. 
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Shear Strength vs Normal Stress (Group B.3.4)
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Figure 6.21: Peak measured and calculated (Eqn. 2.7) shear strength vs normal stress 

                    (Group B.3.4 sample tests). 
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Figure 6.22: Peak measured and calculated (Eqn. 3.2) shear strength vs normal stress 

        (Group B.3.4 sample tests). 
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• The third and last observation refers to the calculated shear strengths based on the Mohr-

Coulomb Equation (2.4). The Mohr-Coulomb equation predicts very well the measured strengths 

(Figure 6.23). A significant observation is that the shear strengths that are calculated from the 

Mohr-Coulomb equation (Eqn. 2.4) and the revised Barton equation (Eqn. 3.2) are very similar. 

For planar or low roughness surfaces, the predictions are identical.  

 

 

Shear Strength vs Normal Stress (Group B.3.4)
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Figure 6.23: Peak measured and calculated (Eqn. 2.4) shear stress vs normal stress (Group 
B.3.4). 
 

By comparing the shear strengths calculated from the Mohr-Coulomb equation (2.4) with the 

shear strengths from the revised Barton equation, it can be concluded that both of these equations 

offer satisfactory predictions of shear strength at the pastefill/rock interface. Since the revised 

Barton equation (2.7) fits better the theory of interface failure, it is preferable to use it compared 

to the Mohr-Coulomb equation. The Barton equation better represents what is happening in 

reality, especially at higher normal load levels. These models theoretically indicate that the rate 

of shear strength gain decreases as the normal load increases (Figure 6.24).  
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Figure 6.24: Shear stress versus normal stress. 

 

6.6.2 Cohesion  

The analysis of collected data showed that the cohesion parameter was changing randomly with 

respect to cure time, roughness and cement content conditions. This was contrary to what was 

expected. The study of the cohesion parameter should have been able to correlate the effects of 

roughness, cure time and cement content on the cohesion value. The inconsistency that was 

noticed in the data of Tables 6.6, 6.7 and 6.8 cannot be logically explained and it was inferred to 

be due to laboratory errors in testing.  

 

In attempting to explain why variations in cohesion do not yield a clear shear strength trend, for 

the tested parameters, it has to be stressed that the number of conducted shear tests did not 

provide sufficient data at the lower normal load range, as can be seen in Figure 6.25. By taking 

into consideration that the cohesion parameter is estimated from the shear stress axis contact of 

the normal – shear stress linear failure locus, it can be concluded that the most important results 

are those that are conducted under the low normal load range (Figure 6.25). The procedure of 

tests in the current research study presented problems when the normal stresses were relatively 

low. The specimens could not be properly stabilized during the shear tests under low normal 
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loads, and it was not possible to have accurate measurements of real shear stress conditions 

under such low normal stresses applied. At low consolidation normal stress levels, poor accuracy 

of shear stress measurement existed. This specific weakness of the laboratory equipment led to 

poor estimation of cohesion parameters, which is the reason why this parameter cannot be 

correctly quantified.  

 

 
Figure 6.25: Peak shear stress  versus normal stress  (Subgroup B.3.1). 

 

6.6.3 Residual Friction Angle at Low Normal Loads  

Based on theory, the cohesion parameter for residual shear strength tests is assumed to be zero. 

This means that the linear shear failure relationship between normal and shear stresses yields an 

intercept at the axis origin. It can be noticed in Figure 6.26 that the measured residual shear 

strengths, at low normal stresses, are higher than prediction values given by the linear equation. 

That can be seen in Figure 6.26 where the results, shown bounded by the red ellipse, are 

constantly higher than those of the linear relationship estimation. 
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Figure 6.26: Residual shear strength vs normal stress (Group C.2.4). 

 

It can be concluded that Equation. 3.1 predicts satisfactorily the measured residual strengths with 

the exception of values in the low normal stress range where measured stresses are higher. It has 

to be mentioned that, for low normal stress conditions, the residual shear strength has been 

overestimated by about 30%. This can be explained as a limitation of the apparatus that was used 

for direct shear testing. The apparatus limitation, as previously mentioned, was its inability of 

stabilizing specimens when the normal applied stresses are low. Additionally, it has to be 

emphasized that the interface is not completely sheared off and the irregularities are not 

completely destroyed during shear testing. That means that the cohesion is not zero during 

residual strength testing and this additionally explains why the residual shear strengths, at low 

normal stresses, had been measured to be higher compared to the residual strengths that were 

calculated from Equation 3.1. For higher normal stresses the residual shear strengths can be 

accurately predicted from Equation 3.1.  
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Chapter 7 Conclusions and Recommendations for Future Work  
 
7.1 Conclusions  
This section presents the conclusions of the thesis, considered as the main contributions to paste 

backfill design. This thesis followed a basic design technique for paste backfill support systems. 

It contributed to the development of an understanding of the strength and deformation behaviour 

of paste backfill support systems.  

 

In the underhand cut and fill mining method, the stability of pastefill can be achieved through 

various special techniques. However, the most important factor for the stability of pastefill is the 

developed friction between the rock wall and the pastefill itself. The magnitude of developed 

friction can be estimated based on empirical tests or rock mechanics modeling codes. Factors 

that play important roles on the stability behaviour of backfill materials are the stope rock wall 

roughness and the wall closure characteristics. 

 

However, the contribution of rock wall roughness on backfill behaviour has not yet been 

quantified, and as a result, the effect of wall roughness on backfill stability behaviour is often 

disregarded in design studies. 

 

In geology and rock mechanics, a Joint Roughness Coefficient (JRC) has been created to 

incorporate the effect of roughness in stability design problems. Although JRC is widely used, it 

is very subjective and depends on the experience of the individual conducting the analysis. As a 

result, several attempts to use different methods (such as fractal geometry, Fourier analysis, 

analytical methods, etc.) to convert a random surface profile into JRC have been made during the 

past decade. 

 

The goal of this unique research study is to quantify, with acceptable accuracy, the contribution 

of wall roughness to the strength behaviour of backfill-rock interfaces. Four hundred and fifty 

samples were constructed and tested in a shear test apparatus, specifically designed for the test 

program. Three variables were considered in the study of backfill/rock wall interfaces: backfill 

binder content, cure time and wall roughness. 
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From the various tests, the contribution of each variable on the shear strength of pastefill/rock 

interfaces has been quantified. The normal stress applied to the specimens, used to simulate wall 

closure and arching effects, had also proved to play a critical factor to backfill behaviour.  

 

However, an indirect way of correlating the pastefill/rock interface strength with the roughness, 

the cure time and the cement content is to assess the traditional cohesion and friction angle 

strength parameters in shear tests. In order to estimate cohesion and friction angle parameters, 

the Mohr-Coulomb or the Barton-Bandis failure criteria have to be applied. In comparing these 

criteria, it had been concluded that, by use of the Mohr-Coulomb criterion, the shear results are 

predicted more accurately. Moreover, a new criterion has been introduced. The revised Barton 

equation is a combination of the Barton and Coulomb equations, in which cohesion, friction 

angle and JRC parameters are joined in a logarithmic relationship.   

 

Based on the results of the analysis, several key conclusions are considered as the main 

contributions concerning the prediction of shear strength of pastefill/rock wall interfaces:  

 

• The analysis confirmed previous research that was conducted in which it was indicated 

that the rock surface roughness condition is an important parameter for pastefill/rock wall 

interface stability. The analysis also showed how JRC should be used in this type of 

problem. 

• Analytical modeling was able to prove some parameters (cohesion and friction angle) 

useful for predicting the behaviour of the pastefill/rock wall interface which, if combined 

with an engineer’s experience and numerical modeling, could produce an integrated 

design. 

• Pastefill/rock wall stability develops as a function of frictional effects and cohesion of the 

fill/rock wall interface. Friction and cohesion effects increase when the cement content, 

the wall roughness, the cure time and the stope wall closure increase. 

• The effect of roughness was observed and compared with the effects of cement content 

and cure time to rock wall/pastefill interface strength. It was proven that the roughness 

parameter cannot be disregarded in any pastefill/rock wall stability study.  
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• The JRC is a valid way for estimating wall roughness. Alternately, the mechanics of 

roughness estimation need to be explored further and the categorization of roughness 

needs to be made based on additional mathematical parameters.   

• The revised Barton and Mohr-Coulomb equations seem to predict, with very high 

accuracy, the pastefill/rock interface shear strength. The revised Barton equation is 

thought to be more preferable for prediction, because it includes the JRC parameter and is 

non linear. 

• The developed cohesion between the two materials is important, but it was not able to be 

measured in the current research study. On the other hand, the friction angle parameter 

agreed with the measured shear strength results. So the friction angle is a parameter that 

can be used for the evaluation and comparison of the behaviour of rock/paste interfaces.      

• The analytical modeling approach can only provide some useful parameters for 

predicting the behaviour of interfaces during undercut mining, but cannot describe the 

mode and mechanics of failure. Numerical and physical modeling are not only able to 

assess the stability behaviour of pastefill, but can also provide a better idea of interface 

failure modes and possible failure mechanisms. 

• The direct shear tests provided some information about failure modes and mechanics of 

failure.    

• The analysis also indicated that pastefill/rock wall failure, driven by the fill self-weight, 

is dependent on the three tested parameters; with the cement content being the most 

crucial parameter. The contribution of cement content to the final strength of pastefill is 

always a problem that needs to be quantified in design, because of the different tailings 

that are used in every paste fill mixture. On the other hand, as research has indicated, the 

roughness parameter is also very important and cannot be ignored. It has to be stressed, 

that the effect of cement content to paste fill strength is better known to mining engineers 

than the roughness effect, which is normally ignored. That is why a comparison of the 

effect that cement content has relative to the effect of roughness is believed to be helpful 

to engineers in order to understand the roughness contribution to the stability of the 

rock/paste interfaces. By way of example: if case A represents the increase of shear 

strength of the pastefill/rock wall interface when the wall roughness increases from JRC 

= 3 to 19 and case B represents the increase in shear strength of the interface when the 
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cement content is increased from 2.5 to 5%, the current research has shown that the 

increases in shear strength due to cases A and B are equal. 

• The effect of cure time could not be studied in the current research study for periods 

longer than 28 days due to the existence of sulphide/sulphate attack phenomena in 

pastefill mixtures that were manufactured.    

 

7.2 Recommendations for Future Work   
Further work should involve: 

• The validation of various rock wall roughness parameters. The quantification of 

roughness parameters for mining applications needs to be developed in order that the 

critical roughness parameters can be determined.  

• The introduction of electronic techniques for the mapping of wall roughness from actual 

mines also needs to be investigated. The critical parameters could be assessed for every 

rock wall since digitized information can be easily obtained and introduced into 

numerical analysis methods. Adoption of such analyses will provide fast and accurate 

information to engineers for assessing the rock wall roughness conditions and the 

prediction of rock/paste interface strength will be more accurately determined. Better 

prediction and analysis techniques may lead to safer working conditions in underhand 

mining. 

• The effects of blasting, water (pore pressure) and wall joints on fill stability analysis 

should also be incorporated in future studies. 
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