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ABSTRACT 

 
For many decades, hydraulic fracturing or fracking has been frequently employed to 

increase productivity of unconventional oil and gas reservoirs, to increase 

underground heat extraction from geothermal reservoirs and to precondition rock 

masses in mine sites. A robust monitoring method in real time and comprehensive 

understanding of hydraulic fracturing process are extremely important in terms of 

ensuring the safety and success of the operation. Therefore, the first aim of this 

study is to improve the microseismic monitoring method at the laboratory and field 

scales and the second aim of this study is to enhance the understanding of 

geometrical complexities of hydraulic fractures.   

 

Pasternak & Dyskin (2012) proposed a damage localisation monitoring method, 

called Blue Shift Indicator, purely based on the analysis of the arrival times of the 

acoustic emissions (AEs) or microseismicity generated during the development of 

the damage zone. The output measure called localisation exponent from the Blue 

Shift algorithm provides an indication of the geometry of the localised damage zone. 

Compared with the current microseismic monitoring methods, the Blue Shift method 

could remarkably simplify the required AE acquisition system and provide a robust 

monitoring solution to controlling both fracture propagation and undesirable failures. 

The cost and time to process the AEs could also be dramatically reduced. This could 

be a game changer for the microseismic monitoring method.  

 

Based on the Blue Shift monitoring method, a series of laboratory hydraulic 

fracturing tests with AE acquisition system have been conducted using mortar 

blocks. From the experimental results obtained, it can be concluded that the Blue 

Shift method is able to capture damage localisation and determine its main 

characteristic - the localisation exponent of non-zero values. The case of the 

localisation exponent equal to zero indicates the divergence of AEs from the major 

fracture plane. The divergence of AEs can be associated with abnormal events such 

as fracture turning or fluid leak-off.  
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Apart from the laboratory experiments, two sets of microseismic field data were 

analysed using the Blue Shift method at a large scale. The two sets of microseismic 

data are from the multi-stages hydraulic fracturing operations at the Marcellus Shale 

in Pennsylvania, USA and the rock wall instability at the Century mine in 

Queensland, Australia. From the hydraulic fracturing field case study, it has been 

found that the localisation exponent is generally greater than 1 for the initial pumping 

stages when the pressure is still rising. This possibly indicates that the microseismic 

events are localised around a major plane of rock damage and occupy multiple 

fracture planes.  Furthermore, the localisation exponent generally reduces to around 

1 after the pressure stabilised. This indicates the propagation of a planar fracture. If 

the localisation exponent remains much smaller than 1 from the beginning of 

pumping, it may indicate unsuccessful fracture initiation near the perforation and 

possible occurrence of leak-off of the fracturing fluid.  

 

From the rock wall instability case study, it is found that the localisation exponent 

remains almost constant and above 1 for the whole rapidly growing instability stage, 

i.e. 15th February to 14th April 2014.  In addition, it is found using the Least Absolute 

Residual (LAR) robust linear regression that there is a relationship between the 

localisation exponent and the adjusted R-square and the root mean square error 

(RMSE). If the adjusted R-square is close to 1 and the RMSE is less than 10, the 

localisation exponent is above 1, indicating the microseismic events are localised 

around the major plane (the best fit plane) of damage. Once the adjusted R-square 

is reduced below 0.8 with a high RMSE value, the localisation exponent becomes 

zero, indicating that the microseismic events start to diverge from the major damage 

plane (the best fit plane). This implies that the Blue Shift method can serve as a 

robust monitoring tool for the rock wall instability.  

 

AEs were also recorded after shut-in for a 24-hour period in the first series of 

hydraulic fracturing tests of mortar for the investigation of the Omori’s law using 

laboratory scale aftershocks. Consistent statistical approach has been adopted to 

examine the five aftershock sequences. Based on the coefficient of determination 

and the Akaike Information Criterion (AIC), it is demonstrated that the modified 

Omori’s law serves as a better model for the five aftershock sequences studied here 

when compared with the original Omori’s law. Both the estimated decay exponent 
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and the time shift in the modified Omori’s law fall into the expected range as 

compared with the geological aftershocks. Statistical similarity between the 

geological aftershocks and laboratory aftershocks suggests that there is a common 

underlying mechanism governing the generation of aftershocks across the scale. 

The power law decay of aftershock rate can be explained by the stress relaxation 

process through the reduction of modulus caused by production of microcracks. The 

dependence of the exponent on the spatial distribution of microcracks suggests that 

small sliding zones might develop after shut-in was applied to the hydraulic fractured 

samples. 

 

The results of the first series of hydraulic fracturing tests indicate complex fracture 

geometry and imply the existence of rock bridges over the fracture surface. The 

second series of hydraulic fracturing tests were conducted on mortar and three 

different types of rocks sourced from three different mine sites in order to gain insight 

into the importance of the rock bridges. The fractured samples were scanned by the 

x-ray micro-CT machine. It became evident in the micro-CT images of fractured 

samples that there were rock bridges distributed over the produced fracture surface. 

In addition, it was observed that the uncased section of fractured samples still 

remained in one piece after the cased section was removed. This suggests that the 

rock bridges are responsible for holding the two halves of the uncased section 

together. The direct tensile tests conducted on the uncased section of the fractured 

samples to investigate the mechanical behaviour of the rock bridges show 

appreciable residual strength. Also the Young’s modulus of rock bridges is found to 

be 3 to 4 times smaller than the one of the original rock material. This can be 

explained by weakening due to the hydraulic fracturing process. 

 

A new model of hydraulic fracture, called hydraulic fracture with constricted opening, 

is proposed to account for the effect of rock bridges. It is found that both the crack 

opening at the centre and the Mode I stress intensity factor are bounded as crack 

size increases. The proposed hydraulic fracture model suggests that the constriction 

effect of rock bridges is important for large fractures of size greater than 1 meter 

such as the hydraulic fractures induced in the oil and gas fields or mine sites. 
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1 General 
Introduction 

 

1.1 Introduction  

For many decades, hydraulic fracturing or fracking has been frequently applied to 

increase productivity of unconventional oil and gas reservoirs, to extract 

underground heat from geothermal reservoirs and to precondition rock masses in 

the mine sites. The typical hydraulic fracturing process includes the injection of 

high pressure fluid into the target formation to create conductive channel for 

hydrocarbons to flow to the well in the context of oil and gas industry. Although 

the hydraulic fracturing process has been practiced for years and considered as 

low-risk method for exploiting energy, there are still uncertainties and concerns 

associated with it. The uncertainties and concerns are mainly stemmed from the 

lack of understanding of the complexity of the hydraulic fracture and the lack of 

robust monitoring method.  

 

A robust monitoring method of hydraulic fractures in real time is extremely 

important in terms of ensuring the safety and success of the operation. The 

robust monitoring method should be able to provide the geometry of the induced 

fracture and indication of unusual events. One of the most commonly practiced 

by the industries monitoring methods is the microseismic or acoustic emissions 

(AEs) method. This monitoring method is based on the recording of 

microseismicity or AEs associated with the cracking of rocks or sliding of fracture 

surfaces. The microseismicity can occur during the hydraulic fracture process 

and after the hydraulic fracturing process. The AE occurred after hydraulic 

fracturing is commonly known as aftershock. The aftershocks are known to follow 

the Omori law. The information contained in each AE event usually contains 
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arrival time, magnitude, location coordinates. The real-time monitoring of AEs 

induced during hydraulic fracture can provide information related to the geometry 

of induced fractures and allow the operator to shut down the operations in case of 

undesirable events happened. The current technique relies on the accurate 

recovery of the locations of the AE events based on the P-wave arrival time and 

the full-field P-wave velocity measurements. It is usually required multi-channel 

acoustic acquisition system, theoretically at least four channels and more to 

reduce errors in source location determination, to obtain accurate locations of 

AEs. In addition, large hard disk volume is required to store the data because the 

number of AEs generated in each operation is in the order of the hundreds or 

thousands and essentially each coupled sensor would record the same number 

of AEs. Therefore, there is an attempt to simplify the current AE acquisition 

system and to provide an alternative solution to microseismic monitoring of 

hydraulic fractures. Pasternak and Dyskin (2012) proposed a damage localisation 

monitoring method, called Blue Shift Indicator, purely based on the recording of 

the arrival times of the AEs. 

 

Apart from robust monitoring of hydraulic fractures, it is equally crucial to realise 

the geometrical complexity of actual hydraulic fractures. Conventionally, the 

hydraulic fractures are modelled as simple symmetrical bi-wing planar fractures 

as a first-order approximation as shown in Fig. 1.1. However, the actual 

geometry of hydraulic fractures is far more complicated than the simple bi-wing 

planar fracture model due to the presence of natural fractures, heterogeneity of 

properties of the formations or complicated in-situ stress condition. The 

complexity of hydraulic fractures is reflected in the AEs monitoring technique and 

micro-CT images of hydraulic fractures. Consequently, the oversimplified model 

will result in poor design, optimisation and monitoring of hydraulic fractures. 

There is urgent need to incorporate the complexities into the design and model of 

hydraulic fractures in order to increase the productivity of reservoirs and reduce 

the potential environmental hazards.  
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Figure 1.1 Symmetrical bi-wing planar fracture model for hydraulic fracture (Smith & 

Montgomery 2015).  

 

1.2 Research Objectives  

The first aim of this study is to verify and improve the microseismic monitoring 

methods, i.e. Blue Shift method and Omori Law, at the laboratory and field 

scales. The second aim is to enhance the understanding of geometrical 

complexities of hydraulic fractures. Within these two broad aims, the specific 

objectives of this study are listed as follows: 

 Produce comprehensive literature review of the current understanding of 

hydraulic fracture and state of art of hydraulic fracturing monitoring 

methods. Identify the pros and cons of these studies. 

 Verify and explore capabilities and potentials of the Blue Shift method for 

hydraulic fracturing monitoring at the laboratory and field scales. Enhance 

understanding of geometrical complexities of hydraulic fractures.  

 Verify and explore the Omori or Modified Omori law at the laboratory 

scale.  

 Enhance the understanding of geometrical complexities of hydraulic 

fractures at the microscopic level and incorporate the complexities into 

analytical modelling.  
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1.3 Research Methodology 

To verify the capabilities and potentials of the Blue Shift method for hydraulic 

fracturing monitoring, laboratory experiments along with field data available were 

used in this study. The laboratory experiments consisted of hydraulic fracturing 

tests on a physical modelling material. Mortar was chosen as the physical 

modelling material because it is considered as a homogeneous and isotropic with 

mechanical properties similar to rock. The properties of mortar can be controlled 

and are highly reproducible across specimens. The first series of laboratory 

hydraulic fracturing tests was conducted in a true tri-axial stress cell which allows 

independently adjusting the three confining stresses to simulate the in-situ stress 

condition. In addition, the hydraulic fracturing tests were equipped with 8-channel 

AE acquisition system to record the arrival times of AEs.  

 

The Blue Shift algorithm was coded with MATLAB. The arrival times of AEs 

produced from the hydraulic fracturing tests were analysed by the Blue Shift 

program. The geometry indicated by the Blue Shift program was verified against 

the actual geometry of the induced fracture determined after the tests by opening 

up the specimens.  

 

On top of the laboratory experiments, two sets of microseismic field data were 

obtained from the multi-stages hydraulic fracturing operations at the Marcellus 

Shale in Pennsylvania, USA and the rock wall instability at the Century mine in 

Queensland, Australia. The arrival times of microseismic events were analysed 

by the Blue Shift method. The inferred geometry by the Blue Shift method was 

compared with the geometry indicated by locations of microseismicity. The 

potentials and capabilities of Blue Shift method were then verified by the 

laboratory experiments and field data. The complexity of fracture geometry, i.e. 

existence of rock bridges over the induced fracture surface, was also indicated by 

the result of the Blue Shift analysis.  

 

Omori or Modified Omori laws were well-known to represent the aftershocks 

found in the field scale. The aftershocks produced after the laboratory hydraulic 

fracturing tests were recorded to verify the scale independency of the Omori or 
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Modified Omori law. The aftershocks started after shut-in was applied to hydraulic 

fracturing tests of mortar samples. The aftershocks sequences were analysed by 

Omori law and Modified Omori law. Also, statistical approach was used to 

compare the Omori law and Modified Omori law for the sequences studied here.  

 

To further enhance the understanding of the geometrical complexity of hydraulic 

fractures or visualise rock bridges distributed over the fracture surface, another 

series of hydraulic fracturing test on mortar and three different types of rocks 

sourced from three different mine sites were conducted. The fractured samples 

were scanned by the x-ray micro-CT machine. The scanned 2D images were 

analysed with IMAGEJ software to reconstruct a 3D virtual model. The fractured 

samples were also subjected to direct tensile tests in the INSTRON loading frame 

in order to investigate the static modulus of rock bridges. A hydraulic fracture 

model was proposed to account for the existence of rock bridges and verified by 

comparing the static moduli obtained from the experiment and the one from the 

proposed model.  

1.4 Research Significance  

Although a large amount of experimental and numerical studies have been 

conducted to investigate the geometry of hydraulic fractures and related 

microseismic monitoring, there are still many uncertainties associated with the 

current models. Furthermore, the Blue Shift method is a newly proposed method 

which could potentially simplify the current AE acquisition system and provide a 

robust monitoring solution to undesirable events. The cost and time to process 

the AEs could also be dramatically reduced if the method can be verified to work 

in the laboratory and field scale. This could be a game changer for the 

microseismic monitoring method.  

 

The environmental hazards associated with seismicity induced by the hydraulic 

fracturing operation increasingly attract public attention. There is need to monitor 

and predict these seismicity events. The Blue Shift method and the Omori law 

only rely on the arrival times of the AEs. Therefore, the processing time required 

is much less than the conventional methods. It means a fast turnaround with 
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adequate accuracy. Hence the environmental hazards induced from the hydraulic 

fracturing can be properly monitored. 

A new model of hydraulic fracture was proposed to account for the rock bridges 

distributed over the fracture surface. The new model demonstrated the 

constriction effects are significant for large hydraulic fractures. Therefore with the 

aid of new model, the better design and optimisation of hydraulic fractures can be 

achieved.  

1.5 Thesis Structure 

The structure of this thesis was divided into seven chapters. Each chapter aims 

to address the research objectives listed in the previous section.  

Chapter two contains a broad literature review of the fracture mechanics of 

hydraulic fractures, current state of art of monitoring method especially 

microseismic methods, up-to-date analytical, numerical and experimental studies 

of hydraulic fractures, and studies related to rock bridges.  

Chapter three starts with introduction to theory of the Blue Shift method and 

numerical simulation of the algorithm. Then detailed experimental set-up of 

hydraulic fracturing tests was described. The result of the Blue Shift analysis of 

the AEs recorded in the experiment was presented. The geometry indicated by 

the Blue Shift method in comparison with the actual fracture geometry was 

discussed for the four hydraulic fracturing tests. 

Chapter four focuses on two case studies of two field microseismic data. Brief 

background information of the field operation was given at the beginning. The 

geometry of microseimicty were compared with the geometry indicated by the 

Blue Shfit method. A number of potential capabilities of the Blue Shift method are 

identified.  

Chapter five explores the application of Omori law or modified Omori law in the 

laboratory scale aftershock sequences. The chapter incorporated consistence 
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statistical approach to analyse the sequences obtained in the hydraulic fracturing 

experiment mentioned in Chapter two. The scale independency of the Omori law 

is discussed, and the better model of the aftershocks sequences studied here is 

also demonstrated.    

Chapter six presents another series of hydraulic fracturing test on mortar and 

rocks samples. The result of micro-CT images of fractured samples is 

demonstrated with 3D virtual model. The direct tensile tests of fractured samples 

were also presented. The stiffness of rock bridges was recovered from the direct 

tensile tests. The model was verified by the comparing the static moduli obtained 

from the experiment and the on from the model. The constriction effects of the 

new hydraulic fracture model were also discussed.  

Chapter seven summarises the important findings in this study and concludes the 

thesis with a number of recommendations for future further study in this area.   
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2 Literature Review 
 

2.1 Introduction 

Over the past decade, the gas consumption in Australia is increased by 4 percent 

per year according to the Australian Gas Resource Assessment (2012). The 

depletion of the conventional oil and gas field has called upon the exploration of 

unconventional gas resources such as tight shale gas and coal seam gas. It is 

the development of technologies of hydraulic fracturing and directional drilling 

that make the production of unconventional oil and gas reservoirs become 

economically viable. In the late 1940s, Floyd Harris from Stanolind Oil and Gas 

Corporation first experimented hydraulic fracturing in a petroleum reservoir. Since 

then, the technology of hydraulic fracturing has evolved and been implemented in 

about 60% of wells drilled today (Montgomery & Smith 2010). In this chapter, a 

general literature review related to hydraulic fracturing is presented. This review 

covers three different topics including mechanics of hydraulic fracturing, acoustic 

emission monitoring technique and bridging in fractures. 

 

2.2 Mechanics of Hydraulic Fracturing 

2.2.1 Development of Hydraulic Fracture 

2.2.1.1 Wellbore Pressure Response  

The typical hydraulic fracturing operation involves the injection of viscous 

fracturing fluid, also known as “pad”, through the wellbore to create fractures in 

the target formation. Fig 2.1 demonstrated the typical wellbore fluid pressure 

profile, which is measured inside the wellbore and near where the fracture is 

created. The hydraulic fractures are usually created at the breakdown pressure 

Pb at which the fluid pressure overcomes the compressive circumferential stress 
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at the wellbore and the tensile strength of the rock. However, the actual 

breakdown pressure is influenced by serval factors including formation 

mechanical properties, in-situ stresses, pore pressure and pre-existing 

discontinuities on the wall of wellbore (Sarmadivaleh & Rasouli 2010).  

 

As the pumping of fracturing fluid continues, the induced fractures propagate into 

the formation at the propagation pressure Pprog. Meanwhile the fracturing fluid can 

leak off via the permeable fracture surfaces into the surrounding rock medium. 

The leak-off rate is dictated by the differential pressure between the fracturing 

fluid and the reservoir, permeability of the rock medium and viscosity of the 

fracturing fluid (Yew 1997).  

 

As the pumping stops, there is a sudden drop of wellbore pressure to a lower 

level which is the shut-in pressure Psi. The fracturing fluid continues to leak off 

and the opening width of the induced fracture gradually decreases as the fluid 

pressure reduces. At certain point, the hydraulic fracture is fully closed, the 

residual fluid inside the fracture reaches a state at which the fluid pressure is 

equal to the minimum in-situ stress. Eventually the fluid pressure is further 

reduced to pore pressure or reservoir pressure Pp.  

 

  
Figure 2.1 Typical wellbore pressure profile (Yew 1997) 
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2.2.1.2 Growth Path of Hydraulic Fracture  

Upon initiation of hydraulic fracture, it is likely to have multiple sub-parallel mini-

fractures created due to the initiation process from the perforation holes in the 

cased wellbore or the natural flaws on the wall of the open (uncased) borehole 

(Zhang et al. 2011). The locations of these perforations or natural flaws on the 

wellbore are not necessarily aligned with the maximum in-situ stress direction. 

The mini-fractures need to reorient themselves to a plane perpendicular to the 

minimum far-field stress. During the reorientation process, some mini-fractures 

are terminated after limited growth and the other mini-fractures extend to form 

macroscopic fracture. The reorientation process of mini-fractures results in near-

wellbore fracture tortuosity which is reflected as branching, segmentation and 

curving of induced fractures (Daneshy 1973; Soliman et al. 2008). The near-

wellbore tortuosity is controlled by the near wellbore stress field (Abass et al. 

2009). As the fracture propagates away from the wellbore, the propagation of 

fracture is dictated by the far-field stress.  

 

The general direction of hydraulic fracture propagation follows the least resistant 

path. The hydraulic fracture tends to grow in the direction normal to the minimum 

in-situ stress. As depicted in Fig 2.2, at shallow depth of a vertical well, the 

overburden or the vertical stress σv is the minimum in-situ stress, the induced 

fracture is in the horizontal plane. However, most hydraulic fracturing operations 

are at great depth normally deeper than 1.5 km, hence the minimum in-situ stress 

σhMin is in the horizontal plane (Yew 1997). The induced hydraulic fracture can be 

generally considered as a vertical plane at a large scale.  

 

There are a number of parameters that affect the propagation of hydraulic 

fracture including in-situ stress conditions, natural discontinuities, heterogeneity 

of mechanical properties, fluid pressure gradients. Warpinski and Teufel (1987) 

showed that the in-situ stress is the dominant factor that influences the growth 

path of hydraulic fractures. The difference in the far-field principal stresses can 

not only affect the direction of fracture growth but also the quantity of secondary 

fractures apart from the main fracture (Zhou et al. 2010).  
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Figure 2.2 Fracture geometry relative to wellbore orientation and in-situ stress field 

(Economides et al 1998)  

 

Multiple-stage hydraulic fracturing is frequently applied to the unconventional 

shale reservoirs to increase contact surfaces in the formation as shown in Fig. 

2.3. The stress field is altered during and after the hydraulic fractures are created 

(EI Rabaa 1989). The fluid-opened fracture would impose a compressive stress 

field on the surrounding rock medium on top of the minimum in-situ stress. The 

induced stress is proportional to the net pressure which is the difference between 

the fluid pressure inside the fracture and the normal stress applied on the fracture 

surface (Warpinski & Branagan 1989). The increase of the stress in the region 

near the hydraulic fracture is termed as “stress shadow”. It is shown that the 

induced stress on the surrounding rock becomes a small fraction of the net 

pressure at distance greater than one fracture height. Therefore, if a second 

hydraulic fracture is induced within the stress shadow of previous hydraulic 

fractures, the second hydraulic fracture would need more pressure to propagate 
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and the width of the subsequent fractures is smaller at the same fluid pressure 

level.  

 

 
Figure 2.3 Multiple-stage hydraulic fractures (Yew 1997)  

 

Although in-situ stress is the dominant factor affecting the propagation direction 

of hydraulic fracture, heterogeneities of rock properties have also great effect on 

the growth path. It has been found by a number of researchers (Hanson et al. 

1981; Johnson et al. 2010; Kissinger et al. 2013) that the permeability, porosity, 

elastic modulus and density have different degree of influence on the growth 

pattern of hydraulic fractures. Chang (2004) conducted some small and large 

scale hydraulic fracturing tests with particulate material. Fig. 2.4 demonstrates 

different fracture geometry including round, bevelled and fingered for different 

particulate materials. The fracture geometry is far more complicated than a planar 

fracture hypothesised in the modelling.  

 

 
Figure 2.4 Fracture geometry in particulate materials: (a) mixture of find sand and silica 

flour, (b) silica flour and (c) Georgia Red clay (Chang 2004) 

 

The pre-existing fracture also affects the growth path of hydraulic fracture. There 

are four different interaction modes that may appear, namely crossing, arresting, 

opening and offsetting, as shown in Fig. 2.5. The interaction between the pre-
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existing fracture and hydraulic fracture is controlled by the interaction angle, in-

situ stress condition, permeability of natural fracture and fluid properties 

(Sarmadivaleh 2012; Chuprakov et al. 2010). There are some analytical criteria, 

such as Blanton (1986), Warpinski and Teufel (1987), Renshaw and Pollard 

(1995) and Gu et al. (2012), developed to predict the outcome of the interaction 

between hydraulic fractures and pre-existing natural fractures.  

 

 
Figure 2.5 Possible interaction modes between hydraulic fracture and natural pre-existing 

fracture (Sarmadivaleh 2012).  

 

2.2.2 Modelling of Hydraulic Fractures 

2.2.2.1 Classical Hydraulic Fracture Models 

Inglis (1913) first published the analytical solution for stresses around an elliptical 

crack in an elastic body and the displacement of crack opening along the crack. 

Griffith (1921, 1924) extended the analytical solution for an elliptical crack to a 

sharp planar crack and discovered the stress singularity at the crack tip. These 

pioneering works serve as the foundation for the later development of modelling 

of hydraulic fracturing (Fairhurst 2013).  

 

As noted previously, the plane of hydraulic fractures is normal to the minimum 

horizontal in-situ stress for fracturing at great depth. In addition, the in-situ stress 

is the dominant factor for the geometry of the fracture. When the vertical 

distribution of the minimum horizontal stress is not uniform and the contrast of 
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stresses between the adjacent stress zone is high, the height of fracture growth is 

constrained. To address this circumstance, two classical 2D models with constant 

height were developed.  

 

The first 2D constant height fracture model is called Khristianovic-Geertsma-de 

Klerk (KGD) model (Khristianovic & Zheltov 1955; Geertsma & Klerk 1969). One 

wing of the KGD fracture model is illustrated in Fig. 2.6 (a). The KGD model 

assumes that the horizontal plane of the fracture is in the plane strain condition 

and the fracture tip is in cusp shape to remove the stress singularity. Hence the 

KGD model is only applicable when the height of fracture is much greater than 

the fracture length, i.e. h≥L in Fig. 2.6 (a).  

 

The other classical 2D constant height fracture model is called Perkins-Kern-

Nordgren (PKN) model (Perkins & Kern 1961; Nordgren 1972). One wing of the 

PKN fracture model is illustrated in Fig. 2.6 (b). Unlike the KGD model, the PKN 

model assumes the vertical plane of the fracture is in the plane strain condition 

and takes the elliptical shape. Both KGD and PKN models assume that the 

fracture geometry is independent of the fracture toughness, i.e. KIC of the rock 

matrix can be neglected. The PKN model is only suitable for situation where the 

fracture length is much greater than the fracture height, i.e. L>>h in Fig. 2.6 (b). 

 

                   

(a)                                                                  (b) 

Figure 2.6 (a) one wing of the KGD fracture model; (b) one wing of the PKN fracture model 

(Yew 1997). 
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When the vertical distribution of the minimum horizontal in-situ stress is uniform, 

the hydraulic fracture is ideally to form a circle, also known as radial, penny- 

shaped or disk-like crack model. The penny-shaped crack model with constant 

fluid pressure was considered by Sneddon (1946). The fracture tip may 

propagate ahead of the fracturing fluid front creating a dry zone between the 

crack tip and the fluid front which is also known as fluid lag as shown in Fig. 2.7. 

The fluid lag can be significant for the rocks with small toughness (Hunsweck et 

al. 2013). 

 

 

Figure 2.7 Circular fracture model with fluid lag (Yew 1997).  

 

2.2.2.2 Modern Hydraulic Fracture Modelling 

In order to simulate hydraulic fracture of changing height due to layered 

reservoirs containing dissimilar confining stresses, Pseudo-3D (P3D) models 

have been developed on the basis of the PKN model in the 1980s (Adachi el al. 

2007). Clifton and Abou-Sayed (1981) pioneeringly developed the first planar 3D 

fracture model. P3D models assume that the fracture length is much greater than 

the fracture height (Carter et al. 2000). There are two types of P3D model. The 

first type called cell-based model (see Fig. 2.7) divides the fracture into a number 

of self-similar cells along the horizontal direction (Fung et al. 1987) while the 

second type called lumped model (see Fig. 2.8) assumes the fracture contains 

two ellipses with same lateral extent but different vertical extent (Cleary et al. 

1983). The major disadvantage of the P3D model is that it cannot simulate 

arbitrary shape. This was overcome by the development of Planar 3D (PL3D) 

model in the time between 1980 and 2000. With PL3D, 2D mesh cells are used to 
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describe the fracture geometry and the coupled fluid flow (Adachi el al. 2007). 

The 2D mesh system usually takes two forms: 1) moving mesh system of 

triangular elements (see Fig. 2.9) and 2) the regular fix system of quadrangular 

elements (see Fig. 2.10). The fracture geometry of PL3D can take arbitrary shape 

except for out of plane fractures growth (Carter et al. 2000).  

 

 

Figure 2.7 Cell-based P3D fracture geometry (Adachi el al. 2007). 

 

 
Figure 2.8 Lumped-based P3D fracture geometry (Adachi el al. 2007). 
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Figure 2.9 PL3D fracture geometry with moving triangular mesh (Adachi el al. 2007). 

 
Figure 2.10 PL3D fracture geometry with fixed rectangular mesh (Adachi el al. 2007). 

 

The 2D, P3D and PL3D hydraulic fracture models work well when the geometry 

of fracture is contained in a single plane. However, the actual fracture geometry 

can be non-planar in the case of deviated wellbores as seen in Fig. 2.2. The near 

wellbore fractures need to reorient and gradually turn into the maximum in-situ 

stress direction. The near wellbore tortuosity is generally ignored by the planar 

fracture models. The non-planar fracture geometry was addressed by the fully 3D 
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models. Carter et al. (2000) attempted to develop a fully 3D fracture model. One 

of the limitations in their model is that the mode III fracture of is not considered. 

Cherny et al. (2016) developed a fully 3D model that can describe three types of 

crack tip displacement mode namely opening, shearing and tearing. In their 

model, the top S+ and bottom S- fracture surfaces take the shape of curvilinear 

surface in a 3D infinite media as seen in Fig. 2.11.  

 
Figure 2.11 Geometrical concept 3D model (adopted from Cherny et al. 2016) 

 

Apart from addressing the non-planar fracture geometry, many of the current 

hydraulic fracture simulators consider the interaction between the hydraulic 

fracture and the pre-existing fractures. For example, Kresse et al. (2013) 

successfully simulates the interaction between the induced hydraulic fractures 

and the pre-existing natural fracture network using their unconventional fracture 

model as shown in Fig. 2.12.  
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Figure 2.12 Unconventional fracture model simulation for the horizontal Barnett Shale well 

(Kresse et al. 2013) 

 

2.3 Acoustic Emission or Microseismic Monitoring 

Techniques  

2.3.1 Acoustic Emission Definition  

The acoustic emissions (AEs) or microseismicity can be defined as the elastic 

transient waves generated by sudden release of energy due to localised stress 

redistribution within a material (ASTM 2018). The external source that induces 

the stress redistribution can be change of loading, temperature etc.  
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2.3.2 Acoustic Emission Acquisition System 

Fig. 2.13 shows a specimen under four-point bending test with a typical AE 

acquisition system attached. The AE acquisition system composed of AE 

piezoelectric sensors mounted on the surface of the specimen, preamplifier, data 

acquisition system (DAQ) and computer for storage and processing.  

 
Figure 2.13 Typical AE acquisition system set-up (Mhamdi 2015) 

 

The AE sensor is used to convert small mechanical distortion to the electric 

signal. The structural composition of a typical AE sensor is shown in Fig. 2.14. 

Each sensor has a bandwidth and a centre frequency that are defined by the 

backing material (Kocur 2012). The bandwidth is the frequency range that the 

sensor is sensitive to. The frequency characteristics of AEs depend on the source 

characteristics and the distant travelled from the source to the receiver (Hardy 

2003). The frequency range of laboratory AEs is often from 5kHz to less than 1 

MHz. Preamplifiers is used to amplify the recorded voltage signal for further 

processing. The DAQ unit is used to condition and digitise the output electric 

signals from the preamplifier. The computer is for the storage and further 

processing of the digitised signals. 

 

2.3.3 Passive Acoustic Emission Analysis 

In general, there are two categories of analysis can be performed on the obtained 

AEs. The first category is the qualitative analysis of the characteristic parameters 

of AEs. Some characteristic parameters of AEs are AE count, amplitude, rise 
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time, energy and signal duration as shown in Fig. 2.14 (Huang et al. 1998). The 

AE count is the number of times of the AE event exceeding the predefined 

threshold. The amplitude of the AE event is the peak of the signal. The rise time 

is the time between the beginning and the peak of the AE event. The energy is 

the total elastic energy released by the AE event and can be computed by the 

area under the envelope. The signal duration is defined as the time between the 

start and end of the AE event. These key parameters of AEs can then be 

correlated with fracture formation.  

 

 
Figure 2.14 Typical AE parameters for qualitative analysis (Huang et al. 1998) 
 
The second category is the quantitative analysis of the waveform of AEs. With the 

quantitative analysis of the waveform, the origin time, location and physical 

source mechanism of AEs can be obtained. Hardy (2003) derived an analytical 

solution for determination of location coordinates of AE based on the inverting the 

arrival times of AEs. One of the drawbacks with Hardy’s analytical solution is the 

lack of error terms, which makes the numerical computation unstable if there is 

error in the arrival times (Li 2015). The algorithms used today to find the location 

of AEs involve the minimization of the residual function (Li 2015). The common 

residual function is given by Equation (2.1) 

	 ∑ ̂
                (2.1) 

where xi, yi, zi are the x, y, z coordinates of the i-th sensor;  is the arrival time of 

the AE event at the i-th sensor;  , , 	  are the potential coordinates of the AE 
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source and v is the average p-wave velocity of the medium. There are four 

unknows of the AE source namely the origin time and the three spatial 

coordinates of the AE, it is necessary to have at least four sensors to solve all the 

unknowns. The error in the location of AEs can be stemmed from the error in the 

p-wave velocity. The p-wave velocity is usually determined before the test. 

However, the p-wave velocity varies during the failure process as the 

development of cracks changes the velocity field. Therefore, it is necessary to 

update the p-wave velocity profile from time to time during the test in order to 

obtain more accurate locations of AEs.    

 

Apart from determination of the source location, the physical process or the 

source mechanism can be derived from the recorded waveforms of AE events. 

The technique to find the AE source mechanism is called the Moment Tensor 

Inversion (MTI). MTI was originally developed for the quantitative analysis of the 

seismicity observed at the earth scale by Dziewonski and Gilbert (1974). The MTI 

was further advanced by Aki and Richards (1980). It is a routine method to study 

the source mechanism of earthquake. Ohtsu (1991) pioneered to adopt the MTI 

method to analyse the microseismicity recorded in the field hydraulic fracturing 

experiment. Since then, many experimental studies of hydraulic fracturing 

(Charlety et al. 2007) implemented the MTI method.  

 

Under the point source assumption, Aki and Richards (1980) demonstrated that 

actual forces acting at the seismic source can be modelled by the equivalent 

force couples that is a pair of equal and opposite forces separated by a small 

distance. There are nine possible force couples in the moment tensor M as 

illustrated in Fig. 2.15.  
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Figure 2.15 Nine components of the moment tensor (Aki and Richard 1980) 

 

Aki and Richards (1980) derived and simplified the seismic displacement uk 

observed at position x and at time t: 

, , , ∗                                     (2.2) 

where Gki are the components of the Green’s functions that describe the 

geometry and the material properties related wave propagation between the 

source and the receiver; Mij are the components of the moment tensor. The 

moment tensor can be solved by inverting Equation (2.2) and knowing the 

seismic displacement or the waveform of AE. The source mechanism of the AE 

can be interpreted from the corresponding moment tensor.   

  

The beach-ball representation of typical focal or source mechanisms and the 

corresponding moment tensors are illustrated in Fig. 2.16. The first row shows 

the explosion (left) and implosion (right) types of focal mechanism. The second, 

third and fourth rows show the double couple source mechanisms: vertical strike-

slip, vertical dip-slip and a 45-degree dipping pure thrust fault respectively. The 

last row shows the compensated linear vector dipoles (CLVDs) source. The 

CLVDs mechanisms can be explained by either crack opening under tension or 

the two simultaneous double-couple sources on nearby faults (Stein and 

Wysession 2003).    
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Figure 2.16 Selected moment tensors and associated focal mechanisms (Stein and 

Wysession 2003).  

 

2.3.4 Fractal Dimension of the Cloud of Acoustic Sources  

The fractal theory was proposed by Mandelbrot (1977). Mandelbrot defines a 

fractal as a set characterised by a fractal dimension D which falls between the 

topological dimension and the Euclidean dimension. The fractal dimension can be 

used to describe the roughness of the object. For example, a coastline has a 

fractal dimension between 1 and 2 and the fractal dimension of a rough surface is 

between 2 and 3. One of the important properties of fractal sets is the self-

similarity or invariance to similarity transformation. The self-similarity can be 

expressed through the fractal dimension D by the following expression 

/
                                                  (2.3) 

where r(N) is the similarity ratio and N is the number of self-similar parts.  

 

Fractal dimension analysis has been applied to characterise the AEs generated 

during the formation of cracks (Kusunose et al. 1991; Gao et al. 2005; Biancolinia 

et al. 2006; Zhang et al. 2015). Grob and van der Baan (2011) defined a fractal 

dimension D-value that quantifies the spatial distribution of the AE events. The D-

value fractal dimension is given by  



 Chapter 2 

25 
 

∗ log                           (2.4) 

where N(r<R) is the number of AE event pairs with separation distance r larger 

than or equal to R. If the D-value is equal to 0, the spatial distribution of AEs is a 

point in space; if the D-value is 1, it indicates a linear distribution of AEs; if the D-

value is 2, it implies a planar distribution of AEs and if the D-value is 3, it refers to 

a uniform distribution of AEs in space (Grob and van der Baan 2012). In addition, 

Pasternak and Dyskin (2012) developed an AE monitoring algorithm called Blue 

Shift Indicator, which can be used to infer the fractal dimension of the damage 

localisation.  

 

2.3.5 Aftershocks 

Aftershocks are seismic (or microseismic) events occurred after the main 

earthquake in geological scale, which have been observed in many regions 

around the world (Ranalli 1969; Utsu et al. 1995). At mesoscale, aftershocks 

(microseismic events) were also reported after rock bursts in mining, after 

hydraulic fracturing and after nuclear explosion (McGarr & Green 1978; Charlety 

et al. 2007; Ryall & Savage 1969). Similarly, at the laboratory scale, aftershocks 

(AE events) were observed after brittle rock deformation (Scholz 1968; Lockner 

and Byerlee 1977; Hirata 1987; Sammonds et al. 1992; Chitrala et al. 2011; 

Bunger et al. 2015). Although aftershocks are observed at a range of scales and 

in different rock fracturing processes, most aftershock sequences across the 

scale surprisingly obey the Omori’s law. The Omori’s law describes the statistical 

decay of the aftershock frequency with time counted from the main shock. The 

original Omori’s law can be formulated as n(t)=K/(t+c), where n(t) is the frequency 

of the aftershocks; t is the time from the main shock and K and c are constants 

(Omori 1894). Therefore, the scale invariance of aftershocks implies a common 

underlying mechanism governing the process of generation of aftershocks.   

 

It is commonly accepted that the static fatigue also known as delayed or creep 

failure is the underlying mechanism to produce aftershocks (Moreno 2001). The 

static fatigue is the time-dependent failure under a constant load. For brittle 

materials, the time dependent failure is associated with the sub-critical crack 

growth where the propagation of crack tip is stable and quasi-static with velocity 
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much smaller than the sonic velocity of the medium (Das and Scholz 1981). The 

sub-critical crack growth can be enhanced by stress corrosion if a chemically 

active fluid is present in the crack or pore space (Charles 1958; Wiederhorn 1967; 

Atkinson 1984). The static fatigue can be modelled by two types of laws namely 

the exponential law and the power law. 

 

The exponential law was first proposed by Zhurkov (1965) in the frame of the 

kinetic fracture theory. The average life time t can be related to the tensile stress 

 and the absolution temperature T through the exponential function 

exp                                               (2.5) 

where k is the Boltzman’s constant;  ,  and  are the characteristic time of 

elementary failure, the activation energy and the material constant respectively. 

The exponential law has been used by Scholz (1968) to derive the model of 

aftershocks. Unlike the exponential law was derived from the kinetic fracture 

theory, the power law is empirical law derived from experiments. The average life 

time can be expressed by power function 

                                               (2.6) 

where  is the stress for microcrack initiation and n is a material constant. The 

power law was first used by Charles (1958) to describe the static fatigue of glass. 

Dyskin et al. (2015) developed a model of aftershocks based on the power law 

type formula. The model derived from the power law obeys the Omori’s law. The 

decay of aftershocks rate is attributed to the stress relaxation process through the 

reduction of modulus by the production of microcracks. Furthermore, it is found 

that there is a relationship between the decay exponent in the Omori’s law and 

the spatial distribution of microcracks.  If the decay exponent is less than 1, the 

microcracks are shear parallel cracks and randomly distributed in space; if the 

decay exponent is equal to 1, the microcracks are is isotropically distributed in 

space; if the decay exponent is greater than 1, the microcracks represent small 

sliding zones distributed over an existing fault.  
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2.4 Bridging in Fractures 

Natural rock mass often contains different discontinuities across the scale, such 

as faults, joints and micro cracks. Most of the discontinuities are not persistent 

throughout the rock mass but they are separated by volumes of intact rock 

termed as rock bridges (Jennings 1970). The persistence of discontinuity can be 

defined as the area extent of a discontinuity in a reference plane as shown in Fig. 

2.17 (ISRM 1978). The quantification of joint persistence in practice can only rely 

on the surface observation of the exposed discontinuity trace with probability 

method. Therefore, the degree of persistence of discontinuities is usually difficult 

to assess with great uncertainty due to three-dimensional nature of the problem 

(ISRM 1978). In some engineering practice, such as stability analysis of tunnels 

or slopes, the conservative approach is undertaken by assuming full persistence 

of joints, which results in more rock supports than required (Kim et al. 2007). 

Furthermore, the non-persistence of hydraulic fracture has been demonstrated in 

the micro-CT images of hydraulic fractures in granite samples (Hampton et al. 

2014). 

 
Figure 2.17 Persistency of discontinuity. (a) linear extent definition (b) area extent 

definition (ISRM 1978) 

 

Substantial amounts of experimental works have been carried out to study the 

mechanical behaviour of jointed rock mass and failure mechanism of rock bridges 

under direct shear (Lajtai 1969; Hencher 1984; Savilahti et al. 1990; Gehle & 

Kutter 2003; Ghazvinian et al. 2007) and compressive loading (Reyes & Einstein 

1991; Dyskin et al. 1995; Shen et al. 1995; Wong & Chau 1998; Sagong & Bobet 

2002; Lee & Jeon 2011). In addition, many numerical studies have been 

conducted to investigate fracture propagation and coalescence using the finite 
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element method (e.g., Ingraffea & Heuze 1980), the boundary element method 

(e.g., Aliabadi & Booke 1991) and the discrete element method (e.g., Jirasek 

1993; Ghazvinian et al. 2012; Bahaaddini et al. 2016). However, the investigation 

of mechanical response of jointed rock mass under tensile loading is very limited. 

Shang et al. (2016) conducted direct tensile tests on sandstone specimens 

containing incipient or non-persistent joints. Their results demonstrated that the 

tensile strength of non-persistent joints ranges from 23% to 64% of the tensile 

strength of the intact parent rock depending on the areal percentage of rock 

bridges in the joint area. Yang and Wang (2018) provides analytical solution of 

fully or partially bridging crack under model I and mode II loading. Their results 

indicate the stress intensity factors at the crack tips and the crack opening 

displacement are suppressed due to the stiffening effect of bridging.  

 

2.5 Summary 

Previous works have shown that the growth of hydraulic fractures is principally 

dictated by the complex in-situ stress conditions, interactions with pre-existing 

fractures, heterogeneity of mechanical properties of the material in which the 

fracture propagate and the fluid pressure gradient. Because of these controlling 

factors, the actual geometry of the induced hydraulic fractures is far more 

complex than a planar fracture hypothesised in the classical models of hydraulic 

fractures. The real hydraulic fractures can be non-planar and non-persistent with 

branching feature. Furthermore, the geometry of hydraulic fractures can be in 

some instances characterised by fractal theory. The fractal dimension of 

hydraulic fractures is normally between 2 and 3. 

      

Fracture growth or the geometry of fractures can be monitored by the 

accompanying acoustic emissions or microseismicity. The geometry of the cloud 

of acoustic emission or microseismic sources is normally found by locating the 

spatial coordinate of each event. The current acoustic emission monitoring 

technique and data acquisition systems can be greatly simplified with the use of 

Blue Shift monitoring method as only arrival times of signals are needed to reveal 

the fractal dimension of the microseisimic cloud. The Blue Shift monitoring 
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method needs to be further verified with acoustic emissions data at the laboratory 

and field scales. The potentials and capabilities of the Blue Shift monitoring 

method are also need be investigated.  

 

The non-persistency of fractures and the existence of rock bridges have been 

extensively studied in the context of slope instability. Substantial amounts of 

experimental and numerical works have been carried out to investigate the failure 

of rock bridges under compressive and shear loadings. However, the non-

persistency of hydraulic fractures and its implications were rarely investigated in 

the previous experimental studies or modelling works. Therefore, it is necessary 

to investigate mechanical behaviour of rock bridges under tensile loading.  

 

Apart from the monitoring of the complicated geometry of hydraulic fractures, the 

monitoring of aftershocks also attracts attention of the researchers. The Omori’s 

laws have been found to well describe the decay of aftershocks frequency at the 

field scale. Although previous works have studied the aftershock sequences 

obtained from laboratory scale experiments and field scale operations, it is still 

necessary to gather more aftershock sequences as the underlying mechanism of 

producing aftershocks is still under debate.  
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3 Theory of Blue 
Shift Method and 
Laboratory Scale 
Verification 

 

3.1 Damage localisation Monitoring Method 

Strain and damage localisations are often observed across the scales before the 

ultimate catastrophic failure in geomaterials under different test conditions. The 

onset of strain or damage localisation zone is not instantaneous but rather a 

progressive process, which is evident in many experimental results (Lockner et 

al. 1991, Hao et al. 2007; Desrues et al. 2017). The spatial and temporal 

characterisations of the localisation zone become important aspects in the 

detection and monitoring of the onset and subsequent development of the 

localisation zone.  

     

The detection and monitoring method of localisation can be relied on 2D and 3D 

imaging techniques. Previous work by Hao et al. (2007) used the 2D imaging 

technique to monitor the strain localisation in a uniaxial compressive test on 

granite, which is the digital speckle correlation method (DSCM). With DSCM, 2D 

digital images of the outer surface of specimen are captured by a camera during 

the experiment. The analysis of the recorded 2D digital images showed that the 

final rupture plane was located within the measured strain localisation zone. One 

of the major drawbacks of this method is that it could not detect or monitor the 

development of the localisation zone inside the specimen. However the 3D 
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imaging method could reveal the whole deformation field of the specimen with the 

aid of the x-ray scanner. Recent experimental works by Andò et al. (2012) and 

Bésuelle and Lanatà (2016) demonstrated the pre-peak strain localisation pattern 

in tri-axial tests on sands and rocks using high resolution computed tomography 

(CT) and discrete 3D volume digital image correlation (DIC).  

 

Due to the fact that the development of the damage localisation zone is 

accompanied by the acoustic emissions (AEs) in laboratory scale or the 

microseismic and seismic in the field scale, the measurement of the AEs or 

microseismic can be useful to detect and monitor the damage localisation. 

Lockner et al. (1991) showed the progressive development of the localisation 

zone by monitoring the AEs recorded during the tri-axial compressive test on 

Westerly granite. This technique relies on the accurate recovery of the locations 

of the AE events based on the P-wave arrival time and the full-field P-wave 

velocity measurements. It is usually required multi-channel acoustic acquisition 

system, theoretically at least four channels and more to reduce errors in source 

location determination, to obtain accurate locations of AEs. In addition, large hard 

disk volume is required to store the data because the number of AEs generated 

in each laboratory experiment is in the order of the hundreds or thousands and 

essentially each coupled sensor would record the same number of AEs. There is 

an attempt to simplify the current AE acquisition system and to provide an 

alternative solution to monitoring of damage localisation zone. Pasternak and 

Dyskin (2012) proposed a damage localisation monitoring method, called Blue 

Shift Indicator, purely based on the recording of the arrival times of the AEs. The 

progressive development of the damage localisation zone is believed to be 

stepwise in a crack-like manner as observed in the experiments by Lockner et al 

(1991). The distinct temporal pattern of the AEs generated from the localisation 

zone should be stemmed from the characteristic spatial development of the 

localisation zone and hence related to the Euclidean dimension of the damage 

localisation zone as demonstrated by Pasternak and Dyskin (2012). The spectral 

analysis of the simulated time series of the AEs generated during the evolution of 

the localisation zone shows that the higher the dimension of the damage 

localisation zone leads to the shift of the spectrum of the arrival times of AEs to a 

higher frequency, i.e. ‘blue shift’.  The merits of the Blue Shift Indicator are that it 
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could potentially reduce the required number of channels to ideally single channel 

as only arrival times of AEs are needed and it mitigates the overwhelming hard 

disk storage capacity as before. Therefore, more cost-effective acoustic 

acquisition system can be built based on this method.  

3.2 Time Series and Spectral Analysis 

The Blue Shift Indicator algorithm is essentially spectral analysis of the time series 

of AEs. Time series is referred to a process that changes with time, i.e. the 

variation of the process is a function of time (Priestley 1981). The observed values 

of the physical variable are assumed to capture interesting features of the physical 

process and the analysis of the time series will offer insightful information of the 

process, however appropriate data selection is required for the valid analysis 

(Koopmans 1995). One of the techniques to deal with time series is to find the 

energy associated with the signal. The total finite energy of the nonperiodic signal 

X(t), provided that the X(t) being absolutely integrable over the infinite interval, is 

defined by the following expression (Priestley 1981): 

 

∞                                             (3.1) 

 

Different kinds of integral transforms are useful tools for engineering and scientific 

practice, especially the Fourier and Laplace transforms because the spectrum of 

the signal is revealed. The Fourier transform of the signal X(t) is defined by 

(Priestley 1981): 

 

√
                                      (3.2) 

 

Note that  is the Fourier spectrum of the signal and has the dimension of the 

signal per unit frequency and the variable  is the angular frequency with the unit 

of radiant per second.   

 

By applying Fourier transform one can inspect how the time-varying signal 

distributes among the frequencies. Likewise the energy content of a signal can be 
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assessed in the frequency domain and the energy associated with each frequency 

is called the energy spectrum of the time series (Koopmans 1995). According to 

Parseval’s relation, the total energy of a signal in frequency domain can be 

expressed by (Priestley 1981): 

 

| |                              (3.3) 

 

Equation (3.3) is also known as Parseval’s or Rayleigh’s energy theorem. The 

term | |2 is the energy density function of the signal and contains information 

about the distribution of energy among various frequencies. 

 

3.3 Theory of Blue Shift Indicator 

Since the development of the damage localisation zone is accompanied by AEs, 

there must be an implicit relationship between the geometry of the localised 

damage zone and the temporal pattern of AEs. To find this implicit relationship, it 

is convenient to first consider some simple and ideal fracture geometries, namely, 

linear fracture (1D), perfect radial and planar fracture (2D) and cloud-like 

spherical fracture (3D), which are illustrated in Fig. 3.1. The linear fractures 

represent for instance hydraulic fractures propagating in a layered reservoir 

sandwiched between two strong strata. The radial and planar fracture is the most 

common type of geometry observed in the uniaxial and tri-axial compression 

tests of rock samples in laboratory and, at larger scale, in some hydraulic 

fractures. The cloud-like spherical fracture has never been observed in 

experiment but included for academic interest.  
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Figure 3.1 Three ideal simulated fracture geometries, (a) is 1D linear fracture, (b) is perfect 

radial 2D fracture, (c) is 3D spherical fracture, blue colour represents the localised fracture 

zone and black colour represents the process zone 

 

Also three assumptions are made in the idealised fracture models. The first 

assumption is that the micro-cracks or accompanied AEs can only be generated 

around the fracture process zone. The second assumption is that all micro-cracks 

are accompanied by AEs and all the AEs can be recorded by the AE acquisition 

system. The last assumption is that the fracture is propagated in a step-wise 

manner. 

 

As the growth of fracture is accompanied by AEs, there should be some implicit 

relationships between fractal dimension of AEs and Euclidean dimension of 

fracture. Considered an ideal radial planar fracture, the fracture grows within a 

plane and the fracture process zone in each step of propagation is a circle with 

the Euclidean dimension of 1.  However the fractal dimension of the AEs could 

vary between 0 and 2. If the AEs generated in each step are distributed 

discontinuously along the circle in the plane of the fracture, the fractal dimension 

falls in the range from 0 and 1. If the spatial distribution of AEs in each step 

exhibits branching feature in a plane, then the fractal dimension of the AEs in 

each step is between 1 and 2. Hence the possible fractal dimension of AEs 

generated in each step is between 0 and 2 for the ideal 2D planar fracture. The 

fractal dimension of collective AEs generated during the whole fracture process is 

one dimension higher than the fractal dimension of the AEs generated in each 

step. Hence the fractal dimension of collective AEs is in range between 1 and 3.  

 

During each step of fracture propagation, the size of the fracture process zone is 

related to the number of micro-cracks or AEs in the step. The size of the fracture 
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process zone is also a function of the characteristic radius of the damage zone. 

Therefore the number of AEs in each step can be related to the characteristic 

radius of the damage zone. If we use the step number, k (k=1,2,3...) to represent 

the characteristic radius of the damage zone, the number of AEs generated in 

each step is a function of the step number k. For planar damage zone, the 

perimeter of the fracture process zone or the number of AEs in each step is 

proportional to k1, assuming the proportional coefficient is one for now. For the 

ideal spherical damage zone, the surface of the fracture process zone or the 

number of AEs in each step is proportional to k2. For the linear fracture, the 

pointy fracture front or the number of AEs in each step is proportional to k0. The 

numbers of simulated AEs in each step for the three ideal fracture geometries are 

summarised in Table 3.1. 

 

Table 3.1 Temporal Pattern of Three Simulated Ideal Fracture Geometries 

             Step number (k) 

Geometry 

1 2 3 … K 

Linear Fracture 1 1 1 … K0

Planar Fracture 1 2 3 … K1 

Spherical Fracture 1 4 9 … K2 

 

The total number of AEs, denoted by M, can be calculated by summing the 

number of AEs in each step. Thus the total number of AEs for the three ideal 

geometries can be expressed by: 

 

																															1 	

																						2 	

												3 	

                                (3.4) 

 

Suppose there are M number of AEs recorded and the arrival times of the 

recorded AEs, tm, belong to the set  , , , … , . It is assumed that the 

arriving AEs are practically impossible to occur simultaneously rather they are 

assumed to uniformly distribute in a small arrival time interval, ∆ , which is a 

fraction of time step, ∆ . Parameter q is called the scale factor of time step, i.e. 
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∆ ∆ , ∈ 0,1 . Also another parameter p is introduced to adjust the number 

of AEs in each step, called scale factor of total number of AEs.  

 

In reality, the actual geometry of the fracture or localisation zone can be more 

complex than linear, planar or spherical, i.e. fractals. Subsequently the number of 

AEs in each time step is defined by the expression pkα, where α is called the 

localisation exponent. The localisation exponent represents the fractal dimension 

of AEs at the fracture front. For real damage zone, the spatial distribution of AEs 

at the fracture front is more than a point and less than a continuous plane 

therefore the localisation exponent is fractional numbers between 0 and 2. Due to 

k being a positive integer and the fact that α can be a fraction, pkα is rounded to 

the nearest integer in the computer simulation. Therefore, the generalised 

expression of total number of AEs can be given by: 

 

     ∑ , 	 1,2,3… 	 ∈ 0,2                    (3.5) 

 

As the magnitude of AEs is not a concern in this model, the amplitude of each AE 

at the time of generation is equal to one (x(t)=1, ∈ ) assuming all recorded AEs 

are distinguishable, i.e. no overlapping AEs. The Fourier transform of the 

recorded AEs can be derived by using discrete time form of equation (3.2):  

 

∑                                               (3.6) 

 

The total energy of the recorded arrival times of AEs can be derived by modified 

version of equation (3.3), which integrates from 0 to Ω maximum frequency. The 

maximum frequency is related to the minimum time step, ∆ . The minimum time 

step ∆   is usually an unknown parameter and defined as the ratio of the 

recording time to the total number of AEs, i.e. ∆ . For the purpose of 

analysis of experimental AEs, the maximum frequency is taken as the Nyquist 

frequency of the process to prevent aliasing effect, i.e. Ω
∆

. The total energy 

of arrival times can be obtained by substituting equation (3.6) into equation (3.3):  
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, , Ω ∑                                 (3.7) 

 

The equation (3.7) can be evaluated for frequency interval 0 to Ω: 

  

, , Ω

 

 

, , Ω

M ∗ Ω																																																																												 	

										 	
 

 

Therefore, the total “energy” of arrival times can be expressed as: 

 

, , Ω 	M ∗ Ω 2∑ ∑ 	
                       (3.8) 

 

Now define the recording time interval Trecording is the maximum of , that is . 

For the non-localised or random case, suppose there exists same number of AEs, 

denoted as xr(t). However, each random arrival time, tr, belonging to the set , is 

uniformly randomly distributed in the time interval (0, Trecording). By applying 

equation (3.8) to the random arrival times, the total energy of the random arrival 

times is expressed as: 

 

, , Ω M ∗ Ω 2∑ ∑ 	
                       (3.9) 

 

The Blue Shift Indicator defines the relative energy between the arrival times of 

AEs generated due to localisation and due to the random process: 

 

∑ | , , , , |

, ,
                                          (3.10) 
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The equation (3.10) theoretically serves as an indicator of damage localisation 

from the perspective of the energy spectrum of the time series of AEs.  

3.4 Optimisation of Blue Shift Method 

As shown in section 3.3, there are a number of parameters introduced in Blue 

Shift Indicator that could affect the temporal pattern of the simulated AEs due to 

the damage localisation and the corresponding geometry of the localisation. 

Therefore it is necessary to seek for a set of parameters of the simulated AEs 

that could best fit the energy spectrum of the actual arrival times of AEs recorded 

in the experiment or field exploration. The primary fitting parameters that affect 

the simulated time series of AEs are the time step, ∆  and the localisation 

exponent, α. In addition, there are two secondary fitting parameters which are 

scale factor of the time step, q and scale factor of the number of simulated AEs in 

each step, p.  

 

Computer simulations have been carried out to demonstrate the effects of each 

of these fitting parameters on the relative energy of the arrival times of simulated 

AEs. The computer generated total number of AEs is chosen as 500 (i.e. M=500) 

and the recording time is 500 seconds (i.e. Trecording=500 seconds) in all the 

simulations. The simulated arrival times of AEs due to localisation are generated 

based on the four chosen fitting parameters. The same number of random arrival 

times of AEs is randomly uniformly distributed in the time interval (0, Trecording). 

The energy spectrum of these two sets of arrival times are computed with 

Equation (3.8) and Equation (3.9), respectively. The relative energy computed 

with Equation (3.10) is plotted against the frequency range from 0 to 
∆

 for 

each of the simulation. Fig. 3.2 shows that the scale factor of the time step, q has 

little effect on the relative energy of arrival times in the frequency range 

considered. Hence this scale factor can be set to one without loss of generality. 

However, the higher both of the localisation exponent (i.e. α) and the scale factor 

of the number of AEs in each step (i.e. p) leads to higher energy of arrival times 

of the simulated AEs due to localisation as illustrated in Fig. 3.3. Both the 

localisation exponent α and the scale factor p are designed to adjust the number 

of AEs generated in each step. Nevertheless, the localisation exponent has larger 
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capability of tuning the numbers of AEs than the scale factor p. Hence the scale 

factor p is set to one to minimize the computation time of the optimization 

process. Fig. 3.4 demonstrates that the smaller the time step, ∆ 	gives rise to the 

higher the energy of the arrival times of simulated AEs due to localisation in the 

frequency range of interest. Therefore, the optimisation process is only restricted 

to the two primary fitting parameters while the two secondary fitting parameters 

are set to one.  

 
Figure 3.2 Relative energy for different values of scale factor of time step (q=0.1, 0.5, 1) 

with constant localisation exponent (α=1), scale factor of total number of AE signals (p=1), 

time step (∆  =1 sec), total number of AE signals (M=500) and Trecording=500 sec. 

 

 
Figure 3.3 Relative energy for different values of scale factor of number of AEs (p=1, 5), 

different localisation exponent (α=1, 2) with constant scale factor of time step (q=1), time 

step (∆  =1 sec), the same total number of AE signals (M=500) and Trecording=500 sec. 
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Figure 3.4 Relative energy for different values of time step (∆  =1, 5, 10 sec) with constant 

localisation exponent (α=1), scale factor of total number of AE signals (p=1), scale factor of 

time step (q=1), total number of AE signals (M=500) and Trecording=500 sec. 

 
 
The optimisation process is to seek for the optimal localisation exponent and the 

time step that can best represent the actual temporal pattern of the recorded AEs 

from the perspective of energy spectrum of arrival times. The number of the 

simulated AEs is determined by the actual number of AEs recorded in the 

experiment or the field operation. Hence the first term in Equation (3.8) is the 

same for both the simulated case and the actual case. The optimised fitting 

parameters are obtained by minimising the Euclidean norm of the difference of 

the second term in the Equation (3.8) between the simulated AEs and the actual 

AEs recorded in the experiment over the frequency range from 0 to Nyquist 

frequency: 

 

min	 ∑ , , , ,
2Ω

0                    (3.11) 

 

The optimal localisation exponent represents the fractal dimension of AEs at 

each step of fracture front. The collective AEs form a fractal is one dimension 

higher than the fractal of AEs formed at each step of fracture front. When 

localisation exponent is equal to 0, 1 and 2, they correspond to the 1D, 2D and 
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3D damage zones respectively. The fraction number of localisation exponent is to 

account for the fractal nature of the damage zone. In reality the geometry of the 

fracture and spatial distribution of AEs all exhibits fractal nature. It’s rare to 

observe the ideal radial planar fracture and it has never been reported to observe 

3D cloud-like fracture zone. Therefore, it can be expected that the localisation 

exponent corresponding to the geometry of the actual damage localisation zone 

falls in the range from 0 to 2. The increment of localisation exponent in the 

optimisation process is chosen to be 0.01 for the balance between the optimal fit 

and the computation time.   

 

The time step is to discretise the recorded AEs into equal step. The minimal time 

step is reasonably defined as the ratio of the recording time to the total number of 

AEs, i.e. ∆ . The upper bound of the time step can be computed such 

that the product of the time step and the number of steps should be equal or less 

than the recording time. The number of steps can be computed by Equation (3.5) 

once the localisation exponent is chosen and the total number of AEs is known. 

Then the upper bound of the time step can be determined. The increment of time 

step in the optimisation process is chosen to be 10% of the recording time for the 

balance between the optimal fit and the computation time. The MATLAB 

implementation code can be found in Appendix A1.    

 

In each time step, the arrival times are randomly generated as mentioned 

previously. Therefore, each simulation leads to one set of optimal localisation 

exponent and time step. If repeat the simulation with the same data set, slightly 

different values of the optimal localisation exponent and time step can be 

obtained because of difference in the randomly generated arrival times in each 

realisation. By averaging the values of optimal localisation exponents obtained 

from all realisations the error due to random generated arrival times in each time 

step can be minimised.  
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3.5 Laboratory Scale Verification of Blue Shift 

Method 

To verify the Blue Shift method, it is necessary to conduct some laboratory scale 

rock fracturing tests accompanied with AE acquisition. Among all types of rock 

testing, hydraulic fracturing was chosen for the following reasons. First of all, the 

moment of fracture initiation and direction of fracture propagation can be 

controlled by varying the fracturing fluid pressure and the confining loads applied 

to the sample. Secondly the sample can be opened after testing to investigate the 

induced fracture and the trace of residual fracturing fluid trapped in the fracture, 

which provides insightful information in terms of fracture characteristics and 

geometry. Finally, the results of hydraulic fracturing test can be compared with 

large scale operation in the oil field.  

 

3.6 Hydraulic Fracturing Experiment Set-up 

3.6.1 Sample Preparation 

Mortar is chosen as the material for the sample because mortar is good 

approximation of rock in terms of fracture mechanism even though the set mortar 

sample is quite homogeneous as compared with rock. The mortar or concrete is 

failed by crack propagation through the cement paste (Wittmann 1983) and the 

fracture of rock is similar in the same way. Mortar is composed of cement, sand, 

water and air. The water to cement mass ratio significantly affects the strength of 

the mortar sample. Based on the Abram’s law, there exists an inverse 

relationship between strength and water content (Appa Rao 2001). It shows in 

the Rao’s article, with different sand to cement mass ratio, the maximum 

compressive strength of mortar would occur when the water to cement mass ratio 

is in the range of 0.35 to 0.45. The right combination can give higher strength and 

better workability of the sample. All the mortar samples are made from same 

composition that is water to cement mass ratio of 0.4 and sand to cement mass 

ratio of 1. This composition of samples has been proven to provide adequate 

compressive strength of 79.5 MPa (Fallahzadeh et al. 2013). 
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The procedure of preparation of mortar samples is based on Mindess et al. 

(2003). First of all, the sand, cement and water are weighted in separated 

container according to the recipe. Then sand and cement are placed in the bowl 

mixer for mixing meanwhile water is added into the mixer slowly. The mixing of 

cement slurry must be long enough such that the composition of the mortar paste 

is uniform, which takes usually more than 15 minutes. The mortar paste is then 

poured into the cubic mould till the mould is filled. Then the vibrator is used to 

remove the air trapped inside the mortar paste however excessive vibration 

should be prohibited to prevent the precipitation of the sand particles. The top or 

open surface of the sample should be smoothened to reduce the amount of 

grinding and polishing required later on. The sample is leaved to solidify for 12 

hours before taken out of the mould. Then the sample is cured in 25ºC water bath 

or 100% humidity room for 28 days. The final strength of the mortar is obtained 

after that curing period.      

 

After curing period, the sample is grinded and polished to assure all the surfaces 

are flat such that loading to the sample is close to uniform on the contact surface. 

After polishing, a 14mm borehole is drilled at the centre of one surface and the 

depth of the borehole is about 19.5 cm. The borehole is fully cased with 12.7 mm 

outer diameter stainless steel tube. Also there are two perforations of 3 mm 

diameter drilled along two faces of the sample and connected to the borehole. 

The perforations are blocked with 2.5-2.8 mm diameter and 6 cm long steel nails. 

Hence the effective perforation length is designed to be about 3 cm long. The 

spacing between the top and bottom perforations is 2cm. Fig. 3.5 shows a 2D 

schematic of the 20 cm cubic sample.  
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Figure 3.5 2D schematic diagram of 20 cm cubic sample with cased borehole and two top 

and bottom perforations connected to the borehole 

 

There were four cubic mortar samples of 200×200×200 mm prepared for the 

hydraulic fracturing experiments. With sample 1 there was a vertical interior 

fracture identified after the sample was opened after the hydraulic fracturing test. 

With sample 2 there were three surface fractures identified with naked eyes. With 

sample 3 and 4, two interior vertical fractures were created and 180 degrees 

apart from each other during drilling the borehole. The two created fractures in 

each sample were initiated from the borehole and extended to surface, which can 

be identified with naked eyes. Table 3.2 summarises some of the details of the 

four samples. 

 

Table 3.2 Sample Description 

Sample Perforation Spacing (cm) Pre-existing Fractures 

1 2 1 vertical fracture 

2 2 3 surface fractures 

3 2 2 vertical through fractures 

4 2 2 vertical through fractures 

 

Stainless tube casing with 
bottom end blocked with 
nail 

Perforations 
blocked with nails 
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3.6.2 Acoustic Acquisition System 

The acoustic acquisition system contains 8 channels. Channel 1 is reserved for 

active source. The remaining seven channels are used for passive receiving 

channels (Channel 2-8). The piezoelectric ultrasonic transducers are of 13 mm 

nominal size and of 1 MHz peak frequency. These receiving transducers are 

coupled to surfaces of the sample with Vaseline. The acoustic acquisition hard 

ware system consists of seven transducers, amplifiers, multifunction cards, power 

source, and a computer as shown in Fig. 3.6. The passive acoustic acquisition 

software has been developed to register the arrival time and waveforms of AEs. 

The user can adjust the threshold and ending voltage to capture the AEs and 

filter out the background noise or reflective waves from the boundaries which 

generally have lower magnitude as compared with the signals generated by the 

hydraulic fracturing. Also the sampling frequency can be adjusted and 1 MHz is 

chosen as the sampling frequency in the experiment. Moreover, the pre-log and 

post-log times can be adjusted. They are chosen as 200 microseconds in the 

experiment, which means the recording of the acoustic event includes 200 

microseconds before the threshold value is exceeded till 200 microseconds after 

the ending value. Fig. 3.7 shows typical wave form of single AE event recorded 

during hydraulic fracturing experiment.  

 

The arrival times of AEs recorded from seven sensors are combined into one set 

of arrival times for the Blue Shift analysis. It should be noted that the difference in 

the arrival times of the same event to different sensors cannot be distinguished 

with the used acquisition system as the accuracy of recording of arrival times is in 

the order of 10-3 second. Since the sample size is only 20 cm, the maximum 

difference in arrival times of the same event to different sensors can be estimated 

as the ratio of the sample size to the average p-wave velocity (approximately 

4000 m/s), which is of the order of 10-5 second.  
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Figure 3.6 Acoustic acquisition system with transducers, amplifiers, power supply, 

multifunction cards and computer 

 

 

Figure 3.7 Typical waveform of a recorded AE event.  

 

3.6.3 True Tri-axial Stress Cell  

In order to simulate the in-situ stress state, true tri-axial stress cell (TTSC) is used 

to apply three independent confining stresses to the sample. Fig. 3.8 shows the 

top view of the TTSC. The TTSC is capable to stress samples of size 30cm or 

smaller. Fig. 3.9 shows the aluminium spacer is used in this experiment with 
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designed holes to accommodate the acoustic receiving transducers. Fig. 3.10 

illustrates the sample is placed in the TTSC with four spaces in contact with the 

sample and the moving rams. In this way, the receivers are in direct contact with 

the sample to record the AEs during and after the hydraulic fracturing 

experiments. The seven receivers are coupled to six surfaces of the sample with 

Vaseline to ensure proper contact with the sample.  

 

 
Figure 3.8 Top view of true tri-axial stress cell 

 

 
Figure 3.9   Aluminium spacer used for accommodating the acoustic transducers and 

placed between the sample and the rams of the TTSC 
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 Figure 3.10 Sample in the TTSC and four aluminium spacers are shown 

 

3.6.4 Injection System 

There are three hydraulic fracture development regimes in field operations, which 

are viscosity, fracture toughness and leak-off dominated propagation regimes 

(Bunger, 2005). The propagation of hydraulic fractures in the field scale is 

normally viscosity dominated regime (Mack & Warpinski 2000). The high viscosity 

of fracturing fluid is chosen to ensure the propagation of hydraulic fractures is in 

viscosity dominated propagation regime rather than toughness dominated or 

leak-off dominated propagation regime. The silicon oil of viscosity 97,770 cp is 

chosen as the fracturing fluid. The injection of fracturing fluid is via an injection 

system which composes of a syringe pump, a controller, reservoir chamber, 

piston chamber, pressure transducers, choke valve, shut-in valve and a vacuum 

pump. The flow diagram of the injection system is shown in Fig. 3.11. The 

fracturing fluid is pumped from the reservoir chamber to pre-fill the piston 

chamber before the experiment. Also the vacuum pump is used to remove the air 

inside the sample before injection. During the experiment the syringe pump is 

used to pump the hydraulic oil to push the fracturing fluid forward in the piston 

chamber. The flow rate of hydraulic oil and fracturing fluid is controlled by the 

controller. The volumetric flow rate is constant at 0.1 cc/min in the experiment. 

The choke valve is used to regulate the volumetric flow rate of fracturing fluid. 
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The pressure gauge 1 is before the choke valve and pressure gauge 2 is after the 

choke valve. The pressure gauge 2 measures the borehole pressure. The shut-in 

valve is used to isolate the sample from the high pressure injection system after 

the hydraulic fracturing test is finished. The injection of fracturing fluid is from the 

bottom of the TTSC.  

 
Figure 3.11 Flow diagram of injection system 

 

3.7 Blue Shift Method at Laboratory Scale 

Hydraulic fracturing experiment equipped with passive acoustic emissions 

acquisition system was conducted to implement the Blue Shift method for the 

analysis of the arrival times of recorded AEs. The detailed experimental 

parameters for each hydraulic fracturing test are shown in Table 3.3. The 

objective of the hydraulic fracturing experiment is to investigate the relationship 

between the localisation exponent and the induced fracture geometry.  

 

The recorded AEs for each hydraulic fracturing test are divided into several 

groups based on the borehole pressure profile. Each group contains 

approximately 50 to 400 AE arrival times. Blue Shift method is applied to find the 

optimal localisation exponent and the time step for each group of arrival times. 

Due to the random nature of simulation of arrival times in each time step, ten 

iterations of Blue Shift method are conducted for each group of arrival times. The 

optimal localisation exponent and time step are averaged over the fitting results 

from the ten iterations. Only the fitting results with small relative error, less than 

5%, are accepted. If any groups of arrival times cannot be fitted by the Blue Shift 

method with small relative error, localisation exponent and the time step are 
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assigned to zero. The mean localisation exponent for the combined groups of 

arrival times is also averaged over the fitting results of ten iterations.  

 

Table 3.3 Hydraulic Fracturing Experiment Parameters  

Test 1 2 3 4 

Vertical Stress, σv  (psi) 0 1500 1500 1500 

Maximum Horizontal 

Stress, σH (psi) 

1083 

 

1083 

 

1083 

 

1083 

 

Minimum Horizontal 

Stress, σh  (psi) 

503 503 503 503 

Volumetric Injection Rate 

(cc/min) 

0.1 0.1 0.1 0.1 

Orientation of 

Perforations 

Along 

maximum 

horizontal 

Stress 

Along 

maximum 

horizontal 

Stress 

Along 

maximum 

horizontal 

Stress 

Along 

maximum 

horizontal 

Stress 

 

3.7.1 Test 1 Result 

In test 1, the sample was under two horizontal confining stresses as indicated in 

Table 3.3. The borehole pressure profile and the registered AE accumulation 

against time are plotted in Fig. 3.12. After the hydraulic fracturing test the sample 

was opened to investigate the induced fractures. Fig. 3.13 shows that there was 

a vertical fracture as indicated by the wet area. Since there was no vertical 

confining stress the induced hydraulic fracture could only propagate in the 

horizontal direction. The vertical fracture can be deduced as a pre-existing 

fracture and was wetted by the leak-off of the fracturing fluid. The opening of the 

vertical pre-existing fracture was constrained by the maximum horizontal stress of 

1083 psi. The temporary pressure drop between 600 and 1160 seconds can be 

attributed to the fluid leak-off into the pre-existing vertical fracture. The AEs 

recorded before 1160 second associated with the temporary pressure drop did 

not indicate any localisation because the arrival times of AEs could not be fitted 

with the Blue Shift method. Hence the Blue Shift method can serve as a tool of 
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detecting abnormal fracturing events such as fluid leak-off into pre-existing 

fracture.  

 

As the borehole pressure started to build up again till the peak pressure of 1624 

psi, two hydraulic fractures were initiated from both the top and bottom 

perforations. However, only the induced fracture from the bottom perforation 

propagated to the boundary of the sample as shown in Fig. 3.14 (a) while the 

induced fracture from the top perforation was suppressed from further 

development after initiation as shown in Fig. 3.14 (b).  The analysis of the arrival 

times of the recorded AEs by the Blue Shift method shows that the onset of AE 

localisation is at about 1160 second during the half way of the second borehole 

pressure build-up stage. The simulated localisation exponent is as high as 1.45 at 

around the peak pressure. As the borehole pressure dropped and the fracture 

propagated the localisation exponents are bounded in the range between 0.8 and 

1.62. The mean localisation exponent is 1.35 for the fracture initiation and 

propagation stage (1160-1800 seconds). The mean localisation exponent is 

averaged over ten iterations (see Appendix B1 for details) as illustrated in Table 

3.4 and the value is shown as black dotted line in Fig. 3.15-16. It indicates that 

the spatial distribution of AEs formed a fractal of dimension 2.35. Therefore, the 

geometry of the induced fracture can be deduced from the fractal dimension of 

AEs as a planar fracture.  

 

The visual inspection of the actual fracture geometry shown in Fig. 3.14 (a) 

demonstrated the induced fracture surface is not strictly in a plane but rather 

wavy. Moreover, the fracture front shows irregularity or fingering features. Also 

there were tiny dry spots surrounded by the fracturing fluid wet area. Therefore, 

the wavy and discontinuous fracture surface verifies the fractal characteristic of 

the spatial distribution of AEs generated during the fracture initiation and 

propagation stage.  
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Figure 3.12 Borehole pressure and AE accumulation profiles against time of test 1 

 

   

        Figure 3.13 Fracturing fluid leaked into the pre-existing fracture in sample 1 
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(a)                                                                          (b) 

Figure 3.14 (a) Induced horizontal hydraulic fracture from the bottom perforation of sample 

1 (b) hydraulic fracture was only initiated but suppressed from propagation from the top 

perforation of sample 1.  

 

 
Figure 3.15 Borehole pressure (red dashed curve) and localisation exponent (blue solid 

lines) profiles against time of test 1; mean localisation exponent is 1.35 (black dotted line).  
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Figure 3.16 AE accumulation (red dashed curve) and localisation exponent (blue solid lines) 

profiles against time of test 1; mean localisation exponent is 1.35 (black dotted line).  

 
 
 

Table 3.4 Mean Localisation Exponent of Test 1 

Event Interval 900-2700 (1160~1800 sec) 
Iteration Localisation Exponent Relative Error 

1 0.98 0.032 
2 1.75 0.033 
3 1.32 0.033 
4 1.55 0.023 
5 0.98 0.028 
6 1.54 0.022 
7 0.98 0.034 
8 1.31 0.032 
9 1.54 0.02 

10 1.56 0.03 
Average 1.35 0.03 

Standard Deviation 0.28 0.01 
 
 

3.7.2 Test 2 Result 

Test 2 was comprised of two stages of hydraulic fracturing as shown in Fig. 3.17. 

Stage one contained hydraulic fracture initiation, propagation and closure before 

7000 second and stage two was comprised of hydraulic fracture reopening and 
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propagation from 7000 second to 10000 second. The sample was under tri-axial 

confining stresses condition with the vertical stress being the first principal stress. 

Therefore the induced fracture was initiated from the top and bottom perforations 

and propagated in the vertical direction as shown in Fig. 3.18.  

 

In stage one the borehole pressure increased to the peak or breakdown pressure 

of 2437 psi at around 3100 second. The AEs recorded before 2900 second as 

the pressure built up did not show any sign of localisation or were randomly 

distributed in the sample space because the arrival times of AEs cannot be fitted 

with the Blue Shift method. The localisation exponent is 1.62 at the peak 

borehole pressure, indicating the AEs localised around the perforations and 

formed a 3D fractal close to the shape of sphere. As the borehole pressure 

dropped the localisation exponent is in the range of 1.48 to 1.72. The mean 

localisation exponent for this stage is computed as 1.62 (Table 3.5, see 

Appendix B1 for details) indicated as black dotted line in Fig. 3.20-21, meaning 

that the spatial distribution of AEs formed a fractal of dimension 2.62. The 

geometry of the induced fracture can be inferred as a planar fracture.  

 

There existed a time window (3657 second to 8156 second) after the shut-in was 

applied in stage one and before the AEs started to dramatically increase again in 

stage two. There were 200 AEs recorded in this transition time window that 

cannot be fitted with the Blue Shift method indicating the AEs were not localised 

but rather randomly distributed.   

 

In stage two as the borehole pressure built up again to reopen the fracture, the 

localisation of AEs occurred before the second peak borehole pressure of 1348 

psi. The onset of localisation of AEs was detected by the Blue Shift method as 

the localisation exponent was found to be 1.76 before the second peak pressure, 

indicating the AEs localised around the induced fracture front and formed a 

fractal of dimension 2.76. After the second peak pressure the simulated 

localisation exponent decreased to 1.61. This could indicate the induced fracture 

continued to propagate further and the cloud of AEs distributed closer to the 

fracture plane.  As the borehole pressure continued to drop the localisation 

exponent was further reduced to 0.9 indicating that the AEs formed a 2D fractal 
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of dimension 1.9 within the fracture plane. The mean localisation exponent for 

stage two is computed as 1.73 (Table 3.5, see Appendix B1 for details) shown 

as the purple dotted line in Fig. 3.20-21. The spatial distribution of AEs generated 

in the second stage formed a 3D fractal of dimension 2.73 around the induced 

vertical fracture plane.  

 

The sample was opened after the hydraulic fracturing test to investigate the 

fracture surface. The visual inspection of the induced fracture geometry shown in 

Fig. 3.19 demonstrated that the wavy and discontinuous features of the induced 

fracture surface. This observation confirms the fractal characteristic of the spatial 

distribution of AEs as indicated by the localisation exponent based on the Blue 

Shift method.  

  

 

Figure 3.17 Borehole pressure and AE accumulation profiles against time of test 2 
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Figure 3.18 Induced vertical hydraulic fracture parallel to the vertical confining stress 

direction (first principal stress direction) of sample 2. 

 

  
(a)                                                                  (b) 

Figure 3.19 (a) Zoom-in view of induced vertical hydraulic fracture shows the wavy and 

discontinuous fracture surface of sample 2 (b) Zoom-in view of fracture surface near the 

perforations.  
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Figure 3.20 Borehole pressure (red dashed curve) and localisation exponent (blue solid 

lines) profiles vs. time in test 2; mean localisation exponent of stage one is 1.62 (black 

dotted line), mean localisation exponent of stage two is 1.73 (purple dotted line).  

 
Figure 3.21 AE accumulation (red dashed curve) and localisation exponent (blue solid 

lines) profiles vs. time in test 2; mean localisation exponent of stage one is 1.62 (black 

dotted line), mean localisation exponent of stage two is 1.73 (purple dotted line). 
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Table 3.5 Mean Localisation Exponent of Test 2 

Event 
Interval 

50-1000 (2950~3657 sec) 1200-2300 (8156~9929 
sec) 

Iteration Localisation 
Exponent 

Relative 
Error 

Localisation 
Exponent 

Relative 
Error 

1 1.37 0.01 1.96 0.036 
2 1.37 0.009 1.5 0.042 
3 1.37 0.01 1.5 0.042 
4 1.36 0.011 1.96 0.036 
5 1.86 0.009 1.96 0.031 
6 1.89 0.014 1.48 0.03 
7 1.86 0.013 1.5 0.042 
8 1.87 0.011 1.5 0.042 
9 1.85 0.01 1.96 0.036 
10 1.37 0.016 1.96 0.024 

Average 1.62 0.01 1.73 0.04 
Standard 
Deviation 

0.26 0.00 0.24 0.01 

 

3.7.3 Test 3 Result 

In test 3, the sample was under tri-axial confining stresses condition with the 

vertical stress being the first principal stress. There were two vertical pre-existing 

fractures 180 degree apart induced from drilling the borehole as indicated in the 

Table 3.3. The designed orientation of the pre-existing fractures was 

perpendicular to the maximum horizontal stress direction such that the opening of 

the fracture can be reduced to minimum.  However the leak-off of fracturing fluid 

into the pre-existing vertical fractures still occurred as shown in Fig. 3.23. The 

borehole pressure and AEs recorded in this test are plotted in Fig. 3.22. There 

was a minor pressure drop at about 4100 second before the peak pressure which 

was indicative of the fracture initiation. The AEs recorded before 4400 second did 

not show any indication of localisation as the arrival times of AEs cannot be fitted 

with the Blue Shift method.   

 

As the borehole pressure built up before the peak, the simulated localisation 

exponent is found to be 1.63, which indicates AEs localised around the induced 

fracture plane and formed a fractal of dimension 2.63. After the peak pressure the 

localisation exponent decreased to 1.3 and gradually increased back to 1.63. The 
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mean localisation exponent for this stage is computed as 1.44 (Table 3.6, see 

Appendix B1 for details) and plotted as black dotted line in Fig. 3.25-26, 

indicating the spatial distribution of the AEs formed a 3D fractal of dimension 

equals to 2.44.  

 

However there existed a short period of time at 5300 second when the arrival 

times of AEs cannot be fitted with the Blue Shift method. This can be explained 

by the interference from the leak-off of the fracturing fluid into the pre-existing 

vertical fracture. The leak-off event happened after the propagation of the vertical 

induced hydraulic fracture that broke through of the glue of the borehole casing, 

which is evident by the wetting part of the borehole casing by the fracturing fluid 

above the top perforation as shown in Fig. 3.24 (a). The AEs generated from the 

leak-off did not localise in the original fracture plane and randomly distributed. 

Therefore arrival times of AEs did not show localisation for this time period and 

Blue Shift method can be a useful tool to detect abnormal fracturing events such 

as fluid leak-off into pre-existing fracture.  

 

As the pressure continued to drop after the leak-off, the AEs started to show 

localisation again. The localisation exponent is computed as 1.63 (Table 3.6, see 

Appendix B1 for details), indicating the AEs formed a fractal of dimension 2.63. 

The interference from the fluid leak-off disappeared for this period.   

 

The sample was opened after the test to investigate the fracture surface. The 

visual inspection of the induced fracture geometry shown in Fig. 3.24 

demonstrated that the wavy and discontinuous features of the induced fracture 

surface. This observation again verifies the fractal characteristic of the spatial 

distribution of AEs as indicated by the localisation exponent based on the Blue 

Shift method. 
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Figure 3.22 Borehole pressure and AE accumulation profiles vs. time in test 3 

 

 
Figure 3.23 Fracturing fluid leaked into the pre-existing fracture in sample 3. 
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(a)                                                              (b) 

Figure 3.24 (a) Zoom-in view of induced vertical hydraulic fracture shows the fracturing 

fluid broke through some parts of the glue of the borehole casing above the top 

perforation leading to leak-off of fluid into the pre-existing fracture (b) Zoom-in view of 

induced vertical hydraulic fracture shows wavy and discontinuous fracture surface.   

 

 
Figure 3.25 Borehole pressure (red dashed curve) and localisation exponent (blue solid 

lines) profiles vs. time in test 3; the mean localisation exponent is 1.44 (black dotted line).  
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Figure 3.26 AE accumulation (red dashed curve) and localisation exponent (blue solid 

lines) profiles vs. time in test 3; the mean localisation exponent is 1.44 (black dotted line). 

 

Table 3.6 Mean Localisation Exponent of Test 3 

Event Interval 100-600 (4400~5309 sec) 800-900 (5459~5634 sec) 

Iteration Localisation 

Exponent 

Relative 

Error 

localisation 

Exponent 

Relative 

Error 

1 1.41 0.023 0.97 0.038 

2 1.43 0.019 1.9 0.036 

3 1.41 0.023 1.86 0.032 

4 1.46 0.021 1.96 0.043 

5 1.46 0.021 1.86 0.032 

6 1.47 0.024 0.94 0.03 

7 1.43 0.021 1.67 0.054 

8 1.43 0.023 1.27 0.046 

9 1.47 0.024 1.87 0.043 

10 1.46 0.021 1.99 0.039 

Average 1.44 0.02 1.63 0.04 

Standard 

Deviation 

0.02 0.00 0.41 0.01 
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3.7.4 Test 4 Result 

In test 4, the sample was under tri-axial confining stresses condition with the 

vertical stress being the first principal stress. There were two vertical pre-existing 

fractures 180 degree apart induced from drilling the borehole as indicated in the 

Table 3.2. The designed orientation of the pre-existing fractures was 

perpendicular to the maximum horizontal stress direction such that the opening of 

the fracture can be reduced to minimum. The fluid leak-off was not identified in 

this test. The borehole pressure and AEs recorded in this test are shown in Fig. 

3.27. There were two minor pressure drops at about 1700 second and 2000 

second respectively before the peak pressure, which were the pressure indication 

of the two different fracture initiations from the top and bottom perforations. The 

AEs recorded before 2200 second did not show any localisation as the arrival 

times of AEs cannot be fitted with the Blue Shift method.  

 

The onset of localisation of AEs was detected by the Blue Shift method at about 

2200 second. The simulated localisation exponent is increased from 0.83 to 1.41 

before the peak pressure as shown in Fig. 3.30-31. The mean localisation 

exponent for this stage is computed as 1.37 (Table 3.7, see Appendix B1 for 

details), indicating the spatial distribution of the AEs formed a fractal of dimension 

equals to 2.37. The physical inspection of the induced fracture near the 

perforations shows that there existed overlapping fractures by comparing Fig. 

3.29 (a) and (b).  

 

However there was a short period of time at the peak pressure from which the 

arrival times of AEs could not be fitted with the Blue Shift method. This could be 

explained by the fracture turning identified in Fig. 3.29 (a). As the induced 

fracture started to grow out of the current fracture plane and turned into other 

direction, the spatial distribution of AEs was no longer just localised in the current 

fracture plane. Instead some of AEs were distributed in the direction of turning. 

Therefore, the arrival times of AEs did not indicate any localisation at the initial 

stage of fracture turning. The Blue Shift method can also serve as a tool to detect 

turning of fracture plane.    
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After the turning of induced fracture completed (after peak pressure), the arrival 

times of AEs indicate localisation again. The localisation exponent is equal to 

1.58 and further reduces to 0.63. The mean localisation exponent for this stage is 

computed as 1.17 (Table 3.7, see Appendix B1 for details) and plotted as purple 

dotted line in Fig. 3.30-31. This implies that the spatial distribution of the AEs 

formed a fractal of dimension 2.17.  

 

The visual inspection of the induced fracture in Fig. 3.28 shows that the wavy 

and discontinuous features. This again confirms the fractal characteristic of the 

spatial distribution of AEs as indicated by the localisation exponent based on the 

Blue Shift method. 

 

 
Figure 3.27 Borehole pressure and AE accumulation profiles vs. time in test 4 
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Figure 3.28 Induced vertical hydraulic fracture showing discontinuous and wavy features 

of the fracture plane of sample 4.  

 

                                 
                             (a)                                                                              (b) 

Figure 3.29 Induced vertical hydraulic fracture zoom in showing: (a) the turning of the 

hydraulic fracture near the top right corner; (b) the top piece of the overlapping fracture 

was removed and leaved the dry area underneath near the perforations of sample 4. 
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Figure 3.30 Borehole pressure (red dashed curve) and localisation exponent (blue solid 

lines) profiles vs. time in test 4; mean localisation exponent of stage one is 1.37 (black 

dotted line), mean localisation exponent of stage two is 1.17 (purple dotted line).  

 

 
Figure 3.31 AE accumulation (red dashed curve) and localisation exponent (blue solid 

lines) profiles vs. time in test 4; mean localisation exponent of stage one is 1.37 (black 

dotted line), mean localisation exponent of stage two is 1.17 (purple dotted line). 
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Table 3.7 Mean Localisation Exponent of Test 4 

Event Interval 100-300 (2261~3687 sec) 400-600 (4000~4818 sec) 

Iteration Localisation 

Exponent 

Relative 

Error 

localisation 

Exponent 

Relative 

Error 

1 1.29 0.029 1.3 0.061 

2 1.29 0.029 0.68 0.057 

3 1.83 0.033 1.35 0.06 

4 1.5 0.041 0.69 0.05 

5 1.23 0.025 0.68 0.057 

6 1.65 0.027 0.96 0.065 

7 1.57 0.027 1.45 0.052 

8 0.98 0.032 1.24 0.041 

9 1.39 0.033 1.76 0.056 

10 1 0.042 1.63 0.054 

Average 1.37 0.03 1.17 0.06 

Standard 

Deviation 

0.27 0.01 0.40 0.01 

 

3.7.5 Summary of Laboratory Results 

In summary of the four hydraulic fracturing tests, the Blue Shift method is able to 

capture the onset of the localisation of AEs and the simulated localisation 

exponent can be used to find the spatial distribution of AEs and the general 

fracture geometry. In addition, the Blue Shift method can serve as a useful 

fracture monitoring tool for detecting any abnormal events during fracture 

propagation, such as fracture turning or leak-off of fracturing fluid.  The mean 

localisation exponent and the corresponding fracture geometry for each test are 

summarised in Table 3.8. 
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Table 3.8 Mean Localisation Exponent and Induced Fracture Characteristics  

Test 1 2 3 4 

Mean 

Localisation 

Exponent 

1.35 1.62 (Stage 1)

1.73 (Stage 2)

1.44 (before 

leak-off) 

1.63 (after 

leak-off) 

 

1.37 (before 

fracture 

turning) 

1.17 (after 

fracture 

turning) 

Induced 

Fracture 

Characteristics 

Horizontal 

planar 

fractures with 

wavy and 

discontinuous 

fracture 

surface 

Vertical planar 

fractures with 

wavy and 

discontinuous 

fracture 

surface 

Vertical planar 

fractures with 

wavy and 

discontinuous 

fracture 

surface  

Vertical non-

planar 

fractures with 

wavy and 

discontinuous 

fracture 

surface.  

  

 

3.8 Summary 

The Blue Shift method has been applied to analyse the sequences of arrival 

times of AE events recorded from laboratory scale hydraulic fracturing 

experiment. From the above results it can be concluded that the Blue Shift 

method is able to capture damage localisation characterised by non-zero 

localisation exponent. The case of the localisation exponent equal to zero 

indicates the divergence of AEs from the major fracture plane. The divergence of 

AEs can be associated with abnormal events such as fracture turning or fluid 

leak-off. 
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The fractal characteristics of the induced hydraulic fracture are reflected by the 

localisation exponent. The values of localisation exponent can be from 0 to 2 with 

0 corresponding to random non-localised cluster of AE sources, 1 for planar 

distribution and 2 for uniform distribution of AEs in through the whole sample. 

Experiments show that the localisation exponent is zero for the very first pumping 

stage when the AE sources are randomly distributed within the sample. As the 

fluid pressure increases, the localisation exponent increases to above 1 before 

the peak pressure, indicating the fracture initiation. After the peak pressure the 

induced fracture propagated and the accompanied AE sources are distributed 

around the major fracture plane, which is characterised by the localisation 

exponent fluctuating around 1 with the descending trend. After shut-in the 

localisation exponent is zero indicating that the rate of AE sources reduces and 

the AE sources start to diverge from the major fracture plane.  

 

The Blue Shift method is shown to be a robust damage localisation monitoring 

method as compared with the traditional methods which required the accurate 

recovery of locations of all AE events.  The Blue Shift method is able to indicate 

the general features of fracture geometry with potentially much lower cost of 

acquisition. The cost of the AE acquisition system is dramatically reduced by the 

reduction of the number of channels and the subsequent reduction in the storage 

capacity required.   
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4 Application of Blue 
Shift Method at 
Field Scale. Case 
Study  

 

4.1 Background  

The previous chapter discussed the theoretical background of the Blue Shift 

method and application of the Blue Shift method in laboratory scale. In this 

chapter two case studies of the application of the Blue Shift method in the field 

scale will be presented. The first case study is concerned with the hydraulic 

fracturing of Marcellus Shale in Pennsylvania, USA. The second case study is 

related to the rock wall instability of Century mine in Queensland, Australia. 

These two cases involve a variety of rock failure mechanisms and fracture 

geometries. In addition, the microseismic or seismic data obtained from the field 

scale show different spatial and temporal characteristics as compared with 

acoustic emissions recorded in the laboratory experiments.   

 

4.2 Hydraulic Fracturing of Marcellus Shale  

In 2012, hydraulic fracturing or fracking with “Zipper-frac” configuration was 

applied to the Marcellus Shale over the six horizontal wells in the southwest of 

Pennsylvania. Fig. 4.1 provides a map view of the configuration of the six 

horizontal wells and the spatial distribution of the microseismic events associated 

with the six stages among the total fifty-six stages of the fracking operation. 
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There were eight geophones placed in the two nearby vertical wells that are not 

included in Fig. 4.1 to complete monitoring of the microseismicity.   

 

 
Figure 4.1 Map view of the six horizontal wells and the microseismic events are coloured 

according to different stages of hydraulic fracturing. The green arrow in the top left corner 

indicates the north direction (Courtesy of Zorn and Bunger) 
 

This case study focuses on the analysis of the arrival times of microseismic 

events from the six stages based on the Blue Shift method. The accuracy of 

arrival times of the microseismic events is in the order of seconds. Therefore, 

some of the arrival times are perceived as identical for different events. Events 

with the same arrival times are considered as the same event for the Blue Shift 

analysis. The microseismic data are divided into several groups based on the 

pressure profile. Each group or the whole stage of arrival times of microseismic 

events are analysed by Blue Shift method over ten realisations. The average 

result of localisation exponents from ten realisations is reported. 

 

The result will be compared with the statistical analysis of the same microseismic 

data set by Zorn et al. (2014). They used the fractal dimension D-value to 

quantify the shape of the spatial distribution of hypocentres coming from the 

Gutenberg-Richter type relationship (Grob and van der Baan 2011): 

                                 (4.1) 
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Here N(r<R) is the number of unique pairs of microseismic events with Euclidean 

distance r less than the value R. When D-value is equal to 0, 1, 2 or 3, it indicates 

the spatial distribution of the microseismic events is a point, line, plane or cloud 

respectively. Zorn et al. (2014) only included four stages of hydraulic fracturing in 

their analysis. 

 

4.2.1 Result for Well 1, Stage 10 

In this stage, there were 486 microseismic events recorded before shut-in and 

indicated as yellow dots along well 1 in Fig. 4.1. However, there were only 473 

events with different arrival times. The microseismic data are divided into three 

groups based on the pressure profile as shown in Fig. 4.2. The average 

localisation exponents for each group and the whole stage are summarised in 

Table 4.1 (see Appendix B2 for details).  The time evolution of the simulated 

localisation exponent is plotted with blue solid lines and the localisation exponent 

for the whole stage is indicated as black dashed line in Fig. 4.2-3.  

 

Table 4.1 Average Localisation Exponents for Well 1, Stage 10  

Group Time Interval 

(second) 

Event Interval Average 

Localisation 

Exponent 

1 0-2465 1-100 1.54 

2 2465-5344 100-270 0.39 

3 5344-10160 270-473 0.48 

Whole stage  0-10160 1-473 0.86 

 

At the initial pumping stage where the pumping pressure gradually increased to 

8300 psi, the simulated localisation exponent is equal to 1.54. It indicates that the 

shape of the microseismic cloud is between planar and spherical distribution. The 

shape of microseismic cloud at this stage could be explained by the possible 

creation and extension of multiple competing fractures near the perforation. 

Therefore, the microseismic cloud occupied more than a single fracture plane in 

space. As the pumping pressure stabilised at about 8400 psi, the simulated 
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localisation exponent is reduced to 0.39, which indicates the microseismic started 

to localise around the major fracture plane. At 4760 second, there was a sudden 

pressure drop. After the pressure perturbation until shut-in, the simulated 

localisation exponent slightly increased to 0.48. This indicates the microseismic 

cloud formed a 2D fractal in the major fracture plane. The overall localisation 

exponent is 0.86 for the whole pumping stage, indicating the microseismic cloud 

of the whole stage formed a planar fractal of dimension of 1.86. This implies that 

the major hydraulic fracture induced in this fracking stage is essentially a planar 

fracture. Zorn et al. (2014) reported that the D-value is 2.6 for the whole stage 

indicating the spatial distribution of the microseismic events was between planar 

and cloud distribution. The difference in fractal dimension of microseismic cloud 

can be attributed to the fact that the Blue Shift method only relies on the arrival 

times instead of location of each microseismic event. Although there is 

discrepancy in the fractal dimension of microseismic cloud for the whole stage, 

the Blue Shift method is able to capture a similar trend as D-value reported by 

Zorn et al. (2014). Both the Blue Shift method and the D-value indicate the initial 

high of the fractal dimension of microseismic cloud at the early pumping stage, 

which reflects the near wellbore tortuosity or stimulation of multiple fracture 

planes. As the pressure stabilised, the dimension of the microseiemic cloud 

reduced around the induced fracture plane and stabilised at a lower dimension 

level.  
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Figure 4.2 Plot of pumping pressure (red curve) and localisation exponent (blue solid lines) 

varying with time of well 1, stage 10. Localisation exponent_whole stage=0.86 (black 

dashed line) is for the time interval from the start of receiving microseismic signals to 

shut-in.  
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Figure 4.3 Plot of cumulative microseimic events (red curve) and localisation exponent 

(blue solid lines) varying with time well 1, stage 10. Localisation exponent_whole 

stage=0.86 (black dashed line) is for the time interval from the start of receiving 

microseismic signals to shut-in.  

 

4.2.2 Result for Well 2, Stage 10 

In this stage, there were 328 microseismic events indicated as blue dots in Fig. 

4.1. However, there were only 319 events with different arrival times. The 

microseismic data are divided into two groups based on the pressure profile as 

shown in Fig. 4.4. The average localisation exponents for each group and the 

whole stage are summarised in Table 4.2 (see Appendix B2 for details).  The 

time evolution of the simulated localisation exponent is plotted with blue solid 

lines and the localisation exponent for the whole stage is indicated as black 

dashed line in Fig. 4.4-5. 
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Table 4.2 Average Localisation Exponents for Well 2, Stage 10  

Group Time Interval 

(second) 

Event Interval Average 

Localisation 

Exponent 

1 0-2218 1-100 1.54 

2 2218-5793 100-319 0.7 

Whole stage  0-5793 1-319 0.98 

 

As the pumping pressure gradually increased from 4000 psi to 8500 psi, the 

simulated localisation exponent of the first group of microseismic events is equal 

to 1.54. This indicates the microseismic events were spatially distributed rather 

than constrained in a plane. At the initial pumping stage, it can be inferred that 

multiple fracture planes were probably initiated and competed with each other. 

Therefore, the microseismic cloud formed a 3D fractal with fractal dimension 

2.54. As the pressure stabilised at 8500 psi, the localisation exponent of the 

second group of microseismic events is decreased to 0.7. It indicates that the 

spatial distribution of the microseismic events was restrained to the major fracture 

plane and formed a 2D fractal with fractal dimension 1.7. The overall localisation 

exponent is 0.98 for this fracking stage. It means the fractal dimension of the 

mciroseismic cloud of the whole stage given by the Blue Shift method is 1.98. It 

implies that the induced fracture is a discontinuous planar fracture. Zorn et al. 

(2014) inferred from the D-value analysis that multiple planar fractures were 

created at the initial pumping stage before 1700 second and small fractures 

branched off the main fracture plane as the pumping pressure stabilised. Both the 

localisation exponent and the D-value indicated that there was a shift in the 

spatial distribution of microseismic events from 3D fractal to planar after the 

pumping pressure dropped at approximately 1700 second. The D-value reported 

by Zorn et al. (2014) for the whole stage is 2.78, while the fractal dimension of the 

microseismic cloud for the whole stage determined by Blue Shift method is 1.98. 

They both indicated planar fracture was stimulated for this fracking stage. It can 

be seen that the spatial resolution of the Blue Shift method is lower than of the D-

value analysis as the Blue Shift method cannot distinguish small branching 

fractures from the main fracture plane. However, the Blue Shift method can 
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detect notable change in the spatial distribution of microseismic events and 

indicate the geometry of the main stimulated fracture.  

 

 
Figure 4.4 Plot of pumping pressure (red curve) and localisation exponent (blue solid lines) 

varying with time of well 2, stage 10. Localisation exponent_whole stage=0.98 (black 

dashed line) is for the time interval from the start of receiving microseismic signals to 

shut-in. 
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Figure 4.5 Plot of cumulative microseimic events (red curve) and localisation exponent 

(blue solid lines) varying with time well 2, stage 10. Localisation exponent_whole 

stage=0.98 (black dashed line) is for the time interval from the start of receiving 

microseismic signals to shut-in.  

 
4.2.3 Result for Well 3, Stage 4 

In this stage, there were 213 microseismic events indicated as red dots in Fig. 

4.1. However, there were only 207 events with different arrival times. The 

microseismic data are divided into two groups based on the pressure profile as 

shown in Fig. 4.6. The average localisation exponents for each group and the 

whole stage are summarised in Table 4.3 (see Appendix B2 for details).  The 

time evolution of the simulated localisation exponent is plotted with blue solid 

lines and the localisation exponent for the whole stage is indicated as black 

dashed line in Fig. 4.6-7. 
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Table 4.3 Average Localisation Exponents for Well 3, Stage 4  

Group Time Interval 

(second) 

Event Interval Average 

Localisation 

Exponent 

1 0-1851 1-50 1.26 

2 1851-7037 50-207 0.82 

Whole stage  0-7037 1-207 1.22 

 

As the pumping pressure gradually increased to 8000 psi, the simulated 

localisation exponent of the first group of events is equal to 1.26. This indicates 

the microseismic events formed a 3D cloud with fractal dimension of 2.26 rather 

than a plane. It can be inferred that multiple fracture planes were stimulated in 

the initial pumping stage. As the pressure stabilised at 8500 psi, the localisation 

exponent is reduced to 0.82. It indicates that the microseismic events were 

distributed around the main fracture plane and formed a 2D fractal with fractal 

dimension of 1.82. The overall localisation exponent for the whole stage is 1.22. It 

indicates the fractal dimension of the microseimic cloud is 2.22, indicating the 

possibility of more than one planar fractures were created for this fracking stage. 

Zorn et al. (2014) did not include this fracking stage in their report. However, Fig. 

4.1 shows the microseismic cloud of this fracking stage extends along northeast 

and southwest direction, which indicates planar fracture was stimulated. This 

conforms with the fracture geometry indicated by the Blue Shift method. It is 

interesting to note that the number of microseismic events of this fracking stage is 

about 30% to 50% smaller than at the previous two stages. This can be attributed 

to the possibility that some of microseismic events were not recorded or part of 

the formation damage was aseismic. However, the Blue Shift method is still able 

to detect the change in the spatial distribution of microseismic events and 

indicate the general induced fracture geometry as two previous stages.  
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Figure 4.6 Plot of pumping pressure (red curve) and localisation exponent (blue solid lines) 

varying with time of well 3, stage 4. Localisation exponent_whole stage=1.22 (black dashed 

line) is for the time interval from the start of receiving microseismic signals to shut-in. 

 

 
Figure 4.7 Plot of cumulative microseimic events (red curve) and localisation exponent 

(blue solid lines) varying with time well 3, stage 4. Localisation exponent_whole stage 

=1.22 (black dashed line) is for the time interval from the start of receiving microseismic 

signals to shut-in.  
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4.2.4 Result for Well 4, Stage 5 

In this stage, there were 464 microseismic events indicated as light green dots in 

Fig. 4.1. However, there were only 448 events with different arrival times. The 

microseismic data are divided into two groups based on the pressure profile as 

shown in Fig. 4.8. The average localisation exponents for each group and the 

whole stage are summarised in Table 4.4 (see Appendix B2 for details).  The 

time evolution of the simulated localisation exponent is plotted with blue solid 

lines and the localisation exponent for the whole stage is indicated as black 

dashed line in Fig. 4.8-9. 

 

Table 4.4 Average Localisation Exponents for Well 4, Stage 5  

Group Time Interval 

(second) 

Event Interval Average 

Localisation 

Exponent 

1 0-1742 1-130 1 

2 1742-7433 130-448 0.48 

Whole stage  0-7433 1-448 0.99 

 

As the pressure gradually increased to 8000 psi, the simulated localisation 

exponent reached 1. This indicates that the microseismic events distributed 

within the induced fracture plane with fractal dimension of 2. Unlike the previous 

three fracking stages, the localisation exponent of this stage is not greater than 1. 

It can be inferred that only single planar fracture was stimulated during the initial 

pumping period. As the pressure stabilised around 8600 psi, the localisation 

exponent reduced to 0.48. It implies that the microseismic cloud was distributed 

around the main induced fracture plane with fractal dimension of 1.48. The 

overall localisation exponent is 0.99 for this fracking stage. Therefore, the fractal 

dimension of the microseimic cloud is 1.99 and the induced fracture is a planar 

fracture for this fracking stage. Zorn et al. (2014) did not include this fracking 

stage in their report. However, Fig. 4.1 shows the microseismic cloud of this 

fracking stage extends along northeast and southwest direction, which indicates 

planar fracture was stimulated. This is aligned with the fracture geometry 

indicated by the Blue Shift method. It can be seen that the Blue Shift method can 
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detect the change in the spatial distribution of microseismic events and indicate 

the general induced fracture geometry as three previous stages.  

 

 
Figure 4.8 Plot of pumping pressure (red curve) and localisation exponent (blue solid lines) 

varying with time of well 4, stage 5. Localisation exponent_whole stage=0.99 (black dashed 

line) is for the time interval from the start of receiving microseismic signals to shut-in. 
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Figure 4.9 Plot of cumulative microseimic events (red curve) and localisation exponent 

(blue solid lines) varying with time well 4, stage 5. Localisation exponent_whole stage 

=0.99 (black dashed line) is for the time interval from the start of receiving microseismic 

signals to shut-in.    

 

4.2.5 Result for Well 5, Stage 3 

In this stage, there were 449 microseismic events indicated as dark green dots in 

Fig. 4.1. However, there were only 433 events with different arrival times. The 

microseismic data are divided into four groups based on the pressure profile as 

shown in Fig. 4.10. The average localisation exponents for each group and the 

whole stage are summarised in Table 4.5 (see Appendix B2 for details).  The 

time evolution of the simulated localisation exponent is plotted with blue solid 

lines and the localisation exponent for the whole stage is indicated as black 

dashed line in Fig. 4.10-11. 
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Table 4.5 Average Localisation Exponents for Well 5, Stage 3  

Group Time Interval 

(second) 

Event Interval Average 

Localisation 

Exponent 

1 0-3409 1-80 1.77 

2 3409-6980 80-260 1.67 

3 6980-9248 260-413 1.02 

4 9248-9857 413-433 0 

Whole stage  0-9248 1-413 1.64 

 

As the pressure gradually increased to 8000 psi, the simulated localisation 

exponent of the first group of events reached 1.77. This indicates microseismic 

events of the initial pumping stage were distributed in multiple fracture planes and 

formed a 3D fractal with fractal dimension of 2.77. From approximately 3400 

second to 7000 second, the pressure started to slowly decrease from 8700 psi to 

8000 psi. The localisation exponent of the second group of events is slightly 

decreased to 1.67. It implies the spatial distribution of microseismic events 

started to shrink towards a planar distribution but the microseismic cloulds still 

occupied multiple fracture planes at this stage with fractal dimension of 2.67.  

 

After 7000 seconds, the pressure stabilised at 8500 psi till shut-in was applied. 

The simulated localisation exponent of the third group of microseismic events is 

further decreased to 1.02. It indicates the microseismic events were localised in a 

main fracture plane with fractal dimension of 2.02. The last group of microseismic 

events was recorded after shut-in and cannot be fitted with the Blue Shift method. 

It therefore implies that the microseismic events did not localise after shut-in. The 

overall localisation exponent for the whole stage before shut-in is equal to 1.64 

for this fracking stage. This suggests that multiple fractures were stimulated in 

this fracking stages and the microseismic cloud formed a 3D fractal with fractal 

dimension of 2.64. Zorn et al. (2014) reported that the D-value for the whole 

stage before shut-in is 2.59 indicating spatial uniform distribution of the 

microseismic events with a strong planar component. They also pointed out that 

there were two distinct clusters of microseismic events developed shown in Fig. 
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4.12. The first cluster was distributed within 150 meter around the perforation 

(circled with red in Fig. 4.12). This mainly corresponds to the first and second 

groups of microseismic events with localisation exponents equal to 1.77 and 1.67 

respectively, indicating the development of multiple fracture planes. The second 

cluster showed a strong planar geometry between 280 and 840 meters from the 

perforation in the southwest direction after 6000 seconds (circled with blue in Fig. 

4.12). This mainly corresponds to the third group of microseismic events with 

localisation exponent equal to 1.02, indicating a strong planar fracture. The 

observed fracture development of this fracking stage is aligned with the 

localisation exponent determined by the Blue Shift method. It can be seen that 

the Blue Shift method can detect the changes in the spatial distribution of 

microseismic events and indicate development of large multiple fractures. 

 

Figure 4.10 Plot of pumping pressure (red curve) and localisation exponent (blue solid 

lines) varying with time of well 5, stage 3. Localisation exponent_whole stage=1.64 (black 

dashed line) is for the time interval from the start of receiving microseismic signals to 

shut-in. 
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Figure 4.11 Plot of cumulative microseimic events (red curve) and localisation exponent 

(blue solid lines) varying with time well 5, stage 3. Localisation exponent_whole stage 

=1.(black das hed line) is for the time interval from the start of receiving microseismic 

signals to shut-in. 
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Figure 4.12 Map view of microseismic events of well 5 stage 3 coloured with purple and 

well 6 stage 1 coloured with green. The red circle indicates the first cluster within 150 

meter around the perforation and the blue circle points out the second more linear cluster 

that is between 280 and 840 meters. The green arrow on the top left corner indicates north 

direction. The large blue dot with white circle near well 4 indicates one of the monitoring 

wells position. (Modified from Zorn et al. 2014)         
 

4.2.6 Result for Well 6, Stage 1 

In this stage, there were 1048 microseismic events indicated as green dots in 

Fig. 4.12. However, there were only 1037 events with different arrival times. The 

microseismic data are divided into four groups based on the pressure profile as 

shown in Fig. 4.13. The average localisation exponents for each group and the 

whole stage are summarised in Table 4.6 (see Appendix B2 for details).  The 

time evolution of the simulated localisation exponent is plotted with blue solid 

lines and the localisation exponent for the whole stage is indicated as black 

dashed line in Fig. 4.13-14. 
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Table 4.6 Average Localisation Exponents for Well 6, Stage 1  

Group Time Interval 

(second) 

Event Interval Average 

Localisation 

Exponent 

1 0-4458 1-200 0.48 

2 4458-10995 200-500 0.5 

3 10995-12431 500-600 0.56 

4 12431-20457 600-1037 0 

Whole stage  0-12431 1-600 0.56 

 

As the pressure increased to around 9000 psi before 4500 seconds, the 

simulated localisation exponent of the first group of events is equal to 0.48. This 

indicated the microseismic events were distributed around a fracture plane and 

formed a 2D fractal with fractal dimension of 1.48. As pumping pressure greatly 

fluctuated around 9000 psi, the localisation exponent slightly increased to 0.5. It 

also indicates that the microseismic cloud has planar geometry with fractal 

dimension of 1.5. Just before the pressure started to stabilise around 8500 psi, 

the localisation exponent of the third group of events is increased slightly to 0.56. 

This implies the spatial distribution of microseismic events is still within a plane 

with fractal dimension of 1.56. The last group of microseismic events occured 

after the pressure stabilised at 8500 psi from 12400 second till after shut-in was 

applied. The arrival times of the last group cannot be fitted by the Blue Shift 

method, indicating the microseismic events were not localised. The overall 

localisation exponent for the first three groups is 0.56. This implies that the 

microseismic cloud of the whole stage formed a 2D fractal within a fracture plane 

with fractal dimension of 1.56. The time evolution of the localisation exponent of 

this fracking stage is totally different from the previous five stages. Zorn et al. 

(2014) reported that this fracking stage shows distinct features among the total 

56 fracking stages. The microseismic events recorded in this fracking stage were 

outside the Marcellus zone of interest. The microseismic events can be divided 

into two distinct clusters, i.e. a vertical cluster and a horizontal linear cluster. 

These two clusters were about 950 meters away from the perforations and 400 

meters above well 4 as shown in Fig. 4.15. They postulated that there was a 

pressure connection established through the existing fracture system and the 
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rock mass 950 meters away from the perforation was fractured by formation fluid 

instead of fracturing fluid. This observation could explain the reason for the low 

localisation exponent of this stage. Since there was no new fracture stimulated 

from the perforation and the microseismic cloud was generated from the existing 

fracture plane, the localisation exponent is low for the whole stage and the 

microseismic events formed a 2D fractal within the existing fracture system.  

 

Figure 4.13 Plot of pumping pressure (red curve) and localisation exponent (blue solid 

lines) varying with time of well 6, stage 1. Localisation exponent_whole stage=0.56 (black 

dashed line) is for the time interval from the start of receiving microseismic signals to 

shut-in. 
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Figure 4.14 Plot of cumulative microseimic events (red curve) and localisation exponent 

(blue solid lines) varying with time well 6, stage 1. Localisation exponent_whole stage=0.56 

(black dashed line) is for the time interval from the start of receiving microseismic signals 

to shut-in.    

 

  
Figure 4.15 3D image of microseismic events of well 6 stage 1 coloured by magnitude: red 

indicates large events and green indicates small events. (Zorn et al. 2014) 
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4.3 Slope Instability at Century Mine  

Slope instability in open pit mines is one of the major safety issues encountered 

by mining personnel and operations. The slope movement is mainly monitored by 

surface monitoring techniques such as geodetic prisms and ground-based radar. 

These techniques can only monitor the near surface deformation of the slope. 

However, with the aid of microseismic monitoring, more detailed understanding of 

large scale rock damage at depth becomes possible. In this case study, it is 

focused on the instability of the southwest (SW) wall of the Century mine and 

fractal characteristics of the associated microseismic events. The analysis of the 

microseismic events is based on the Blue Shift method. The result is compared 

with the ones presented in the assessment report by Salvoni and Dight (2016).  

 

The Century open pit mine is owned and operated by Minerals and Metals Group 

(MMG Limited). It is situated near Lawn Hill in North Queensland. The mine was 

developed within the footwall sequence. The general geological setting of the SW 

wall is shown in Fig. 4.16. The SW wall has five main geological structures: i) 

Lower Footwall (LFW) composed of black layered carbonaceous shales, ii) a 

block of high strength Carbonate Breccia (CBX), iii) Upper Footwall (UFW) 

composed of black laminated shales, iv) Page Creek Fault and v) Pandora’s 

Fault. More detailed geological settings of the Century mine can be found in the 

report by Salvoni and Dight (2016). Four microseismic arrays with four 

geophones per array were installed along four drilled boreholes behind the SW 

wall. The configuration of the four microseismic arrays can be seen in Fig. 4.17.  

 

From 18th November 2013 to 30th April 2014, the deformation of the SW wall and 

the associated seismicity increased significantly, especially between February 

and April. The majority of the microseismic events were located behind the SW 

wall with only a small amount of events recorded below the floor of the open pit 

because the mining activities were limited (Salvoni and Dight, 2016). The 

observed seismicity has a strong correlation with rainfall during this time period. 

The total number of microseismic events recorded with different arrival times is 

1852. The microseismic events are divided into five time intervals for ease of 

comparison with the finding by Salvoni and Dight (2016). The five time intervals 
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are: i) 18th November 2013 to 14th February 2014, ii) 15th to 22nd February 2014, 

iii) 23rd February to 14th March 2014, iv) 15th March to 14th April 2014 and v) 15th 

April to 30th April 2014.  Salvoni and Dight (2016) divided the microseismic events 

into four slightly different time intervals and the spatial distribution of the events 

for each time interval is shown in Fig. 4.17.  

 

The Blue Shift method was applied to analyse the fractal characteristics of the 

recorded microseismic events for the five time intervals. The average localisation 

exponents for each time interval and for the whole stage are computed over ten 

realisations. The simulation results based on the Blue Shift method are 

summarised in Table 4.7 (see Appendix B3 for details). The average localisation 

exponents are plotted as blue solid lines for the five time intervals and black 

dashed line for the whole stage (15th February to 14th April 2014) in Fig. 4.18. 

The spatial distribution of the microseismic events corresponding to all five time 

intervals with a best fit plane by Least Absolute Residual (LAR) robust regression 

is shown in Fig. 4.19. It can be seen that Fig. 4.17 (E) and Fig. 4.19 shows 

almost identical clustering of events. The difference is stemmed from the events 

for May 2014 and the events with duplicate arrival times are excluded in Fig. 

4.19.   

 

Table 4.7 Average Localisation Exponents for Century Mine 

Group Time Interval  Event 

Interval 

Average 

Localisation 

Exponent 

1 18 Nov 2013 ~ 14 Feb 2014 1-68 0 

2 15 Feb 2014 ~ 22 Feb 2014 69-154 1.65 

3 23 Feb 2014 ~ 14 Mar 2014 155-721 1.67 

4 15 Mar 2014 ~ 14 Apr 2014 722-1697 1.63 

5 15 Apr 2014 ~ 30 Apr 2014 1698-1852 0 

Whole stage  15 Feb 2014 ~ 14 Apr 2014 69-1697 1.64 
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(a)                                                                   (b) 

Figure 4.16 General geological structures of the SW wall of Century mine. (a) Front view of 

the SW wall showing main geotechnical units: Lower Footwall (LFW), Carbonate Breccia  

(CBX), Upper Footwall (UFW), Page Creek Fault and Pandora’s Fault; (b) Top view showing 

complex bedding planes of the area (Salvoni and Dight, 2016). 
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Figure 4.17 Spatial distribution of microseismic events registered from 1st February to 31st 

May 2014 behind the SW wall in the Century mine. A, B, C, D) 3D view of the microseismic 

events in different time windows indicated in the bottom left corner and events are 

coloured based on the magnitude. E) 3D view of the microseismic events grouped and 

coloured according to the locations of events: 1) Page Creek Fault, 2) wedge failure in the 

upper SW wall sector, 3) buttress slip zone 4) upper SW wall sector, 5) CBX block, 6) right 

bottom corner of CBX block and 7) Pandora’s Fault (Salvoni and Dight, 2016). 
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Figure 4.18 Plot of cumulative seimic events (red curve) and localisation exponent (blue 

solid lines) varying with time from November 2013 to April 2014. Localisation 

exponent_whole stage =1.64 (black dashed line) is for the time interval from 15th February 

to 30th April 2014. 

 

 
Figure 4.19 Spatial distribution of microseismic events recorded from 18th November 2013 

to 30th April 2014. The microseismic events are fitted with a plane using LAR method. The 

Northing is along the SW wall.      
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4.3.1 18th November 2013 to 14th February 2014 

For this time interval, there were 68 microseismic events located behind the SW 

wall. The spatial distribution of the events is plotted along with the best fit plane 

by LAR method in Fig. 4.20. It can be observed that microseismic events were 

mainly located around buttress slip zone and randomly distributed behind the SW 

wall. The residual plot (Fig. 4.21) shows the cross-section view of the 

microsseicmic events from the best fit plane. It can be seen that a significant 

portion of events corresponds to the ones that are 50 meter away from the fitting 

plane. The result of the LAR fitting shows the adjusted R-square is 0.05495 and 

the root-mean-square error (RMSE) is 62.67. It indicates that the fitting model of 

a 2D plane poorly represents the actual spatial distribution of the microseismic 

events. From the Blue Shift method analysis, the average localisation exponent 

for this time interval is found to be 0, i.e. the arrival times for this time interval 

cannot be fitted at all. This also indicates the microseismic events were randomly 

distributed behind the SW wall. 

 

 
Figure 4.20 Spatial distribution of microseismic events recorded from 18th November 2013 

to 14th February 2014. The microseismic events are fitted with a plane using LAR robust 

regression method. The adjusted R-square is 0.05495 and the RMSE is 62.67. The Northing 

is along the SW wall. 
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Figure 4.21 Residual plot of microseismic events recorded from 18th November 2013 to 14th 

February 2014.  The Northing is along the SW wall.  

 

4.3.2 15th February 2014 to 22nd February 2014 

For this time interval, there were 86 microseismic events located behind the SW 

wall. The spatial distribution of the events is plotted along with the best fit plane 

by LAR method in Fig. 4.22. It can be observed that microseismic events were 

mainly located in the lower section of the Page Creek Fault, wedge failure in the 

upper wall sector and the CBX block. The residual plot (Fig. 4.23) shows the 

cross-section view of the microsseicmic events from the best fit plane. It can be 

seen that the majority of events are within the 20 meter bounds from the fitting 

plane. The result of the LAR fitting shows the adjusted R-square is 0.982 and the 

RMSE is 6.994. It indicates that the fitting model of a 2D plane can represent well 

the actual spatial distribution of the microseismic events. From the Blue Shift 

method analysis, the average localisation exponent for this time interval is found 

to be 1.65, indicating the microseismic events were localised and possibly 

occupied multiple fracture planes. The events formed a fractal of dimension 2.65.  
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Figure 4.22 Spatial distribution of microseismic events recorded from 15th to 22nd February 

2014. The microseismic events are fitted with a plane using LAR robust regression 

method. The adjusted R-square is 0.982 and the RMSE is 6.994. The Northing is along the 

SW wall. 

 

 
Figure 4.23 Residual plot of microseismic events recorded from 15th to 22nd February 2014.  

The Northing is along the SW wall.  
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4.3.3 23rdFebruary 2014 to 14th March 2014 

For this time interval, there were 567 microseismic events located behind the SW 

wall. The spatial distribution of the events is plotted along with the best fit plane 

by LAR method in Fig. 4.24. It can be observed that microseismic events were 

mainly located in the lower section of the Page Creek Fault, wedge failure in the 

upper wall sector and the CBX block. Salvoni and Dight (2016) also reported that 

on the 23rd and 24th February, two localised planar failure were observed with 

one being in the lower section of Page Creek Fault and the other being in the 

buttress slip zone. The residual plot (Fig. 4.25) shows the cross-section view of 

the microsseicmic events from the best fit plane. It can be seen that the majority 

of events are within the 20 to 40 meter bounds from the fitting plane. The result of 

the LAR fitting shows the adjusted R-square is 0.9958 and the RMSE is 2.78. It 

indicates that the fitting model of a 2D plane can well represent the actual spatial 

distribution of the microseismic events. From the Blue Shift method analysis, the 

average localisation exponent for this time interval is found to be 1.67, indicating 

the microseismic events were localised and possibly occupied multiple fracture 

planes. The events formed a fractal of dimension 2.67. 

 
Figure 4.24 Spatial distribution of microseismic events recorded from 23rd February to 14th 

March 2014. The microseismic events are fitted with a plane using LAR robust regression 

method. The adjusted R-square is 0.9958 and the RMSE is 2.78. The Northing is along the 

SW wall. 
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Figure 4.25 Residual plot of microseismic events recorded from 23rd February to 14th March 

2014.  The Northing is along the SW wall.  

 

4.3.4 15th March 2014 to 14th April 2014 

For this time interval, there were 976 microseismic events located behind the SW 

wall. The spatial distribution of the events is plotted along with the best fit plane 

by LAR method in Fig. 4.26. It can be observed that microseismic events were 

mainly located in the wedge failure zone, in the upper wall sector, around the 

CBX block and along the Pandora’s Fault. Salvoni and Dight (2016) reported that 

the rate of microseismicity reached the peak of 30 events per day. The residual 

plot (Fig. 4.25) shows the cross-section view of the microsseicmic events from 

the best fit plane. It can be seen that the majority of events are within the 50 

meter bounds from the fitting plane. The result of the LAR fitting shows the 

adjusted R-square is 0.993 and the RMSE is 4.262. It indicates that the fitting 

model of a 2D plane can well represent the actual spatial distribution of the 

microseismic events. From the Blue Shift method analysis, the average 

localisation exponent for this time interval is found to be 1.63, indicating the 

microseismic events were localised and possibly occupied multiple fracture 

planes. The events formed a fractal of dimension 2.63. 
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Figure 4.26 Spatial distribution of microseismic events recorded from 15th March to 14th 

April 2014. The microseismic events are fitted with a plane using LAR robust regression 

method. The adjusted R-square is 0.993 and the RMSE is 4.262. The Northing is along the 

SW wall. 

 

 
Figure 4.27 Residual plot of microseismic events recorded from 15th March to 14th April 

2014.  The Northing is along the SW wall.  

 

4.3.5 15th April 2014 to 30th April 2014 

For this time interval, there were 155 microseismic events located behind the SW 

wall. The spatial distribution of the events is plotted along with the best fit plane 
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by LAR method in Fig. 4.28. It can be observed that microseismic events were 

mainly located in the wedge failure zone, in the upper wall sector, around the 

CBX block. Salvoni and Dight (2016) reported that the rate of microseismicity 

started to gradually decrease from the middle of April to the end of May 2014. 

The residual plot (Fig. 4.29) shows the cross-section view of the microsseicmic 

events from the best fit plane. It can be seen that a significant portion of events 

are still within the 40 meter bounds from the fitting plane. The result of the LAR 

fitting shows the adjusted R-square is 0.7531 and the root-mean-square error 

(RMSE) is 26.81. It indicates that the fitting model of a 2D plane fairly represents 

the actual spatial distribution of the microseismic events. From the Blue Shift 

method analysis, the average localisation exponent for this time interval is found 

to be 0, i.e. the arrival times for this time interval cannot be fitted at all. This 

indicates the microseismic events were randomly distributed behind the SW wall. 

 

 
Figure 4.28 Spatial distribution of microseismic events recorded from 15th to 30th April 

2014. The microseismic events are fitted with a plane using LAR robust regression 

method. The adjusted R-square is 0.7531 and the RMSE is 26.81. The Northing is along the 

SW wall. 
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Figure 4.29 Residual plot of microseismic events recorded from 15th to 30th April 2014.  The 

Northing is along the SW wall.  

 

4.3.6 15th February 2014 to 14th April 2014 (whole stage) 

For this time interval, there were 1629 microseismic events located behind the 

SW wall. The spatial distribution of the events is plotted along with the best fit 

plane by LAR method in Fig. 4.30. It can be observed that microseismic events 

were mainly located in the lower section of the Page Creek Fault, the wedge 

failure zone, in the upper wall sector, around the CBX block and along the 

Pandora’s Fault. The residual plot (Fig. 4.31) shows the cross-section view of the 

microsseicmic events from the best fit plane. It can be seen that the majority of 

events are within the 50 meter bounds from the fitting plane. The result of the 

LAR fitting shows the adjusted R-square is 0.9876 and the RMSE is 5.375. It 

indicates that the fitting model of a 2D plane can well represent the actual spatial 

distribution of the microseismic events. From the Blue Shift method analysis, the 

average localisation exponent for this time interval is found to be 1.64, indicating 

the microseismic events were localised and possibly occupied multiple fracture 

planes. The events formed a fractal of dimension 2.64. 
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Figure 4.30 Spatial distribution of microseismic events recorded from 15th February to 14th 

April 2014. The microseismic events are fitted with a plane using LAR robust regression 

method. The adjusted R-square is 0.9876 and the RMSE is 5.375. The Northing is along the 

SW wall.  

 

Figure 4.31 Residual plot of microseismic events recorded from 15th February to 14th April 

2014.  The Northing is along the SW wall.  
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4.4 Summary  

The Blue Shift method has been applied to analyse the arrival times of 

microseismic events obtained from large scale rock damage processes, i.e. 

hydraulic fracturing of Marcellus Shale in Pennsylvania, America and rock wall 

instability of Century mine in Queensland, Australia. It is shown that the Blue Shift 

method is able to detect the onset of localisation of rock damage from the non-

zero value of localisation exponent. 

 

From the hydraulic fracturing field case study, it is interesting to note that the 

localisation exponent is generally greater than 1 for the initial pumping stages 

when the pressure is still rising. This possibly indicates that the microseismic 

events are localised around the major plane of rock damage and occupy multiple 

fracture planes.  Moreover, the localisation exponent generally reduces to around 

1 after the pressure stabilised. This indicates the propagation of a planar fracture. 

If the localisation exponent remains much less than 1 from the beginning of 

pumping, it may well indicate unsuccessful fracture initiation near the perforation 

and possible occurrence of fluid leak-off, i.e. stage 1 well six.  

 

From the rock wall instability case study, it is worth pointing out that the 

localisation exponent remains almost constant and above 1 for the whole rapidly 

growing instability stage, i.e. 15th February to 14th April 2014.  In addition, from 

the LAR robust linear regression, there is a relationship between the localisation 

exponent and the fitting results. If the adjusted R-square is close to 1 and the 

RMSE is less than 10, the localisation exponent is above 1, indicating the 

microseismic events are localised around the major plane (the best fit plane) of 

damage. Once the adjusted R-square is reduced below 0.8 with a high RMSE 

value, the localisation exponent is zero, indicating the microseismic events start 

to diverge from the major damage plane (the best fit plane). This implies that the 

Blue Shift method can serve as a robust monitoring tool for the rock wall 

instability.  

 

As Blue Shift method only relies on the arrival times of microseismic events, it 

eliminates the need of accurate determination of locations of events, accurate 
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velocity profile and it requires less number of sensors installed. It generally 

reduces the complexity and size of the acquisition system and therefore the cost 

of microseismic monitoring is dramatically decreased.  
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5 Aftershocks at 
Laboratory Scale 
Hydraulic 
Fracturing Tests 
and Modified 
Omori Law  

 

5.1 Background  

Aftershocks are seismic (or microseismic) events occurred after the main 

earthquake in geological scale, which have been recorded in many regions 

around the world (Ranalli 1969; Utsu et al. 1995). At mesoscale, aftershocks 

(microseismic events) were also reported after rock bursts in mining, after 

hydraulic fracturing and after nuclear explosion (McGarr & Green 1978; Charlety 

et al. 2007; Ryall & Savage 1969). Similarly, at the laboratory scale, aftershocks 

(post-fracturing acoustic emission, AE events) were observed after hydraulic 

fracturing experiments of rock samples, after three-point bending tests of rock 

beams and after uniaxial compression test of cylindrical rock specimens (Bunger 

et al. 2015; Scholz 1968; Chitrala et al. 2011). Although aftershocks are observed 

at a range of scales and in different rock fracturing processes, their sequences 

demonstrate surprisingly unified statistical behaviour. Therefore, the seismology-

based statistical approaches can be used to study the AE aftershocks observed 
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in laboratory. The three commonly used statistical laws to study the time and 

magnitude distribution of aftershock sequences are the time-frequency law also 

known as Omori law (Omori 1894), the magnitude-frequency law (Gutenberg and 

Richter 1954) and the magnitude stability law (Lomnitz 1966).  

 

The original Omori law and the modified Omori law have been successfully 

applied to fit numerous aftershock sequences across the scale in the past century 

(Utsu et al. 1995). The original Omori law describes the statistical decay of 

aftershock frequency n(t) with time t that commonly counted from the origin time 

of the main shock t0. It takes the form 

                                                 (5.1a) 

or in a simpler form 

                                                         (5.1b) 

where K and c are positive constants that vary with the aftershock sequence. The 

constant c is temporal shift which is introduced to avoid singularity at t=0. Some 

researchers (Kagan & Knopoff 1981; Nyffenegger & Frohlich 2000) suggested 

the presence of singularity can either be justified by considering the main shock 

composed of infinite number of shocks in an infinitesimally short time interval or 

can be resolved by limiting the data range to an adequate time interval where the 

Omori law with c equals to zero could fit.   

 

Despite the uncertainty, c usually takes positive values.  In practice, the accurate 

estimate of c is difficult because of the complicated mixture of main shock coda 

and the high frequency of aftershocks in the short time interval just after the main 

shock, i.e. t0<t<c (Utsu et al. 1995; Lolli & Gasperini 2006). The estimated c value 

also reflects the incomplete detection of small aftershocks for the short time 

interval from t0 to c if the aftershock sequence obeys Equation (5.1b).  

 

Utsu (1961) proposed the modified Omori law in which he replaced the decay 

exponent of 1 in the original Omori law with a value p to describe the aftershock 

sequences which significantly deviate from the hyperbolic decay law. The 

modified Omori law (MOL) assumes the form 
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                                                (5.2a) 

or when c is assumed vanishing, in a simpler form 

                                                (5.2b) 

Exponent p is assumed to take positive values. It describes the rapidness of 

decay frequency. The parameters p and c are strictly correlated as suggested by 

Gasperini and Lolli (2006). The values of c usually vary from less than 0.01 days 

to over 1 day with a median of 0.3 days, while the values of p scatter in the range 

between 0.6 and 2.5 with a median of 1.1 in most cases for geological 

aftershocks (Utsu et al. 1995).  

 

This chapter is focused on statistical analysis of the temporal-frequency 

relationship of the five aftershock sequences obtained from the hydraulic 

fracturing experiment of mortar blocks in the laboratory as described in Chapter 

3. The underlying possible mechanical mechanism of aftershocks is also 

discussed.  

 

5.2 Aftershocks Acquisition 

In order to investigate temporal characteristics of AE aftershocks, a 24-hour 

extended AE acquisition was carried out after each hydraulic fracturing test of 

mortar blocks.  The AE aftershocks in the laboratory are defined as emissions 

from the stress relaxation process. This is the same as the aftershocks recorded 

in the geological scale. However, unlike aftershocks in geological scale, the 

arrival times of AE aftershocks is commonly counted from the time of shut-in  

when the hydraulic fractured sample is isolated from the high-pressure pumping 

system (Bunger et al. 2015). The aftershocks with magnitude overshoot the pre-

set threshold value of 1mV in the acquisition system are recorded. The threshold 

value of recording is the same for fracturing stage and post-fracturing stage. 

During the post-fracture recording period, the laboratory was locked down until 

stop of recording to prevent any possible interference from mechanical noise 

created by unknown sources.   
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Five aftershock sequences were obtained from the four hydraulic fracturing tests 

of mortar blocks described in Chapter 3. Five sequences were obtained because 

the process of hydraulic fracturing in Test 2 underwent two stages of hydraulic 

fracturing. In the first stage the produced fracture was allowed to close before 

reopening and further propagation again in the second stage.  The shut-in times, 

the first and last arrival times of aftershocks and number of aftershocks for the 

five aftershock sequences are summarised in Table 5.1.  

 

Table 5.1 List of Aftershock Sequences 

Sequence Number 1 2 3 4 5 

Test Number 1 2 2 3 4 

Number of 

Aftershocks 

131 89 63 113 60 

Shut-in Time from 

Start of Recording, 

t0 (second) 

1799 3656 9845 5639 4849 

The First Arrival 

Time of Aftershock 

from Start of 

Recording (second) 

1800.399 3657.276 9846.96 5640.537 4850.274 

The Last Arrival 

Time of Aftershock 

from Start of 

Recording (second) 

51179.823 6538.478 60364.524 57558.59 58233.5 

 

5.3 Aftershocks Fitting Method 

The aftershocks are commonly treated as mutually independent random events 

whose arrival times only depend on the origin time of the main shock (Ranalli 

1969). It is necessary to adopt a consistent statistical procedure to examine the 

aftershock sequence otherwise the estimated parameters of selected fitting 

models are debatable. The statistical approach employed in this chapter basically 

coincides with the unified procedure of statistical study of aftershock sequences 
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proposed by Ranalli (1969). First of all, the arrival times of aftershocks  

measured in seconds (n=1, 2, 3…N, where N is the total number of aftershocks) 

are counted from the time of shut-in, . That is the time series of aftershocks is 

shifted such that  0. Second, the arrival times  of aftershocks are grouped 

into logarithmically uniform time intervals with the boundaries ∗ of the intervals 

satisfying the relationship 

∗ 10 . ∗ , 0, 1, 2, 3…                                          (5.3) 

After grouping the arrival times of aftershocks, the number of aftershocks  in 

each time interval ∆ ∗ ∗ ∗) is obtained. If the number of aftershocks in 

some of the time intervals is zero, the data set need to be regrouped into bigger 

time intervals until the numbers of aftershocks in all time intervals are nonzero. 

That is the boundaries of the time intervals satisfy the relationship ∗

10 ∗ (a=0.1, 0.2, 0.3, 0.4, 0.5 etc.). The aftershock frequency per unit time 

interval  can be computed by 

∆ ∗                                                        (5.4) 

The aftershock frequency in each time interval is related to the centre of the time 

interval   
∗ ∗

                                                  (5.5) 

Thereafter a set of data points ,  representing the aftershock time-frequency 

relationship can be plotted in log-log scale (the logarithms are to base of 10). The 

five aftershock sequences arranged by this procedure are shown in Table 5.2.  

 

The parameters of the fitting models, such as Omori law or modified Omori law, 

can be obtained by the Least Square Method (LSM) or the Maximum Likelihood 

Method (MLM). Based on the Gauss-Markov theorem, the LSM is unbiased and 

of maximum efficiency if the observed aftershocks are uncorrelated and the 

probability distribution of aftershock frequency is symmetric in each time interval 

(Ranalii 1969). However, as pointed out by several researchers (Utsu 1962; 

Ogata 1983; Ranalli 1969) the distributions of aftershocks in each time interval 

are characterised by a non-stationary Poisson process. As the underlying 

symmetric distribution of aftershocks in each time interval is not met, it is 

debatable whether the unbiasedness and the efficiency of the estimated LSM 
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parameters are satisfied. Therefore, the Maximum Likelihood Method (MLM) is 

adopted here to estimate the optimal fitting parameters for different models of 

aftershocks.  

 

 

Table 5.2 Time and Frequency of Aftershock Sequences 

Sequence 1 (a=0.4) Sequence 3 (a=0.4) Sequence 5 (a=0.5) 

 ti Ni ni  ti Ni ni  ti Ni ni 

1.756 11 7.275679 1.756 1 0.661425 2.081 1 0.462475
4.411 7 1.843227 4.411 1 0.263318 6.581 1 0.146248

11.079 11 1.153117 11.079 1 0.104829 20.811 4 0.184990
27.830 23 0.959862 27.830 4 0.166932 65.811 2 0.029250
69.905 11 0.182757 69.905 10 0.166143 208.114 6 0.027749

175.594 25 0.165356 175.594 5 0.033071 658.114 12 0.017550
441.073 22 0.05793 441.073 6 0.015799 2081.139 4 0.001850
1107.925 12 0.012579 1107.925 16 0.016773 6581.139 9 0.001316
2782.982 1 0.000417 2782.982 6 0.002504 20811.388 16 0.000740
6990.536 2 0.000332 6990.536 6 0.000997 65811.388 5 0.000073

17559.432 3 0.000198 17559.432 3 0.000198
44107.299 3 0.000079 44107.299 4 0.000105

Sequence 2 (a=0.2) Sequence 4 (a=0.4) 

ti Ni ni ti Ni ni 

1.292 3 5.129142 1.756 1 0.661425
2.048 4 4.315026 4.411 1 0.263318
3.246 2 1.361299 11.079 3 0.314487
5.145 5 2.147304 27.830 9 0.375598
8.155 3 0.812914 69.905 23 0.382128

12.924 9 1.538742 175.594 15 0.099214
20.484 6 0.647254 441.073 11 0.028965
32.465 10 0.680649 1107.925 7 0.007338
51.453 7 0.300622 2782.982 14 0.005843
81.548 7 0.18968 6990.536 12 0.001994

129.245 8 0.136777 17559.432 7 0.000463
204.839 3 0.032363 44107.299 10 0.000263
324.648 5 0.034032
514.532 8 0.034357
815.479 2 0.005419
1292.447 5 0.008549
2048.390 1 0.001079
3246.479 1 0.000681
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The probability of the number of aftershocks  in the i-th time interval is 

characterised by the non-stationary Poisson point process with expected number 

of aftershocks   

Pr ;
!

                                    (5.6) 

The expected number of aftershocks in the i-th time interval can be computed by 

	
∗

∗ ∆ ∗                                     (5.7) 

The aftershock frequency and time relationship can be described by a fitting 

model characterised by a set of parameters . The Maximum Likelihood Method 

(MLM) is to find the optimal set of parameters of the fitting model that can 

maximise the joint probability of obtaining the observed time and aftershock 

frequency sample data.  

 

Suppose a sample is consisted of s independent observations with non-stationary 

Poisson probability distribution, i.e. given by Equation (5.6). The joint probability 

or the likelihood function that the sample is composed of these s independent 

values is  

∏ Pr ;                                      (5.8) 

 

The (natural) log likelihood function is given by 

ln ∑ ln Pr ; 	                              (5.9) 

 

The Maximum Likelihood Estimates (MLE) are the values of parameters  of the 

fitting model which maximise Equation (5.9). The problem of maximisation of log 

likelihood function is usually solved numerically using the first derivatives of 

Equation (5.9) with respect to the set of parameters .  

 

This chapter is focused on the modified Omori law, i.e. Equations (5.2a). 

Therefore, the log likelihood function is given by  

ln , , ln ∑ ∑ ln ∑ ln ∆ ∗ ∑

∆ ∗ ∑ ln !                                                        (5.10) 
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If the simpler form of the modified Omori law is considered, i.e. Equation (5.2b), 

the log likelihood function is given by  

ln , ln ∑ ∑ ln ∑ ln ∆ ∗ ∑ ∆ ∗

∑ ln !                                                                        (5.11) 

 

MATLAB code (see Appendix A2 for details) has been developed by the author 

to maximise both Equation (5.10) and Equation (5.11) to find the optimal set of K, 

c and p parameters for the five aftershock sequences studied here. The 

maximisation MATLAB code cover reasonable range of variation for each of the 

fitting parameter K, c and p. The searching range of p is between 0.5 and 2.5 with 

increment of 0.01 while the exploring range of c is from 0 to 100 with increment of 

1. The parameter K falls in the searching range between 0 and some positive 

upper bound with increment of 0.01 such that the estimated K is within bounds of 

the searching.  

 

The 95% confidence interval for the decay parameter p can be determined based 

on the addition theorem for the Poisson distribution assuming the rest of the 

parameters K and c are known exactly (Ranalli 1969). The number of aftershocks 

in the i-th interval  is Poisson-distributed therefore the sum of number of 

aftershocks ∑  will also has Poisson distribution. Assuming the sum X 

can be approximated by the normal distribution, the variable X can be 

standardised as 

∗                                                 (5.12) 

Where E(X) is the mean and D(X) is the standard deviation. The mean and 

standard deviation can be computed as 

	 ∑                                          (5.13) 

                                               (5.14) 

 

Therefore, the approximate 95% confidence interval can be obtained by solving 

the following equations for p knowing the optimal K and c found previously 

∗ 1.96                                        (5.15) 

If the modified Omori law is considered, Equation (5.15) becomes 
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∑ ∑ ∆ ∗ 1.96 ∑ ∆ ∗ 0

∑ ∑ ∆ ∗ 1.96 ∑ ∆ ∗ 0
      (5.16a) 

If the simpler form of the modified Omori law is considered, Equation (5.15) 

becomes 

∑ ∑ ∆ ∗ 1.96 ∑ ∆ ∗ 0

∑ ∑ ∆ ∗ 1.96 ∑ ∆ ∗ 0
              (5.16b) 

 

Equations (5.16a) and (5.16b) have been solved numerically in MATLAB for the 

95% confidence lower and upper bounds of the decay exponent p for the 5 

sequences studied here. 

5.4 Model Selection  

The five aftershock sequences listed in Table 5.2 are fitted with the modified 

Omori law and its simpler form with time shift c equals to zero using Maximum 

Likelihood Method (MLM). The comparison of these two models needs to 

consider not only the goodness of fit but also the number of fitting parameters in 

the model. The goodness of fit is based on the coefficient of determination, R2. 

From the goodness of fit point of view, model that produces a regression line with 

higher coefficient of determination gives a better fit. However, as the data set 

contains noise it is possible that the complex models with many fitting parameters 

overfit the random features of the data set at hand. In this situation, the Akaike 

Information Criterion (Akaike, 1974) is useful in terms of model selection.  

 

The Akaike Information Criterion is given by 

AIC 2 ∗ ln maximum	likelihood 2 ∗ number	of	adjusted	parameters  

 

The fitting model with smaller AIC is considered as a better model. The maximum 

likelihood estimates and AIC values of both the simpler modified Omori law and 

the modified Omori law for the five aftershock sequences are summarised in 

Table 5.3. The 95% confidence intervals for the values of the decay exponent p 

are shown in Table 5.4.  

 

 



 Chapter 5 

117 
 

Table 5.3 MLE and AIC 

Aftershock 

Sequence 

Simpler MOL MOL 

K c p AIC K c p AIC 

1 22.17 0 1.11 112.2 214.4 19 1.42 85.7

2 12.35 0 1.03 91 95.06 11 1.37 79.4

3 3.76 0 0.92 73.5 68.3 88 1.26 57.1

4 6.75 0 0.92 94.4 50.06 39 1.16 66.1

5 1.81 0 0.83 56.3 5.44 27 0.95 54.3

 
Table 5.4 95% Confidence Intervals for the Decay Exponent p 

 

5.4.1 Fitting Result for Sequence 1  

The aftershock sequence 1 was obtained after hydraulic fracturing test 1. It 

contains 131 AE aftershocks registered over the period of 13.7 hours after shut-in 

was applied to fracturing system. The arrival times of 131 AE aftershocks are 

grouped into 12 logarithmically uniform time intervals. The 12 data points are 

plotted in log-log plane as shown in Fig. 5.1. The sequence can be well fitted with 

either the modified Omori law shown as red dashed line, or its simpler form 

shown as black solid line in Fig. 5.1. By comparing the R2 and the Akaike 

Information Criterion (AIC) value of the two models for this sequence, the 

Modified Omori’s Law (MOL) performs a bit better as the coefficient of 

determination is closer to 1 and the AIC is smaller. For the MOL model, the decay 

exponent p of 1.42 falls within expected range and is not far away from the 

median value of 1.1 in the geological scale. Moreover, the time shift c of 19 

Aftershock 

Sequence 

Simpler MOL MOL 

p 95% Confidence 

Bounds 

p 95% Confidence 

Bounds 

1 1.11 [1.07, 1.15] 1.42 [1.39, 1.45] 

2 1.03 [0.98, 1.08] 1.37 [1.32, 1.42] 

3 0.92 [0.88, 0.96] 1.26 [1.23, 1.30] 

4 0.92 [0.89, 0.95] 1.16 [1.13, 1.19] 

5 0.83 [0.80, 0.86] 0.95 [0.92, 0.98] 



 Chapter 5 

118 
 

seconds is small representing 0.04% of the total time span of aftershocks. This is 

equal to 0.04 days in geological scale if 100 days is total time span which is 

usually considered as the upper bound for the geological aftershocks (Ranalli 

1969).  

 
Figure 5.1 Time distribution of aftershock sequence 1. Blue asterisk represents the 

aftershock data points. Black solid line was obtained by fitting the simpler MOL to the 

aftershock data points using the MLM, the regression equation is . .  with 

R2=0.945. Red dashed line was obtained by fitting the MOL to the aftershock data points by 

the MLM, the regression equation is . .  with R2=0.965. 

 

5.4.2 Fitting Result for Sequence 2  

The aftershock sequence 2 was obtained after the shut-in of first stage of 

hydraulic fracturing and before reopening the fracture in test 2. It contains 89 AE 

aftershocks registered over the period of 48 minutes of fracturing fluid pressure 

relaxation period. The arrival times of 89 AE aftershocks are grouped into 18 

logarithmically uniform time intervals. The 18 data points are plotted in log-log 

plane as shown in Fig. 5.2. The sequence can be well fitted with either the 

modified Omori law shown as red dashed line, or its simpler form shown as black 

solid line in Fig. 5.2. By comparing the R2 and the Akaike Information Criterion 

(AIC) value of the two models for this sequence, the Modified Omori’s Law (MOL) 

performs better as the coefficient of determination is closer to 1 and the AIC is 
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smaller. For the Modified Omori’s Law (MOL) model, the decay exponent p of 

1.37 falls within expected range and is not far away from the median value of 1.1 

in the geological scale. Moreover, the time shift c of 11 seconds is small 

representing 0.3% of the total time span of aftershocks. This value is the same as 

the median value of 0.3 days if 100 days is total time span.  

 
Figure 5.2 Time distribution of aftershock sequence 2. Blue asterisk represents the 

aftershock data points. Black solid line was obtained by fitting the simpler MOL to the 

aftershock data points using the MLM, the regression equation is . .  with 

R2=0.932. Red dashed line was obtained by fitting the MOL to the aftershock data points by 

the MLM, the regression equation is . .  with R2=0.965. 

 

5.4.3 Fitting Result for Sequence 3  

The aftershock sequence 3 was obtained after the shut-in of the second stage of 

hydraulic fracturing in test 2. It contains 63 AE aftershocks recorded over the 14 -

hour time span. The arrival times of 63 AE aftershocks are grouped into 12 

logarithmically uniform time intervals. The 12 data points are plotted in log-log 

plane as shown in Fig. 5.3. The sequence can be well fitted with either the 

modified Omori law shown as red dashed line, or its simpler form shown as black 

solid line in Fig. 5.3. By comparing the R2 and the Akaike Information Criterion 

(AIC) value of the two models for this sequence, the MOL performs better as the 
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coefficient of determination is closer to 1 and the AIC is smaller. For the Modified 

Omori’s Law (MOL) model, the decay exponent p of 1.26 falls within expected 

range and is not far away from the median value of 1.1 in the geological scale. 

Moreover, the time shift c of 88 seconds is small representing 0.2% of the total 

time span of aftershocks. This is the same as time shift of 0.2 days in the 

geological sense and is less than the median value of 0.3 days.   

 
Figure 5.3 Time distribution of aftershock sequence 3. Blue asterisk represents the 

aftershock data points. Black solid line was obtained by fitting the simpler MOL to the 

aftershock data points using the MLM, the regression equation is . .  with 

R2=0.914. Red dashed line was obtained by fitting the MOL to the aftershock data points by 

the MLM, the regression equation is . .  with R2=0.969. 

 

5.4.4 Fitting Result for Sequence 4  

The aftershock sequence 4 was obtained after hydraulic fracturing test 3. It 

contains 113 AE aftershocks recorded over the period of 14.4 hours after shut-in 

was applied to fracturing system. The arrival times of 113 AE aftershocks are 

grouped into 12 logarithmically uniform time intervals. The 12 data points are 

plotted in log-log plane as shown in Fig. 5.4. The sequence can be well fitted with 

either the modified Omori law shown as red dashed line, or its simpler form 

shown as black solid line in Fig. 5.4. By comparing the R2 and the Akaike 
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Information Criterion (AIC) value of the two models for this sequence, the 

Modified Omori’s Law (MOL) performs better as the coefficient of determination is 

closer to 1 and the AIC is smaller. For the MOL model, the decay exponent p of 

1.16 falls within expected range and is close to the median value of 1.1 in the 

geological scale. Moreover, the time shift c of 39 seconds is small representing 

0.08% of the total time span of aftershocks. This means 0.08 days in the 

geological scale, which is again smaller than the median value of 0.3 days.   

 
Figure 5.4 Time distribution of aftershock sequence 4. Blue asterisk represents the 

aftershock data points. Black solid line was obtained by fitting the simpler MOL to the 

aftershock data points using the MLM, the regression equation is . .  with 

R2=0.888. Red dashed line was obtained by fitting the MOL to the aftershock data points by 

the MLM, the regression equation is . .  with R2=0.976. 

 

5.4.5 Fitting Result for Sequence 5  

The aftershock sequence 5 was obtained after hydraulic fracturing test 4. It 

contains 60 AE aftershocks recorded over the period of 14.8 hours after shut-in 

was applied to fracturing system. The arrival times of 60 AE aftershocks are 

grouped into 10 logarithmically uniform time intervals. The 10 data points are 

plotted in log-log plane as shown in Fig. 5.5. The sequence can be well fitted with 

either the modified Omori law shown as red dashed line, or its simpler form 
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shown as black solid line in Fig. 5.5. By comparing the R2 and the Akaike 

Information Criterion (AIC) value of the two models for this sequence, the 

Modified Omori’s Law (MOL) performs slightly better as the coefficient of 

determination is closer to 1 and the AIC is a bit smaller. For the MOL model, the 

decay exponent p of 0.95 falls within expected range and is close to the median 

value of 1.1 in the geological scale. Moreover, the time shift c of 27 seconds is 

small representing 0.05% of the total time span of aftershocks. This means 0.05 

days in the geological scale. This is again smaller than the median value of 0.3 

days.   

 
Figure 5.5 Time distribution of aftershock sequence 5. Blue asterisk represents the 

aftershock data points. Black solid line was obtained by fitting the simpler MOL to the 

aftershock data points using the MLM, the regression equation is . .  with 

R2=0.945. Red dashed line was obtained by fitting the MOL to the aftershock data points by 

the MLM, the regression equation is . .  with R2=0.957. 

 

5.5 Mechanism of Aftershocks 

As seen in section 5.4, the five aftershock sequences obtained after hydraulic 

fracturing tests show almost identical statistical features. The Modified Omori’s 

Law (MOL) is the better model to fit the data and the estimated decay exponents 
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p are greater than 1 for the four out of five sequences and the time shifts c for all 

five sequences are less than or equal to 0.3% of the total time span of 

aftershocks. Moreover, when comparing the geological aftershocks and AE 

aftershocks, both the decay exponent p and time shift c demonstrate very similar 

values. The scale invariant feature of the modified Omori law suggests that there 

is a common underlying mechanism governing the generation of aftershock 

sequence.  

 

Several underlying mechanisms or models (Dieterich 1972; Yamashita & Knopoff 

1987) have been proposed to explain the power law decay of aftershock 

frequency based on some theoretical hypotheses. Although there are still 

debates on the mechanisms of aftershocks generation, the most commonly 

accepted mechanism is associated with the static fatigue or called delayed failure 

of microcracks. The decay of aftershock frequency can be explained by the 

process of stress relaxation after the main slip event or the generation of the 

main crack as suggested by Scholz (1968) and Dyskin et al. (2015). Scholz 

(1968) considered local fluctuations of stress distribution and time-dependent 

strength. Dyskin et al. (2015) attributed the stress relaxation to the reduction of 

modulus which is caused by the increasing number of microcracks. The 

development of microcracks of both theories is governed by the static fatigue law. 

The other difference between the theory by Scholz (1968) and theory by Dyskin 

et al. (2015) lies in whether it is the residual stress or the residual strain remains 

after the main shock even though the residual stress and strain are linked 

through the modulus. Dyskin et al. (2015) analytically derived the dependence of 

the decay exponent p on the spatial distribution of microcracks. In their model, if 

p is less than 1, the microcracks are shear parallel cracks and randomly 

distributed in space; if p is equal to 1, the microcracks are isotropically distributed 

in space; if p is greater than 1, the microcracks represent small sliding zones 

distributed over an existing fault.  

 

Based on the maximum likelihood method, the estimated decay exponent p is 

found to be greater than 1 for the four sequences while p is less than 1 for one 

sequence. According to the model by Dyskin et al. (2015), it is likely that some 

small sliding zones are developed in the vicinity of the induced hydraulic fracture 
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surface.  Because the hydraulic fractured samples are still under constant tri-axial 

confining stress state after shut-in was applied, and the induced fracture surface 

showed some roughness and is not perfectly in a plane as mentioned in chapter 

3, sliding over pre-existing faults becomes mechanically possible. However, this 

requires further verification by finding the source mechanism of the recorded 

aftershocks. With the current set-up of AE acquisition system, the inverse source 

mechanism is not accurate and the result is not conclusive.  

5.6 Summary 

Consistent statistical approach has been adopted to examine the five aftershock 

sequences obtained from hydraulic fracturing experiment of mortar blocks. Due to 

the fact that the distribution of aftershocks is governed by non-stationary Poisson 

process, the maximum likelihood method is used to fit aftershock data with the 

modified Omori law and its simpler version with the time shift c equal to zero. 

Based on the coefficient of determination and the AIC criterion, it is demonstrated 

that the modified Omori law serves as a better model for the five sequences 

studied here. Both the estimated decay exponent p and the time shift c fall in the 

expected range as compared with the geological aftershocks. The statistical 

similarity between the geological aftershocks and laboratory aftershocks 

suggests that there is a common underlying mechanism governing the generation 

of aftershocks across the scale. The power law decay of aftershock frequency 

can be explained by the stress relaxation process through the reduction of 

modulus caused by production of microcracks. The dependence of p on the 

spatial distribution of microcracks suggests that small sliding zones might 

develop after shut-in was applied to the hydraulic fractured samples. Although it 

is mechanically possible, further investigation on the source mechanism of 

aftershocks is required.  
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6 Experiment and 
Modelling of 
Bridges Formed in 
Hydraulic 
Fractures 

 

6.1 Background 

Natural rock mass often contains different discontinuities across the scale, such 

as faults, joints and micro cracks. Most of the discontinuities are not persistent 

throughout the rock mass but they are separated by volumes of intact rock 

termed as rock bridges (Jennings 1970). The persistence of discontinuity can be 

defined as the area extent of a discontinuity in a reference plane (ISRM 1978). 

The quantification of joint persistence in practice can only rely on the surface 

observation of the exposed discontinuity trace with probability method. Therefore, 

the degree of persistence of discontinuities is usually difficult to assess with great 

uncertainty due to three-dimensional nature of the problem (ISRM 1978). In some 

engineering practice, such as stability analysis of tunnels or slopes, the 

conservative approach is undertaken by assuming full persistence of joints, which 

results in more rock supports than required (Kim et al. 2007).  

 

Large amounts of experimental works have been carried out to study the 

mechanical behaviour of jointed rock mass and failure mechanism of rock bridges 
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under direct shear (Lajtai 1969; Hencher 1984; Savilahti et al. 1990; Gehle & 

Kutter 2003; Ghazvinian et al. 2007) and compressive loading (Reyes & Einstein 

1991; Dyskin et al. 1995; Shen et al. 1995; Wong & Chau 1998; Sagong & Bobet 

2002; Lee & Jeon 2011). In addition, many numerical studies have been 

conducted to investigate fracture propagation and coalescence using the finite 

element method (e.g., Ingraffea & Heuze 1980), the boundary element method 

(e.g., Aliabadi & Booke 1991) and the discrete element method (e.g., Jirasek 

1993; Ghazvinian et al. 2012; Bahaaddini et al. 2016). However, the investigation 

of mechanical response of jointed rock mass under tensile loading is very limited. 

Shang et al. (2016) conducted direct tensile tests on sandstone specimens 

containing incipient or non-persistent joints. Their results demonstrated that the 

tensile strength of non-persistent joints ranges from 23% to 64% of the tensile 

strength of the intact parent rock depending on the areal percentage of rock 

bridges in the joint area. Yang and Wang (2018) provides analytical solution of 

fully or partially bridging crack under model I and mode II loading. Their results 

indicate the stress intensity factors at the crack tips and the crack opening 

displacement are suppressed due to the stiffening effect of bridging.  

 

In the context of fluid induced fractures, the hydraulic fracture is usually 

considered as fully persistent and this concept is used in design and modelling. 

For modelling the hydraulic fracture growth as a single crack, two most popular 

2D models, namely the KGD (Khristianovitch & Zheltov 1955; Geertsma & de 

Klerk 1969) and the PKN (Perkins & Kern 1961; Nordgren 1972) models, are 

used in the petroleum industry. In order to simulate fracture growth in multi-

layered formation, pseudo-three-dimensional (P-3D) models are used (Rahman & 

Rahman 2010).  

 

These 2D and 3D hydraulic fracture models commonly neglect the non-

persistence of the hydraulic fractures. Recent numerical modelling of hydraulic 

fracture has been improved to take into account the interaction with the non-

persistent pre-existing natural fractures, but the non-persistence of the hydraulic 

fractures (the presence of bridges all over the fracture) is still not captured 

(Preisig et al. 2015). In reality the non-persistence of hydraulic fracture has been 

demonstrated in the micro-CT images of hydraulic fractures in granite samples 
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(Hampton et al. 2014). In addition, the non-persistence of hydraulic fracture is 

also hinted by Blue Shift analysis of the acoustic emissions (AEs) during fracture 

propagation in Chapter 3. The fractal dimension of AEs is normally greater than 

2, indicating discontinuous or non-persistent fracture surfaces. Furthermore, the 

effects of rock bridges on mechanical behaviour of hydraulic fractures have never 

been investigated before to the best knowledge of the author.  

 

This chapter is focused on the experimental investigation of mechanical 

behaviour of non-persistent hydraulic fractures in rock like material and three 

different types of rocks under tensile loading. Moreover, new model of hydraulic 

fractures called hydraulic fracture with constricted opening is proposed to account 

for the non-persistence of hydraulic fractures.     

 

6.2 Rock Bridges in Hydraulic Fracture 

6.2.1 Hydraulic Fracturing Experiment  

In order to demonstrate the existence of rock bridges in hydraulic fractures (non-

persistence of hydraulic fractures), a series of hydraulic fracturing tests was 

conducted on mortar (as a rock-like modelling material) and three types of rocks 

sourced from three different mine sites. The mortar is made with the water to 

cement mass ratio of 0.4 and sand (particle size below 0.15 mm) to cement mass 

ratio of 1. The three types of rocks are porphyry from Far East mine in Philippine, 

metasediment from Cadia mine in Australia and ultramafic rock (feldspathic 

pyroxenite) from Ivanplat mine in South Africa.  

 

Mortar and these three types of rocks were selected to investigate the 

dependence of the rock bridge formation on the rock type. The mortar is 

considered as a homogeneous and isotropic material with mechanical properties 

similar to rock. Therefore, mortar is chosen as the modelling material of rocks for 

preliminary investigation of bridges. The porphyry has the smallest grain size 

range from 0.06 to 0.2 mm while the metasediment has the medium grain size 

range among the three from 0.1 to 1.5 mm and the ultramafic rock has the largest 
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grain with size from 0.4 to 7.4 mm.  Some material properties of the mortar and 

the three types of rocks are summarised in Table 6.1. The Young’s modulus is 

estimated from the measured dynamic modulus using the empirical equation by 

Mockomciakova & Pandula (2003). 

 

Table 6.1 Property of Sample 

Material Density 

(g/cm3) 

Average P-

wave 

velocity 

(m/s) 

Dynamic 

modulus 

(GPa) 

Young’s 

modulus 

(GPa) 

Poison’s 

Ratio 

Mortar 2.3 3850 31.1 27.9 0.19 

Porphyry 2.86 4920 42.6 38.7 0.205 

Metasediment 2.86 6508 88.2 74 0.28 

Ultramafic 3.1 4500 110 90 0.29 

 

The samples for hydraulic fracturing tests are cylindrical in shape with 38 mm 

diameter and 76 mm length. The mortar samples were casted in a 38 mm inner 

diameter PVC pipe and cured in water bath for 28 days to obtain the required 

strength. The rock samples were drilled from 60 mm diameter cores. Then the 

samples were cut to the designed length. After the samples were made a model 

borehole with 4 mm diameter and 50 mm length was drilled at the centre of one 

of the flat circular surfaces along the longitudinal axis of the sample. A stainless 

steel tube of 3 mm outer diameter and 20 mm length was glued to the top 10 mm 

section of the model borehole. As a result, the model borehole effectively 

contains a 40 mm open section and a 10 mm cased section. A cross-section of a 

sample for the series of hydraulic fracturing tests is shown in Fig. 6.1.      
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Figure 6.1 2D schematic of section view of samples for hydraulic fracturing tests 
 
The set-up of hydraulic fracturing tests is shown in Fig. 6.2. The ISCO syringe 

pump is used for injection of fracturing fluid into the samples. Pure glycerol with 

viscosity of 1410 cp at 20 ºC was chosen as the fracturing fluid. The syringe 

pump was filled with pure glycerol when the left shut-in valve was opened and the 

right shut-in valve was closed. The pure glycerol was injected through the 

stainless steel tubing at constant flow rate 0.1 cm3 per min while the left shut-in 

valve was kept closed and right shut-in valve kept open. The samples were free 

from external load during the test. The fluid pressure gradually increased until the 

hydraulic fracture was created. The breakdown pressures of each sample are 

summarised in Table 6.2. As the sample was not under confining stresses, the 

breakdown pressure can be considered as a representation of the tensile 

strength of the material. Hydraulic fractures were initiated from the borehole and 

propagated to the outer surface in each sample. Shut-in valve was then closed to 

isolate the sample from the high pressure injection system. 

 

 
Figure 6.2 Simple schematic of set-up of hydraulic fracturing experimen 
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Table 6.2 Breakdown Pressure of Sample  

Sample Breakdown Pressure (MPa) 

Mortar  Mortar  12.7 

Porphyry Porphyry-1 (P1)   26.9 

Porphyry-2 (P2) 20 

Porphyry-3 (P3) 24.5 

Porphyry-4 (P4) 16.3 

Metasediment Metasediment-1 (M1) 27.6 

Metasediment-2 (M2) 23.5 

Metasediment-3 (M3) 18.8 

Metasediment-4 (M4) 24.8 

Ultramafic Ultramafic-1 (U1) 19.3 

Ultramafic-2 (U2) 16.6 

Ultramafic-3 (U3) 25.2 

Ultramafic-4 (U4) 9.5 (Leak-off) 

 

 

6.2.2 X-ray Micro-CT Scan of Hydraulic Fractured Samples 

After the hydraulic fracturing test, the x-ray micro-CT scan was performed on the 

hydraulic fractured samples using the Xradia Versa XRM-500 as shown in Fig. 

6.3. At certain voltage the penetration depth of the x-ray source is limited due to 

the damping effect. Hence there is a trade-off between the field of view and the 

resolution of scan. In order to obtain a larger field of view of hydraulic fracture 

near the uncased borehole, the resolution of the scan was chosen as 33.7 μm 

per pixel. The field of view of the hydraulic fractured sample was 33.8 mm in 

diameter with borehole at the centre. For practical reason, the x-ray micro-CT 

scan was only conducted on following specimens: Mortar, P1, P2, M1, M2, U1 

and U2. With the aid of the x-ray scan, a virtual 3D model of hydraulic fractured 

sample can be reconstructed from 2D images of cross-sections of fractured 

samples. The analysis of 2D micro-CT images and the reconstruction of virtual 

3D model of fractured samples are conducted with the open source Java-based 

image processing software called ImageJ.   
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Figure 6.3 X-ray micro-CT scan was performed on hydraulic fractured samples 

 

6.2.3 Direct Tensile Test of Hydraulic Fractured Samples 

After the x-ray micro-CT scan, the cased section of hydraulic fractured samples 

was mechanically removed using a wet saw machine. The uncased section was 

still in one piece after cutting out the cased section. The uncased section of the 

hydraulic fractured samples was glued to the specially made fixture, Fig.6.4 (b)), 

such that the hydraulic fracture surface was perpendicular to the loading axis. 

The whole assembly was placed in the INSTRON machine for the direct tensile 

test, Fig.6.4 (a). A 500 N load cell was directly connected below the 100 kN load 

cell. The 500 N load cell was used to provide a more precise reading as the 

expected failure load is smaller than 500 N. The direct tensile tests were 

conducted in a displacement control mode. The displacement rate was constant 

at 0.5 mm per minute for all tests. The fractured sample was completely 

disjointed into two halves at the end of the tensile test.  
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Figure 6.4 a) Set-up of direct tensile test of the uncased section of the hydraulic fractured 

samples; b) the specially made fixture for the direct tensile test.  

 

6.2.4 Result for Mortar sample 

The mortar sample was fractured at 12.7 MPa with two major fractures created 

as seen in Fig. 6.5 (a). The uncased section was still in one piece even though 

the induced fractures traversed the sample (Fig. 6.5 (b)) indicating that there 

were bridges along the trace of fracture holding the two halves of sample 

together. The x-ray micro-CT scanned images confirm the existence of bridges 

along the fracture surface as indicated in Fig. 6.6. The intensity of the x-ray 

scanned images is proportional to the density of material. The white dots in Fig. 

6.6 have the highest density and the grey area has the medium density while the 

black region indicates the low density. Hence, the black thin line in the image is 

the induced hydraulic fracture and the black circle in the middle is the borehole. 

Other, much smaller black circles randomly distributed in the sample are the 

pores with air trapped. The remaining grey area is the cement matrix and the 

white dots are sand particles. It can be seen in the zoom-in image (Fig. 6.6 (b)) 

that the hydraulic fracture is not a continuous straight line. There is a tiny grey 

area which separates the fracture. The tiny grey area is the bridge connecting the 

two fracture surfaces, which makes the uncased section of the fractured sample 

still in one piece. The bridges along the hydraulic fracture can be found in other 

slices of the micro-CT images.  

a b
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Figure 6.5 a) Hydraulic fractures of mortar sample were initiated from the borehole and 

propagated to the boundary of the samples; b) Mortar fractured sample with cased section 

removed and the uncased section still remained in one piece; c) the uncased section glued 

to the specially made fixture sitting in the INSTRON.  

 

 

Figure 6.6 X-ray micro-CT scanned image of mortar sample at 33.7 μm/pixel. a) Mortar 

sample with two hydraulic fractures initiated from the borehole; b) zoom-in image of a) to 

demonstrate the existence of bridge in hydraulic fracture.  

 

The uncased section of the fractured sample was then glued to the specially 

made fixture such that the fracture trace was perpendicular to the loading axis. 

The whole assembly was then placed in the INSTRON for direct tensile test as 

shown in Fig. 6.5 (c). The load and displacement were recorded and then 

plotted, Fig. 6.7. The effective stiffness of all bridges distributed over the fracture 

surface is 2423 N/mm.  
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Figure 6.7 Direct tensile test of uncased section of fractured mortar sample. The effective 

stiffness of all bridges is found to be 2423 N/mm based on the linear region of the loading 

curve. 

 

 

6.2.5 Results for Porphyry samples 

Four porphyry samples, named P1, P2, P3 and P4, were prepared for the 

hydraulic fracturing tests. They were fractured at 26.9 MPa, 20 MPa, 24.5 MPa 

and 16.3 MPa respectively. The average breakdown pressure is 21.9 MPa. In 

samples P1, P3 and P4, two vertical hydraulic fractures were initiated from the 

borehole and reached the boundary. However, for sample P2, the hydraulic 

fracture was inclined to the axis of the borehole. The cased sections of fractured 

porphyry samples were removed and the uncased section remained as one piece 

as shown in Fig. 6.8. Obviously, the two halves of the uncased section were hold 

by rock bridges distributed over the induced fracture surface.  
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Figure 6.8 Porphyry samples after hydraulic fracturing with the cased section removed. 

Two fractures were initiated from the borehole and propagated to the boundary of the 

samples. 

 

X-ray micro-CT scan was performed on samples P1 and P2 to demonstrate the 

existence of bridges in the induced hydraulic fracture. Fig. 6.9 (a) and (c) show 

the 3D virtual model of part of the fractured sample P1 and P2 respectively. The 

3D virtual model has diameter of 33.8 mm and length of 33.8 mm. It can be seen 

that two vertical fractures traversed the sample P1 while an inclined fracture 

traversed the sample P2. In Fig 6.9 (b) and (d), the vertical section view of 

fractured samples P1 and P2 demonstrates that the fracture plane is wavy and 

discontinuous. The existence of rock bridges in the hydraulic fracture of sample 

P1 and P2 can be seen in the zoom-in micro-CT images of the horizontal section 

view in Fig. 6.10 (a) and (b) respectively. The black trace in the middle is the 

induced hydraulic fracture as the density of the fracture is lower than the 

remaining rock matrix that contains minerals. The fracture tends to bypass the 
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component with high density indicated as white area in Fig. 6.10. Rock bridges 

can be identified at various locations over the fracture surface.    

 

 

Figure 6.9 a) 3D reconstruction of virtual model of fractured porphyry sample P1; b) 

section view of induced hydraulic fracture in sample P1 with multiple rock bridges; c) 3D 

reconstruction of virtual model of fractured porphyry sample P2; d) section view of 

induced hydraulic fracture in sample P2 with multiple rock bridges. 
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Figure 6.10 a) 2D micro-CT image of hydraulic fracture in sample P1 showing multiple rock 

bridges distributed along the fracture; b) 2D micro-CT image of hydraulic fracture in 

sample P2 showing multiple rock bridges distributed along the fracture. 

 

Direct tensile tests were conducted on uncased section of fractured samples P1, 

P2, P3 and P4. For sample P1, there was an issue with the INSTRON loading 

frame identified after the direct tensile test. Therefore, the result of sample P1 is 

not included here. Direct tensile tests on sample P2, P3 and P4 were conducted 

after the issue of the INSTRON was fixed. The load and displacement curves of 

direct tensile tests for sample P2, P3 and P4 are illustrated in Fig. 6.11 a), c) and 

e) respectively. The stiffness of rock bridges can be found from the linear section 

of the load and displacement curves. The stiffness of rock bridges for sample P2, 

P3 and P4 are 1088.5 N/mm, 299.5 N/mm and 1238.4 N/mm respectively. The 

magnitudes of the ultimate tensile load applied to samples P2, P3 and P4 are 

43.6 N, 26.1 N and 73.2 N respectively. The samples were completely disjointed 

along the induced hydraulic fracture surface after the tests as shown in Fig. 6.11 

b), d) and f). The inspection of hydraulic fracture surfaces shows that the fracture 

surfaces are neither smooth nor flat with rock debris. The rock debris presented 

an evidence of failure of the rock bridges in the direct tensile tests.  
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Figure 6.11 a), c), e) are load-displacement curves of direct tensile test of sample P2, P3 

and P4 respectively; b), d), f) the hydraulic fracture surface of sample P2, P3 and P4 after 

direct tensile tests.  
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6.2.6 Results for Metasediment samples 

Four metasediment samples, named M1, M2, M3 and M4, were prepared for the 

hydraulic fracturing tests. They were fractured at 27.6 MPa, 23.5 MPa, 18.8 MPa 

and 24.8 MPa respectively. The average breakdown pressure is 23.7 MPa. In all 

metasediment samples, two vertical hydraulic fractures were initiated from the 

borehole and reached the boundary. The cased sections of fractured 

metasediment samples were removed and the uncased section remained as one 

piece as shown in Fig. 6.12. The two halves of the uncased section were hold by 

rock bridges distributed over the induced fracture surface.  

 
Figure 6.12 Metasediment samples after hydraulic fracturing with the cased section 

removed. Two fractures were initiated from the borehole and propagated to the boundary 

of the samples. 
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X-ray micro-CT scan was performed on samples M1 and M2 to demonstrate the 

existence of bridges in the induced hydraulic fracture. Fig. 6.13 (a) and (c) show 

3D virtual models of the corresponding parts of the fractured sample M1 and M2 

respectively. The 3D virtual model has diameter of 33.8 mm and length of 33.8 

mm. It can be seen that two vertical fractures traversed the samples M1 and M2. 

With sample M1, there was another inclined fracture created under the vertical 

fracture on one side of the sample as indicated in Fig. 6.13 (a). In Fig 6.13 (b) 

and (d), the vertical section view of fractured samples M1 and M2 demonstrates 

that the fracture plane is wavy and discontinuous. The existence of rock bridges 

in the hydraulic fractures of samples M1 and M2 can be seen in the zoom-in 

micro-CT images of the horizontal section view in Fig. 6.14 (a) and (b) 

respectively. The black trace in the middle is the induced hydraulic fracture as the 

density of the fracture is lower than the remaining rock matrix that contains 

minerals. The fracture tends to bypass the component with high density indicated 

as white area in Fig. 6.14. Rock bridges can be identified at various locations 

over the fracture surface.  
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Figure 6.13 a) 3D reconstruction of virtual model of fractured metasediment sample M1; b) 

section view of induced hydraulic fracture in sample M1 with multiple rock bridges; c) 3D 

reconstruction of virtual model of fractured metasediment sample M2; d) section view of 

induced hydraulic fracture in sample M2 with multiple rock bridges. 
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Figure 6.14 a) 2D micro-CT image of hydraulic fracture in sample M1 showing multiple rock 

bridges distributed along the fracture; b) 2D micro-CT image of hydraulic fracture in 

sample M2 showing multiple rock bridges distributed along the fracture. 

 

Direct tensile tests were conducted on uncased section of fractured samples M1, 

M2, M3 and M4. For sample M1, there was issue with the INSTRON loading 

frame identified after the direct tensile test. Therefore, the result of sample M1 is 

not included here. Direct tensile tests on sample M2, M3 and M4 were conducted 

after the issue of the INSTRON was fixed. The load and displacement curves of 

direct tensile tests for sample M2, M3 and M4 are illustrated in Fig. 6.15 a), c) 

and e) respectively. The stiffness of rock bridges can be found from the linear 

section of the load and displacement curves. The stiffness of rock bridges for 

sample M2, M3 and M4 are 1248.1 N/mm, 2234.7 N/mm and 2472 N/mm 

respectively. The ultimate tensile load applied to sample M2, M3 and M4 are 

114.1 N, 154.5 N and 209.4 N respectively. The samples were completely 

disjointed along the induced hydraulic fracture surface after the tests as shown in 

Fig. 6.15 b), d) and f). The inspection of hydraulic fracture surfaces shows that 

the fracture surfaces are neither smooth nor flat with rock debris. The rock debris 

provided an evidence of failure of the rock bridges in the direct tensile tests.  
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Figure 6.15 a), c), e) are load-displacement curves of direct tensile test of sample M2, M3 

and M4 respectively; b), d), f) the hydraulic fracture surface of sample M2, M3 and M4 after 

direct tensile tests. 
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6.2.7 Results for Ultramafic Rock Samples 

Four ultramafic rock samples, named U1, U2, U3 and U4, were prepared for the 

hydraulic fracturing tests. Sample U1, U2 and U3 were fractured at 19.3 MPa, 

16.6 MPa and 25.2 MPa respectively. However, for sample U4, it was discovered 

that the hydraulic fracture was not successfully created after the cased section 

removed. The post-test investigation found that the fracturing fluid was leaked off 

at 9.5 MPa. The average breakdown pressure over the first three samples is 20.4 

MPa. In the first three ultramafic rock samples, two vertical hydraulic fractures 

were initiated from the borehole and reached the boundary. The cased sections 

of ultramafic rock samples were removed and the uncased section remained as 

one piece as shown in Fig. 6.16. The two halves of the uncased section were 

hold by rock bridges distributed over the induced fracture surface except for 

sample U4.  

 
Figure 6.16 Metasediment samples after hydraulic fracturing with the cased section 

removed. Two fractures were initiated from the borehole and propagated to the boundary 

of the samples in U1, U2 and U3. Hydraulic fracture was not successfully created for 

sample U4. 
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The X-ray micro-CT scan was performed on samples U1 and U2 to demonstrate 

the existence of bridges in the induced hydraulic fracture. Fig. 6.17 (a) and (c) 

show the 3D virtual model of part of the fractured sample U1 and U2 respectively. 

The 3D virtual model has diameter of 33.8 mm and length of 33.8 mm. It can be 

seen that two vertical fractures traversed the samples U1 and U2. In Fig 6.17 (b) 

and (d), the vertical section view of fractured samples U1 and U2 demonstrates 

that the fracture plane is wavy and discontinuous. The existence of rock bridges 

in the hydraulic fracture of sample U1 and U2 can be seen in the zoom-in micro-

CT images of the horizontal section view in Fig. 6.18 (a) and (b) respectively. 

The black trace in the middle is the induced hydraulic fracture as the density of 

the fracture is lower than the remaining rock matrix that contains minerals. The 

fracture tends to bypass the component with high density indicated as white area 

in Fig. 6.18. Rock bridges can be identified at various locations over the fracture 

surface. 
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Figure 6.17 a) 3D reconstruction of virtual model of fractured ultramafic rock sample U1; b) 

section view of induced hydraulic fracture in sample U1 with multiple rock bridges; c) 3D 

reconstruction of virtual model of fractured ultramafic rock sample U2; d) section view of 

induced hydraulic fracture in sample U2 with multiple rock bridges. 
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Figure 6.18 a) 2D micro-CT image of hydraulic fracture in sample U1 showing multiple rock 

bridges distributed along the fracture; b) 2D micro-CT image of hydraulic fracture in 

sample U2 showing multiple rock bridges distributed along the fracture. 

 

Direct tensile tests were conducted on uncased sections of fractured samples U1, 

U2 and U3. As hydraulic fracture was not successfully created in sample U4, 

direct tensile test was not conducted on sample U4. For sample U1, there was 

issue with the INSTRON identified after the direct tensile test. Therefore, the 

result of sample U1 is not included here. Direct tensile tests on sample U2 and 

U3 were conducted after the issue of the INSTRON was fixed. The load and 

displacement curves of direct tensile tests for sample U2 and U3 are illustrated in 

Fig. 6.19 a) and c) respectively. The stiffness of rock bridges can be found from 

the linear section of the load and displacement curves. The stiffness of rock 

bridges for sample U2 and U3 are 1385.2 N/mm and 2362.7 N/mm respectively. 

The ultimate tensile load applied to sample U2 and U3 are 139.3 N, 291.8 N 

respectively. The samples were completely disjointed along the induced hydraulic 

fracture surface after the tests as shown in Fig. 6.19 b) and d). The inspection of 

hydraulic fracture surfaces shows that the fracture surfaces are neither smooth 

nor flat with rock debris. The rock debris provided an evidence of failure of the 

rock bridges in the direct tensile tests. 
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Figure 6.19 a) and c) are load-displacement curves of direct tensile test of sample U2 and 

U3 respectively; b) and d) the hydraulic fracture surface of sample U2 and U3 after direct 

tensile tests. 

 

6.3 Modelling of Bridge Crack 

It has been clearly demonstrated in the previous section that the existence of 

rock bridges distributed over the induced hydraulic fracture surface across all 

three types of rocks and mortar samples. Moreover, the induced fracture shows 

wavy and branching features in the 3D virtual model of fractured samples. The 

branching and wavy characteristics of hydraulic fracture are more obvious in the 

ultramafic rock with the largest grain size. The induced hydraulic fracture is close 

to planar fracture in the mortar or metasediment samples with more 

homogeneous microstructure and smaller grain size as evident in the micro-CT 

images. The classical hydraulic fracture models such as PKN or KGD simplified 

the geometry of hydraulic fractures and overlooked the existence and effect of 



 Chapter 6 

149 
 

rock bridges. Therefore, a new model of hydraulic fracture is needed to account 

for the effects of rock bridges on the mechanical behaviour of hydraulic fracture.   

 

The action of each bridge is comparable to the action of a spring holding the 

opposite faces of the fracture assuming only elastic deformation is allowed in the 

bridge as the first approximation. Considering all bridges distributed over the 

fracture surface, the bridge crack can be modelled as a crack with Winkler layer.  

 

Based on the observation of rock bridges in the micro-CT images, each rock 

bridge can be modelled as a beam of size b and thickness h deformed in bending 

as shown in Fig. 6.20.  

 

                                  

Figure 6.20 Model of a rock bridge as a beam of size b and thickness h. 

 

It is also assumed that the cross-sectional area of the beam is h by b. Careful 

examination of geometry of rock bridges in the micro-CT images reveals that the 

cross-section is not uniform with one end is thicker than the other. Hence the 

non-uniform cross-section is taken in account by assuming one end of the beam 

is clamped and the other end pinned.  For such configuration of a beam, the 

equivalent stiffness can be computed by Equation (6.1) 

                                                  (6.1) 

where E is the Young’s modulus of the bridge material. This is considered as the 

stiffness of a single bridge. If the number of bridges N distributed over the 

fracture area A can be found, then the equivalent stiffness of all bridges in the 

fracture can be computed by Equation (6.2) 

                                              (6.2) 
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The equivalent stiffness of all bridges is the coefficient relating the applied force 

and displacement, which can be found from direct tensile test of the bridge crack. 

The dimensions (h and b) of bridges and the number of bridges (N) can also be 

found from the micro-CT images of the fractured samples. With aid of Equation 

(6.2), the Young’s modulus of bridge material can be recovered.  

 

As mentioned in the previous section, only the mortar, P2, M2 and U2 samples 

have been x-ray micro-CT scanned and direct tensile tested on the uncased 

section of the fractured samples. Therefore, these samples can be used to verify 

the model of crack with Winkler layer. The equivalent stiffness of bridge crack, 

the average dimensions, estimated number of bridges and the Young’s modulus 

of bridge and rock for samples mortar, P2, M2 and U2 are summarised in Table 

6.3. It is interesting to note that the Young’s modulus of bridge material is about 3 

to 4 times smaller than the Young’s modulus of the original rock sample for all the 

material studied here. This could be explained by the fact that the rock bridges 

were weakened by the hydraulic fracturing process. From the view point of 

Young’s modulus, the hydraulic fracture with constricted opening is an adequate 

model for hydraulic fracture which considers the rock bridges distributed over the 

fracture surface.  
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Table 6.3 Dimensions and Properties of Bridge Crack 

 Mortar P2 M2 U2 

Equivalent 

Stiffness of 

bridge crack, k 

(N/mm) 

2423 1088.5 1248.1 1385.2 

Estimated 

number of 

bridges in the 

direct tensile test 

sample, N 

77 70 60 120 

Average bridge 

size, b (mm) 

0.4 0.19 0.18 0.43 

Average bridge 

thickness, h 

(mm) 

0.2 0.17 0.13 0.22 

Young’s modulus 

of bridge (GPa) 

7 9 20 31 

Young’s modulus 

of rock (GPa) 

27.9 38.7 74 90 

 

6.4 Implications of Bridge Crack 

The new model of hydraulic fracture, named hydraulic fracture with constricted 

opening, is introduced in the previous section. The overall effect of the bridge 

crack can be understood by considering a disc-like crack of radius R with Winkler 

layer under uniform pressure p as shown in Fig. 6.21.  

 
Figure 6.21 Disc-like crack of radius R with Winkler layer under uniform pressure p.  
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The effective stiffness of the crack with Winkler layer  relates the normal stress 

p and the displacement of the crack opening ∆  by ∆ , where / . 

With Equation (6.2), the effective stiffness of the crack with Winkler layer can be 

expressed as 

≅                                 (6.3) 

where / , the number of bridges per unit area, L is the average distance 

between the centres of the bridges.  

 
The major effect of crack with Winkler layer is the constriction of crack opening 

and Mode I stress intensity factor as compared with the classical disc-like crack. 

As the radius of the crack tends to infinity, both the opening of the crack at the 

centre ∆  and the Mode I stress intensity factor  are bounded to (Shifrin 1988)  

∆u
→

,   K
→

√                       (6.4) 

where  is the Poison’s ratio and  and  are the displacements of the two 

opposite crack faces at the centre. However, for the classical disc-like crack or 

penny shape crack, the crack opening at the centre and the Mode I stress 

intensity factor tend to infinity as the radius of the crack increases to infinity. The 

crack with Winkler layer model is characterised by two dimensional parameters 

being the Young’s modulus E and the effective stiffness . Hence it is possible 

to construct the characteristic length λ of the crack with Winkler layer model with 

the ratio of these two parameters by rearranging Equation (6.3) 

                                               (6.5) 

 

Hence if the radius of the crack R is greater than the characteristic length λ, the 

constriction effect due to existence of bridges is important. Opposite to this, when 

the crack radius is much smaller than the characteristic length, the constriction 

effect of bridges can be neglected. In this study, the fracture area A of the 

uncased section is approximately equal to 1360 mm2, the number of bridges N is 

about 70, bridge size b is about 0.2 mm and the bridge thickness h is about 0.2 

mm. Hence the characteristic length λ can be estimated as 1.2 m. The size of 

hydraulic fracture in the laboratory is usually less than 1 m, the constriction effect 

of rock bridges can be neglected. On the other hand, the size of hydraulic 
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fractures in the oil and gas field or the mine site is in the range of 1 to 100 

meters. The constriction effect is significant for field application. Hence, the 

widely used hydraulic fracture models by the oil and gas industry need to 

consider the effect of bridges to optimise the design of hydraulic fracturing 

operation.  

 

6.5 Summary 

Natural fractures are known to be discontinuous or non-persistent across the 

scale. Hydraulic induced fracture also is found to be discontinuous in the x-ray 

micro-CT images of three different rock and mortar fractured samples. It is shown 

that there are rock bridges distributed over the induced fracture surface. The 

experimental observation that the uncased section of fractured samples remained 

in one piece suggests that the rock bridges are responsible for holding the two 

halves of the uncased section together. The direct tensile tests were conducted 

to investigate the mechanical behaviour of the bridges. The Young’s modulus of 

bridges is found to be 3 to 4 times smaller than the original rock material. This 

can be explained by weakening due to the hydraulic fracture process.  

 

The constricting effect of rock bridges is often neglected by the existing models of 

hydraulic fractures. A new model of hydraulic fracture, called hydraulic fracture 

with constricted opening, is proposed to account for the effect of rock bridges. It 

is found that both the crack opening at the centre and the Mode I stress intensity 

factor are bounded as crack size increases. Based on the proposed hydraulic 

fracture model it can be concluded that the constriction effect of rock bridges is 

important for large fractures such as the hydraulic fractures induced in the oil and 

gas field or mine site. Therefore, the existing hydraulic fracture models need to 

be upgraded to take into account the constriction effect of rock bridges in order to 

optimise the hydraulic fracturing operations in the field.   
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7 Conclusions and 
Recommendations 

 

 

This work has fulfilled the research objectives outlined in the Chapter 1. The 

geometrical complexity of hydraulic fracture has been revealed in the laboratory 

hydraulic fracturing tests on mortar and rock samples. The Blue Shift method has 

been used to analyse the arrival times of acoustic emission signals obtained from 

the hydraulic fracturing tests on mortar and microseismicity obtained from multi-

stage hydraulic fracturing operation in the Marcellus Shale and wall instability in 

the Century mine site. It is shown that Blue Shift method can serve as a robust 

monitoring tool to detect the advent of damage localisation and characterise the 

fractal geometry of the fracture network. The laboratory scale aftershocks 

produced after shut-in is proved to follow either Omori’s law or modified Omori’s 

law. Rock bridges have been identified to distribute over the fracture surface in 

the micro-CT images of fractured mortar and three types of minerals. The 

constriction effect of bridge crack has been discovered and quantified. It was 

concluded that it needs to be included modelling of hydraulic fracture for better 

design and optimisation of the hydraulic fracturing operation. 

 

7.1 Blue Shift Method at Laboratory Scale 

 The Blue Shift method has been applied to analyse the sequences of arrival 

times of AE events recorded from laboratory scale hydraulic fracturing 

experiment. From the results obtained it can be concluded that the Blue Shift 

method is able to capture damage localisation and determine its main 

characteristic - the localisation exponent of non-zero values. The case of the 

localisation exponent equal to zero indicates the divergence of AEs from the 
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major fracture plane. The divergence of AEs can be associated with abnormal 

events such as fracture turning or fluid leak-off. 

 The fractal characteristics of the induced hydraulic fracture are reflected in the 

localisation exponent. The values of localisation exponent can range from 0 to 

2 with 0 corresponding to random non-localised cluster of AE sources, 1 for 

planar distribution and 2 for uniform distribution of AEs in through the whole 

sample. Experiments show that the localisation exponent is zero for the very 

first pumping stage when the AE sources are randomly distributed within the 

sample. As the fluid pressure increases, the localisation exponent increases 

to above 1 before the peak pressure, indicating the fracture initiation. After the 

peak pressure the induced fracture propagated and the accompanied AE 

sources are distributed around the major fracture plane, which is 

characterised by the localisation exponent fluctuating around 1 with the 

descending trend. After shut-in the localisation exponent is zero indicating that 

the rate of AE sources reduces and the AE sources start to diverge from the 

major fracture plane.  

 The Blue Shift method is shown to be a robust damage localisation monitoring 

method as compared with the traditional methods which required the accurate 

recovery of locations of all AE events.  The Blue Shift method is able to 

indicate the general features of fracture geometry with potentially much lower 

cost of acquisition. The cost of the AE acquisition system is dramatically 

reduced by the reduction of the number of channels and the subsequent 

reduction in the storage capacity required.   

 

7.2 Blue Shift Method at Field Scale 

 The Blue Shift method has been applied to analyse the arrival times of 

microseismic events obtained from large scale rock damage processes, 

namely the hydraulic fracturing of Marcellus Shale in Pennsylvania, USA and 

the rock wall instability of Century mine in Queensland, Australia. It is shown 

that the Blue Shift method is able to detect the onset of localisation of rock 

damage from the non-zero value of localisation exponent. 
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 From the hydraulic fracturing field case study, it has been found that the 

localisation exponent is generally greater than 1 for the initial pumping stages 

when the pressure is still rising. This possibly indicates that the microseismic 

events are localised around the major plane of rock damage and occupy 

multiple fracture planes.  Furthermore, the localisation exponent generally 

reduces to around 1 after the pressure stabilised. This indicates the 

propagation of a planar fracture. If the localisation exponent remains much 

smaller than 1 from the beginning of pumping, it may well indicate 

unsuccessful fracture initiation near the perforation and possible occurrence of 

leak-off of the fracturing fluid, as characteristic to stage 1 of well six.  

 From the rock wall instability case study, it is found that the localisation 

exponent remains almost constant and above 1 for the whole rapidly growing 

instability stage, i.e. 15th February to 14th April 2014.  In addition, it was 

found using the LAR robust linear regression that there is a relationship 

between the localisation exponent and the adjusted R-square and the root 

mean square error (RMSE). If the adjusted R-square is close to 1 and the 

RMSE is less than 10, the localisation exponent is above 1, indicating the 

microseismic events are localised around the major plane (the best fit plane) 

of damage. Once the adjusted R-square is reduced below 0.8 with a high 

RMSE value, the localisation exponent becomes zero, indicating that the 

microseismic events start to diverge from the major damage plane (the best fit 

plane). This implies that the Blue Shift method can serve as a robust 

monitoring tool for the rock wall instability.  

 As Blue Shift method only relies on the arrival times of microseismic events, it 

eliminates the need of accurate determination of locations of events, accurate 

velocity profile and it requires less number of sensors installed. It generally 

reduces the complexity and size of the acquisition system and therefore the 

cost of microseismic monitoring is dramatically decreased. 

7.3 Aftershocks observed at Laboratory Scale  

 Consistent statistical approach has been adopted to examine the five 

aftershock sequences obtained from hydraulic fracturing experiment of mortar 

blocks. Due to the fact that the distribution of aftershocks is governed by non-
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stationary Poisson process, the maximum likelihood method is used to fit 

aftershock data with the modified Omori’s law and its simpler version with zero 

time shift. Based on the coefficient of determination and the AIC criterion, it is 

demonstrated that the modified Omori law serves as a better model for the 

five sequences studied here.  

 Both the estimated decay exponent and the time shift fall into the expected 

range as compared with the geological aftershocks. Statistical similarity 

between the geological aftershocks and laboratory aftershocks suggests that 

there is a common underlying mechanism governing the generation of 

aftershocks across the scale.  

 The power law decay of aftershock rate can be explained by the stress 

relaxation process through the reduction of modulus caused by production of 

microcracks. The dependence of p on the spatial distribution of microcracks 

suggests that small sliding zones might develop after shut-in was applied to 

the hydraulic fractured samples. Although it is mechanically possible, further 

investigation on the source mechanism of aftershocks is required. 

 

7.4 Rock Bridges in Hydraulic Fracture 

 Natural fractures are known to be discontinuous or non-persistent across the 

scale. Hydraulic-induced fracture also is found to be discontinuous in the x-ray 

micro-CT images of three different rock and mortar samples after fracturing. It 

is shown that there are rock bridges distributed over the produced fracture 

surface. The experimental observation that the uncased section of fractured 

samples still remains in one piece suggests that the rock bridges are 

responsible for holding the two halves of the uncased section together. The 

direct tensile tests conducted to investigate the mechanical behaviour of the 

bridges show that the Young’s modulus of bridges is 3 to 4 times smaller than 

the one of the original rock material. This can be explained by weakening due 

to the hydraulic fracture process.  

 The constricting effect of rock bridges is currently neglected by the existing 

models of hydraulic fractures. A new model of hydraulic fracture, called 
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hydraulic fracture with constricted opening, is proposed to account for the 

effect of rock bridges. It is found that both the crack opening at the centre and 

the Mode I stress intensity factor are bounded as crack size increases. The 

proposed hydraulic fracture model suggests that the constriction effect of rock 

bridges is important for large fractures such as the hydraulic fractures induced 

in the oil and gas field or mine site. Therefore, the existing hydraulic fracture 

models need to be upgraded to take into account the constriction effect of 

rock bridges in order to optimise the hydraulic fracturing operations in the 

field. 

 

7.5 Recommendations for Future Work 

 The number of acoustic emission receivers used to record the AEs produced 

during and after the hydraulic fracturing tests of mortars are limited to seven. 

More channels such as 16 or 32 are desirable for the purpose of accurate 

determination of location of AEs and investigating the source mechanisms of 

the AEs recorded.  

 The perforation holes in mortar blocks are aligned with the principal stress 

direction in this work. It is recommended to orient the perforation hole at 

different angle with respect to the principal stress directions to investigate the 

fracture turning or branching at the early stage of propagation. The Blue Shift 

method can be used to detect any fracture turning or branching.  

 If more microseismic field data are available, it is recommended to further 

verify the capabilities of the Blue Shift method.  

 Although the aftershocks are recorded for a 24-hour period, the aftershocks 

obtained in this work cannot prove the power law is the governing equation for 

static fatigue. It is recommended to have a prolonged recording period of 

aftershocks.  

 The aftershocks are only fitted with two aftershocks models in this work. It is 

also interesting to fit the data with other aftershock models and more 

aftershocks sequences in the laboratory scale can be tested against the 

Omori’s law to provide a more solid proof of scale invariance.  
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 Numerical models using the discrete element method can be developed to 

validate the experimental observation of rock bridges 

 It is desirable to use an AE acquisition system with the direct tensile tests of 

the cylindrical samples after hydraulic fracturing in order to investigate the 

source mechanism of failure of rock bridges under pure tensile loading.  

 The fracturing fluid of the hydraulic fracturing tests that provided the proof of 

existence of rock bridges was pure glycerol with low viscosity. The viscosity 

effect on the rock bridges can be investigated by testing different fracturing 

fluid with much higher viscosity.   
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Appendix A 
A1. Blue Shift Optimisation Program Implemented in 

MATLAB 
 
Description: 
function Blue_Shift_Indicator_fitting_optimisation_HF(filename, sheet, dataset, test, 
initial, final) declares a function named  Blue_Shift_Indicator_fitting_optimisation_HF 
that accepts inputs filename, sheet, dataset, test, initial, final. The inputs filename, 
sheet and dataset are the specific file name, worksheet and range in the Microsoft 
Excel spreadsheet that stores the arrival times of acoustic emissions (AEs). The 
inputs test, initial and final are the name of the laboratory hydraulic fracturing test, 
initial number of the AEs and the final number of the AEs that the user wants to 
analyse. This function generates a plot with two Blue Shift curves in frequency 
domain up to Nyquist frequency. One curve is generated with the experimental 
dataset and the other curve is generated with the simulated dataset that best fits with 
the experimental curve. The fitting parameters are the deltaT and local_index. This 
function requires two functions named cal_S and gen_obs_time to complete the 
simulation.    
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function Blue_Shift_Indicator_fitting_optimisation_HF(filename, sheet, dataset, test, initial, final) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Read data from Excel file 

q=1; 
p=1; 
M1=initial; 
M=final; 
data=xlsread(filename,sheet,dataset); 
test_num=test; 
data=data-data(1); 
num=(M-M1)+1; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Define minimum and maximum delta T  

T_record=data(M); 
deltaTmin=round((data(M)-data(1))/(M-1)); 
deltaTmax=T_record; 
deltaT=deltaTmin;  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Find Nyquist frequency and define frequency set  

freq_N=pi*num/((data(M)-data(M1))); 
freq=linspace(0,freq_N,50); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Call cal_S function to compute the ‘energy’ content of the arrival times in the interval M1 to M 

S_data=cal_S(num,data(M1:M),freq); 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Generate a set of simulated arrival times using function gen_obs_time with deltaT and local_index 
as controlling parameters. The deltaT_optimum and local_index_optimum are the optimum values for 
the simulated curve that best fits the experimental curve with minimum error over the frequency range 
considered.    

S_min=inf; 
while deltaT<=deltaTmax 
    local_indexmin=0; 
    local_indexmax=2; 
    local_index=local_indexmin; 
    while local_index<=local_indexmax 
        [T_obs,k]=gen_obs_time(M,p,deltaT,q,local_index); 
        T_obs=T_obs-T_obs(1); 
        if T_obs(M)<=T_record 
            S_obs=cal_S(num,T_obs(M1:M),freq); 
            S_temp=norm((S_obs-S_data)); 
            if S_temp<S_min 
                S_min=S_temp; 
                S_obs_optimum=S_obs; 
                local_index_optimum=local_index; 
                deltaT_optimum=deltaT; 
            end 
        end 
        local_index=local_index+0.01; 
    end 
    deltaT=deltaT+0.01*T_record; 
end 
S_data_norm=norm(S_data); 
relative_error=S_min/S_data_norm; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Plot the experimental and simulated curves in one diagram  

figure 
set(gca,'fontsize',24) 
hold on 
plot(freq,S_data,freq,S_obs_optimum,'--','LineWidth',3); 
xlabel('Frequency'); 
ylabel('Energy'); 
legend('experimental data',sprintf('simulated data with localisation exponent=%1.2f, deltaT=%1.3f sec, 
relative error=%1.3f',local_index_optimum,deltaT_optimum,relative_error)); 
title(sprintf('Test %d (event interval=%d~%d)',test_num,M1,M)); 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function S=cal_S(M,T,freq) 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Compute the ‘energy’ content of the arrival times set T in frequency domain 

for f=1:1:length(freq) 
    S1(f)=0; 
    for m=2:M 
        for l=1:m-1 
            S1(f)=S1(f)+2*sin(freq(f)*(T(m)-T(l)))/(T(m)-T(l)); 
        end 
    end 
   S(f)=S1(f); 
end 
end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function [T_obs,k]=gen_obs_time(M, p, delta_T, q,local_index) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Generate a set of simulated arrival times that governed by parameters delta_T and local_index 

I=1; 
k=1; 
delta_t=q*delta_T; 
while (I-1)<M 

t=(sort(delta_t*(rand(1,round(p*k^(local_index)))))+delta_T*(k-1));  
T_obs(I:(I+length(t)-1))=t(:); 
I=length(T_obs)+1; 
k=k+1; 

end 
k=k-1; 
T_obs=T_obs(1:M); 
end 
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A2. Maximum Likelihood Function Implemented in 
MATLAB 

 
Description: 
function Lmax=maxlikelihoodOmori_C(maxK, maxC, filename, test, range_t, 
range_dt, range_N) declares a function named maxlikelihoodOmori_C that accepts 
input parameters maxK, maxC, filename, test, range_t, range_dt and range_N  and 
outputs the maximum value Lmax of the log likelihood function (5.10) in Chapter 5. 
This function seeks for the optimal values K, p and c of the modified Omori’s law that 
best fits the aftershock sequence.  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

function Lmax=maxlikelihoodOmori_C(maxK, maxC, filename, test, range_t, range_dt, range_N) 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Define the searching range of parameters K, p and c 

K=0:0.1:maxK; 
p=0.5:0.01:2; 
c=0:1:maxC; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Read data from Excel file 

file=sprintf(filename); 
thread=sprintf(test); 
ti=xlsread(file,thread, range_t); 
deltati=xlsread(file,thread, range_dt); 
Ni=xlsread(file,thread, range_N); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Find the optimal values of K, p and c that maximises the log likelihood function  

m=1; 
Lmax=-inf; 
for ii=1:length(K) 
    for jj=1:length(p) 
        for kk=1:length(c) 
            L(m)=log(K(ii))*sum(Ni)-p(jj)*sum(Ni.*log(ti+c(kk)))+sum(Ni.*log(deltati))-K(ii)*sum((ti+c(kk)).^(-
p(jj)).*deltati)-sum(log(factorial(Ni))); 
            Ltemp=L(m); 
            m=m+1; 
            if Ltemp>=Lmax 
                Lmax=Ltemp; 
                opt_K=K(ii); 
                opt_p=p(jj); 
                opt_c=c(kk); 
            end 
        end 
    end 
end 
disp(opt_K) 
disp(opt_p) 
disp(opt_c) 
end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
Description: 
function Lmax=maxlikelihoodOmori(maxK, filename, test, range_t, range_dt, 
range_N) declares a function named maxlikelihoodOmori that accepts input 
parameters maxK, filename, test, range_t, range_dt and range_N  and outputs the 
maximum value Lmax of the log likelihood function (5.11) in Chapter 5. This function 
seeks for the optimal values K and p of the simpler form of the modified Omori’s law 
that best fits the aftershock sequence.  
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
function Lmax=maxlikelihoodOmori(maxK, filename, test, range_t, range_dt, range_N) 
 
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Define the searching range of parameters K and p 

K=0:0.01:maxK; 
p=0.5:0.01:2; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Read data from Excel file 

file=sprintf(filename); 
thread=sprintf(test); 
ti=xlsread(file,thread, range_t); 
deltati=xlsread(file,thread, range_dt); 
Ni=xlsread(file,thread, range_N); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%Find the optimal values of K and p that maximises the log likelihood function   

m=1; 
Lmax=-inf; 
for ii=1:length(K) 
    for jj=1:length(p) 
        L(m)=log(K(ii))*sum(Ni)-p(jj)*sum(Ni.*log(ti))+sum(Ni.*log(deltati))-K(ii)*sum(ti.^(-p(jj)).*deltati)-
sum(log(factorial(Ni))); 
        Ltemp=L(m); 
        m=m+1; 
        if Ltemp>=Lmax 
           Lmax=Ltemp; 
           opt_K=K(ii); 
           opt_p=p(jj); 
        end 
    end 
end 
disp(opt_K) 
disp(opt_p) 
end 
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Appendix B 
B1. Blue Shift Analysis of Laboratory Hydraulic Fracturing Experiment in Chapter 3      

Test 1 (Event Interval: 900~2700) 
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Test 2 (Event Interval: 50~1000) 
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Test 2 (Event Interval: 1200~2300) 
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Test 3 (Event Interval: 100~600) 
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Test 3 (Event Interval: 800~900) 
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Test 4 (Event Interval: 100~300) 
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Test 4 (Event Interval: 400~600) 
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B2. Blue Shift Analysis of Marcellus Shale Case Study in Chapter 4 

Well 1 (Event Interval: 1~100) 
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Well 1 (Event Interval: 100~270) 
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Well 1 (Event Interval: 270~473) 
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Well 1 (Event Interval: 1~473) 
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Well 2 (Event Interval: 1~100) 
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Well 2 (Event Interval: 100~319) 
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Well 2 (Event Interval: 1~319) 
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Well 3 (Event Interval: 1~50) 
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Well 3 (Event Interval: 50~207) 
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Well 3 (Event Interval: 1~207) 
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Well 4 (Event Interval: 1~130) 
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Well 4 (Event Interval: 130~448) 
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Well 4 (Event Interval: 1~448) 
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Well 5 (Event Interval: 1~80) 
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Well 5 (Event Interval: 80~260) 
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Well 5 (Event Interval: 260~413) 
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Well 5 (Event Interval: 1~413) 
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Well 6 (Event Interval: 1~200) 
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Well 6 (Event Interval: 200~500) 
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Well 6 (Event Interval: 500~600) 
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Well 6 (Event Interval: 1~600) 
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B3. Blue Shift Analysis of Century Mine Case Study in Chapter 4 
 

Feb 15 to Feb 22 (Event Interval: 69~154) 
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Feb 23 to Mar 14 (Event Interval: 155~721) 
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Mar 15 to Apr 14 (Event Interval: 722~1697) 
 
 
 

 



 

266 
 

  

  



 

267 
 

  

  



 

268 
 

Feb 15 to Apr 14 (Event Interval: 69~1697) 
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