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ABSTRACT 

Ground subsidence in underground coal mining areas causes environmental 

damage and creates hazards on the ground surface, which is long-term, widely 

distributed, and can lead to large-scale geological disasters. Achieving a high-precision 

method to predict mining subsidence deformation is very important for assessing 

environmental damage and identifying countermeasures. The longwall mining system 

is a very productive and efficient method and is widely used throughout the world as a 

coal mining technique. During longwall mining, the immediate roof caves in behind the 

hydraulic shield support as coal is continuously extracted and then overlying strata 

hangs up to form a rock beam. As the longwall face continually advances, the rock 

beam breaks into large blocks and then collapses when the span reaches a certain 

limiting value. The broken rock fills in the goaf area in a space termed a caving zone. 

The overburden strata can be divided into three vertical zones including the continuous 

deformation zone, the damage zone, and the caving zone. Brillouin optical time-domain 

reflectometer (BOTDR) technology is introduced and adopted in this study to obtain 

the movement data along the vertical direction above the goaf. According to the results 

of the field measurements, the deformation of the caving zone is the most complex, and 

the long-term behavior has not yet been clarified. Therefore, this research discusses the 

deformation mechanism and long-term behavior of the caving zone by means of field 

investigations, laboratory tests and numerical simulations. This dissertation consists of 

seven chapters and the main contents in each chapter are listed as follows: 

Chapter 1: This chapter introduces the research background and significance of 

prediction of the long-term behavior of the caving zone in order to predict long-term 

surface subsidence due to the longwall coal mining operation. The reviews of the 

literatures on the measurement technology and prediction of surface subsidence and 

ground behavior were also presented in this chapter. This chapter describes the 

objectives of this research. 
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Chapter 2: The chapter describes the BOTDR technology for measurement of 

ground movement due to longwall coal mining operation. As the BOTDR technology 

can measure the strain at specific monitoring points, the returned strain is somewhat 

different from the rock mass strain outside of the monitoring point. Hence, in case that 

the strain data returned from the monitoring point is considered the same as the overall 

deformation of the rock, a large cumulative error will occur, especially in the caving 

zone and the damage zone. The new calculation model which can calculate the ground 

deformation above the goaf based on the data measured by BOTDR technology is 

proposed. In this model, the ground above the goaf is divided into three zones: the 

caving zone, the damage zone and the continuous deformation zone then the 

constitutive model of each zone is developed. The caving zone is represented as the 

constitutive model of rock fragments. The deformation of this model contains the 

compressive deformation of the rock body and the sliding behavior among rock 

particles. The damage zone represents the fractures zones as an elastoplastic body. The 

continuous deformation zone represents the elastic deformation zone and 

unconsolidated zone which can be modeled as the elastic body. The amount of surface 

subsidence above the goaf can be calculated by the summation of deformation of each 

zone.  

Chapter 3: In order to discuss the applicability of BOTDR Technology, the long-

term behavior of each zone and the applicability of calculation models proposed in 

Chapter 2, the field investigation and the analysis of measurement data is conducted in 

Zhangzhuang coal mine, Anhui Province, China. Based on the measurement data, it is 

confirmed that the overburden can be classified into three zones: the continuous 

deformation zone, the damage zone, and the caving zone in terms of the deformation 

behavior. Large strain can be observed in the caving zone and it increases with 

increasing elapsed time after extraction of longwall panels. Additionally, as a result of 

predicting the deformation in each zone using the calculation model proposed in this 

research, the long-term deformation behaviors of the damage and continuous 

deformation zones can be simulated. However, the long-term deformation behavior of 
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the caving zone cannot be simulated and it is remarkable differences between the 

predicted value and measured one. Hence, it can be said that the long-term deformation 

behavior of the caving zone has to be understood and modeled in order to predict long-

term ground behavior due to the longwall coal extraction. 

Chapter 4: In order to understand the long-term deformation behavior of the 

caving zone, a series of triaxial creep tests are conducted using the specimen that 

simulates the caving zone filled with rock fragments under different axial pressures, 

confining pressures and size distributions of rock fragments. Based on the results of a 

series of creep tests, it can be said that both the axial and confining pressures have an 

obvious impact on the creep behaviors of the specimen. The creep strain increases with 

increasing the axial pressure and decreases with increasing the confining pressure. 

Moreover, it also can be recognized that the breakage of rock fragments inside of the 

specimen occur during creep tests and this phenomenon also has an obvious effect on 

the creep behavior of the specimen. Here, the relative breakage index, which is 

calculated by the total breakage volume divided by the total volume of rock fragments, 

is introduced in order to evaluate the breakage degree of rock fragments in the specimen. 

The size of rock fragments in the specimen has an obvious impact on the breakage 

behavior of rocks and the breakage index become large when the contents of large size 

rock fragments is large. In addition, as the breakage index increases with increasing 

confining pressure, it can be expected that the decrease of creep strain with increasing 

confining pressure is due to the internal structural change of the specimen. Therefore, 

it can be said that the bulking coefficient, which represents the characteristics of volume 

expansion, is an important factor for prediction of long-term deformation behavior of 

the caving zone. 

Chapter 5: The bulking coefficient plays an important role for long-term 

deformation behavior of the caving zone. In order to understand the long-term 

deformation behavior and determine the bulking coefficient of the specimen that 

simulates the caving zone, a three-dimensional numerical model of the specimen is 
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developed and simulated by means of Particle Flow Code (PFC) Ver. 5.0. The failure 

criterion of the rock fragments in the specimen is also implemented in this simulation. 

Based on the results of a series of numerical simulations, the deformation behavior of 

the specimen can be understood and the creep behaviour of the specimen can be 

simulated by Burgers creep model. Moreover, as the particle size distribution of rock 

fragments in the specimen, the axial and confining pressures have an obvious impact 

on the bulking coefficient of the specimen, the deformation characteristics parameter 

which represents the effects of the particle size distribution of rock fragments in the 

specimen, axial and confining pressures on the bulking coefficient is determined and 

introduced. Then the bulking coefficient under different conditions and elapsed time 

can be predicted.  

Chapter 6: In this chapter, a new creep model is proposed in order to predict long-

term behavior of the caving zone considering the change of bulking coefficient of 

caving zone. The new model attempts to predict the long-term behavior of the caving 

zone by incorporating the deformation characteristics parameter into the transition 

creep factor in the Burgers creep model. Compared with the results of the triaxial 

compressive tests, it can be said that the new creep model can simulate the behavior of 

the specimen simulated caving zone more accurately than the classic Burgers model. 

Moreover, compared with the results of laboratory tests with excavation model and the 

field measurement data of the caving zone in Zhangzhuang coal mine, it can be verified 

that the new proposed model can predict the long-term deformation behavior of the 

caving zone. 

Chapter 7: This chapter summarizes and concludes the results and findings of this 

research. 

Keywords: Subsidence calculation model; BOTDR technology; Triaxial 

compression experiment; Broken rock; Relative breakage index; Bulking coefficient; 

Particle discrete element; Fractional order creep model
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CHAPTER 1 

1 Introduction 

1.1 Research background and significance 

Long wall mining system is a very productive and efficient method and widely 

used in the world as a coal mining technique (Zhang et al. 2019). It is predicted that by 

2025, the total global coal consumption will be around 7.4 billion tons (International 

Energy Agency 2020), which means that lots of large-scale goafs or mined-out areas 

are generated. Hence, the height of the longwall face will continually increase, resulting 

that more rock beam breaks into large blocks. These blocks will collapse when the span 

reaches a certain limiting value, filling into the goafs and then a zone called caving zone 

will be formed, as shown a part in Fig. 1-1. Above this zone, the rock mass is damaged 

because of the stress release after the rock block collapsing, and the damage rock mass 

formed the fissured intermediate zone, b part as shown in Fig. 1-1. c part in Fig. 1-1 is 

surface zone in the overburden, which also called unconsolidated layers. According to 

Fig. 1-1, this part is also subsidence which is because the fissured intermediate zone’s 

deformation. Therefore, the surface subsidence is caused by the rock block collapsing 

in the caving zone, and the deformation of the caving zone play important parts in the 

subsidence of the whole overburden at longwall mining. 

Overburden subsidence not only affect the subsequent mining of coal, but also 

cause environmental problems such as the damage to farmland and transportation 

facilities, the pollution of water resources and unsafety of building structures. Therefore, 

timely grasping and evaluating the characteristics of the overburden deformation and 

the surface subsidence plays an important role in ensuring safe production and solving 

ecological problems of mining areas.  
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Fig. 1-1 Deformation of strata above an extracted area without permanent pillars a. zone of 

shattered roof beds over mine excavation; b. fissured intermediate zone; c. surface zone; γ 

limit angle from edge of working to through margin (Kratzsch 1986) 

There is a large amount of broken coal, gangue and broken collapsed rocks in a 

caved goaf formed by traditional longwall mining (Feng and Wang 2020; Zhang et al. 

2019; Liu et al. 2020). The void ratio in caving zone is the largest among the overburden, 

shown in Fig. 1-1, resulting that this zone is the easiest deforming part of the whole 

overburden and the movement of rock blocks in this zone is complex to learn. Hence, 

it is necessary to study the mechanical behavior of the broken rock in the caved goaf. 

As the broken rock has a diverse structure and complex internal interactions (Fan and 

Liu 2017), the characteristics of bulking deformation in the caving zone are important 

to analyze and determine mining operation process. As a parameter describing the 

expansibility of the rock mass, the bulking coefficient plays an important role in the 

research of mining roof management, mining subsidence law and preventing 

spontaneous coal combustion in goafs (Sun et al. 2020; Palchik 2015; Hao et al. 2011).  

In addition, the overburden deformation in a coal mine is a long-term study, and 

rock mass especially in caving zone usually shows significant creep behaviors under a 

long-term compressive stage (Li et al. 2020). The general movement stages of the 

overburden are shown in Fig. 1-2. 
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(a) Formation stage    (b) Gradual compaction stage   (c) Stability stage 

Fig. 1-2 Compaction stage of caving zone (Zhang et al. 2019) 

Generally, the caving zone deformation after mining will experience three stages 

(Shihao et al. 2016; Zhang et al. 2016; Zhang et al. 2019): after the excavation of the 

goaf, the rock blocks in the immediate roof falls into the goafs and the caving zone is 

formed, called formation stage (Fig. 1-2(a)). Then, the above overburden damages and 

compresses the rock mass in the caving zone. This stage is called the gradual 

compaction stage (Fig. 1-2(b)). Finally, the stress in the overburden becomes 

rebalanced and the deformation stabled gradually. This stage is called the stability stage 

(Fig. 1-2(c)). The deformation of the caving zone also will drive the movement of above 

rock mass and finally influence the surface subsidence. Hence, when studying the 

deformation of the caving zone and the surface subsidence, time effect should be 

considered. 

1.2 Literature review 

1.2.1 Measurement of overburden movement  

Distributed optical fiber sensing technology was born in the late 1970s. Since it 

was proposed, distributed optical fiber sensing technology has developed very rapidly. 

Many researchers over the world have been interested in the theory of distributed 

optical fiber sensing. A lot of research on the principle and application technology has 

been carried out, and a series of laboratory experiments and engineering practices have 

been carried out. The contents included the calibration of distributed optical fiber 

sensors, the development of sensor packaging methods, and the development of new 
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application fields.  

At present, global positioning system (GPS) technology (Chrzanowski et al. 1997; 

Can et al. 2012), synthetic aperture radar (SAR) technology (Jung et al. 2007), and 

interferometric SAR (InSAR) technology (Guéguen et al. 2009; Yang et al.2017) have 

advantages of high spatial positioning, high deformation sensitivity, and high spatial 

resolution. They can monitor the continuous subsidence of the goaf and obtain the 

surface subsidence distribution data. However, due to the increasing thickness of 

overburden, more and more interference factors especially the time effect will influence 

the deformation of the rock mass in the overburden, and then effect the surface 

subsidence. Hence, it is hard to grasp the overburden subsidence rule only by using the 

above technologies for ground subsidence monitoring (Donnelly 2009). Brillouin 

optical time-domain reflectometer (BOTDR) is a distributed optical fiber strain sensor 

technology whose operation is based on Brillouin scattering. It can obtain the strain 

distribution information of measurand fields overburden vertically along the fiber path 

in time and space simultaneously (Zhang et al. 2018; Hong et al. 2017). In addition, 

BOTDR technology equipment can measure continuous strain along an optical fiber 

over 10 km (Ohno et al. 2001) and is used to detect deformations or predicted problems 

in large-scale structures. Hence, with the vertically strain distribution of the overburden 

during the monitoring period by BOTDR technology, the overburden long-term 

deformation even in the large-scale field test can be obtained. 

There are other technologies which can also obtain the information in the 

overburden, but they have their own limitation. For example, using the time-domain 

reflectometry (TDR) technology and underground radon concentration detection 

technology to monitor the overburden subsidence in the goaf is still in the validation 

stage (O’Connor and Murphy 1997; Kies et al. 2006). There are many interferences 

when applying the electrometric method (Hohmann and Ward 1981), and the borehole 

sound velocity method is mostly used for auxiliary detection (Yasar and Erdogan 2004). 

For CT detection method, it is difficult to realize distributed quantitative detection (Li 
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et al. 2017). As for BOTDR technology, it used the fiber to implant into the overburden 

and the fiber is light weight and small size. Moreover, because when monitoring the 

optical fiber is buried into the overburden and the buried hole is closed, the interferences 

is less.  

According to the above analysis, distributed optical fiber sensor based on BOTDR 

is a better choice to monitor deformation of overburden rock in coal mines (Zhang D et 

al. 2017; Madjdabadi et al. 2017; Gang et al. 2015). When disposal the strain data from 

BOTDR technology, it is common to integrate the optical fiber sensor monitored strain 

along the whole monitored range to obtain the deformation behavior of the overburden 

(Zhang GX et al. 2017). The integrate method can be describe as: 

 = doW h  (1-1) 

where Wo is the subsidence of the overburden; ε is the strain data from BOTDR 

technology; h is the height of the monitored overburden. 

However, the integration method does not involve the relationship between 

mechanical parameters rock mass and the subsidence stage of the overburden. 

Moreover, the uneven deformation of the overburden rock mass is not considered. 

Hence, it’s necessary to propose a more considered and precise method to disposal the 

BOTDR strain data of the mining overburden. 

1.2.2 Experimental study of gangue mechanical behavior in caving zone 

At the field scale, the typical environmental factors undergoing by the surrounding 

rock mass of an underground cavern are confining pressure, temperature and ground 

water, and the intrinsic rock factors of the rock mass are jointing, anisotropy, 

composition, and grain size. These factors should be considered when exploring the 

underground rock mass behaviour, as shown in Fig. 1-3 (Zhang 2014).  



CHAPTER ONE 

 
6 

 

 
Fig. 1-3 Influencing factors in underground engineering design (Zhang 2014) 

However, guidance and standards in field testing and design are generally lacking, 

and moreover advances in understanding of mechanical behaviour have been paced to 

an important degree by advances in experimental techniques (Zhang 2014). Hence, 

reliable results of rock mechanical behaviour can be obtained at the laboratory scale 

under appropriate testing design. 

Large-scale experiments on coarse-grained materials began in the 1960s. Marsal 

conducted a series of large-scale tests on rockfills in 1967 (Marsal R J 1967). The 

Japanese Society of Soil Engineering conducted a series of studies and summaries on 

the mechanical properties of coarse-grained materials and on-site compaction control. 

With the development of high earth-rock dams, high-rise buildings, high-speed railways 

and highways, coastal riverbanks and other projects, the experimental research of 

coarse-grained materials has continued to deepen (Hufenus et al. 2006). The test 

methods mainly include large-scale triaxial, large-scale direct shear and in-situ tests. 

The confined compression test results of the saturated broken rock have showed that 

there is an exponential function relationship between time and the porosity of the 

broken rock (Ma et al. 2014). 

As for the creep behavior test of disaggregated rocks, at a certain applied stress, 

creep occurred at an attenuated rate, and steady-state creep occurred at a zero rate in 

the broken rock. At high stress, samples exhibited creep at an attenuated rate and steady-
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state creep at a non-zero rate (Li et al. 2020). To predict and get the law of the 

overburden deformation, it is also important to precisely analyze the influence of the 

time on bulking coefficient of the broken rock in caved zones (Ma et al. 2014; Sun et 

al. 2020). 

Ma Zhanguo studied the creep behavior of saturated disaggregated sandstone 

under uniaxial compression with side limits (Ma Z, 2014). The relationship between 

axial displacement and time was described by nonlinear exponential function in his 

study. It was also proved that the mechanisms of the creep of saturated disaggregated 

sandstones include fragment crushing, fragment splitting, fragment rearrangement and 

possibly stress corrosion cracking due to the existence of water. Experimental research 

on the creep behavior of saturated fractured rock mass was also carried out by scholars 

(Li et al. 2013; Ma et al. 2014), and the fitting formular of axial strain and time was 

obtained. The creep parameter of saturated broken rock increased with the increase of 

axial stress. There were creep mutation points in the broken rock under the condition 

of high axial pressure, as shown in Fig. 1-4.  

 
Fig. 1-4 Creep mutation points of saturated broken rock with the particle size 5 - 10 mm (Ma 

et al. 2014) 

However, because of the difficulty to add confining pressure during the triaxial 

compression loading, the study of the confining pressure influence on the broken rock 

creep behavior is not enough. In addition, although the creep behaviors of the intact or 

damaged rock mass have been studied by many researchers recently (Zang et al. 2017; 
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Firme et al. 2016; Kabwe et al. 2020), for broken rock in the caving zone, there are few 

studies about the time effect on the expansion and deformation of it not only by 

experiment tests but also by numerical simulation studies. 

1.2.3 Numerical simulation study of gangue mechanical behavior in caving zone 

Numerical simulation test can help to get the visualized interaction results inside 

the rock model during the test. As for the creep research of broken rock masses, Ma ZG 

et al. used the particle discrete element numerical simulation method to simulate broken 

rock masses of different shapes by using particle clusters (Ma et al. 2019). In his study, 

the Burger contact model is used for intra-particle cluster contact, and the linear contact 

model is used for inter-particle cluster contact. The creep behavior of broken rock under 

triaxial compression was simulated, and the relationship between particle gradation and 

creep was discussed. The creep behavior of broken rock masses under dry and wet 

conditions was studied by PFC software (Zhao and Song 2015). A particle dispersion 

model was proposed to simulate the wet state of the broken rock which reduced the 

short-term strength, the stress threshold of strength degradation and the contact friction 

coefficient compared with the dry state. It was proved that in a rockfill specimen where 

aggregates were irregularly packed, breakage mainly occurred at the angularities or 

corners of aggregates. However, the coefficient reduction value in this study needed to 

be obtained through indoor experiment fitting, indicating that only a qualitative method 

was proposed. Also, this article ignored that most of the water in nature is acidic, and 

the short-term strength of the friction coefficient will decrease compared with water. 

The rotation of particles in the process of crushing rock mass compression was also 

neglected.  

As for the creep behavior simulation method using particle discrete method, Zhao 

Z and Song E compared three kinds of the bond-aging model which can simulate the 

stress corrosion process well: proposed by Tran et al. 2009 (Tran et al. 2009); proposed 

by Silvani et al. 2009 (Silvani et al. 2009); and proposed by Potyondy 2007 (Potyondy 

2007). The compared results are as shown in Fig. 1-5. 
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Fig. 1-5 Comparison of elapsed time to bond failure between three bond-aging models (Zhao 

and Song 2015) 

As shown in Fig. 1-5, the trend of the normalized normal stress was almost the 

same, indicating that all these three bond-aging models can be used to simulate rock 

mass creep with appropriate empirical parameters. 

However, it is difficult to simulate the real rotation and occlusion behavior 

between complex 3D particles by a two-dimension numerical model (Wang et al.2018; 

Zhao and Song 2015; Ma et al. 2019; Zhang et al.2020). A 3D numerical model is 

necessary to be built. In addition, the deformation and damage inside the rock 

fragmentation and the time effect of bulking coefficient were practically not considered 

in the existing 3D numerical simulation study of the broken rock mechanical behavior 

(Huang et al. 2017; Li et al. 2020). 

1.2.4 Prediction methods of surface subsidence 

With the further understanding and mastery of mining subsidence in the coal mine, 

especially the spatial and temporal laws of surface movement, many mining subsidence 

prediction theories and methods have been established (He 2013). 

Section function method: Using mathematical and physical methods, different 

functions were selected to analyze the rock layer movement and surface settlement 

caused by mining. The expressions of rock layer movement and surface settlement 

under different mining conditions were obtained, and the deformation prediction 
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calculation method were analyzed. Finally, the mining section function for subsidence 

prediction was gradually formed.  

Scholars have conducted a lot of researches in section function method, and 

successively proposed the Donez section function method (see Eq. (1-2)), Budryk-

knothe section function method (see Eq. (1-3)), negative exponential function method 

(see Eq. (1-4)) and other research methods, which greatly enriched and developed the 

section function method for mining surface subsidence prediction. 
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where Wmax is the max value of the overburden subsidence; x is the surface distance 

from the central point of the sinking basin to the calculated point. L is the half length 

of the sinking basin; a, b and n are the undetermined coefficients; r is the main influence 

radius, r = H0/tanγ; H0 is the average mining depth;γ is the mining influence angle; 

tanγ  is the tangent of main influence angle; H is the depth of mining. These 

parameters are described in Fig. 1-6. 

 

Fig. 1-6 Vertical deformation of an undermined rock rock mass in flat-lying measures 

(Kratzsch 1986) 
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Influence function method: The influence function method is a method between 

the empirical method and the theoretical method. It has high accuracy and is more 

convenient for the surface movement calculation caused by the mining of ore bodies 

with complex conditions. An influence function is used to describe the amount by which 

an underground extraction affects the surface. Assuming an infinitesimal element dA at 

depth H to be extracted, it will create an elementary trough at the surface; the deepest 

point of the trough is vertically over the extraction element dA, and the trough decreases 

towards the limit line. The amount of subsidence at an arbitrary point in the trough 

varies according to its position, and consequently, the subsidence can be stated as a 

function f(x) of the position of point P by means of either radial distance from the trough 

central point. To describe the parameters clearly, Fig. 1-7 shows the schematic diagram 

of influence function calculation. 

 

Fig. 1-7 Schematic diagram of influence function calculation 

The basic principle of the influence function method is that it is assumed that the 

influence of the opening of a small underground unit on any point on the surface is 

related to the horizontal distance between the surface and the unit. The basic concept 

of the influence function method is the influence angle and the full mining degree or 

range determined by the influence angle, which is the so-called influence radius, are 

used to describe the influence of mining. 

J. Litwiniszyn used mathematical statistics to establish the expression of the 
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overlying strata and surface movement of the mined-out area, thus laying the theoretical 

foundation of the influence function (Salamon 1974): 

  
2

2

max 2

1 x

rf x W e
r


  (1-5) 

Brauner et al. proposed the circular integral grid method to calculate the surface 

movement when studying the movement of the overburden and the surface settlement 

during the mining process (Brauner 1973). 
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Another scholars, such as Ehrhardt-Sauer, Beyer, Koehmanski, Kothe, Sauer and so 

on have successively developed and proposed some new influence function theories 

and methods based on the previous research results, which have improved and enriched 

mining subsidence (He 2013).  

Probability Integral Method: This approach is currently commonly utilized in the 

prediction of mining subsidence. The rock mass analyzed in mining subsidence is 

treated as a non-continuum model in this manner, comparable to granulosis medium (Li 

et al. 2011). The subsidence of any surface point (x, y) induced by mining can be 

represented as follows using the probability integral method (Fan et al. 2014; He et al. 

1991) 
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where m is the mining height; q is the subsidence coefficient; α is the angle of dip of 

the coal strata; (xi, yi) is the plane coordinate of mining unit i; (x, y) is the coordinate of 

any surface point. 

The probability integral method can effectively predict mining surface subsidence, 

and the major predictive parameters need be inferred from a large number of mining 
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subsidence data generally. 

Although these research methods are important for a macroscopic understanding of 

the dynamic law of subsidence and deformation, they only qualitatively or 

quantitatively describe the movement of the overburden caused by underground 

opening and the geometric characteristics of the surface subsidence basin. It cannot 

objectively reflect the essential characteristics of mining subsidence because it ignores 

the influence of the structural and mechanical properties of the rock strata on mining 

subsidence, and it must be combined with other research methods to comprehensively 

analyze the essential characteristics of mining subsidence. 

1.3 Contents of research 

This dissertation consists of seven chapters and the main contents in each chapter 

are listed as follows: 

Chapter 1: This chapter introduced the research background and significance of 

prediction of the long-term behavior of the caving zone in order to predict long-term 

surface subsidence due to the long wall coal mining operation. The reviews of the 

literatures on the measurement technology and prediction of surface subsidence and 

ground behavior were also presented in this chapter. This chapter describes the 

objectives of this research. 

Chapter 2: The chapter describes the BOTDR technology for measurement of 

ground movement due to longwall coal mining operation. As the BOTDR technology 

can measure the strain at specific monitoring point, the returned strain may be 

somewhat different from the rock mass surrounding the monitoring point. Hence, it can 

be expected that a large cumulative error may occur if the strain measured by BOTDR 

technology at the monitoring point is considered as the same as overall deformation of 

the rock mass, especially in caving zone and damage zone. The new calculation model 

which can calculate the ground deformation above gab can be calculated from the data 

measured by BOTDR technology is proposed. In this model, the ground above goaf is 
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divided into three zones: caving zone, damage zone and continuous deformation zone 

then the constitutive model of each zone is developed. The caving zone represents as a 

constitutive model of broken rock mass. The deformation of this model contains the 

compressive deformation of rock body and the sliding behavior of rock particles. The 

damage zone represents the fractures zones as an elastoplastic body. The continuous 

deformation zone represents the elastic deformation zone and unconsolidated zone 

which can be modeled as the elastic body. The value of surface subsidence above goaf 

can be calculated by the summation of deformation of each zone.  

Chapter 3: In order to discuss the applicability of BOTDR Technology and 

identify the technical issues to be solved for measurement and prediction of long-term 

behavior of ground movement and surface subsidence due to longwall coal mining 

extraction, the field investigation was conducted in Zhangzhuang coal mine, Anhui 

Province, China. Based on the measurement data, it was confirmed that the overburden 

can be classified into four zone: unconsolidated zone, bending zone, fractures zone and 

caving zone depend on the movement behavior. It can be seen that the strain in the 

caving zone increases with increasing the time elapsed after extraction of longwall 

panel obviously. Besides, the settlement rate of caving zone also increases with 

increasing the elapsed time after extraction of longwall panel though and continuous 

the settlement rate of caving zone also increases with increasing the elapsed time even 

though the settlement rates of fracture zone and continuous zone such as unconsolidated 

and bending zones increase gradually in the beginning and then are stable. Therefore, 

it can be said that the behavior of caving zone has an obvious impact on the long-term 

ground behavior and subsidence due to the longwall mining extraction. Moreover, 

comparing with the measurement data of the surface subsidence, the subsidence 

calculation model proposed by Chapter 2 is more suitable method for prediction of 

surface subsidence in comparison to the conventional strain integral method but there 

is still about 10 % error between the calculated value based on the strain data by 

BOTDR Technology and field monitoring data of surface subsidence. It can be thought 

that this is because the long-term behavior of caving zone is not considered and 
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implemented in the calculation model. From these results, it can be concluded that the 

long-term deformation mechanism and behavior of caving zone have to be made clear 

in order to predict long-term surface subsidence due to the longwall coal extraction.  

Chapter 4: In order to understand the long-term deformation behavior of caving 

zone, a series of the triaxial creep tests with broken rocks were conducted under 

different grading size of broken rocks, confining stress and axial stress. Based on the 

results of a series of the creep tests, it can be said that about 90% of the overall 

deformation of broken rocks was elastic deformation during an instantaneous stage and 

a stable deformation one. Both the axial stress and confining stress have an obvious 

impact on the creep behaviors of broken rocks, the period of stable stage increases with 

increasing the axial stress and the maximum creep value decreases with increasing the 

confining pressure. Moreover, it also can be seen that the breakage of rock pieces occurs 

during creep tests and this phenomenon has an obvious effect on the creep behavior of 

broken rocks. The relative breakage index, which was calculated by the total breakage 

divided by the breakage potential, was introduced in order to evaluate the breakage 

degree of rock pieces. The distribution of the size of broken rocks has an obvious impact 

on the breakage behavior of rock pieces and the breakage index is large value when the 

contents of large size rock pieces is large and that of small one is small. Besides, the 

breakage index decreases with increasing the confining pressure.  

Chapter 5: As the bulking coefficient plays an important role for deformation 

behavior of caving zone. In order to understand the long-term deformation behavior 

and determine/characteristics of the bulking coefficient of broken rocks, a three-

dimensional numerical model to represent the block contents broken rocks was 

developed and applied for a series of numerical simulations. In this simulation, the 

damage criterion of the rock fragmentation by particle discrete element was also 

implemented in this model. Based on the results of a series of numerical simulations, 

the deformation behavior for long period can be made clear as follows. The broken rock 

was in compaction stage at the initial triaxial compression loading period, and the 
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bulking coefficient decreased with a certain fluctuation. Besides, the fluctuation 

behavior of deformation increases with the decrease of the confining pressure and the 

increase of the axial pressure. After that, the deformation of broken rocks turns into the 

viscoelastic deformation stage, the bulking coefficient gradually monotonously 

decreased with the elapsed time and the rock block could be easily damaged at the 

protruding edge. From the results of a series of numerical simulations, it can be 

concluded that the creep behaviour of broken rocks can be simulated by Burgers creep 

model and the model for prediction of bulking coefficient was proposed. 

Chapter 6: In this chapter, a new the creep model based on the fractional order 

theory is proposed in order to predict short and long-term behavior of caving zone 

consisted by broken rocks. Compared with the result of the triaxial compressive 

experiment with using broken rocks, it can be said that the new creep model can 

simulate the behavior of the specimen with broken rocks with the 0.995 accuracy and 

better than the classic Burgers model. Moreover, the prediction equation for caving 

zone behavior is developed based on this new creep model. Compared with the field 

measurement date of caving zone deformation, it can be said that the new prediction 

equation can predict the long-term behavior caving zone with the accuracy of 0.997.  

Chapter 7: This chapter summarized and concluded the results and findings of 

this study. 

The flow chart of this study is shown in Fig. 1-8. 
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Fig. 1-8 Flow chart of the research contents and approaches 
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CHAPTER 2 

2 Measurement of ground behavior due to longwall mining operation by using 

BOTDR technology 

With the increase of the coal consumption, the longwall mining goaf scale has 

become significantly large, increasing the risk of subsidence. Distributed optical fiber 

sensor can obtain the strain and temperature distribution information of measurand 

fields along the fiber path in time and space simultaneously and it can realize long-term 

monitoring of structures (Zhang et al. 2018; Hong et al. 2017). Hence, optical fiber 

sensor based on Brillouin optical time-domain reflectometer (BOTDR) technology was 

adopted in order to measure the overburden deformation behavior due to longwall 

mining operation after mining in this research. 

2.1 Introduction of BOTDR technology 

BOTDR is the distributed optical fiber sensing technology which based on 

Brillouin optical time domain reflectometry (Gao et al. 2019; Weng et al. 2015; Fabien 

et al. 2007).  

Its working principle is (Gao et al. 2019; Shi 2006): a continuous light of a certain 

frequency from the DFB-LD (distributed feedback laser diode) laser light source is 

injected into the optical fiber medium, this light can be separated into the probe light to 

the output to the optical fiber to be measured and the reference light for heterodyne 

detection. The probe light can be modulated into the pulse light by an intensity 

modulator. When the pulse light entering the inside of the optical fiber, it interacts with 

the elastic acoustic wave therein to generate back Brillouin scattering, which causes 

Brillouin scattering due to the temperature and the stress received. Brillouin scattering 

occurs in the optical fiber, and the Brillouin backlight generates a frequency shift. The 

frequency shift amount is in proportion to the longitudinal strain of the optical fiber. By 

measuring the frequency shift, the relationship of the frequency shift with the 
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temperature and strain of the optical fiber can be used to obtain the external information 

of the optical fiber. When one end of the optical fiber receives the pulsed light of the 

specified frequency, the pulsed light interacts with the elastic acoustic wave in the 

optical fiber to form Brillouin scattering, then the back Brillouin scattered light returns 

through the original path of the optical fiber and enters the BOTDR light receiving part 

and the signal processing unit. The conversion of the optical signal and electrical signal 

is completed in the receiving part, the electrical signal is transmitted to the receiver 

through the broadband amplifier. The digital signal processor is used to perform the 

average processing, the specific distribution of Brillouin scattering light power in each 

sampling point of the fiber is obtained. The diagram of BOTDR is shown in Fig. 2-1 

(Shi et al. 2006). 

 

Fig. 2-1 Diagram of BOTDR monitoring principle (Shi et al. 2006) 

Both the temperature and strain have linear relationship between the frequency 

shift of Brillouin scattered light. From the monitoring frequency shift of Brillouin 

scattered light, the temperature and strain of the monitored material can be measured 

by BOTDR technology. The relationship of Brillouin frequency shift with temperature 

and strain is shown in Eq. (2-1) (Gao et al. 2019; Sakairi et al. 2002; Horiguchi et al. 

1995; Hong 2017; Klar 2014) 

      
, B B

B

T
T T

T

  
  


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where, ΔνB(ε,T) is the amount of Brillouin frequency shift change, related to 

temperature and strain;  B 





 is the strain coefficient of change; Δε is the amount 

of the strain change of the optical fiber;  B T

T




  is the temperature coefficient of 

change; ΔT is the amount of the temperature change of the optical fiber. 

The strain and temperature coefficients of change  B 





  and  B T

T




  are 

coefficients which is related to the optical fiber’s properties and stay unchanged if the 

optical fiber sensor is fixed. In that case, both of coefficients can be obtained from a 

laboratory monitoring experiment. In Eq. (2-1), ΔνB(ε,T) can be monitored by the 

optical fiber sensor. Then, during a mechanical test by the optical fiber sensor, if the 

temperature change value ΔT is known, it will be easy to obtain the value of strain 

change. 

2.2 Calculation model of overburden subsidence based on BOTDR technology 

2.2.1 Simplify  

(1) Division of different zones of overburden 

According to the characteristics of the rock mass in the overburden after 

excavation, the strata can be generally divided into three parts caving zone, fractured 

zone, bending zone and unconsolidated layers (Peng 1992). The rock mass in the caving 

zone is completely broken and filled with rock blocks, which contributes most to the 

surface subsidence above the goaf. The rock mass in the fractured zone is full of fully 

developed fractures. While the rock mass of the bending zone has good integrity and is 

divided into a microseismic active area and an elastic deformation area based on the 

rock deformation state (Shabanimashcool 2012). The microseismic active area is in 

direct contact with the fractured zone and contains rock fractures and other types of 

damage; therefore, the damage factor can be used to represent the fracture development 

state in the microseismic active area. The elastic deformation area is under the elastic 

deformation stage in the bending zone. The unconsolidated layers are comprised of the 
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rock and soil, and it can be assumed that only elastic deformation occurred like the 

elastic deformation area in the bending zone. 

For the convenience of the subsidence calculation model derivation, the 

overburden was divided into three new parts according to the state and deformation 

characteristics of overlying rock and soil above the goaf, that is, caving zone based on 

the broken rock mass, damage zone (fracture zone and microseismic active area) based 

on the fractured rock mass, and continuous deformation zone (elastic deformation area 

and unconsolidated layers) based on continuous rock mass. The schematic diagram of 

overburden deformation zones in coal seam is shown in Fig. 2-2. 

 

Fig. 2-2 Diagram of mining overburden state and stratum zoning 

The red line in Fig. 2-2 is an example of the optical fiber strain sensor’s layout in 

overburden. It is noted that the strain data of overburden by optical fiber strain sensor 

is in one direction along the optical fiber. If we lay a vertically oriented fiber within the 

overburden of the goaf, then it is reasonable to assume that the strain data returned by 

the fiber is vertical strain (Zhang et al. 2018).  

(2) Distributed monitoring scheme for overburden in the goaf 

To explain the basis of the simplified calculated model clearly, a brief description 

of the optical fiber monitoring scheme in the mining overburden is necessary: first drill 

a hole into the ground along the goaf of the coal mine, implant an optical cable made 

of glass fiber reinforced plastics (GFRP) into the borehole slowly, and then pour 
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concrete grout into the hole to seal. In order to ensure the filling back material concrete 

grout deforms together with the surrounding rock, it is better that the elastic modulus 

of filling material is larger than the surrounding rock (Zhang 2020). In addition, 

adopting a screw-like package design for an embeddable distributed optical fiber strain 

sensor also can improve the deformation coupling degree between them (Du 2018). The 

schematic diagram of the layout and monitoring of the optical fibre cable in the 

overburden is shown in Fig. 2-3. 

 

Fig. 2-3 Distributed monitoring scheme for overburden in mining area 

(3) Assumptions of the overburden model for calculation 

According to the principle of BOTDR, it can be considered that strain sensors are 

distributed every sampling interval along the fiber, and the interval is usually between 

0.05m and 1m (Zhang et al. 2013; Zhang et al. 2019). Because of the existing of the 

void, cracks and other damage, the deformation of overburden, especially in caving 

zone and damage zone, is unevenly. As the optical fiber strain sensor monitors only at 

specific monitored points, the returned strain is somewhat different from the rock mass 

strain outside the monitoring point. When calculating the subsidence, it is required to 
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accumulate the strain within the height range. If the strain data returned from the 

monitoring point is considered the same as the overall deformation of the rock, a large 

cumulative error will occur. In this study, we use the strain outside the monitoring point 

r  and the strain at the monitoring point m  to distinguish these two kinds of strain. 

The calculation model is simplified, as shown in Fig. 2-4, where λ is the spatial 

sampling interval. 

 

Fig. 2-4 Monitoring points of the optical fiber sensor 

The strain outside the monitoring point i is considered as the average strain of one 

spatial resolution λ as shown in Fig. 2-4. 

The interaction between the optical fiber and the monitored rock has been studied 

by many researches (Zhang et al. 2020; Zang et al. 2015; Zhang et al. 2016), and to 

simply the model, it is assumed that the data returned from optical fiber sensor is the 

rock mass strain at the monitoring point. To get a general calculated method, the other 

following assumptions also need be claimed. 

a) The stain returned by the optical fiber sensor is vertically. 

b) The monitored rock mass, filling material and optical fiber deform together.  

c) The stress near each monitoring point is equal.  

d) When implanting the optical fiber, the mine below the drilling hole was 

excavated. 
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2.2.2 Subsidence calculation model of rock mass in caving zone  

As shown in the Subsection 2.2.1, the strain at the monitoring point and the strain 

of the whole rock mass should be calculated separately. 

A constitutive model of broken rock mass was adopted to reflect the stress-strain 

relationship of the rock mass at the strain monitoring point (Ryder 1978; Salamon 

1990): 

 
max1 /

b
b m
z b

m

E


 



 (2-2) 

where b
z  is the vertical strain of rock mass in the caving zone; E is the elastic modulus 

of rock mass; b
m  is the strain at the monitoring point in the caving zone; εmax is the 

maximum strain of the rock mass along the vertical direction. 

The maximum strain can be calculated as (Yavuz 2004; Zhang 2019): 

 max
0

1
1

K
    (2-3) 

where K0 is the initial bulking coefficient. 

Since the coal mine was excavated and the rock mass has been broken, the 

deformation in caving zone has two main forms: the compression deformation of the 

rock body itself and the volumetric compression of the rock mass void caused by 

arrangement and distribution changes of rock blocks. When the stress applied to the 

broken rock fragments cannot cause sliding deformation, the rock particles only 

undergo self-compressive deformation. When the stress is large enough to cause sliding 

friction between particles, sliding deformation among rock particles and self-

compressive deformation of the rock mass would occur simultaneously or only sliding 

deformation. Compressive deformation of the broken rock mass can be represented by 

three kinds of components in a parallel form, as shown in Fig. 2-5. 

Fig. 2-5 shows that the deformation of the broken rock mass can be simplified into 
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three forms: Component Ⅰ. The compressive deformation of rock particles is simplified 

as an elastic element; Component Ⅱ. When the deformation of the rock body and the 

sliding friction occur together, the deformation is then simplified as an elastic element 

and a friction plate which are connected in series; Component Ⅲ. The sliding friction 

between the rock particles is simplified as a friction plate.  

 

Broken rock particles → Particle contact types → Components simplified from contacts 

Fig. 2-5 Schematic diagram of simplification of compressive deformation of the rock mass in 

the caving zone 

The three components are connected in parallel, and the relationship of strain and 

stress with each contact form can be obtained: 

 
1 2 3

= +

= =

b
z E

b
r

  
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



 (2-4) 

where b
z  is vertical stress of the rock in the caving zone; σE’ is the total stress of the 

elastic element in component Ⅰ and component Ⅱ; σμ is the total stress of the sliding 

plate in component Ⅱ and component Ⅲ; b
r  is vertical strain of the rock in the caving 

zone; ε1 is the strain applied to component Ⅰ; ε2 is the strain applied to component Ⅱ; ε3 

is the strain applied to component Ⅲ. 

Since the elastic component of the model represents the rock block deformation, 

the damage influence needs to be considered. According to damage mechanics, the 

effective elastic modulus of each rock particle can be expressed by using the damage 

factor (Liu 2015): 
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  1E D E    (2-5) 

where E’ is the effective elastic modulus; D is the damage factor. 

The stress applied to the elastic component and the friction plate in Fig. 2-5(c) can 

be calculated by: 
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 (2-6) 

Where μ is the friction coefficient; θ is the angle between the tangent of the sliding 

friction surface and the horizontal direction (shown in Fig. 2-5(b)), named as the contact 

surface angle in the following discussion. 

By substituting Eq. (2-6) into Eq. (2-4) and then into Eq. (2-2), the relationship 

between the vertical strain of the rock mass in the caving zone b
r  and the strain at 

monitoring points in the caving zone b
m  can be expressed by: 
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where  1
1 sin 2

2
    , is the contact parameter of rock particles, and is related to 

the contact surface inclination and roughness.  

The subsidence of the overburden rock mass including two parts: the compression 

of the rock mass itself which can be calculated by Eq. (2-7) and the displacement with 

the lower strata. Therefore, the subsidence of the caving zone can be obtained by adding 

all the strata deformation from the bottom of the caving zone to this certain depth. The 

formula for calculating the subsidence of overburden at height h1 in the caving zone 

can be expressed by: 
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where Wb(h1) is the subsidence of the rock mass in the caving zone when the overburden 

height is h1, and at this time h1 falls within the height range of the caving zone; n is the 

maximum number of optical fiber sensor’s monitoring points within height h1; λ is the 

space sampling interval of the optical fiber sensor; b
mk  is the strain value monitored 

at the kth monitoring point in the caving zone. In order to easy understand the parameters 

of the caving zone in Eq. (2-8), the schematic figure of the number of the monitoring 

points is shown in Fig. 2-6. 

 
Fig. 2-6 Schematic of the monitoring points number method of caving zone 

2.2.3 Subsidence calculation model of rock mass in damage zone  

The same as caving zone, because of the uneven deformation, the strain at the 

monitoring point and the strain of the rock mass at the damage zone should calculate 

separately. The rock strain at the monitoring point is considered as elastoplastic strain, 

then it can be calculated by: 

 
d e p
m z z     (2-9) 

where d
m  is the strain at the morning point in the damage zone; e

z  is vertical elastic 

strain of the rock mass at the monitoring point; p
z  is vertical plastic strain of the rock 

mass at the monitoring point. 

1

2

...

n

n+1

...

N

N+1

...

caving
zone

h1

damage
zone

monitoring
point

optical fiber



CHAPTER TWO 

 
33 

 

Assuming that the deformation of the rock mass in the damage zone conforms to 

plastic total deformation theory, Eq. (2-9) can be rewritten as: 

  1

2
d e d d di
m z z x y

i

    


      
 (2-10) 

where σi is the stress strength; εi is the plastic strain strength; d
x , d

y  and d
z  are 

the stress of rock mass in the damage zone at x, y, and z direction, respectively. 

Elastic strain in Eq. (2-10) of the rock mass in the damage zone can be expressed 

by: 

  1 1

2
e d d d
z z x yE
        

 (2-11) 

When damage occurs at the rock mass due to cracks, pores and other structures, 

the rock mass strain can be expressed by the constitutive equation of the damaged rock: 
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where d
r  is the vertical strain in the damage zone. 

By combining Eq. (2-10), Eq. (2-11), and Eq. (2-12), the relationship between the 

rock mass strain d
r  and the strain at the monitoring point d

m  can be expressed by: 

 
  1

d di
r m

i iD E


 

 


 
 (2-13) 

The same as caving zone, according to Eq. (2-13), the model for calculating the 

subsidence of the rock at height h2 in the damage zone can be expressed by: 
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where Wd(h2) is overburden subsidence in the damage zone when the overburden height 

is h2, and h2 falls within the height range of the damage zone; Wb is total subsidence of 

the caving zone, which can be calculated by Eq. (2-8); N is the total number of 
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monitoring points in the caving zone; m is the maximum number of optical fiber 

sensor’s monitoring points within height h2; d
mk  is the strain value monitored at the 

kth monitoring point in the damage zone. The same as caving zone, in order to easy 

understand the parameters in the damage zone of Eq. (2-14), the schematic figure of the 

number of the monitoring points is shown in Fig. 2-7. 

 

Fig. 2-7 Schematic of the monitoring points number method of damage zone 

2.2.4 Subsidence calculation model of rock mass in the continuous deformation zone  

Because the rock-soil body in elastic deformation zone and unconsolidated layers 

are assumed to be elastic body, the deformation in continuous deformation zone is 

homogeneous. In that case, the strain can reflect that of the whole rock mass in 

continuous deformation zone. The model for calculating the subsidence at height h3 in 

the continuous deformation zone can be expressed by: 
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where Wc(h3) is overburden subsidence in the continuous deformation zone when the 

overburden height is h3, and h3 falls within the height range of the continuous 

deformation zone; Wd is the total subsidence of the damage zone, which can be 

calculated by Eq. (2-14); M is the total number of monitoring points in the caving zone 
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and damage zone; p is the maximum number of monitoring points in the continuous 

deformation zone when the overburden height is h3; 
c
mk  is the strain at the monitoring 

point in continuous deformation zone at the kth monitoring point. The same as caving 

zone and damage zone, in order to easy understand the parameters in the continuous 

deformation zone of Eq. (2-15), the schematic figure of the number of the monitoring 

points is shown in Fig. 2-8. 

 
Fig. 2-8 Schematic of the monitoring points number method of continuous deformation 

zone 

2.3 Parameter analysis of subsidence calculation model 

2.3.1 Calculation and sensitivity analysis of damage factor 

(1) Calculation of the damage factor 

The damage factor is related to the degree of damage and deformation of the rock 

mass. Conventionally, the internal defects of microelement of rock are subject to obey 

the statistical law and the two-parameter Weibull distribution (Chen 2018; Krajcinovic 

1982). The damage factor can be defined as:  
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where εm is the overburden strain measured by the optical fibre sensor; ε0, m0 is Weibull 

distribution parameters, which can be determined from the stress-strain curve fitting. 

ε0 reflects the strain value of the rock, which is proportional to the mean value of 

the strain, and it also increases along with the increase of the peak strain in the stress-

strain curve. m0 reflects the concentration of strain distribution of rock microelements, 

and the bigger m0 is, the more concentrated the strain distribution becomes. m0 is also 

referred to as the homogeneity index (Tang 1997). 

By substituting Eq. (2-16) into the constitutive equation of damaged rock mass, a 

new constitutive function of the damaged rock based on the Weibull distribution is 

obtained: 

     0

0 0exp /
m

z x y z mE             (2-17) 

where μ0 is the passion ratio; σx, σy and σz are the stress of the material in x, y and z 

direction, respectively; and εz is the strain of the material in z direction. 

In order to find the magnitude of distribution parameters, logarithmic 

transformation is applied to Eq. (2-17). Thus, it is rewritten as:  

 
 0

0 0 0ln ln ln ln
z x y

z
z

m m
E

   
 



      
  

 (2-18) 

According to the post-peak data of the stress-strain curve in the triaxial 

compression test of the rock mass, the value of ε0 and m0 can be obtained by linear 

fitting of Eq. (2-18). 

For example, in order to obtain the relationship between stress and strain of 

sandstone, a software named PFC3D based on particle discrete element method is 

adopted to conduct a conventional triaxial compression test. The parameters used in 

this numerical simulation test are as follows: elastic modulus is 2.29×103 MPa; peak 

strength is 190 MPa when confining pressure is 8 MPa; poisson’s ratio is 0.230 (Yang 

2016). After parameter calibration, discrete particle simulation in the conventional 

triaxial compression test was carried out to study stress-strain curve of sandstone when 
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the confining pressure changes as 2 MPa, 8 MPa, 14 MPa, 20 MPa, 26 MPa and 32 

MPa.  

Fig. 2-9 shows the results of triaxial compression tests of sandstone under different 

confining pressures, and p0 represents the confining pressure. 
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Fig. 2-9 Stress-strain curve of sandstone under different confining pressures 

As shown in Fig. 2-9, as the confining pressure increases, the peak strength and 

peak strain of the rock mass also increases, while the concentration of the stress-strain 

curve decreases. 

The post-peak data of the sandstone stress-strain curve under different confining 

pressures is fitted by linear fitting according to Eq. (2-18). The change characteristics 

of m0, ε0 and εpeak under different confining pressures are shown in Fig. 2-10. 

As shown in Fig. 2-10, due to the concentration changes of the stress-strain curve 

concentration under different confining pressures, m0 decreases exponentially with the 

increasing of the confining pressure, and their fitting function is m0 = exp(1.83 - 0.104p0 

+ 0.0015p0
2), coefficient of determination R2 is 0.99. When the confining pressure 

reaches 20 MPa, m0 gradually stabilizes. ε0 and εpeak increase linearly with the 

increasing of the confining pressure, and their fitting functions are ε0 = 0.097 + 0.0034p0 

and εpeak = 0.090 + 0.0017p0, whose coefficients of determination R2 are 0.99 and 0.98, 

respectively. Besides, ε0 is always larger than εpeak. 
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Fig. 2-10 Change rules of distribution parameters and peak strain under different confining 

pressures 

(2) Sensitivity analysis of distribution parameters in caving zone  

By substituting Eq. (2-16) into the strain calculation function Eq. (2-7) of the 

caving zone, the following equation can be obtained: 

 
 

   0

0

0 0

1

exp / 1 1

b
mb

r mb b
m m

K

K

 


  




        

 (2-19) 

Assume that the contact parameter of rock particles φ is 0.75, the bulking factor 

K0 is 1.3, and the strain at the monitoring point of the caving zone is 0.0005, 0.0025, 

0.0045, 0.0065, 0.0085, 0.0105, 0.0125 and 0.0145, respectively. Then, the influence 

of distribution parameters on the precision of subsidence calculation in the caving zone 

was studied. To control the variable, m0 should be constant and fixed as 3 when 

discussing the influence of ε0. When studying the influence of m0, ε0 should be constant 

and fixed as 0.0045. Fig. 2-11 shows the curves of b
r   changing with ε0 and m0 

respectively. 

Fig. 2-11(a) shows that when 0
b
m  , the maximum change value of the strain 
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b
r  is 0.00198 as ε0 increases from b

m  to 0.0752. Hence, ε0 has little influence on b
r , 

and according to Eq. (2-8), it also has little influence on subsidence calculation results. 

When 0
b
m   , except for 0.0005b

m    (As the data of 0
b
m    when 0.0005b

m   

is less, there is no abrupt phase of the calculated strain in the caving zone b
r ), b

r  

decreases sharply at the initial stage of ε0, and its sensitivity to ε0 is high. Hence, in this 

situation, the accuracy of ε0 has great influences on the subsidence calculation results.  
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(b) The relation between m0 and b
r  when ε0 = 0.0045 

Fig. 2-11 Influences of ε0 and m0 on the strain b
r  in the caving zone 
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As shown in Fig. 2-11(b), when 0
b
m  , strain in the caving zone b

r  is almost 

constant with the change of m0. The maximum change of the strain b
r  is 0.0014 as m0 

changes from 1 to 91, which indicates that the change of m0 at this situation has little 

effect on the strain b
r , and thus has little effect on the final subsidence calculation 

results. When 0
b
m   and m0 increases to a certain value, the strain in the caving zone 

b
r   increases sharply, especially when 0.0005b

m   , the strain b
r   changes almost 

vertically in Fig. 2-11(b), and at this time, the accuracy of m0 has a huge impact on the 

subsidence calculation results. 

Because of the mined-out stage of the goaf, the secondary broken of the rock 

particles after rock mass breaks is not considered. According to Fig. 2-10, ε0 is always 

larger than εpeak. It ought to be noted that from the derivation process of the subsidence 

calculation model of the caving zone, D is the damage factor of the rock mass blocks 

rather than the entire rock mass in the caving zone. As the overburden subsidence after 

mining is in a stable stage and no rock particle at the monitoring point breaks again, the 

strain at the monitoring point in the caving zone b
m  will always be smaller than the 

peak strain εpeak of the rock body, and also smaller than ε0. Hence, the accuracy of 

distribution parameters ε0 and m0 have a little effect on the subsidence results of the 

caving zone. In that case, if fix 
0

b
bm
mk





   (ε0 and b

mk   always has the same 

directions), m0 = 1, and the model for calculating the overburden subsidence in the 

stable stage in the caving zone can be simplified as: 

    
   

0
1

1 0

1

exp 1 1

bn
mk

b b b
k mk mk

K
W h
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 

 




    
  (2-20) 

2.3.2 Calculation and sensitivity analysis of contact parameters 

(1) Sensitivity analysis of distribution parameters in damage zone  
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By substituting Eq. (2-16) into strain calculation function of the damage zone Eq. 

(2-13), then the equation can be obtained as follows: 

 
   0

0exp /

d di
r mmd

m i iE


 

   


    

 (2-21) 

In order to study the influence of distribution parameters on subsidence calculation 

results of the damage zone, fix the values of the parameters are as follows: σi = 3 MPa, 

εi = 0.075 and the strain at monitoring points in the damage zone d
m   are 0.0005, 

0.0025, 0.0045, 0.0065, 0.0085, 0.0105, 0.0125 and 0.0145, respectively. When 

analyzing the influence of ε0 on d
r , fix m0 = 3. When analyzing the influence of m0 on 

d
r , fix ε0 = 0.0045. Fig. 2-12 shows the changes of calculated strain in the damage zone 

d
r  along with ε0 and m0. 

As shown in Fig. 2-12, similar to the caving zone, when 0
d
r  , the maximum 

change of the strain in the damage zone d
r  is 4.97×10-5 as ε0 increases from d

m  to 

0.0752, while as m0 increases from 1 to 91, the maximum change of d
r  is 3.72×10-6. 

Therefore, when 0
d
m  , combining with Eq. (2-14), it can be found that the results of 

subsidence calculation are insensitive to the changes of ε0 and m0, and the accuracy of 

ε0 has no obvious impact on the final results of subsidence calculation. When 0
d
m  , 

similar to the caving zone, except for 0.0005d
m  , the calculated strain of the damage 

zone d
r  decreases sharply in turn at the initial stage of ε0, and under this situation, its 

sensitivity to ε0 is high, which means the accuracy of ε0 has a large impact on the final 

calculation results of subsidence. As for m0 , when 0
d
m   , the relationship curve of 

d
r  and m0 has the tendency of steady increase followed by a rapid increase, and the 

bigger the d
m  is, the smaller the m0 at the catastrophe point is. Thus, the larger the 
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monitored strain in the damage zone d
m  is, the smaller the value of m0 at the high 

sensitivity area of the strain in the damage zone becomes. Hence, when 0
d
m  , the 

subsidence calculation result is sensitive to the change of m0. 
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(b) The relation between m0 and d
r  when ε0=0.0045 

Fig. 2-12 Influences of ε0 and m0 on the strain d
r  in the damage zone 

The rock mass in the damage zone has not completely broken yet and still has the 
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ability to withstand stress, so it is reasonable to assume that d
m  is always less than ε0 

like the caving zone. Therefore, it can be considered that the accuracy of the distribution 

parameters ε0 and m0 under discussion has little effect on the subsidence calculation 

results of the damage zone. When the strain at monitoring points is less than the 

distribution parameter ε0, 
0

d
dmk
mk





  (ε0 and d

mk  always has the same direction) and 

m0 = 1 and be fixed and a simplified model for calculating the subsidence of the damage 

zone can be obtained: 

     2
1 exp

m
di

d b mkd
k N mk i i

W h W
E

 
   

 
 

  (2-22) 

(2) Sensitivity analysis of particle contact parameter in caving zone 

According to Eq. (2-7), the vertical strain of the rock mass in the caving zone b
r  

is proportional to the particle contact parameter φ. The influence of the contact 

parameter on the subsidence calculation model from two perspectives: contact surface 

angle θ and friction coefficient μ were analyzed. 

In order to study the influence of changes of contact surface angle θ on the 

subsidence calculation model, the following parameters can be fixed: bulking 

coefficient K0 as 1.3, friction coefficient μ as 0.35, and distribution parameters ε0 and 

m0 as 0.0045 and 3, respectively. Fig. 2-13 shows the influence of changes of the contact 

surface angle on the subsidence calculation model under different monitored strain 

conditions. 

According to Fig. 2-13, the strain of the caving zone b
r  is symmetrical along the 

contact surface angle of 90°. As θ increases within the range of 0~180°, b
r  and φ 

decrease at first and then increase, which reach the maximum when θ is 0° and 180° 

and reach the minimum when θ is 90°. When 0.0025b
m  , the change of θ has little 

effect on b
r , and under this situation, when 0.0025b

m  , b
r  changes the most, being 
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0.002. When 0.0025b
m  , changes of θ affect b

r . The bigger the b
m  is, the bigger 

the curvature is, and the more sensitive of b
r  changes of θ is. When 0.0045b

m  , b
r  

undergoes the maximum change, being 0.016. Therefore, the maximum influence of 

the surface contact angle of rock particles on model calculation results is 0.016hb (hb is 

the height of the caving zone). Hence, when calculating subsidence of the caving zone 

by using the model, the accuracy of θ needs to be considered. 
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Fig. 2-13 Curve of θ’s influence on the calculated strain 
b
r  in the caving zone 

Due to the large amount of θ and the difficulty of monitoring on field, it is assumed 

that θ follows a normal distribution in the range [0o, 180o], that is, θ~N(900,(300)2). 

Then the mean value of θ can be obtained as follows: 

  2
180

0

901
= exp d

569.2 1800


 

 
 
  

  (2-23) 

Hence, currently, φ = 1 - 0.463μ. 

In order to study the sensitivity of the subsidence calculation model to changes of 

the friction coefficient μ, fix K0 = 1.3, θ = 90o, ε0 = 0.0045 and m0 = 3. Fig. 2-14 shows 

the influence of friction coefficient changes on the subsidence calculation model under 

different monitoring point strain b
m  conditions. 
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Fig. 2-14 Curve of μ’s influence on the strain b
r  in the caving zone 

According to Fig. 2-14, φ and b
r  decrease linearly with the friction coefficient, 

and the decreasing rate increases with the strain at monitoring points. When 

0.0015b
m  , the change of b

r  is smallest with the increase of the friction coefficient, 

as 0.002. When 0.0045b
m  , the influence value of the contact parameter on b

r  is 

getting the maximum value, as 0.046. Hence, the maximum influence value of the rock 

particle friction coefficient on the calculation model is 0.046hb. φ decreases linearly 

with the contact surface friction coefficient μ, and the value of it is always from 0.5 to 

1.0. 

2.3.3 The final calculation model after parameter analysis 

After the analysis of the damage factor and the contact parameters, a simplified 

final calculation model of the overburden subsidence is obtained: 
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 (2-24) 

Where H1 is the height of the boundary between the caving zone and the damage zone; 

H2 is the height of the boundary between the damage zone and the continuous 

deformation zone; H3 is the height of the total overburden. 

2.4 Summary 

(1) According to the deformation and failure characteristics of the overburden rock 

above the goaf, the overburden can be divided into the caving zone, damage zone and 

continuous deformation zone. Based on the characteristics of the broken rock mass in 

the caving zone, the fractured rock mass in the damage zone and the intact rock and soil 

in the continuous deformation zone, a measured strain-based model for calculating 

subsidence can be proposed.  

(2) The proposed model considers the uneven deformation of the rock mass and 

can reflect the relationship between the mechanical parameters and the subsidence of 

the overburden. It is also suitable to calculate the overburden subsidence above the goaf 

when monitored by distributed optical fiber sensor. 

(3) The calculation method and sensitivity analysis of the damage distribution 

parameters and the particle contact parameters were analyzed. The damage distribution 

parameters can be fixed when the damage distribution parameter ε0 is smaller than the 

monitored strain εm. The form of the calculation model of the caving zone and the 

damage zone was simplified according to the sensitivity analysis of the parameters. 
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CHAPTER 3 

3 Field investigation of overburden subsidence by using BOTDR technology 

According to the Chapter 2, a calculation method considering each zone’s rock 

mass properties based on BOTDR technology is proposed to obtain the overburden 

subsidence. To verify the feasibility of this monitoring and calculation method, field 

studies at Zhangzhuang Coal Mine were carried out. Optical fiber sensor based on 

BOTDR technology was used to monitoring the overburden vertical strain data of 

Zhangzhuang Coal Mine after mining, also the subsidence results was calculated by 

adopting the calculation model proposed.  

3.1 Distributed monitoring  

3.1.1 A survey of test site 

Zhangzhuang Coal Mine is in the middle of the Zhahe synclinorium in Huaibei 

Coalfield, which is 8 kilometers northeast of Huaibei City, Anhui Province, China. Take 

Zhang Huaizhu working face in Zhangzhuang Coal Mine as an example, BOTDR 

technology was used to study the subsidence calculation methods and subsidence 

characteristics of overburden above the goaf. The coal seam thickness of Zhang 

Huaizhu working face is 3.2 m, and its burial depth is from 240.33 m to 243.53 m. The 

stratum layer distribution and physical and mechanical parameters of Zhangzhuang coal 

mine are shown in Table 3-1. 
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Table 3-1 Physical and mechanical properties of the strata in Zhangzhuang coal mine 

No Layer name 
Burial depth 

(m) 

Thickness 

(m) 

Bulk density 

(kN/m3) 

Elastic modulus 

(104MPa) 

(1) 
Unconsolidated 

layers 
65 65 14.7 6×10-4 

(2) Sandy mudstone 68.53 3.53 24.79 0.67 

(3) Mudstone 76.82 8.29 24 0.49 

(4) Sandstone 80.78 3.96 25.97 10 

(5) Mudstone 115.44 34.66 24.58 0.65 

(6) Sandstone 134.65 19.21 25.97 9.51 

(7) Mudstone 178 43.35 24.44 0.62 

(8) 

Mudstone 

interbedded with 

sandstone 

229.96 51.96 24.83 4.48 

(9) Mudstone 240.33 10.37 24.7 0.55 

(10) 3# coal 243.53 3.2 -- -- 

(11) 
Carbon 

mudstone 
251.56 8.03 24.01 0.6 

3.1.2 Distributed monitoring scheme for overburden in the goaf 

The N8511 BOTDR instrument was used to test the strain distribution information 

of the overburden, and the optical fiber is implanted as the method expressed in 

Subsection 2.2.1. Table 3-2 shows the main technical performance indicators of the 

N8511 BOTDR instrument. 
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Table 3-2 Main technical performance indicators of N8511 optical fiber strain analyzer 

Name Value 

Measuring range (km) 1，2，5，10，20，40，80 

Space sampling interval (m) 1.00，0.50，0.20，0.10，0.05 

Spatial pointing accuracy (m) 
±(2.0×10－5×measuring range (m)＋0.2m＋2×sampling 

interval (m)) 

Strain measurement range －1.5％～1.5％（15,000   ） 

Pulse width (ns) 10 20 50 100 200 

Spatial resolution degree (m) 1 2 5 11 22 

Strain measurement precision ±0.004％(40με) ±0.003％(30   ) 

Repeatability <0.04％ <0.02％ 

In order to grasp the on-site data of ground subsidence above the goaf and verify 

the proposed subsidence calculation model, the hydrostatic levelling line based on fiber 

Bragg grating (FBG) is set from north to south at 10 m west of the drilling hole. The 

distribution of optical fiber monitoring point and hydrostatic levelling monitoring line 

in the mining area of Zhangzhuang Coal Mine is shown in Fig. 3-1. 

 
Fig. 3-1 Layout location of hydrostatic levelling line and optical fiber monitoring point 
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The detailed process of the laying out the fiber is described as follows: 

(1) Installation of guide head 

A 1.5-2.5 m long steel bar with a thickness of 0.5-1 cm is welded to the tail of the 

guide head to facilitate the drill rod to be placed under the guide head. Before the 

construction, pass the mine-used thick fixed-point optical cable and metal base cable 

through the guide head, and then weld them to form a U-shaped loop. After that, the 

cables will be connected and checked whether they are accessible. As the special-made 

fixed-point optical cable for mining is thick, the optical cable is fixed on the guide head 

with a hoop, as shown in Fig. 3-2. 

         

Fig. 3-2 Guide head assembling and optical cable welding 

(2) Setting up the pay-off reel 

Set up the pay-off reel directly opposite to the dring rig and fix the pay-off 

reel to facilitate the lowering of the optical cable, as shown in Fig. 3-3. 

 

Fig. 3-3 Pay-off reel 
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(3) Lowering the optical cable 

Put mine fixed-point optical cable and counterweight guide head into the drilling 

hole, and then lower the drill rod to bring the optical cable into the deep part of the 

drilling hole, shown in Fig. 3-4. 

  

(a) Detail view of lowering  

 

(b) Whole view of lowering 

Fig. 3-4 Lowering of the optical cable 

(4) Optical cable securing and initial testing 

Fix the steel wire rope and tighten the optical cable. Then fixed the optical cable 

on the pay-off rack. After that, a demodulator is used to detect the initial strain value of 

the optical cable after lowering. 
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(5) Backfilling the drilling hole 

Backfill the drilling hole immediately. The backfilling method is layered 

backfilling, mainly using grouting and quartz sand. 

(6) Final fixation of the optical cable 

After the drilling and backfilling is completed, a support crossbar is established 

near the hole to fix the optical cable at the hole position. Remove the fiber optic cable 

wound on the pay-off rack and fix it on the support rail. 

(7) Building the monitoring station 

After a period of consolidation and coupling between the sensor and the backfill 

material, a protection station was built at the drilling hole, shown in Fig. 3-5. 

 

Fig. 3-5 Monitoring station 

3.1.3 Overburden monitoring results by BOTDR technology 

The mining of coal seam of Zhang Huaizhu working face in Zhangzhuang Coal 

Mine was finished in April 2011. To grasp the characteristics of overburden deformation 

and ground subsidence tendency caused by the mining, we completed the layout of the 

optical fiber cable before August 9, 2013, and then performed the first test. Fig. 3-6 

shows the vertical monitored strain distribution of overburden rock above the goaf 

during the period from October 2, 2013 to December 10, 2014. 
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Combined with the recommended equation of each zone’s height (Coal Industry 

Ministry 2017) and the vertical strain distribution characteristics in Fig. 3-6, the coal 

seam overburden in Zhang Huaizhu working face is most likely can be divided into four 

zones from bottom to top: the caving zone, with a burial depth of 197 ~ 240 m; the 

fractured zone, with a burial depth of 160 ~ 197 m; the bending zone, with a burial 

depth of 65 ~ 160m; and the unconsolidated layers, with a burial depth of 0~65 m. 

Among them, the range of the elastic deformation area of the bending zone is 65 ~ 155 

m, and the range of the seismic active area is 155 ~ 160 m.  
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Fig. 3-6 Vertical strain distribution 

As shown in Fig. 3-6, the rock mass in the caving zone has been broken, the 

compression deformation has not yet stabilized, so the strain changed greatly. It is noted 

that the deformation of the caving zone is a total long-term issue. There were many 

unusual deformation areas in the fractured zone. Although the rock mass has not yet 

settled and stabilized totally, the strain value was not large. The overall strain value of 
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the bending zone was small, indicating that coal mining has a limited impact on this 

zone. Due to the shallow burial depth of unconsolidated layers, the test data provided 

by the optical cable was susceptible to temperature. Additionally, affected by the 

looseness of this zone easily, the bonding between the optical cable and the surrounding 

soil layer was weak after drilling and sealing, causing the heavy fluctuation of the 

monitored data. Therefore, the strain monitoring results can not accurately reflect the 

deformation characteristics of unconsolidated layers. It is not appropriate to directly use 

the monitored strain of the test data when calculating the subsidence of these layers. 

For the application of the calculation model, these four zones of the overburden was 

divided again into three deformation zones: a caving zone with a burial depth of 197 m 

~ 240 m, a damage zone with a burial depth of 155 m ~ 197 m and a continuous 

deformation zone with a burial depth of 0 ~ 155 m. 

3.2 Determination of calculation model parameters 

3.2.1 Initial bulking coefficient  

The initial bulking coefficient of the rock mass in the caving zone can be obtained 

as (Tajdu´s 2009): 

 1 2
0 = 1

100

c m c
K


  (3-1) 

where c1 and c2 is strength coefficients of strata; m is the mining height. 

According to the stratum properties in the caving zone of Zhang Huaizhu working 

face, the strength coefficients c1 and c2 are 4.7 and 19 (Yavuz 2004; Shao 2011), 

respectively. Hence, the initial bulking coefficient K0 of the rock mass in this test is 

0.33.  

3.2.2 Particle contact parameters 

Assume that the angle between the particle contact surface and the horizontal 
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direction obeys the normal distribution, the strata in the caving zone is mudstone 

interbedded with sandstone and the friction coefficient is fixed as 0.32, then its particle 

contact parameters of rock mass φ is 0.795. 

3.2.3 Damage distribution parameters 

The range of the caving zone and damage zone in the overburden of Zhang 

Huaizhu working face is: 155 m ~ 240 m, including 3 rock layers, which are layer (7), 

(8), and (9) in Table 3-1. To obtain the subsidence calculation parameters of the damage 

zone, estimate the average values of the confining pressures of the (7), (8), and (9) 

layers of the caving zone and damage zone according to formula p0 = ηΣ(γdhz) (γd is the 

bulk density; hz is the height of each layer; η is the ratio of horizontal in-situ stress to 

vertical in-situ stress, and we can estimated that this ratio in Huaibei region of China is 

1.9 (Zhao 2010).), use the discrete particle simulation method to obtain the stress-strain 

curve of the three layers under the confining pressures, and apply the linear fitting to 

Eq. (2-17). The damage parameters of overburden in the goaf are shown in Table 3-3. 

Table 3-3 Damage parameters of overburden in the goaf 

Stratum layer 

sequence number 
Lithology 

Confining pressure 

(MPa) 
m0 ε0 

(7) Mudstone 3.51 3.93 0.0179 

(8) 

Mudstone 

interbedded with 

sandstone 

4.43 7.32 0.0751 

(9) Mudstone 4.56 3.04 0.0202 

3.2.4 Calculation of stress strength and plastic strain strength  

As the subsidence calculation of overburden in damage zone is related to the depth 

of coal seam, plastic strain and elastic strain in the vertical direction of overburden, and 

is independent of shear strain (Shabanimashcool 2012), the effective stress can be 

calculated as follows: 
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  1i z     (3-2) 

where σz is the average vertical stress of the strata in the damage zone, which can be 

calculated according to the burial depth and bulk density of the rock layer in Table 3-1. 

Therefore, the effective stresses of layer (7) and (8) of the overlying strata in the damage 

zone of Zhang Huaizhu working face are calculated to be 12.96 MPa and 13.44 MPa 

respectively. 

According to the single curve assumption, curve σi-εi can be replaced by simple 

stretch curve σ-ε (Yang 2013). Based on the direct tensile test results of mudstone and 

sandstone (Dai et al. 2005), the effective strain strengths of the overburden layer (7) 

and (8) in the damage zone of Zhang Huaizhu working face are estimated as 6.5×10-6 

and 8.5×10-6, respectively. 

4.2.5 Subsidence of unconsolidated layers 

According to the engineering geological survey data of Zhangzhuang Coal Mine, 

unconsolidated layers on site are buried at a depth of H = 65 m and consist of clay and 

silty sand. Fig. 3-6 shows that the unconsolidated layer strain monitored by the optical 

fiber sensor is greatly affected by the external temperature and looseness, and it is 

difficult to accurately reflect the deformation characteristics of the overlying rock and 

soil. Thus, it is unreliable to use the monitored strain to calculate subsidence of 

unconsolidated layers by Eq. (2-14). Assume that the subsidence of the soil in 

unconsolidated layers follows the law of elastic deformation in this field test, then the 

subsidence of unconsolidated layers W can be calculated by: 

 
2

=
2
d

s

H
W

E


 (3-3) 

where Es is compressive modulus of the soil. After calculation, the final subsidence 

value of the unconsolidated layers in this field test is 3.61 mm. Since the distributed 

optical fiber monitoring of Zhangzhuang Coal Mine was performed one and a half years 

later after mining, it can be assumed that the subsidence value of the unconsolidated 

layers in the monitoring period has reached the final value and remained unchanged. 
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3.3 Results of the field subsidence monitoring based on BOTDR technology 

3.3.1 Results analysis of field test overburden subsidence  

Based on the strain data of the mined-out area measured on October 2, 2013, the 

Eq. (2-24) are used to calculate the subsidence of each zone in Zhang Huaizhu working 

face with time, and Fig. 3-7 shows calculation results.  
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Fig. 3-7 Results of subsidence calculation model based on the measured strain in different 

zones 

As shown in Fig. 3-7, the cumulative subsidence of the ground surface was 7.72 

mm. The subsidence of the caving zone, damage zone and ground surface above the 

goaf gradually increased with time and showed a relationship of the negative 

exponential function. However, the subsidence of the caving zone is different from 

another two zones, and the subsidence speed is increase. The stability of this zone needs 

more time to prove. The total subsidence values of the caving zone and damage zone 

were 1.21 mm and 2.46 mm, which accounted for 15.7% and 31.9% of the surface 

subsidence, respectively. Hence, the damage zone contributed more to ground 

subsidence than the caving zone. After the coal seam was mined, the subsidence in the 

caving zone was affected by the large gap between the rock mass particles, so during 

the monitoring period, the subsidence of the caving zone gradually became faster and 
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remained unstable. The damage zone was affected by the continuous development of 

cracks and stress redistribution, so during the monitoring period, the overburden 

subsidence tended to be stable. The subsidence of the continuous deformation zone 

gradually increased with time and had the tendency to be stable. Because the proportion 

of the height of the continuous deformation zone was large (64.6% of the overburden 

height), the subsidence of this area was the main contribution zone to surface 

subsidence. According to the “Code for Coal Pillar Retention and Coal Mining in 

Buildings, Water Bodies, Railways and Main Shafts” (Coal Industry Ministry 2017), 

when the sinking value of the local surface point does not exceed 30mm for 6 

consecutive months, the surface movement period is considered to be finished, so the 

ground surface subsidence of this coal mine reached a stable stage. 

3.3.2 Accuracy discussion of the subsidence calculation model 

In order to verify the rationality of the overburden subsidence calculation model 

proposed in this Chapter 2, the calculation result of this model, the result of the sensor 

returned strain integral method and the monitoring result by the surface hydrostatic 

levelling line at site were compared, as shown in Fig. 3-8. The classic strain integral 

method was widely accepted to disposal the BOTDR technology data, and the equation 

of integral method is Eq. (1-1). 
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Fig.3-8 Ground surface subsidence results based on calculation model, integral method and 

field monitoring 
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According to Fig. 3-8, the relative error between the result of the subsidence 

calculation model and the on-site monitoring result was smaller than it of the monitored 

strain integral method. In addition, the calculation model considers the mechanical 

parameters of the overburden rock mass. Hence, it can be indicated that the calculation 

model proposed is trustworthy and improved the accuracy of the classic integral method.  

When t = 348 d, the relative error of the subsidence calculation model reached a 

maximum value and it is around 10%. Because the monitoring period in this field case 

is at the stable stage of the overburden deformation, the change value of 10% is not 

large in this field condition. However, if the whole overburden height is large and its 

deformation is not stable after mining, 10% error will be much larger. Hence, further 

study should be carried out to analyze the error causing reason.  

Firstly, because of the most complex structure in the caving zone, the caving zone 

has the most possibility to cause the error. Secondly, the long-term influence of the 

caving zone is not considered in the proposed calculation model, which was proved can 

be influenced most of the caving zone in Figs. 3-6 and 3-7. Thirdly, when deriving the 

subsidence function of the caving zone, the rock blocks was assumed that they were not 

broken again, which is incompatible with the reality. Fourthly, the difficulties for 

unconsolidated rock to move with optical fiber especially in caving zone is also the 

reason of the error. Hence, new side to understand the caving zone subsidence behavior 

is needed to further study the overburden movement law.  

Aiming at the issue that the existence of cracks and voids in the caving zone affects 

the continuity of the rock mass, the subsidence calculation model proposed in Chapter 

2 takes the uneven deformation of the overburden rock within λ range of each 

monitoring point into account, which improves the calculation accuracy of the 

overburden subsidence in the goaf. At present, the minimum spatial resolution and 

sampling interval of BOTDR among distributed optical fiber testing instruments are 1m 

and 50mm (Zhang 2013; Zhang 2019), and the minimum spatial resolution and 

sampling interval of optical frequency-domain reflectometry (OFDR) are 1mm (Barrias 
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2019). With the spatial resolution and sampling interval of the DOFS instrument keep 

decreasing, the parameter λ in Fig. 2-4 reduces. At that time, the strain of the rock mass 

between monitoring points is more accuracy, and the result of the proposed calculation 

model based on the overburden subsidence is closer to the actual subsidence on site. 

The monitored strain integral method used to calculate the subsidence overburden 

is based on the following assumption: the deformation of the rock mass between two 

adjacent monitoring points is evenly, and the subsidence is obtained by integrating the 

strain data among the whole height of the overburden (Ohno 2001; Gang 2015; Wu 

2017; Mohamad 2011). When the amount of rock deformation is small or it is in the 

stage of elastic deformation, this method can meet the requirements of subsidence 

calculation. However, as the existence of voids and fractures in the rock mass makes it 

difficult to meet the evenly requirements of mining overburden above the goaf. 

When calculating damage factor of the caving zone and the damage zone, the 

confining pressures were estimated by p0 = ηΣ(γdhz). If it is possible, it is better to use 

the on-site monitoring data instead of estimated one. However, since the strain 

monitored by the optical sensor in the caving zone and damage zone of Zhangzhuang 

Coal Mine was always smaller than ε0, the errors of confining pressure and damage 

distribution parameters have little effect on the subsidence calculation results. Also, if 

calculated using the simplified formula, Eq. (2-23), the accuracy of confining pressure 

need not to be considered. 

For unconsolidated layers, the final subsidence was calculated. Compared with the 

actual subsidence process, the calculation model result is larger. The values of particle 

contact parameters in the caving zone also cause errors of the calculation results. 

However, because the distributed monitoring was performed one and a half years later 

after coal mining, the overall strain value was smaller and had less impact. When 

calculating the damage zone subsidence, to satisfy plastic total deformation theory, we 

need to assume that the rock mass loading obeys the single load process. Although there 

is little cyclic loading phenomenon in the subsidence process of overburden rock after 
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mining, there is an unloading process during coal mining. Therefore, the total 

deformation theory has certain errors, which require further research and discussion in 

the future. 

3.4 Summary 

(1) The proposed subsidence calculation model of overburden in the goaf was 

applied to Zhang Huaizhu working face in Zhangzhuang mining area, and the 

subsidence value of each zone was obtained. 

(2) The settlement speed of the caving zone increases with time, while the 

subsidence of the damage zone and continuous deformation zone has a negative 

exponential function relationship with time, and gradually increases and stabilizes.  

(3) Comparing the result by the proposed subsidence calculation model with the 

field data, it is found that the relative error between the two is around 10%, which is 

less than the relative error of the result by the monitored strain integral method. The 

error can be thought that this is because the long-term behavior of caving zone is not 

considered and implemented in the calculation model. From these results, it can be 

concluded that the long-term deformation mechanism and behavior of caving zone have 

to be made clear in order to predict long-term surface subsidence due to the longwall 

coal extraction. 
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CHAPTER 4 

4 Creep and breakage behavior of gangue broken rock in caving zone under 

triaxial compression condition 

It is obvious that the time-effect on the strain in the caving zone is the biggest 

during the monitoring period as shown in Fig. 3-6. Also, we can see from the Fig. 3-7, 

the subsidence of the caving zone increases even the other two zone already stable. In 

addition, although the final subsidence calculation model of caving zone in Eq. (2-24) 

considers the mechanical parameters, the mechanism of the broken rock behavior in 

caving zone is not discussed. Because of the largest void rate, the rock mass of the 

caving zone is the most complex comparing with other zones. All in all, according to 

the results in Chapter 3, new side to understand the caving zone subsidence behavior is 

needed to improve the accuracy of the subsidence prediction model of the caving zone. 

4.1 Creep experiment design 

4.1.1 Material components 

The broken rock of the sample in this experimental test was obtained from 

Nanyanchuan Township, Lingshou County, Hebei Province. To know the properties of 

the researched rock and provide the basic for next experimental plane making, the X-

ray diffraction (XRD) scanning data of the rock blocks was obtained. Three blocks 

among the samples were scanned totally, and the XRD results are shown in Fig. 4-1. 

According to Fig. 4-1, the mainly component of the rock block is dolomite 

(CaMg(CO3)2), muscovite ((K,Na)(Al,Mg,Fe)2(Si3.1Al0.9)O10(OH)2), quartz (SiO2), 

calcite (Ca(CO3)) and microcline maximum (KAlSi3O8). These components are stable 

minerals and difficult to undergo chemical reactions with water. Hence, the water in the 

saturated block samples of this experiment influences the physical properties of the 

block most. 
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(a) 

 

(b) 

 

(c) 

Fig. 4-1 Quantitative analysis from profile-fitted peaks by XRD 

The percentage of each component of the three blocks is shown in Table 4-1.  

Dolomite=91.1%

Calcite=3.7%

Phlogopite-1M=2.8%

Microcline maximum=2.4%

Wt%

Dolomite - CaMg0.77Fe0.23(CO3)2 <Wt%=91.1 (20.5)>
Calcite - Ca(CO3) <Wt%=3.7 (0.8)>
Phlogopite-1M - KMg3(Si3Al)O10(OH)2 <Wt%=2.8 (0.6)>
Microcline maximum - KAlSi3O8 <Wt%=2.4 (0.5)>

Dolomite=91.2%

Muscovite-3T=3.8%

Quartz=2.4%
Calcite=1.5%
Microcline maximum=2.1%

Wt%

Dolomite - CaMg(CO3)2 <Wt%=91.2 (0.0)>
Muscovite-3T - (K,Na)(Al,Mg,Fe)2(Si3.1Al0.9)O10(OH)2 <Wt%=3.8 (0.0)>
Quartz - SiO2 <Wt%=2.4 (1.1)>
Calcite - Ca(CO3) <Wt%=1.5 (0.7)>
Microcline maximum - KAlSi3O8 <Wt%=2.1 (1.0)>

Dolomite=92.3%

Muscovite-3T=3.4%
Quartz=0.5%
Microcline maximum=3.8%

Wt%

Dolomite - CaMg(CO3)2 <Wt%=92.3 (46.5)>
Muscovite-3T - (K,Na)(Al,Mg,Fe)2(Si3.1Al0.9)O10(OH)2 <Wt%=3.4 (1.7)>
Quartz - SiO2 <Wt%=0.5 (0.3)>
Microcline maximum - KAlSi3O8 <Wt%=3.8 (1.9)>
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Table 4-1 The component percentage of the rock samples 

Sample 

number 
Dolomite Muscovite Quartz Calcite 

Microcline 

maximum 

1 91.10% 2.80% 0 3.70% 2.40% 

2 91.20% 3.80% 2.40% 1.50% 2.10% 

3 92.30% 3.40% 0.50% 0 3.80% 

4.1.2 Material preparation 

The rock blocks were divided at 4 different particle size groups. The broken rock 

is prepared in the following steps.  

Firstly, sieves of four kinds of sizes was used to sieve these rock blocks. They are 

screened by 4 groups with the size of 0 ~ 5 mm; 5 mm ~ 10 mm; 10 mm ~ 15 mm and 

15 mm ~ 20 mm, as shown in Fig. 4-2.  

          

(a) 15 mm ~ 20 mm            (b) 10 mm ~ 15 mm 

          

(c) 5 mm ~ 10 mm           (d) 0 mm ~ 5 mm 

Fig. 4-2 Four particle groups with different particle size after screening 
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Secondly, the rock blocks at each particle size grade were mixed evenly according 

to the proportion given in Table 4-2. 

Table 4-2 Particle size grade schemes of the broken rock samples 

Particle grade schemes 

Percentage of block mass in each particle size range (%) 

0 mm ~ 5 

mm 

5 mm ~ 10 

mm 

10 mm ~ 15 

mm 

15 mm ~ 20 

mm 

G1 25 25 25 25 

G2 15 35 35 15 

G3 35 15 15 35 

G4 40 30 20 10 

G5 10 20 30 40 

The rock blocks in the caving zone is from the rupture of the immediate roof of 

the coal mine. Because the block size distribution of the immediate roof is random, five 

different kinds of grading size are considered in this study: the proportion of the size 

groups is homogeneous distribution (G1); the proportion of the large and small size 

groups is less than the middle size groups (G2); the proportion of the large and small 

size groups is more than the middle size groups (G3); the proportion of the size groups 

monotonously decreases with the size increasing (G4); and the proportion of the size 

groups monotonously increases with the size increasing (G5). According to the size 

grading from G1 to G5, the qualitative results of difficult size grading conditions’ 

influence can be obtained. As for the certain percentage of the particle size in the caving 

zone, further study need to be carried out in the future. 

Thirdly, make the rock block saturated. Because of the rock block components’ 

stable chemistry, water can reduce the interaction between rock blocks, but no corrosion 

effect. 

The rock block should be soaked in the waterborne dyes until it is saturated. To 

confirm the soaked time, 5 groups of rock block (shown in Fig. 4-3) was tested. They 

were immersed in the water and measured the weight every 20 minutes. When the mass 
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of the rock block is stable, it can be confirmed that the block has been absorbed 

sufficient moisture and reached saturation. The results of the rock block weight change 

are shown as Fig. 4-4. 

As shown at Fig. 4-4, the weights of the rock blocks become to be stable after 

immersing one hour. To ensure the saturated of the blocks, every sample of broken rock 

is soaked in the waterborne dyes for 80 minutes. 

 

Fig. 4-3 The sample of saturated time confirming test 
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Fig. 4-4 The weight change at saturated time tests 

4.1.3 Experimental apparatus 
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MTS815 Electrohydraulic Servo Rock Test System in China University of Mining 

and Technology was used to perform the traixal compression creep test of broken rock, 

as shown in Fig. 4-5. 

 
Fig. 4-5 Physical diagram of MTS815 

The maximum diameter of the specimen that the apparatus can hold is 100 mm, 

and the maximum height is 200 mm. The minimum diameter of cylindrical specimen 

should be more than five times the size of the largest rock fragment in the specimen 

(Ulusay 2015). Considering the sample size requirement of MTS815, each broken rock 

sample has the scale with 100 mm (in diameter) × 100 mm (in height) in this study. The 

confining pressure is applied by an oil hydraulic system and has the maximum capacity 

of 45 MPa. The maximum of the axial pressure is 1,700 kN. The schematic of broken 

rock sample is shown in Fig. 4-6. 

As shown in Fig. 4-6, there are two steel gaskets to ensure the vertical direction of 

the axial pressure in each sample. Unconsolidated broken rock blocks were wrapped by 

rubber membrane. As the broken rock block need to stay saturated, the rubber 

membrane also can be used to seal in the moisture of the saturated rock block. The 

rubber membrane can be fixed together with the steel gasket by tying the steel wire into 

the groove of the steel gasket. 
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(a) Schematic diagram of the sample 

 

(b) Photo of the sample 

Fig. 4-6 Schematic of the sample design  

4.1.4 Experimental procedure 

According to the description of above subsection, the whole triaxial compressive 

creep test consists of the 5 steps, including rock block preparation, sample saturation, 

sample consolidation, creep loading and particle sieving.  

4.2 Creep results of broken rock under triaxial compression test 

confining
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4.2.1 Gradation loading 

There are two commonly used loading methods for rock creep experiments: 

separate loading and gradation loading. The separate loading method is easy to be 

influenced by the heterogeneity of each sample of materials on the test results. 

Gradation loading can avoid the influence of irregular rock samples on creep 

deformation, but the deformation of the subsequent stage load includes the creep 

deformation produced by the previous stage load.  

Because the gradation loading method is easy to operate and can save the test time, 

it is well used by rock tests. Chen, et al proposed Chen’s loading method for creep data 

processing of gradation loading (Chen, 1991; Yang 2011). This creep data proposing 

method takes the loading history into consider and enable to get the one-time loading 

creep curve when 
1

n

n i
i

 


   for step loading with step distance Δσ. To meet the 

requirements of Chen’s loading method, the creep deformation should enter the stable 

creep stage when doing next level of loading, and the loading step distance should be 

the same. Fig. 4-7 shows the stress loading curve of Chen’s loading method. 

 

Fig. 4-7 Stress loading path of the Chen’s loading method 

4.2.2 Creep results of broken rock 

The influence of particle size grading, confining pressure and axial pressure on the 
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broken rock creep behavior was studied. The confining pressure was changed as 2 MPa, 

3MPa and 4 MPa, respectively. According to a large amount creep results of the broken 

rock, the axial strain curve is hard to reach the accelerated creep stage like an intact 

rock sample due to the large void ratio (Wang et al. 2018; Li et al. 2020; Ma et al. 2014). 

The axial pressure is set as 2 MPa, 4 MPa, 6 MPa and 8 MPa, respectively.  

The creep results of each sample of gradation loading under different confining 

pressure and size grading are shown as Figs. 4-8 and 4-9. 
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Fig. 4-8 Strain time curve of broken rock undergoing different confining pressure 
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Fig. 4-9 Strain time curve of broken rock undergoing different size grading 
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As the maximum displacement in this experiment was set as 20 mm, the apparatus 

will stop automatically when axial displacement is more than 20 mm. In that case, it is 

hard to add the fourth loading when the confining pressure is 1 MPa, which results in 

the lack of the creep data of the rock undergoing the confining pressure of 1 MPa and 

the axial pressure of 8 MPa. 

As shown in Figs. 4-8 and 4-9, the strain time curve rises as a shape of step, and 

under each level of load, the broken rock exhibits instantaneous deformation and stable 

deformation, and more than 90% of the overall deformation is elastic deformation.  

According to the Chen’s loading method, the creep data of this test was disposed, 

and the finial brock rock creep data under different confining pressure and size grading 

is shown in Fig. 4-10. Because the creep results with confining pressure 1 MPa was 

lack the data when axial pressure was 8 MPa, this data was not analyzed to compare 

with other confining pressure’s results. 
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(a) p0 = 2 MPa 
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(b) p0 = 3 MPa 
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(c) p0 = 4 MPa 

Fig. 4-10 Creep curve of broken rock under different confining pressure 



CHAPTER FOUR 

 
78 

 

0 1000 2000 3000 4000 5000 6000 7000 8000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

S
tr

ai
n

Time /s

 2 MPa   6 MPa
 4 MPa   8 MPa

 

(a) size grading G1 
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(b) size grading G2 
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(c) size grading G3 
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(d) size grading G4 



CHAPTER FOUR 

 
80 

 

0 1000 2000 3000 4000 5000 6000 7000 8000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

S
tr

ai
n

Time /s

 2 MPa   6 MPa
 4 MPa   8 MPa

 

(e) size grading G5 

Fig. 4-11 Creep curve of broken rock under different size grading 

As shown in Figs. 4-10 and 4-11, the creep strain is increased with the increase of 

axial pressure. There are two stages of broken rock creep curve, accelerating creep stage 

and stable creep stage. The time entering the stable stage is increasing with the axial 

stress. Also, according to Fig. 4-10, when the axial pressure is the same, as the confining 

pressure increases, the maximum creep decreases gradually. When the confining 

pressure is increased from 2 MPa into 4 MPa, the maximum creep value is reduced by 

0.0484, 0.0502, 0.0294 and 0.0039, respectively, while the decreasing ratio is 24.9%, 

32.87%, 31.92% and 10.97%, respectively.  

To future explore the creep characteristics of the broken rock, take the sample with 

the size grading G5 and the confining pressure 3 MPa as an example, and its creep strain 

rate is shown in Fig. 4-12. 

According to Fig. 4-12, the strain rate sudden decreases at the beginning of the 

creep loading. At the initial loading time, the rock block in the broken rock impacted 

by the loading changing will redistribute, which causes the sudden change of strain rate. 

Then, it is gradually stable and fluctuated in a small degree at 0. However, the time 

when the creep strain rate is getting stable is increase with axial pressure.  
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Fig. 4-12 Creep strain rate curve of broken rock with size grading G5 and p0 = 3 MPa 

4.3 Particle breakage characteristics of broken rock under triaxial compression 

loading 

Aiming at the fourth reason caused the error of the subsidence prediction model 

of caving zone: The rock blocks was assumed that they were not broken again. Hence, 

the breakage law of the broken rock under the creep loading is studied.  

4.3.1 Introduction of particle breakage indexes 

Particle breakage indexes have been proposed by many researchers based on the 

particle size distributions before and after the compression test (Hang 2019; Hardin 

1985; Marsal 1967; Shi 2018; Lade 1996; Lackenby 2007). According to a series of 

compression tests on broken rock material and sand, the breakage potential Bp was 

defined as the area between the particle size distribution curve and the 0.074 mm line, 

while the change area of the size grading curve before and after the test was defined as 

the total breakage Bt (Hang 2019; Hardin 1985). Then, the relative breakage index Br 

can be calculated by dividing the total breakage using the breakage potential Bp, 

illustrated in Eq. (4-1) (Hardin 1985).  
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 t
r

p

B
B

B
  (4-1) 

The relative breakage index putted forward by Hardin is one of the most useful 

tools to evaluate the breakage degree of the fragmentation of the broken rock (Hang 

2019; Hardin 1985). The diagram of the relative breakage index is shown in Fig. 4-13. 

 

Fig. 4-13 Definition of the relative breakage index Br (Hang et al. 2019) 

4.3.2 Particle breakage characteristics of broken rock under different grading size index 

According to the definition, the relative breakage indexes of different size grading 

in creep tests are calculated and shown in Fig. 4-14. 

As shown in Fig. 4-14, size grading of broken rock impacts the total breakage Bt 

and the relative breakage index Br. The change in particle size in the range of 0 ~10 mm 

is greater than the change in the range of 10 mm ~ 20 mm, in cases that the particle size 

grading is G2 and G4. On the contrary, when the particle size grading is G1 and G3, the 

creep compressive test changes the rock block with particle size in range 10 mm ~ 20 

mm more. In cases that particle grading size is G5, the total breakage is the largest, and 

the change of each particle size range is almost the same.  
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(a) Size grading G1 
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(b) Size grading G2 
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(c) Size grading G3 
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(d) Size grading G4 
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(e) Size grading G5 

Fig. 4-14 Relative breakage indexes of broken rock under different size grading 

To compare the relative breakage index of different particle size grading clearly, 

put the particle size distribution and the relative breakage index of each size grading in 

the same figure, as shown in Fig. 4-15. 
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Fig. 4-15 Relative breakage index of different size grading after creep test 

As shown in Fig. 4-15, as large-size particles are more likely to be crushed in creep 
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experiments than small-size particles, the relative breakage index is the largest when 

the proportion of particles increases monotonously with the particle size (G5). Also, 

when the proportion of particles reduces monotonously (G4), the relative breakage is 

the smallest. Compared with size grading G1, G2 and G3, if the particle size proportion 

is bigger at the edge size grading group (G3), its relative breakage index Br is smaller 

than that of the size proportion smaller at the edge size grading group (G2) and the size 

proportion same of each size grading group. According to the results of breakage index, 

the most unstable size grading is G5, while the most stable size grading is G4.  

4.3.3 Particle breakage characteristics of broken rock under different confining stress 

The breakage characteristics can be influenced by confining pressure. The results 

of breakage index under different confining pressure is shown in Fig. 4-16. 

According to Fig. 4-16, the breakage index reduced with confining pressure 

increasing. The larger the confining pressure was, the more difficult the broken rock 

deformed, which caused the results that there were less large size rock particles broke 

and divided into small size. Hence, it is reasonable to say that the broken rock is more 

stable at a certain high confining pressure. 
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(a) Confining pressure is 2 MPa 
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(b) Confining pressure is 3 MPa 

0 5 10 15 20
0

20

40

60

80

100

P
er

ce
nt

ag
e 

pa
ss

in
g 

/%

Particle size /mm

Bt = 353

After creep testing

Before creep testing

Br = 28.24%

 

(c) Confining pressure is 4 MPa 

Fig. 4-16 Relative breakage indexes of broken rock under different confining pressure 

The relative breakage index Br is related to the break degree of the rock mass, and 

the break degree is related to the bulking coefficient which is an important parameter 

of the caving zone deformation properties. The change law of the bulking coefficient 

under triaxial creep loading will be discussed in Chapter 5. Generally, the larger the 
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relative breakage index is, the easier the rock blocks in the caving zone break by the 

creep loading of the surrounding rock mass.  

The size of the rock blocks in the caving zone is always more than 1 m. Due to the 

limitation of this experiment small scale, it is difficult to get the quantitative relation 

between the deformation of the caving zone and the relative breakage. The further study 

of the large-scale rock block need be carried out in the future to get more precise relation 

between the breakage index and the caving zone deformation. 

If the mining technology and the overburden characteristics is confirmed in a 

certain mining field, the size grading of its caving zone can be determined, and this law 

of relative breakage index in different confining pressure and size grading can be used. 

4.4 Summary 

(1) An experiment method was proposed and held on to study the broken rock’s 

creep behavior under triaxial compression test in this study. It included five parts: rock 

block preparation, sample saturation, sample consolidation, creep loading and particle 

sieving. By using this experiment method, the creep curves and breakage indexes under 

different grading size, confining pressure and axial pressure were obtained. 

(2) The broken rock experiences instantaneous deformation and stable 

deformation, and more than 90% of the overall deformation was elastic deformation. 

The time entering the stable stage was increasing with the axial stress. As the confining 

pressure increasing, the maximum creep decreased gradually. When the confining 

pressure increased from 2 MPa into 4 MPa, the maximum creep value was reduced by 

0.0484, 0.0502, 0.0294 and 0.0039, respectively, while the decreasing ratio is 24.9%, 

32.87%, 31.92% and 10.97%, respectively.  

(3) The relative breakage index was the largest when the proportion of particles 

increased monotonously with the particle size. When the proportion of particles reduced 

monotonously, the relative breakage would be the smallest. The most unstable size 
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grading was in the case that the size increases monotonous, while the most stable size 

grading was when the size decreases monotonous. The breakage index reduced with 

confining pressure increasing. 
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CHAPTER 5 

5 Prediction of broken rock bulking coefficient based on particle discrete element 

method 

Based on the results of Chapter 4, it can be found that the time effect behavior of 

rock blocks is complicated and not only deformation but also rock blocks itself are 

broken due to the loading. Herein, a numerical simulation tests was carried out to obtain 

the rock blocks inside visible results and the change law of the bulking coefficient 

which can reflect the bulking degree of rock mass. 

Since the breakage rule of the broken rock in the caving zone was discussed in 

Chapter 4, further study of the quantitative bulking characteristics still needs to be 

carried out. As an important coefficient to reflect the bulking degree, the bulking 

coefficient plays an important role in prediction the deformation of the caving zone. It 

can be calculated as: 

 r

s

V
K

V
  (5-1) 

where K is the bulking coefficient; Vr is the volume of the whole broken rock; and Vs is 

the total volume of each rock fragment. 

Because Vr and Vs change all the time with the compressive loading, it is difficult 

to monitor them during the experiment process. At this case, it is necessary to study the 

bulking coefficient law by numerical simulation method. In addition, numerical 

simulation can also provide the visible information of the inside rock blocks 

deformation.  

5.1 Establishment of the particle numerical model  

The broken rock of a caving zone above goafs undergoes loading from surrounding 

rock and overburden, which leads to changes in the bulking coefficient. Hence, the 

broken rock in the caving zone is under stress from x, y and z directions. It is necessary 
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to study the time effect and change laws of broken rock bulking coefficient in the 

overburden caving zone under ground stress conditions. 

5.1.1 Boundary profile of rock fragments in particle mechanical model 

In mining sites, the rock fragment shapes of broken rock are various (Feng and 

Wang 2020; Fan and Liu 2017; Yavuz 2004). The occlusion between the rock 

fragments inhibits its slippage and rotation, which affects the overall deformation of 

the rock mass. During the simulation by particle discrete elements, the ball, as the basic 

element, is a standard sphere, which makes it difficult to simulate the slippage, 

occlusion and fragmentation between rock blocks in a broken rock sample. Therefore, 

it is necessary to generate numerical block elements with irregular shapes. 

To obtain the geometry of the rock block, a 3D laser scanner, Reeyee X5 was used 

to scan four kinds of gangues obtained from the goaf in the coal mine (Xiao et al. 2020). 

The scanning results were the basis for generating the geometric contours of the clump 

element in the numerical simulation. The scanning geometric shapes and fragment 

templates are shown in Fig. 5-1. When establishing the numerical model, the size of 

each rock block is set by Fish code based on these four kinds of geometric template. 

 

Fig. 5-1 Gangue scanning geometry and rock fragment templates in simulation  
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5.1.2 Deformation and damage criterion of rock fragments in particle mechanical model 

According to the error cause discussion of the subsidence prediction model of the 

caving zone in Subsection 3.3.2, the failure of the rock blocks during the loading should 

be considered in the numerical simulation study. 

To simulate the deformation and failure of rock blocks, all the pebbles in rigid 

clumps were transformed into corresponding balls with the same radius and position by 

Fish code. These balls were connected by the parallel bonds and could rotate and move. 

The parallel bonds would be broken when the gap between two balls at the ends was 

larger than a certain value, that is, a crack was formed inside this rock block. In that 

case, the rigid clump was transformed into a flexible cluster which may be deformed 

and destroyed. The contact between balls within the same cluster was parallel bond 

contact model, which could resist tension, pressure and bending moment, while the 

contact between balls within two contiguous clusters was linear contact model, which 

could only resist pressure. 

The shapes of the gangue rock fragment are irregular and the basic elements of the 

cluster are balls, so there is totally different overlaps between balls inside the cluster 

inevitably, resulting in that the event ‘bond_break’ in PFC5.0 is harder to occur than 

expected (Potyondy and Cundall 2004). Hence, the contact broken condition should be 

reset. 

The theory of maximum elongation linear strain, also termed the second strength 

theory, states that no matter what the stress states, when the maximum elongation linear 

strain reaches the material ultimate strain value at a certain point, the material 

undergoes brittle fracture. When the linear strain of the contact is greater than the 

ultimate strain value, that is, εu>[εu], the contact mode is changed from a linear parallel 

bond model into a linear model, and then the bond breaking is realized. At this time, 

the contact no longer resists the tension and the relative torsion of the balls at both ends, 

indicating that the rock block is damaged inside at the same position with the broken 

contact. The deformation diagram of the contact is shown in Fig. 5-2. 
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Fig. 5-2 The deformation of contact inside the gangue rock-block 

The equation of calculating the contact linear strain of rock material is given by 

 u

l l

l



  (5-2) 

in which l’ is the length of the contact at the new step; and l is the initial length of the 

contact. 

Once breaking or failure occurred in the cluster, a new rock block with damage or 

two new smaller rock blocks are formed. Then, the next timestep is conducted until the 

further breaking. 

5.1.3 Simulation of the time effect in particle mechanical model 

To describe the macroscopic damage phenomena, it is necessary to analyse the 

micromechanical behaviours behind it. The time effect of rock material deformation 

can be considered as a macroscopic reflection of the stress gradually corroding the rock 

mass strength (Potyondy 2007). There are three bond-aging models which were used in 

particle discrete element (Potyondy 2007; Tran et al. 2009; Silvani et al. 2009), and the 

curves trend of them were explained in Subsection 1.1.3. All these three bond-aging 

models can be used to simulate rock mass creep with appropriate empirical parameters 

(Zhao and Song. 2015). Therefore, the bond-aging model proposed by Potyondy was 

utilized in this paper.  

Based on stress corrosion theory in Potyondy’s bond-aging model, the corrosion 

rate law for the bond diameter is described as follows (Potyondy 2007) 

b2 b1'
b2'

l
l'

contact

l'
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in which R is the bond radius; β1 and β2 are constants related to the chemical 

environment and temperature; σ is the normal stress acting on the contact; σa is the 

threshold stress; and σc is the short-term normal strength of the contact. 

According to Eq. (5-3), the bond radius multiplier of the particle mechanical model 

can be calculated by 
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= exp
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  (5-4) 

in which λr is the multiplier of the bond radius; and Δt is the timestep. 

5.1.4 Bulking coefficient monitoring in particle mechanical model 

The volume of the broken rock at time t can be calculated by 

   2
t t p sV Z Z r     (5-5) 

in which Zt and Zp are the height of the top and bottom loading plate, respectively; and 

rs is the radius of the simulated model. The volume changes during loading, so Zt, Zp 

and rs should be monitored and updated at each timestep.  

According to the definition, the equation for calculating the bulking coefficient of 

the broken rock model based on the particle discrete element numerical simulation can 

be expressed by 

 
  2

1

t p s

N

Pm
m

Z Z r
K

V









 (5-6) 

in which K is the bulking coefficient of the numerical model; N is the total number of 

rock fragments in the rock mass model; and VPm is the volume of the mth rock fragment. 
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Implementing Eq. (5-6) by code into the numerical model, then the change law of 

the bulking coefficient K with time is enabled to be reported by the history command 

in PFC5.0. 

5.2 Schemes 

5.2.1 Model sizes 

The minimum diameter of a cylindrical sample should be more than five times the 

size of the largest rock fragment in the sample (Ulusay 2015; ASTM standard 2013), 

and the ratio of grain size to sample height should be less than 0.1 (Aydan et al. 2014). 

Hence, a sample of the broken gangue rock established by the four kinds of block 

templates in Fig. 5-1 with a height of 300 mm and a bottom diameter of 200 mm was 

generated. The schematic of the gangue sample is shown in Fig. 5-3. 

 

Fig. 5-3 The schematic diagram of the specimen and the loading plates 

5.2.2 Loading process 

To realize the constant triaxial compression loading of the numerical model, the 

axial pressure and the confining pressure were firstly set to be the same, and then were 

controlled by a servo mechanism system. However, if the loading plates use walls in 

PFC5.0 software directly, the pressure sometimes fluctuates and also it becomes 
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necessary to check each contact between the balls and walls at each timestep. To 

improve the accuracy of the axial loading and the calculation speed, after the servo 

system was balanced, two rigid loading plates in clump style were generated to replace 

the top and bottom walls. Then, the constant axial pressure was applied to the upper 

and lower loading plates, respectively, and the simulation of the constant loading of the 

broken gangue was realized, as shown in Fig. 5-3. 

5.2.3 Modelling parameters 

Liu did a series compression tests, point load split test and shear with variable angle 

to study the gangue mechanical parameters (Liu 2014). The gangue blocks were 

obtained from the No.12 Mine of China Pingmei Shenman Group whose shortest length 

of a side is shorter than 200 mm. Then he used these mechanical parameters to calibrate 

the meso-structure parameters of the gangue. 

The meso-structure parameters of this numerical model referred to Liu’s research, 

as shown in Table 5-1. 

Table 5-1 Meso-structure parameters of the numerical model (Liu 2014). 

Parameters  Values 

Normal stiffness Kn (N/m) 6×109 

Normal-to-shear stiffness ratio Kn/Ks 2.25 

Contact normal stiffness Kn' (Pa/m) 6×109 

Contact normal-to-shear stiffness ratio Kn'/Ks' 2.25 

Friction coefficient μ 0.5 

Contact tensile strength σc (Pa) 1×107 

Contact shear stiffness τc (Pa) 5.5×107 

The mechanical properties of the intact rock used to calibrate the meso-parameters 

are shown in Table 5-2. 
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Table 5-2 Mechanical parameters of the numerical intact rock model (Liu 2014). 

Parameters  Values 

Elastic modulus E (GPa) 5.08 

Poisson's ratio μ 0.23 

Compressive strength σc (MPa) 13.12 

Tensile strength σt (MPa) 3.25 

Cohesion c (MPa) 6.98 

Friction angle φ (o) 43.55 

5.2.4 Specimens 

Herein, the influences of size grading of the rock block, axial pressure and confining 

pressure on the deformation behavior of the broken rock over time were studied. 

Talbot gradation index which is widely accepted by researchers can be used to 

describe the size gradation of the gangue broken rock (Talbot and Richart 2007; Wu et 

al. 2020). The ratio P of the mass M of the rock block with a size less than or equal to 

d in the sample to the total mass of the rock fragment Mt can be obtained by (Talbot 

and Richart 2007; Wu et al. 2018) 

 
max

=
n

t

M d
P

M d

 
  
 

 (5-7) 

in which n is the Talbot index; and dmax is the maximum size of the clump. The gangue 

fragments were divided into four size groups: 10 mm~14 mm, 14 mm~18 mm, 18 

mm~22 mm and 22 mm~26 mm. Each gradation group has the same proportion of the 

four kinds of geometry shown in Fig. 5-1.  

Ten different samples of broken rock were generated, and properties of each sample 

are presented in Table 5-3. The geometry of each rock block in Fig. 5-1 of these ten 

samples was also randomly generated in the same proportion. Samples 1, 2, 3 and 4 

could be used to study the influence of the size grading on deformation behavior of the 

broken rock. Samples 3, 5, 6 and 7 could be used to study the effect of axial stresses, 

while the effect of confining stress could be studied by samples 3, 8, 9 and 10.  
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Table 5-3 Specimen schemes in particle discrete element numerical simulation 

No. 
Talbot grading 

index 

Axial stress 

(MPa) 

Confining stress 

(MPa) 

1 0.2 30 3 

2 0.4 30 3 

3 0.6 30 3 

4 0.8 30 3 

5 0.6 15 3 

6 0.6 20 3 

7 0.6 25 3 

8 0.6 30 1 

9 0.6 30 2 

10 0.6 30 4 

5.3 Change law of bulking coefficient 

5.3.1 Bulking coefficient 

After balancing the servo system, the change law of the bulking coefficient over 

time during the loading process is shown in Fig. 5-4. The time began with the axial 

pressure applied at the upper and lower loading plates, the strain at this time was set as 

zero. 
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(a) Influence of Talbot grading index 
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(b) Influence of axial stress 
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(c) Influence of confining stress 

Fig. 5-4 The changing curve of the bulking coefficient under different conditions 

As shown in Fig. 5-4, before loading time is 800 s, the bulking coefficient of the 

broken rock was affected by the redistribution of the internal rock skeleton and had a 

particular fluctuation trend. When loading time exceeds 800 s, the rate of bulking 

coefficient decreasing became smaller, except that there was a gradual increase in the 

bulking coefficient, in Fig. 5-4(c), at p0 = 1 MPa before t = 1,300 s and at p0 = 2 MPa 

before t = 2,600 s. This was because the void rate of the broken rock declining with the 

redistributed of the rock blocks and made the broken rock more complex to deform 

further. 

Fig. 5-4(a) shows the curve of bulking coefficient at different Talbot grading index. 

During the loading period, the curve n = 0.4 was always smaller than the other three 

gradation conditions. If the lithology of the rock blocks was the same, the value of the 
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bulking coefficient could reflect the density of the material, indicating that the model 

had the highest density at n = 0.4. High density could cause a small void ratio, resulting 

in small displacement and stable deformation. It was consistent with the theory of 

Talbot grading based on experimental studies, which proved that at n = 0.4 ~ 0.6, the 

material has the highest stability (Wu et al. 2018; Wu et al. 2019). Up to the loading 

time was 800 s, the curve of n = 0.8 was the most changed. After the loading time was 

800 s, the rate of reduction of bulking coefficient of n = 0.8 was the highest, and this 

indicated that the density of n = 0.8 was the lowest case, and the void ratio was the 

highest one. 

Fig. 5-4(b) shows the curves of the change in the bulking coefficient under different 

axial pressures. Up to the loading time was 800 s, except for p = 15 MPa, the bulking 

coefficient fluctuated to a certain extent, but the overall trend decreased rapidly. Except 

for the overlap of the three data points highlighted by the green ellipse in Fig. 5-4(b), 

the greater the axial pressure is, the smaller the bulking coefficient is. The curve of p = 

30 MPa fluctuated twice, while the curves of p = 25 MPa and p = 20 MPa fluctuated 

once. The variation degree of p = 25 MPa was greater than that of p = 20 MPa. As for 

p = 15 MPa, there was no fluctuation, and the curve was monotonously decreasing. At 

the initial stage of loading, the greater the axial pressure of the broken rock is, the 

greater the effect on the sliding and occlusion of the rock fragment inside the broken 

rock is, resulting in increment of internal unbalance factors. After the loading time was 

800 s, the void rate of the rock gets smaller, and the deformation of the rock fragments 

became dominated. The larger the external force on the rock is, the greater its volume 

changes is. Therefore, the slope of the bulking coefficient curve increased with the 

increasing axial pressure. 

The influence of different confining pressure on bulking coefficient is illustrated in 

Fig. 5-4(c). When the restriction of the lateral deformation of the rock mass was weak, 

due to the lack of cementation between rock fragments, the rock mass tended to 

considerably expand in the lateral direction under a higher axial pressure. Therefore, 

the bulking coefficients of p0 =1 MPa before t = 1,300 s and p0 = 2 MPa before t = 

2,600 s tended to increase with time. When the expansion and deformation of the rock 

mass reached the peak values, the density of the rock mass become to be small, and the 

axial compression on the deformation was increased, resulting in the decrease of the 
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bulking coefficient. Therefore, the bulking coefficients of p0 = 1 MPa and p0 = 2 MPa 

reduced after they reached their peaks. The greater the axial pressure is, the greater the 

probability of lateral expansion deformation and the more difficult the axial 

deformation is, which would cause the volume fluctuates. In this situation, the 

correlation between the confining pressure and the bulking coefficient seems to be low. 

The bulking coefficient curve of p0 = 2 MPa fluctuated between the curve of p0 = 3 

MPa and p0 = 4 MPa, and the bulking coefficient when p0 = 4 MPa was larger than that 

when p0 = 3 MPa, while their tendency was the same. 

5.3.2 Change rate of the bulking coefficient 

The curves of the change rate of the bulking coefficient under the influence of 

Talbot grading index, axial pressure and confining pressure are shown in Fig. 5-5. 

It could be found that the change rate of the bulking coefficient fluctuated 

significantly at the beginning of the loading in Fig. 5-5. This was related to the change 

of the particle arrangement caused by the rotation and re-occlusion of particles inside 

the rock fragment affected by external loads. Then, the change rate gradually stabilized 

and tended to approach zero, with the fluctuation between -0.05/s and 0.05/s. 
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(a) Influence of Talbot grading index 
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(b) Influence of axial stress 
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(c) Influence of confining stress 

Fig. 5-5 Bulking coefficient change rate under different conditions 

Fig. 5-5(a) shows the change rate of bulking coefficient of various Talbot gradation 

models. At the stabilization stage of deformation, compared to the sudden change of n 

= 0.4 and n = 0.6 models, the curves of n = 0.2 and n = 0.8 changed more smoothly, 

and the change rate of n = 0.2 was closer to zero. Fig. 5-5(b) presents the variation rate 

of bulking coefficient under the influence of axial pressures. The fluctuation range of 

the curve increased with the axial stress. Fig. 5-5(c) presents the change rate of bulking 

coefficient under the influence of confining pressure. At the initial loading stage, the 
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fluctuation time of the change rate curve decreased with the increasing confining 

pressure. At the later stage, the curve was more stable at p0 = 3 MPa and p0 = 4 MPa. 

5.3.3 Deformation inside rock blocks 

To help deeply understand the deformation of the broken rock, visualized 

illustration of the deformation of the rock blocks is necessary. Take Specimen No.3 in 

Table 5-3 as an example, a 2D cut figure of the specimen is shown in Fig. 5-6. 

 

Fig. 5-6 2D cut of Specimen No.3 

Considering the complex deformation between the broken rock blocks, only one 

rock block was taken for analysis, as shown in Fig. 5-6. The initial angle θ between this 

rock block and the horizontal direction was 42o. Influenced by its interaction with the 

surrounding rock blocks, it tended to rotate counterclockwise. 

Fig. 5-7 illustrates the deformation of the studied rock block and the surrounding 

blocks at different time. 

 

Fig. 5-7 Deformation of the researched rock block with time increasing 
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According to the deformation of the particle in the black box shown in Fig. 5-7 at 

different time, the rock located on the edge of the rock block could be easily damaged, 

which leads to an increase in the Talbot grading index. In addition, the angle between 

the studied rock block and the horizontal line gradually decreased. For the first 800 s, 

this rock block turned 5o counterclockwise, and then it took 2,800 s to rotate 6o 

anticlockwise. As the compression time increased, the rotation speed of this rock block 

slowed down. The rapid change of the rock block before 800 s could explain why the 

bulking coefficient fluctuated at the initial loading stage. 

5.3.4 Internal force distribution of the broken rock 

The contact force between the contiguous balls in a numerical rock fragment 

reflects the internal force distribution of the rock mass. Take Specimen Nos. 1, 2, 3 and 

4 in Table 5-3 as examples, the internal force of each numerical broken rock model at 

the same time of the deformation stability stage is shown in Fig. 5-8.  

 

Fig. 5-8 The block internal contact force distribution under different Talbot grading index 

The same legend was used in the four figures in Fig. 5-8, but the largest contact 

force was different. The red colored zone meant the contact force was equal or larger 

than 0.9 kN, and the blue colored zone presented that the contact force was between 0 

and 0.1 kN. The direction of the black line described the track of higher force area 

inside the model, and the thickness of the line qualitatively represented the magnitude 

of the force. 

As shown in Fig. 5-8, the high-stress area was the smallest in case of n = 0.2, while 

the high-stress area was the largest in case of n = 0.8. Combined with Fig. 5-5(a), 

change rate of the bulking coefficient was the smallest in case of n = 0.2, and it was the 
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largest in case of n = 0.8, but both had small fluctuations. Therefore, the larger the 

internal force is, the larger the change rate of the bulking coefficient is. 

The distribution of the contact high-force zone reflects the possible failure trend of 

the material. The trend of the numerical model high-stress zone was a straight line with 

a particular inclination, which was similar to the crack propagation shape of the intact 

sandstone in the triaxial compression creep failure state. Fig. 5-9 shows the fracture 

morphology in the intact coal under creep test with confining pressure (Zhang et al. 

2020). Hence, the time-effect characteristics of the broken rock strain could be 

analogized to the creep characteristics of an intact rock specimen. 

 

Fig.5-9 The morphology of intact coal before and after creep loading (Zhang et al. 2020) 

5.4 Bulking coefficient calculation and prediction model 

5.4.1 Calculation equation of bulking coefficient 

The Burgers creep model is widely accepted to describe the creep processes of the 

viscoelastic body (Wang et al. 2015; Zou et al. 2013). In this chapter, it is used to 

describe the creep strain for the derivation of the bulking coefficient calculation 

equation. 

The Burgers creep model can be expressed as (Zhao et al. 2019) 
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 (5-8) 
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where c
z  is the creep strain; σ0 is the stress of the rock specimen; η1 and η2 are 

viscosity coefficients; E2 is the instant elastic modulus; and E1 is the viscoelastic 

modulus. 

The increment of bulking coefficient can be represented by the increment of strain. 

Assuming that the material obeys the small deformation theory, the bulking coefficient 

increment ΔKP from t1 to t2 can be expressed as 
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 (5-9) 

where εv1 and εv2 are the volumetric strain at t1 and t2, respectively; V1 is the volume of 

the broken rock at t1; VP is the total volume of rock fragments; λx is the ratio of the strain 

in the x-axis direction to the strain in the z-axis direction; λy is the ratio of the strain in 

the y-axis direction to the strain in the z-axis direction; Δεz is the strain increment in the 

z-axis direction from t1 to t2; εz1 is the strain in the z-axis direction at t1; and KP1 is the 

bulking coefficient at t1. 

Since the strain in the Burgers creep model is continuous and differentiable, Eq. (5-

9) is continuous in time. Hence, assume that t2 minus t1 is infinitesimal, then Eq. (5-9) 

can be transformed as 
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 (5-10) 

By solving the first order linear differential equation, Eq. (5-10) can be rewritten as 

      0 1 1P x y zK t K t         (5-11) 

in which K0 is the initial bulking coefficient.  

Substituting Eqs. (5-8) into (5-11), the bulking coefficient can be calculated by 

     1
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 (5-12) 

5.4.2 Deformation characteristic parameter in the prediction model 
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The bulking coefficient is closely related to the deformation of the caving zone. 

Since the overburden will still deform for a long term after mining, it may affect the 

stability of the surface in the overtime. To early know the instability of the overburden 

and take appropriate control measures in time, it is necessary to predicate the bulking 

coefficient of broken rock mass in the caving zone. 

However, it is difficult to obtain the proportionality coefficients of lateral strain to 

axial strain which changes with time. To solve this problem, a parameter related to the 

deformation anisotropy of material deformation named deformation characteristic 

parameter a was introduced, and set a=1+λx+λy. As λx and λy had the same direction, the 

deformation characteristic parameter a can reflect the difference between the lateral and 

axial strain.  

Hence, Eq. (5-12) can be rewritten as 

    0 1PK t K aQ t         (5-13) 

in which   1
0
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exp

E
Q t t t

E E
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  

        
. 

To explore the properties of the deformation characteristic parameter a and its 

influence on the prediction of the bulking coefficient, the curves of change in the 

deformation characteristic parameter a of the specimens in Table 5-3 are shown in Fig. 

5-10. 

 Specimen 1    Specimen 6   
 Specimen 2    Specimen 7
 Specimen 3    Specimen 8
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 Specimen 5    Specimen 10
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Fig. 5-10 Changing curves of deformation characteristic parameter a 
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According to Fig. 5-10, at the initial loading stage, deformation characteristic 

parameter a changed a lot and then stable. According to the analysis of the bulking 

coefficient at Subsection 5.2.1, the broken rock was in the compaction stage before 800 

s. Subsequently, the fluctuation of the deformation characteristic parameter a 

disappeared, and the curve was almost constant. The deformation rate of the rock mass 

become to be decreased, and the broken rock entered the viscoelastic deformation stage. 

To understand properties of the deformation characteristic parameter a, the degree 

of fluctuation and its relation to various factors were studied. Because the lateral and 

axial strains are close to zero at the initial loading stage, the ratios of x-axial direction 

and y-axial direction to z-axial direction strain varies dramatically and the value of the 

deformation characteristic a is not constant. Therefore, it is reasonable to delete the 

initial three-point data at the beginning loading time when studying properties of the 

deformation characteristic parameter a. The average and variance deleted the initial 

three data of the deformation characteristic parameter a are shown in Fig. 5-11.  

As shown in Fig. 5-11, There were quadratic functional relationships between the 

deformation characteristic parameter and Talbot grading index, axial pressure and 

confining pressure. The equations were a=0.341-1.277n+1.809n2, a=2.230-

0.166p+0.003p2 and a=-1.226-0.999p0-0.172p0
2, respectively. 
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Fig. 5-11 Average and variance of a under the influence of different factors 

5.4.3 Feasibility of bulking coefficient prediction 

It is necessary to further study the influence of deformation characteristic parameter 

a on the accuracy of the bulking coefficient’s calculation and prediction and prove the 

feasibility of predicting the bulking coefficient of the broken rock. Therefore, a constant 

value a was substituted into Eq. (5-13), and then compared with numerical simulation 
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results and the calculation results substituting real-time a. The constant a substituted 

this time was the average value obtained in Subsection 5.4.2. 

Fig. 5-12 shows the comparison results of the bulking coefficient by the calculation 

model with real-time a, the numerical simulation method, and the calculation model 

with constant a. Hence, by analysing the difference between these three kinds of results, 

the necessity of accurate a could be studied.  
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(c) Confining stress 

Fig. 5-12 Bulking coefficient results comparison based on different method 

In the process of deriving the calculation equation of the bulking coefficient, when 

converting the increment of the bulking coefficient into the total value, it was assumed 

that the change of the bulking coefficient with time was continuous and derivable. In 

that case, the difference between the curves of numerical simulation and calculation 

results with real-time a was essentially the difference between the Burgers creep model 

and the simulated gangue broken rock creep results. As shown in Fig. 5-12, the results 

calculated by real-time a shows good agreement with the numerical simulation results, 

which further proved that the broken rock has viscoelastic properties, and its creep 

behavior fitted Burgers creep model well. 

As shown in Fig. 5-12, if a was set to a constant value in the early loading stage, 

the fluctuation trend of the bulking coefficient was quite different from that of other 

two results. Therefore, the deformation characteristic parameter a could affect the 

fluctuation of the bulking coefficient. For the mid- and long-term prediction of the 

bulking coefficient, the curve trend of constant a is very similar to that of numerical 

simulation. When the confining pressure in Fig. 5-12(c) was 1 MPa, which was 

Specimen No. 8 in Table 5-3, the bulking coefficient increased abnormally at the 

beginning of loading. The fluctuating trends are different between the curves of the 
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constant a and the real-time a when p0 is 1 MPa, so if the deformation characteristic 

parameter a of the material assumes to be constant, there will be a certain error. 

However, the maximum relative error was only 0.02. Therefore, when predicting the 

bulking coefficient at mid- and long-term, more than 1.0×103s, a can be directly 

calculated by the fitting formulas in Fig. 5-11, a=0.341-1.277n+1.809n2, a=2.230-

0.166p+0.003p2 and a=-1.226-0.999p0-0.172p0
2, and then the corresponding bulking 

coefficient can be obtained by Eq. (5-13). 

5.5 Summary 

(1) A three-dimension numerical model was established to represent the rock block 

of broken rock, considering the block damage and the time effect. A damage criterion 

of the rock fragment by particle discrete element was put forward. After analyzing the 

numerical simulation test data, a formula for calculating bulking coefficient and a 

prediction model were proposed. 

(2) Before constant triaxial compression loading time was 800 s, the deformation 

of broken rock was in compaction stage, and the bulking coefficient decreased with a 

certain fluctuation. The fluctuation degree increased with the axial pressure and 

declined with the confining pressure. After 800 s, the deformation of broken rock 

entered the viscoelastic deformation stage, the bulking coefficient gradually 

monotonously decreased with time, and the change rate fluctuated between -0.05/s and 

0.05/s. The rock block could be easily damaged at the protruding edge. 

(3) Broken rock has obvious viscoelastic properties, and its creep behavior can be 

fitted by Burgers creep model. The proposed model for predicting the bulking 

coefficient was proved to be reliable and could be used for overburden stability analysis. 

The deformation characteristic parameter affected the fluctuation trend of the bulking 

coefficient at initial stage. It could be set as a constant for the mid- and long-term 

prediction of the bulking coefficient. There were quadratic functional relationships 

between the deformation characteristic parameter and Talbot grading index, axial 

pressure and confining pressure. The equations were a=0.341-1.277n+1.809n2, 

a=2.230-0.166p+0.003p2 and a=-1.226-0.999p0-0.172p0
2 respectively with the 

determination coefficients which were all less than 0.959. 
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CHAPTER 6 

6 Creep equation of broken rock in caving zone based on Fractional order theory 

Creep is one of the important properties of rock rheology. It refers to the 

characteristic that the deformation of rock increases with time under the action of stable 

and continuous stress. Rock creep is an inherent characteristic of the rock itself, but it 

will change with the stress state it undergoes and the environment it is in. In fact, under 

the action of stable continuous stress, the rock deformation is divided into two parts. 

One is the instantaneous elastic deformation generated at the moment of loading, and 

the other is the creep deformation that gradually increases with time, as shown in Eq. 

(6-1). When building a rock creep constitutive model, not only the creep deformation 

must be represented, but also the instantaneous elastic deformation should be 

considered. 

 0 ( )t      (6-1) 

where ε0 is the instantaneous elastic strain; and ε(t) is the creep strain. 

6.1 Creep curves of broken rock in caving zone 

The creep curves of standard rock material can be divided into three kinds of mode, 

as shown in Fig. 6-1. 

 

Fig. 6-1 Creep curve modes of standard rock material 
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According to Fig. 6-1, the creep modes of standard rock has three main types: 

When the stress value is low, the rock undergoes the creep mode curve ①, which has 

short-term creep at an attenuated rate and entered decelerated creep stage. When the 

stress value is larger but less than the peak strength, creep curve ② becomes the creep 

behaviour law of a standard rock, which entered into a steady stage after the attenuated 

rate. When the stress is equal or almost the same as peak strength, the standard rock 

creep curve will be the curve ③ in Fig. 6-1. This creep curve includes three parts: an 

attenuated stage with attenuated strain rate, a steady stage with constant strain rate and 

an accelerated stage with accelerated strain rate.  

As the broken rock is unconsolidated, it is hard for it to undergo the shear failure 

as the intact rock under the triaxial compression. Hence, either high-stress or low-stress 

environments, the transition of the deformation from creep at an attenuated rate to 

steady-state creep occurred while the creep at an accelerated rate did not (Li et al. 2020). 

This can also explain why there is no accelerated stage of creep curve in broken rock 

triaxial experiment results at Fig. 4-10 and Fig. 4-11. 

6.2 Fractional order theory 

6.2.1 Introduction of fractional order theory 

In the 1940s, the mechanics scholars Scott Blair and Geradimov independently 

proposed the fractional derivative models of Newtonian fluid and Hooke's solid. 

Geophysicists Caputo and Mainardi applied the fractional calculus method to complex 

viscoelastic and rheological media and developed several new mechanical models. 

With the completion of the doctoral dissertation on viscoelastic material modeling of 

Bagley fractional calculus under the guidance of Torvik, it showed that fractional 

calculus can be applied to the description of viscoelastic materials and other complex 

mechanical processes. At the end of the 20th century, due to the research needs of 

abnormal diffusion, porous media mechanics, non-Newtonian fluid mechanics, 

viscoelastic mechanics, soft matter physics and mechanics, the research and application 
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of fractional derivatives have once again attracted widespread attention. Among them, 

the modeling problems of complex physics, mechanics, biology and engineering are the 

main force to promote the theory and application of fractional calculus. The order of 

fractional calculus in these models has certain physical meaning or collective 

explanation. From an application point of view, the essential difference between the 

fractional derivative model and the integer order model is: 

①  Fractional derivative has global relevance, which can better reflect the 

historical dependence process of the development of system functions; while integer-

order derivative has locality and are not suitable for describing the process of historical 

dependence of functions. 

② The fractional derivative model overcomes the shortcomings of the classical 

integer differential model theory that the experimental results are not in good agreement. 

Good results can be obtained by using fewer parameters of the fractional derivative 

model. 

③ When describing complex physical and mechanical problems, compared with 

the nonlinear model, the physical meaning of the fractional model is clearer and the 

expression is more concise. 

6.2.2 Definition of fractional calculus 

In the field of fractional calculus, there are mainly three most widely used 

definition forms: Riemann-Liouville definition, Caputo definition and Grunwald-

Letnikov definition. Among them, Riemann- Liouville was mainly used herein.  

According to the definition of Riemann-Liouville integrate, for any complex 

number α, Re(α) > 0, the integral of order α of the function f(t) is defined as: 

  
0

0
1

1 ( )
( )

( ) ( )

t

t t t

f
D f t d

t




 
 




   (6-2) 

where Γ() is Gamma function, which can be described as: 
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 1

0
( )= ,  Re( ) 0x zz e x dx z

     (6-3) 

As for the definition of the Riemannian-Liouville derivative, for any complex 

number α, Re(α) > 0, it can be defined as: 

 
0 0

( )( ) [ ( )]     ( 1, -1 ,)
n

RL n
t t t tn

d
D f t D f t n n n

dt
          (6-4) 

When α is an integer, Eq. (6-4) changes into integer derivative. 

According to fractional order theory, the Riemann-Liouville fractional derivative 

has the following main characteristics: 

Characteristic 1: 

    
0 0

( ) ( )      ( )RL RL
t t t tD Cf t C D f t R     (6-5) 

where C is arbitrary constant. 

Particularly, the Riemann-Liouville fractional derivative of the constant C is not 

0 but as follows: 

 0 (1 )
RL

t

Ct
D









 

 (6-6) 

Characteristic 2: 

      
0 0 01 2 1 2( ) ( ) ( ) ( )      ( )RL RL RL

t t t t t tD f t f t D f t D f t R         (6-7) 

Characteristic 3: 

    
0 0 0

( ) ( )    ( , 0)RL RL RL
t t t t t tD D f t D f t                (6-8) 

Characteristic 4: 

    
0 0 0

( ) ( )    ( , 0)RL RL RL
t t t t t tD D f t D f t              (6-9) 

Characteristic 5: 

 
0 0 0

(1 )
( ) ( )  

(1 )
RL
t tD t t t t   

 
        

        (6-10) 



CHAPTER SIX 

 
121 

 

It is noted that the solution of the fractional calculus function ( ) 0
p

p

d
f t

dt
 , (0 < p 

< 1) is f(t) = Ct p-1, indicating that the dynamic steady-state systems of fractional order 

are not static. If f(t) is regarded as the dimensionality, the stability of the fractional 

dimensionality of the dynamic system expresses that the phase space volume f(t) 

decreases with time. Therefore, the fractional dynamic system is a dissipative system. 

6.2.3 Fractional basic mechanical elements -- Abel dashpot 

When establishing the fractional order creep model, the same as the integer order 

model, the corresponding model is established through the combination of mechanical 

components. Fractional mechanical components include three categories: elastic 

components, viscous components, and plastic components. Among them, the elastic 

element and the plastic one are the same as the integer order mechanical element. The 

viscous element of the integer order model is called the dashpot, while in the fractional 

order model, the viscous element becomes the Abel dashpot, as shown in Fig. 6-2. 

 

Fig. 6-2 Schematic diagram of Abel dashpot 

Abel dashpot is a mechanical element derived based on integer order dashpot. Its 

constitutive equation is: 

 
d ( )

( )      (0 1, ,  0)
d

t
t R t

t






      ≤ ≤  (6-11) 

where η is the viscosity coefficient of the Abel dashpot; α is the order of the Abel 

dashpot. 

When α = 1, Eq. (6-11) changes into    d

d

t
t

t


  , that is, Abel dashpot changes 

into integer order dashpot. At this time, the viscous fluid characteristics of rock is 

performed. When α = 0, the constitutive equation is σ(t) = Eε, Abel dashpot becomes 
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spring, and the elastic solid characteristic will be performed. When the orders α is 

between 0 and 1, the Abel dashpot model can describe a viscoelastic body whose 

deformation is between elastic and viscous.  

The creep equation of Abel dashpot can be described as: 

 0( )   (0 1,  ,  0)
( 1)

t
t R t





  
 

  
 

≤ ≤  (6-12) 

According to Eq. (6-12), fix other parameters, the creep curves under different 

fractional order β were obtained, as shown in Fig. 6-3 (Cao 2017).  

 

Fig. 6-3 Creep characteristic curves of Abel dashpot in different β-th-order (Cao 2017) 

According to Fig. 6-3, when β ≠ 1 and 0, the creep curve did not linear increase 

like Newton fluid (β = 1) and did not stay as constant like elastic body (β = 0). The 

creep curve showed a non-linear gradual process, which could reflect the viscoelastic 

properties of rock materials. 

6.3 Creep model of broken rock based on fractional order theory 

6.3.1 Construction of broken rock creep model 

According to the analysis in Subsection 6.1, the creep curve of broken rock did 

not exhibit creep at an accelerated rate even the loading time is significant. Therefore, 
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in order to discuss the creep behavior of broken rock quantitatively, the excited three 

creep mechanical elements were connected in series, which include the Hooke body 

describing transient creep, the Kelvin model representing decelerated creep and the 

Bingham model used to describe steady creep. 

The viscous element of the fractional-order model is known as an Abel dashpot 

(Peng et al. 2017; Wu et al. 2015), which better describes gradual nonlinear changes in 

the curve of creep of the broken rock in overburden caving zone (Li et al. 2020). Hence, 

the dashpot in the integer Kelvin model and the integer Bingham model was replaced 

by an Abel dashpot. Fig. 6-4 shows the finial construction of broken rock creep model 

schematic diagram. 

 

Fig. 6-4 Schematic diagram of the broken rock creep model 

As shown in Fig. 6-4, E0 and E1 are the elastic modulus of the spring in Hooke 

body and fractional order Kelvin model, respectively; ε1, ε2 and ε3 are the strain of the 

spring in Hooke body, fractional order Kelvin model and fractional order Bingham 

model, respectively; σe and σ1 is the stress of the spring in Hooke body and fractional 

order Kelvin model, respectively; σ2 is the stress of the Abel dashpot in fractional order 

Kelvin model; σs is a critical stress when the creep curve changed from curve ① to 

curve ② in Fig. 6-1. The main parameters of Abel dashpot models in fractional order 

Kelvin model and fractional order Bingham model are viscosity coefficient η1
α and η2

β, 

and the order α and β, respectively.  

According to the combination of the basic elements in Fig. 6-4, the state equation 
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of the broken rock model is: 

When 0 ≤ σ ≤ σs, the Bingham model in Fig. 6-4 does not work and the transient 

creep stage and the decelerated creep stage occurred. The creep model of broken rock 

in that case can be described as: 

 

 

   
e 0 1

2
ev 1 2 1

1 2

e ev

d

d

=

E t

t
E t

t






 


  

  
  

 

  

  



  (6-13) 

where σev is the stress undergone by the fractional order Kelvin model in Fig. 6-4. 

Solve Eq. (6-13), and let σ = σ0 (σ0 is the stress the calculated material undergone), 

the creep equation when 0 ≤ σ ≤ σs is obtained as follow: 
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 is Mittag-Leffler function, which was defined as:  
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where α is strictly positive. 

When σ ＞ σs, the Bingham model in Fig. 6-4 works and the transient creep stage 

and the steady creep stage occurred. The creep model of the broken rock in that case 

can be described as:  
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where σv is the stress undergone by the fractional order Bingham model in Fig. 6-4. 

Solve Eq. (6-16), and let σ = σ0, the creep equation when σ ＞ σs is obtained as: 
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 (6-17) 

6.3.2 Calculation of broken rock creep model 

Moreover, there is a switch in the fractional order Bingham model in Fig. 6-4. 

When σ < σs, Hooke body and Kelvin model deform together, and the creep curve 

corresponds to curve ① in Fig. 6-1. When σ > σs , Bingham model participates in the 

broken rock creep deformation, resulting in the creep curve of broken rock in line with 

curve ② in Fig. 6-1. σs represents the threshold stress value from decelerated creep 

stage to steady creep stage, which is the long-term strength of the broken rock. σs can 

be obtained from a large amount of indoor experiments. In this research, it is assumed 

that σs is the lower level of loading stress at which steady creep stage occurs. According 

to the experiment results, σs in this study is the secondary load stress 4 MPa. 

According to the definition of Mittag-Leffler function, the following equation can 

be written as: 

 

 

       

     

1

11
,1

01

2 1

1 11

1 11

11

11 1

1

1

1

1

1
... ...

1 1 2 1 1

1
1 ... ...

1 2 1 1

1

k

k

k

k

E
t

E
E t

k

E EE t tt

k

EE tt
E

t
k

E
t





 

 
 










 

 
   


    









 
         

   
     
        

       

  
   
               
 
 

 





1
, 1

1

E
E t 
  

 
 
 

 (6-18) 

Then, substituting Eq. (6-18) into Eq. (6-14) and Eq. (6-17), they can be rewritten 
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respectively as: 
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 (6-19) 

Because creep problem is related to time, if the exponential coefficient of creep 

compliance was maintained, the Gamma function in Mittag-Leffler function can be 

simplified (Li M et al. 2020). Hence, assume that α in Mittag-Leffler function is equal 

to 1, then according to the method of power series expansion, Eq. (6-19) can be 

recomputed as: 
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 (6-20) 

6.4 Reliability of proposed broken rock creep model 

To obtain the parameters of creep equation, the least squares method was adopted 

to carry out the non-linear fitting of creep data. Meanwhile, the parameters of classical 

Burgers creep model which was widely used to describe creep behavior was also 

identified by the least square method. The results of these creep parameters with the 

different size grading are shown in Figs. 6-5, 6-6, 6-7, 6-8, and 6-9. The experiment 

data in these figures is obtained from the experiment study in Chapter 4. The fitting 

parameters is shown in Table S1 in supplement. 
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(d) Axial pressure 8 MPa 

Fig. 6-5 Creep compression test data and fitted results at the size grading of G5 
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(d) Axial pressure 8 MPa 

Fig. 6-6 Creep compression test data and fitted results at the size grading of G4 
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 (d) Axial pressure 8 MPa 

Fig. 6-7 Creep compression test data and fitted results at the size grading of G3 
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 (d) Axial pressure 8 MPa 

Fig. 6-8 Creep compression test data and fitted results at the size grading of G2 
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(d) Axial pressure 8 MPa 

Fig. 6-9 Creep compression test data and fitted results at the size grading of G1 

An analysis of Figs. 6-5, 6-6, 6-7, 6-8 and 6-9 show that the classical Burgers creep 

model and the creep model of Eq. (6-20) can both reveal trends in the creep behavior 

of broken rock in the goaf. However, comparing with the Classic Burgers creep model, 

the trend of the fractional order creep model Eq. (6-20) show better agreement with the 
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experimental data, especially at the early stage of the curve. Therefore, it was proved 

that the creep model in Fig. 6-4 could describe the creep behavior of broken rock in 

mining goaf accurately. Meanwhile, the fitting determination coefficients of Eq. (6-20) 

and classic Burgers creep model also could prove this viewpoint, as shown in Fig. 6-

10. 
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Fig. 6-10 Determination coefficient of fractional order creep model and classic Burgers model 

According to Fig. 6-10, the coefficient of determination of the Burgers creep 

model is larger than 0.955, almost reaches 1. The bulking coefficient prediction model 

is deduced based on the Burgers creep model. Hence, it can be said that the accuracy of 

the bulking coefficient equation in Chapter 5 is enough for prediction. However, the 

fractional order creep model coefficient of determination is higher than the Burgers 

creep model. It is indicated that the broken rock properties are between the linear 

increase like Newton fluid and constant like elastic body. 

6.5 Application of the fractional order creep model 

The deformation characteristics of the broken rock under triaxial compression was 

studied above, and Eq. (6-20) was proposed to describe the creep behavior of broken 

rock. To study the applicability of the creep theory of broken rock, large-scale study 
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needs be carried out.  

6.5.1 Caving zone subsidence considering time based on fractional order model 

The deformation of caving zone can be calculated by the strain integral of caving 

zone. According to Eq. (6-20), the deformation of caving zone is: 
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where Hc is the total height of caving zone; h is the height of the caving zone from the 

floor. If use F to represent the constant  0 dh h , then Eq. (6-21) can be rewritten as: 
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(6-22) 

Eq. (6-22) describes the relationship between the subsidence value and time. If we 

know the initial period of caving zone subsidence, the future subsidence value can be 

predicted by Eq. (6-22).

 6.5.2 Proof of caving zone subsidence prediction equation  

(1) Proved by simulation experiment 

Li carried out a similar simulation experiment of underground overburden (Li 

2017). The sample was made the same layer as the filed case with certain similarity 

scaling parameters, shown in Fig. 6-11. The geometrical scale and the time scale were 

150 and 12.25, respectively. Then, the stress scale could be calculated as 250 (Li 2017). 
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Fig. 6-11 Deformations of overburden after mining at 220m of simulation experiment (Li 

2017)  

To prove the accuracy of the subsidence prediction equation, the caving zone 

deformation results of this test study was fitted by the subsidence prediction equation, 

Eq. (6-22). The fitting results are shown in Fig. 6-12. The fitting function parameters in 

Fig. 6-12 are shown in Table 6-1.  
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Fig. 6-12 Comparison of the subsidence between prediction equation and experiment results 

As shown in Fig. 6-12, the curve of the prediction equation fitted well with the 

caving zone subsidence results of the similar simulation experiment. The determination 

coefficient of this fitting function is 0.997. 
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Table 6-1 Fitting parameters of the subsidence prediction equation with simulation 

experiment results 

Parameters Values 

E0 983.82 MPa 

E1 2.13 MPa 

η1 1.99×108 

α 0.86 

F 16.57 MPa 

(2) Proved by on-site results of Zhangzhuang mine 

Each zone’s subsidence results of Zhang Huaizhu working face in Zhuangzhuang 

mine was calculated in Chapter 3 by the proposed calculated method. To farther prove 

the reliability of the prediction equation of the caving zone subsidence, the results of 

Zhang Huaizhu working face was fitted by the prediction equation, as shown in Fig. 6-

13. The fitting parameters are shown in Table 6-2. 
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Fig. 6-13 Comparison of the subsidence between prediction equation and on-site results 

According to Fig. 6-13, the field data in Chapter 3 can fit the prediction equation 

well with the determination coefficient 0.999. Hence, it can say that the data from 

Zhang Zhuang mine proved the reliability of the caving zone subsidence prediction 

equation.  
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Table 6-2 Fitting parameters of the subsidence prediction equation of on-site calculated results 

Parameters Values 

E0 11.35 

E1 5.44 

η1 3.955×107 

α 4.815 

F 4.56 

However, the caving zone deformation data from Zhangzhuang mine was only 6 

points and the monitoring scale was huge, which made a large tendency to cause big 

errors. Hence, it is not enough to fitting the deformation equation Eq. (6-22) by only 

these data. More results from other kinds of mine site, such as inclined coal seam, deep 

buried, shallow buried and so on, need be compared in the future study. At that case, 

further research of the accuracy and the application will be studied. 

6.6 Summary 

(1) A creep model base on fractional calculus of broken rock was proposed and the 

reliability of it was proved by the triaxial compression experiment results. Fractional 

order creep model can fit the indoor experiment results better than classic Burgers 

model. The determination coefficients of the fractional order creep model were within 

0.995. 

(2) A caving zone subsidence prediction equation was built based on the creep 

model. The caving zone deformation data of simulation experiment and the field was 

fitted with the prediction equation to verify the accuracy. The determination coefficient 

of them are 0.997 and 0.999, respectively. 
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CHAPTER 7 

7 Conclusions 

Ground subsidence in underground coal mining areas causes environmental 

damage and creates hazards on the ground surface, which is long-term, widely 

distributed, and can lead to large-scale geological disasters. Achieving a high-precision 

method to predict mining subsidence deformation is very important for assessing 

environmental damage and identifying countermeasures. The longwall mining system 

is a very productive and efficient method and is widely used throughout the world as a 

coal mining technique. During longwall mining, the immediate roof caves in behind the 

hydraulic shield support as coal is continuously extracted and then overlying strata 

hangs up to form a rock beam. As the longwall face continually advances, the rock 

beam breaks into large blocks and then collapses when the span reaches a certain 

limiting value. The broken rock fills in the goaf area in a space termed a caving zone. 

The overburden strata can be divided into three vertical zones including the continuous 

deformation zone, the damage zone, and the caving zone. Brillouin optical time-domain 

reflectometer (BOTDR) technology is introduced and adopted in this study to obtain 

the movement data along the vertical direction above the goaf. According to the results 

of the field measurements, the deformation of the caving zone is the most complex, and 

the long-term behavior has not yet been clarified. Therefore, this research discusses the 

deformation mechanism and long-term behavior of the caving zone by means of field 

investigations, laboratory tests and numerical simulations. 

The main conclusions in this research is as follows: 

Chapter 2: The BOTDR technique is described in this chapter for measuring 

ground movement of longwall coal mining. The returning strain from the BOTDR 

technology may differ from the rock mass surrounding the monitoring site since it can 

only measure the strain at specific monitoring points. Hence, if the strain detected by 

BOTDR technology at the monitoring point is assumed to be the same as total rock 
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mass deformation, especially in caving zones and damage zones, a high cumulative 

error would be predicted. A new calculation model is developed, which can determine 

ground deformation above goaf using data returned by BOTDR technology. The 

overburden above the goaf is divided into three zones in this model: caving zone, 

damage zone, and continuous deformation zone, and constitutive models of each zone 

are developed. The caving zone is represented as a constitutive model of rock fragment. 

The compressive deformation of the rock mass and the sliding behavior among rock 

particles are included in the deformation of this model. As an elastoplastic body, the 

damage zone is represented as the fracture zones. The elastic deformation zone and 

unconsolidated zone, which may be treated as an elastic body, are represented by the 

continuous deformation zone. The total deformation of each zone can be used to 

compute the amount of surface subsidence above the goaf.  

Chapter 3: The field research and analysis of measurement data is undertaken in 

Zhangzhuang coal mine, Anhui Province, China to analyze the applicability of BOTDR 

Technology, the long-term behavior of each zone, and the applicability of calculation 

models given in Chapter 2. According to the deformation characteristics, the 

overburden can be categorized into three zones based on the measurement data: the 

continuous deformation zone, the damage zone, and the caving zone. After the 

extraction of longwall panels, there is large strain in the caving zone, and it gets larger 

with time. Furthermore, the long-term deformation behaviors of the damage and 

continuous deformation zones can be simulated as a result of predicting the deformation 

in each zone using the calculation model proposed in this research. However, the long-

term deformation behavior of the caving zone cannot be simulated, and it is remarkable 

differences between the predicted value and measured one. As a result, in order to 

predict long-term ground behavior owing to the longwall coal mining, the long-term 

deformation behavior of the caving zone has to be understood and modeled. 

Chapter 4: In order to understand the long-term deformation behavior of the 

caving zone, a series of triaxial creep tests are conducted using the specimen that 
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simulates the caving zone filled with rock fragments under different axial pressures, 

confining pressures and size distributions of rock fragments. Based on the results of a 

series of creep tests, it can be said that both the axial and confining pressures have an 

obvious impact on the creep behaviors of the specimen. The creep strain increases with 

increasing the axial pressure and decreases with increasing the confining pressure. 

Moreover, it also can be recognized that the breakage of rock fragments inside of the 

specimen occur during creep tests and this phenomenon also has an obvious effect on 

the creep behavior of the specimen. Here, the relative breakage index, which is 

calculated by the total breakage volume divided by the total volume of rock fragments, 

is introduced in order to evaluate the breakage degree of rock fragments in the specimen. 

The size of rock fragments in the specimen has an obvious impact on the breakage 

behavior of rocks and the breakage index become large when the contents of large size 

rock fragments is large. In addition, as the breakage index increases with increasing 

confining pressure, it can be expected that the decrease of creep strain with increasing 

confining pressure is due to the internal structural change of the specimen. Therefore, 

it can be said that the bulking coefficient, which represents the characteristics of volume 

expansion, is an important factor for prediction of long-term deformation behavior of 

the caving zone. 

Chapter 5: The bulking coefficient plays an important role for long-term 

deformation behavior of the caving zone. In order to understand the long-term 

deformation behavior and determine the bulking coefficient of the specimen that 

simulates the caving zone, a three-dimensional numerical model of the specimen is 

developed and simulated by means of Particle Flow Code (PFC) Ver. 5.0. The failure 

criterion of the rock fragments in the specimen is also implemented in this simulation. 

Based on the results of a series of numerical simulations, the deformation behavior of 

the specimen can be understood and the creep behaviour of the specimen can be 

simulated by Burgers creep model. Moreover, as the particle size distribution of rock 

fragments in the specimen, the axial and confining pressures have an obvious impact 

on the bulking coefficient of the specimen, the deformation characteristics parameter 
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which represents the effects of the particle size distribution of rock fragments in the 

specimen, axial and confining pressures on the bulking coefficient is determined and 

introduced. Then the bulking coefficient under different conditions and elapsed time 

can be predicted.  

Chapter 6: In this chapter, a new creep model is proposed in order to predict long-

term behavior of the caving zone considering the change of bulking coefficient of 

caving zone. The new model attempts to predict the long-term behavior of the caving 

zone by incorporating the deformation characteristics parameter into the transition 

creep factor in the Burgers creep model. Compared with the results of the triaxial 

compressive tests, it can be said that the new creep model can simulate the behavior of 

the specimen simulated caving zone more accurately than the classic Burgers model. 

Moreover, compared with the results of laboratory tests with excavation model and the 

field measurement data of the caving zone in Zhangzhuang coal mine, it can be verified 

that the new proposed model can predict the long-term deformation behavior of the 

caving zone. 
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Supplement 

Table S1 Fitting parameters of the fractional order creep model of broken rock 

    
E0 

(MPa) 

E1 

(MPa) 

η1 

(Gpa) 

η2 

(Gpa) 
α β 

G5-3 

2 MPa 105.73  115.82  6.918×105   0.335    

4 MPa 98.94  112.20  5.53×104   0.420    

6 MPa 90.16  159.77  1.692×105 1.371×104 0.482 0.483  

8 MPa 89.22  157.99  3.112×105 7.195×103 0.501 0.496  

G4-3 

2 MPa 58.06  110.08  4.461×105   0.370    

4 MPa 68.16  101.61  2.621×105   0.379    

6 MPa 70.76  150.20  3.177×105 1.466×104 0.479 0.473  

8 MPa 71.20  150.61  3.596×105 8.571×103 0.502 0.500  

G3-3 

2 MPa 94.14  128.91  1.726×106   0.351    

4 MPa 96.14  118.49  2.447×105   0.386    

6 MPa 85.89  173.61  1.309×105 7.450×103 0.521 0.520  

8 MPa 87.83  161.08  2.679×105 7.299×103 0.514 0.514  

G2-3 

2 MPa 79.48  124.19  6.338×105   0.392    

4 MPa 82.05  100.70  2.076×105   0.387    

6 MPa 70.71  143.10  2.748×105 1.224×104 0.511 0.494  

8 MPa 73.93  133.65  4.350×105 9.592×103 0.497 0.492  

G1-3 

2 MPa 81.71  123.04  3.752×105   0.384    

4 MPa 87.11  109.87  2.594×105   0.392    

6 MPa 83.83  154.33  1.891×105 9.428×103 0.515 0.506  

8 MPa 85.75  146.26  2.461×105 5.870×103 0.517 0.517  

 


