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 การทดสอบค่าความซึมผ่านในรอยแตกบริเวณรอบหลุมเจาะภายในห้องปฏิบัติการจึงได้

ด ําเนินการเพืÉอหาผลกระทบของความเค้นกดบนรอยแตก ตัวอย่างหินทรายชุดภูกระดึงรูปทรงกระบอกถูก

จัดเตรียมให้มีเส้นผ่าศูนย์กลาง 18.6 เซนติเมตร สูง 15 เซนติเมตร ตัวอย่างหินมีรูทะลุทีÉจุดศูนย์กลางเท่ากับ 

3.3 เซนติเมตร  ตัวอย่างหินมีความเป็นเนืÊอเดียวกันและมีคุณสมบัติทึบนํ Ê า  ตัวอย่างหินจะถูกทํารอยแตกผ่า

กลางรูเจาะด้วยวิธีการให้แรงแบบเส้นซึÉงขนานไปตามแกนกลางของตัวอย่าง  การทดสอบค่าความซึมผ่าน

ในรอยแตกทําโดยใช้การอัดนํ Ê าเข้าสู่ตัวอย่างหินภายใต้การให้แรงในแนวดิÉงแบบคงทีÉโดยผ ันแปรมุมทีÉรอย

แตกกระทํากับแรงกดทีละ 15 องศา จนกระทั Éงครบรอบวัฏจักรและทําการทดสอบอย่างต่อเนืÉอง 3 ว ัฏจักร   

ค่าความซึมผ่านในรอยแตกคํานวณได้จากอัตราการไหลของนํ Ê าทีÉว ัดได้จากการทดสอบค่าความเค้นเฉลีÉย

ในแนวดิÉงบนระนาบตัวอย่างมีค่าผ ันแปรตั Êงแต่ 0.63 เมกะปาสคาล ถึง 1.85 เมกะปาสคาล  การจําลองด้วย

แบบจําลองทางคอมพิวเตอร์ได้ถูกนํามาใช้เพืÉอตรวจสอบการกระจายตัวของความเค้นบนรอยแตกภายใต้

สภาวะทีÉถูกความเค้นกระทําในทิศทางทีÉต่างกัน  ผลทีÉได้สอดคล้องกับการคํานวณด้วยสมการสําเร็จรูปใน

สภาวะทีÉมีแรงกระทําจากภายนอก   
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จะมีค่าลดลง  เมืÉอรอยแตกมีทิศทางเบีÉยงเบนจากความเค้นทีÉกระทําลงบนตัวอย่างหินค่าความเค้นเฉือนจะ

ส่งผลให้ค่าความซึมผ่านในรอยแตกเพิÉมขึ Êน  นอกจากนีÊผลทีÉได้ย ังแสดงให้เห็นถึงความไม่คืนตัวของช่อง

เปิดเผยอของรอยแตกโดยสงัเกตจากค่าความซึมผ่านในวัฏจักรทีÉ 2 และวัฏจักรทีÉ 3 ทีÉมีค่าความซึมผ่านตํ Éา

กว่าว ัฏจักรแรกโดยค่าความซึมผ่านในรอยแตกทีÉว ัดได้มีค่าอยู่ระหว่าง 1  10-18 ตารางเมตร ถึง 1.5 10-15 

ตารางเมตร 
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The objective of this research is to experimentally study the permeability of rock 

fracture around borehole.  The effort primarily involves laboratory flow testing of rock 

fractures under various stress stage and the orientations of fracture.  The rock specimens are 

prepared from Phu Kradung sandstone to obtain hollow cylinders having outside and inside 

diameters of 18.6 and 3.3 cm with a length of 15 cm.  The rock is uniform and effectively 

impermeable.  A radial fracture is artificially made by tension inducing method.  It cuts 

through the borehole axis and along the specimen diameter.  After applying a constant 

diametrical loading, the water is injected under constant head into the center hole.  The 

fracture permeability is determined for various fracture orientations with respect to the 

vertical loading direction with 15 apart.  The flow tests are repeated 3 times under each 

vertical load to assess the permanent closure of the fracture under loading.  The diametrical 

loads are progressively increased from 0.63 MPa to 1.85 MPa.  Finite difference analyses 

have been performed to calculate the normal and shear stress distributions on the fracture 

under various orientations.   

The results indicate that the increases of the normal stresses rapidly decrease the 

fracture permeability.  When the normal of fracture is deviated from the loading direction, 

the shear stress can increase the fracture permeability.  A permanent closure of the fracture 

is observed as evidenced by the permanent reduction of the fracture permeability measured 

from the second and third cycles.  The changes of aperture, water flow rate, and applied 

 

 

 

 

 

 

 

 



III 
 

water pressures are used to calculate the changes of the fracture permeability. The fracture 

permeability is in the range between 1  10-18 m2 and 1.5 10-15 m2. 
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CHAPTER I 

INTRODUCTION 

1.1 Background of problems and significance of the study 

 It has been difficult to predict the groundwater inundation and loss of drilling fluid 

in complex hydro-geological environments prevailing in boreholes and petroleum wells.  

This is primarily because of the lack of proper understanding of flow through porous media 

containing systems of fractures.  Fluid flow through rock mass is normally complicated by 

the presence of fracture systems which represent the dominant flow path.  Fracture 

apertures and hydraulic conductivity are the main factors governing the rock mass 

permeability.  Xiao et al. (1999), Pyrak-Noltea and Morrisa (2000), Niemi et al. (1997), 

Indraratna and Ranjith (2001), Baghbanan and Jing (2008) and Akkrachattrarat et al.  

(2009) conclude from their experimental results that fracture permeability exponentially 

decreases with increasing normal stresses.  The apertures and permeability of rock fractures 

are also affected by the shearing displacement (Auradou et al., 2006).  The fracture flow 

measurements in the field also complicated by the local stress induced by the test hole. 

Knowledge and understanding of fluid flow near the openings surrounding by fractures are 

rare. 
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1.2 Research objectives 

The objective of this research is to experimentally study the permeability of rock 

fracture around borehole. The effort primarily involves laboratory flow testing of rock 

fractures under various stress stages and orientations. The measurement results will be used 

to develop a constitutive equation relating the flow and stress gradient.  The research 

findings can be of useful in determining the fracture permeability under in-situ stress 

conditions with varying fracture orientations. 

1.3 Research methodology 

As shown in Figure 1.1, the research methodology comprises 5 steps; literature 

review, sample collection and preparation, flow testing, development of mathematical 

relations and flow equations, and discussions and conclusions. 

 1.3.1 Literature review 

 Literature review is carried out to study the occurrence and classification of 

fractures, permeability of rock mass, apertures, and stress effects on fracture void geometry.  

The sources of information are from text books, journals, technical reports and conference 

papers.  A summary of the literature review is given in the thesis. 

 1.3.2  Sample preparation 

 Sandstone samples are collected from the site.  Phu Kradung sandstone is 

selected for this study.  Sample preparation is carried out in the laboratory at the Suranaree 

University of Technology.  Samples for the falling head test are prepared to have fractures 

area of about 18.5×15 centimeters.  The fractures are artificially made in the laboratory by 

tension inducing method. 
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 1.3.3 Flow test under various vertical stresses and fracture orientations  

 Constant head tests are conducted by injecting water into the center hole of 

cylindrical shape of sandstone.  A constant diameter water pump is used to inject water 

pressure to one end of the specimen.  The specimen is placed in load frame which is used to 

applied constant pressures to the rock and fracture.  The applied pressures vary from 0.63 to 

1.85 MPa.  The injected water pressure is about 41.4 kPa which is controlled by using a 

regulating valve at the top of nitrogen gas tank.  The acrylic tube is used to collect inflow 

rate of water.  A single fracture is induced parallel to the specimen axis.  The fracture 

permeability is determined for various orientations with 15 apart with respect to the 

loading direction.  The measured flow rates at each pressure are measured to calculate the 

fracture permeability. The sample is rotation to induce different stress distribution on the 

fracture.  

 1.3.4 Numerical modeling 

 Finite difference mesh is constructed to graphically represent the rock 

specimen and loading platens.  The computations use the linear finite element code 

“FLAC”.  The algorithm of this computer code is designed to calculate the normal and 

stress distribution.  It is used to understand how the normal, shear and radial stresses 

change with respect to the fracture orientation.  

 Results from laboratory measurements in terms of rock permeability and 

stress states will be used to construct computer models to simulate or predict the fracture 

permeability under various fracture orientation. 

 1.3.5 Conclusion and thesis writing 

All research activities, methods, and results are documented and complied in 

the thesis. 
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Figure 1.1  Research methodology 
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1.4 Scope and limitations of the study 

The scope and limitations of the research include as follows. 

1. Laboratory experiments are conducted on specimens from Phu Kradung 

sandstone 

2. Testing on fractures is made under pressures ranging from 250 to 750 psi. 

Fracture permeability is determined by constant head flow testing.  

3. Testing on fractures is made under without effect of joint roughness coefficient. 

4. All tested fractures are artificially made in the laboratory. 

5. All tests are conducted under ambient temperature. 

6. The test fractures area is 18.5×15 square centimeters. 

7. Water is used as flow medium. 

8. No field testing is conducted. 

1.5 Thesis contents 

 Chapter I introduces the thesis by briefly describing the background of problems 

and significance of the study.  The research objectives, methodology, scope and limitations 

are identified.  Chapter II summarizes the results of the literature review.  Chapter III 

describes the sample preparation and laboratory experiment.  Chapter IV presents the results 

obtained from the laboratory testing. Chapter V describes the numerical modeling to 

determine the stress distribution in rock around openings.  Chapter VI concludes the 

research results, and provides recommendations for future research studies.  Appendix A 

provides detailed of technical publication.   

 

 

 

 

 

 

 

 



CHAPTER II 

LITERATURE REVIEW 

2.1  Introduction 

This chapter summarizes the results of literature review carried out to improve an 

understanding of the effect of normal and shear stresses on the permeability around 

borehole.  The topics reviewed here include the fluid flow in fracture rock, permeability of 

fracture rock, stiffness of fracture, and stress around borehole. 

2.2 Literature review 

Kirsch equations describe the elastic stresses around the hole in an infinite plate. 

The stress distributions around a borehole (r, ,  r) can be calculated by Kirsch solution 

(Hoek and Brown, 1990).   

r = [(P1 + P2) / 2)][1 - (a2/r2)] + [(P1 - P2) / 2)][(1 - (4a2/r2)) +( 3a4/r4)] cos2 (2.1) 

 = [(P1 + P2) / 2)][1 + (a2/r2)] - [(P1 - P2) / 2)][1 + (3a4/r4)] cos2 (2.2) 

r = - [(P1 + P2) / 2)][(1 + (2a2/r2) - ( 3a4/r4)] cos2 (2.3) 

where r is the stress in the direction of changing r,  is tangential stress,  r  is shear 

stress, P1 is vertical stress, P2 is lateral stress, a is inside radius of opening, r is variable 

radius and  is the angle between vertical axis and radius. 
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Pyrak-Noltea and Morrisa (2000) stated that fracture specific stiffness and fluid 

flow through a single fracture under normal stress wear implicitly related through the 

geometry of the void space and contact area that comprise the fracture.  Data from thirteen 

difference rock samples, each containing a single fracture, show that relationships between 

fracture specific stiffness and fluid flow through a fracture fall into two general classes of 

behavior.  Fractures either fall on a loosely-defined universal curve relating fluid flow to 

fracture specific stiffness, or else the flow is weakly dependent on fracture specific 

stiffness.  The second relationship shows that flow decreases slowly with increasing 

fracture specific stiffness.  The first relationship shows that flow decreases rapidly for 

increases in fracture specific stiffness.  To understand this behavior, computer simulations 

on simulated single fractures were performed to calculate fluid flow, fracture displacement, 

and fracture specific stiffness as a function of normal stress. Simulated fractures with 

spatially correlated and uncorrelated aperture distributions were studied. Fractures with 

spatially uncorrelated aperture distributions tend to exhibit a weak dependence of fluid flow 

on fracture specific stiffness because these fractures tend to have multiple connected paths 

across the sample which can support flow with uniformly distributed contact area.  Thus an 

increment in stress will increase the stiffness of the fracture without greatly reducing the 

amount of fluid flow.  On the other hand, fractures with spatially correlated aperture 

distributions tend to belong to the universal relationship because correlated fractures tend to 

have only one or two dominant flow paths and the contact area is limited to a few regions 

resulting in a compliant fracture.  Thus an increment in stress on a spatially correlated 

fracture will result in an increase in stiffness and rapid decrease in fluid flow.  These spatial 

correlations in fracture void geometry can be differentiated in the laboratory based on the 

observed fracture specific stiffness-fluid flow relationship for a single fracture under 

normal loading. 
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Indraratna and Ranjith (2001) state that permeability is simply the ability to conduct 

fluids, such as water, gas or multi-phase flows (e.g. water + gas, water + gas + oil) through 

porous media, such as soil or rocks.  The permeability of discontinuities is referred to as the 

fracture permeability or the intrinsic permeability, whereas intact permeability is referred to 

as the matrix permeability.  Therefore, the combined permeability of rock mass is given by 

 kc = kf + km  (2.4) 

where kc is the combined permeability of rock mass, and kf and km are the individual 

fracture permeability and matrix permeability, respectively. 

Under steady-state flow rate approach, for a cylindrical rock specimen, the 

coefficient of matrix/intact rock permeability (km) can be written using Darcy’s law: 

  dp/dxπD
4qμk 2m   (2.5) 

where q is fluid flow rate through the specimen, dp/dx is the pressure gradient along the 

length (dx) of the specimen (Figure 2.1), μ is the dynamic viscosity of the fluid and D is the 

diameter of the specimen.   

 The equivalent aperture has to be referred to as the cubic law equivalent aperture.  It 

is based on hydraulic tests.  Frequently, and for simplicity, the equivalent cubic law 

aperture is referred to as the hydraulic aperture or mean aperture.  For laminar fluid flow 

through parallel joint walls, the equivalent cubic law aperture (ec) is defined by 

  

3/1

c dp/dx
12qμe 








  (2.6) 

where q = steady-state flow rate, b = width of the fracture, dp/dx = pressure gradient 

between two ends of the specimen and μ = dynamic viscosity of fluid. 
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 For a smooth, planar joint having an aperture of magnitude (e), the fracture 

permeability for laminar flow is given by 

 
12
ek

2

  (2.7) 

 

 

Figure 2.1  Pressure gradients along a rock specimen (Indraratna and Ranjith, 2001). 

P o 
D 

dx
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Auradou et al.  (2006) investigate the effect on the transport properties of a fracture 

of a shear displacement u between its complementary surfaces experimentally and 

numerically.  The shear displacement u induces an anisotropy of the fracture aperture field 

with a correlation length scaling of |u|, which is significantly larger in the direction 

perpendicular to u.  This reflects the presence of long fluid flow channels perpendicular to 

the shear displacement, resulting in a higher effective permeability in that direction.  Such 

channels will have a strong influence on the transport characteristics of a fracture, such as, 

for instance, its thermal exchange area, crucial for geothermal applications.  Miscible 

displacement fronts in shear-displaced fractures obtained experimentally display a self-

affine geometry with a characteristic exponent directly related to that of the fracture 

surfaces.  They present a simple model, based on the channeling of the aperture field, which 

reproduces the front geometry when the mean flow is parallel to the channels created by the 

shear displacement 

Baghbanan and Jing (2006) measure the permeability of fractured rocks considering 

the correlation between distributed fracture aperture and trace length, based on a newly 

developed correlation equation.  The influence of the second moment of the lognormal 

distribution of apertures on the existence of representative elementary volume (REV), and 

the possibility of equivalent permeability tensor of the fractured rock mass, is examined by 

simulating flow through a large number of stochastic discrete fracture network (DFN) 

models of varying sizes and varying fracture properties.  The REV size of the DFN models 

increases with the increase of the second moment of the lognormal distribution, for both the 

correlated and uncorrelated cases.  The variation of overall permeability between different 

stochastic realizations is an order of magnitude larger when the aperture and length are 

correlated than when they are uncorrelated.  The mean square error of the directional 

permeability increases with increasing value of the second moment of the lognormal 

distribution function, and good fitting to an ellipsis of permeability tensor can only be 
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reached with very large sizes of DFN models, compared with the case of constant fracture 

aperture, regardless of fracture trace length. 

Baghbanan and Jing (2008) studied the effect of stress on permeability and fluid 

flow patterns in fractured rock masses when distributed fracture aperture was correlated 

with fracture trace length, using a discrete element method (DEM).  The basic assumptions 

are that the rock matrix is impermeable and linearly elastic, and that the fluid flows only in 

fractures.  The results show that when small stress ratios (K = horizontal/vertical stress) are 

applied at the model boundaries, the overall permeability of the fracture network is 

generally decreased.  However, contribution from a few large fractures of higher hydraulic 

conductivity prevents drastic reduction of the overall permeability, compared with models 

that assume uniform fracture apertures.  With large values of the stress ratio, both the 

overall permeability and flow patterns are controlled by a combination of highly conductive 

larger fractures and fractures with shear slipping and dilation, with much increased overall 

permeability and shear-induced flow channeling.  These results show significant difference 

between correlated and non-correlated aperture and fracture length distributions, and 

highlight more significant scale andstress dependence of hydro-mechanical behavior of 

fractures rocks when geometric parameters of rock fractures are correlated. 

Akkrachattararat and Fuenkajorn (2009) determine the effects of anisotropic stress 

states on the permeability of porous rocks.  Numerical modeling is performed to study the 

hydraulic conductivity of rock around single opening in infinite plate and of pillars between 

parallel circular openings under deviatoric stresses.  The effort primarily involves 

conducting constant-head flow test on intact cylindrical sandstone specimens under a 

variety of confining pressures and deviatoric stresses. The results under deviatoric stress 

states suggest that before dilation strength the permeability decreases with increasing 

volumetric strain.  This is probably due to the contraction of the pore spaces in the 

specimen.  Within this stage the change of rock hydraulic conductivity to the change of 
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volumetric strain (K/V ratio) decreases as increasing the confining pressures.  After 

dilation strength the rock permeability increases with specimen dilation probably because 

of the initiation and propagation of micro-cracks due to the applied axial stress approaching 

failure.  The results suggest that the hydraulic conductivity of rock around single circular 

tunnel increases from 107  10-9 to 120  10-9 m/s for PW sandstone, and 140  10-12 to 300 

 10-12 m/s for PK sandstone as the horizontal-vertical stress ratio decreases from 0.8 to 0.2.  

The hydraulic conductivity of rock pillars between parallel circular openings increases from 

120  10-9 to 180  10-9 m/s for PW sandstone, and 350  10-12 to 1350  10-12 m/s for PK 

sandstone as the vertical stress increases from 10 to 40 MPa. 

Suanprom et al. (2009) perform flow tests to determine hydraulic conductivity of 

tension-induced fractures under normal and shear stresses.  The results indicate that the 

physical aperture ep and hydraulic aperture eh increase with shearing displacement, 

particularly under high normal stresses.  The magnitudes of fracture permeability under no 

shear and under peak shear stress are similar.  For both peak and residual regions, the 

physical apertures are about 5 to 10 times greater than the hydraulic apertures, as a result 

the fracture hydraulic conductivity determined from the physical aperture are about one to 

two orders of magnitudes greater than these determined from the equivalent hydraulic 

apertures. This is probably because the measured physical apertures do not consider the 

effect of fracture roughness that causes a longer flow path.  The difference between the 

permeability under residual shear stress and that under peak stress becomes larger under 

higher normal stresses.  The fracture hydraulic conductivities exponentially decrease with 

increasing the normal stresses.  Their permeability is in the range between 0.110-3 m/s and 

1010-3 m/s. 

 

 

 

 

 

 

 

 



CHAPTER III 

SAMPLE PREPARATION 

3.1 Introduction 

 Phu Kradung sandstone has been selected for use as rock sample here primarily 

because it has highly uniform texture, density and effectively impermeable.  It is classified 

as fine-grained quartz sandstone with 48.8% quartz (0.1-1.5 mm), 46.10% albite (0.1-0.8 

mm), 5.1% kaolinite (0.1-0.3 mm), 3% rock fragments (0.5-2mm), and 2% others (0.5-1 

mm).  The average density is 2.63 g/cc.  Figure 3.1 shows some rock specimens after the 

fracture has been induced. 

3.2 Sample preparation 

 Sample preparation is carried out in the laboratory at the Suranaree University of 

Technology.  The cylindrical shaped specimen is 18.5 cm in diameter and 15 cm in length.  

A 3.3 cm diameter center hole is drilled along the specimen axis as shown in Figure 3.2.  

The fractures are artificially made by tension inducing method.  The fracture area is 18.5  

15 cm.  The joint roughness coefficient (JRC) of the test fractures is about 6-8.  Figure 3.3 

shows tension-induced fracture along the diameter.  Sealing the end of both specimen with 

gasket and set up connector tube for fracture flow testing, as shown in Figure 3.4  
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Figure 3.1  Some sandstone specimens prepared for constant head flow test with 

diameter of 18.5 cm and 15 cm in length. 

Figure 3.2  Some rock specimen drilled along the specimen axis by drilling machine 

(model SBEL 1150) with diameter of 3.3 cm. 
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Figure 3.4  Rubber plug and connector tube are placed at both end of test hole. 

Figure 3.3  A cylindrical rock specimen is line-load to induce tensile fracture though 

borehole axis and along the specimen diameter. 

 

 

 

 

 

 

 

 

 



CHAPTER IV 

LABORATORY EXPERIMENT 

4.1 Introduction 

 The objectiveof laboratory experiment is to determine the effects of the normal and 

shear stresses on the permeability of radial fracture.  The results will be compared with the 

stress distribution calculated from computer simulation and close from solution.  The effort 

primarily involves conducting constant-head flow tests on radial fracture under a variety of 

vertical stresses and fracture orientations.  The permeability results are presented as a 

function of fracture orientation, stresses and fracture permeability.  

4.2 Test method 

 Constant head flow test is conducted by injecting water into the center hole.  The 

laboratory arrangement while the fracture is under vertical stress is shown in Figures 4.1 

and 4.2.  The injected water pressure is 41.4 kPa (6 psi) applied by a water pump to one end 

of the center hole.  The other end is plugged.  The water pressure is maintained constant by 

using a regulating valve at the top of a nitrogen gas tank of which connected to an acrylic 

tube to measure the inflow rate of water.  Phu Kradung sandstone with radial fracture is 

placed in a pair of semi-cylindrical load frames to apply vertical stress perpendicular to the 

specimen axis.  Neoprene sheets are placed between the loading platens and the rock 

surfaces to minimize the friction.  This load configuration imposes an anisotropic stress to 

the rock and fracture around test hole.  The fracture permeability is determined for various 

orientations with 15 apart with respect to the loading direction, as shown in Figure 4.3.  

The fracture rotations are made up to 3 cycles to assess the permanent deformation of the 
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aperture.  The vertical stresses are then progressively increased from 0.63, 1.24 to 1.85 

MPa (250, 500 and 750 psi).  The measured flow rates under each vertical load are used to 

calculate the fracture aperture and permeability.  The test is conducted for 6 hours for each 

stress condition.  Up to 4 samples have been tested. 

 Assuming that the Darcy’s law is valid, the equivalent cubic law is applied to 

determine the aperture (ec) from the flow test results, as follows (Indraratna and Ranjith, 

2001): 

. ec = [[12q] / [b(dp/dx)]]1/3 (4.1) 

where q is steady-state water flow rate (cm2/s), μ is the dynamic viscosity of the water 

(Ns/cm2), b = width of the fracture (cm), dp/dx is the pressure gradient along the length of 

the specimen.   

 The fracture permeability (k) can then be calculated by (Indraratna and Ranjith, 

2001): 

 k = e2/12 (4.2) 

where e is parallel plate aperture.  The vertical stress (v) is calculated by dividing the 

vertical load by the fracture area.  The calculation assumed that the Phu Kradung sandstone 

is effectively impermeable (Akkrachattrarat et al., 2009) 
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Figure 4.1  Laboratory arrangement for constant head flow tests of radial fracture under 

vertical stresses. 

4.3 Test results 

 Figures 4.4 through 4.7 give the results of fracture permeability as a function of 

fracture orientation for samples No.1 through 4.  The fracture permeability varies as it 

rotates with respect to the loading direction.  A permanent closure of the fracture under 

loading is observed as evidenced by the permanent reduction of the fracture permeability 

measured from the second and third cycles of testing.  The fracture permeability decreases 

as the applied stresses increase.  Increasing the vertical stresses from 0.63 MPa to 1.85 MPa 

can reduce the permeability by up to one order of magnitude.  It is believed that the 

permeability variation with the fracture rotation is primarily due to the combined effects of 

the normal (tangential) and shear stresses induced on the fracture plane, providing that the 

radial stress has no effect on the fracture closure.   

 

 

 

 

 

 

 

 

 

 

 



19 

Figure 4.3  Rock sample with radial fracture. 

Figure 4.2  Arrangement for constant head flow tests of radial fracture under various 

vertical stresses and fracture orientations. 
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Figure 4.4  Fracture permeability as a function of fracture orientation for sample  

PKSS-01. 
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Figure 4.5  Fracture permeability as a function of fracture orientation for sample 

PKSS-02. 
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Figure 4.6  Fracture permeability as a function of fracture orientation for sample 

PKSS-03. 
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Figure 4.7  Fracture permeability as a function of fracture orientation for sample 

PKSS-04. 
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4.4 Discussions 

 The results indicate that the increases of the normal stresses rapidly decrease the 

fracture permeability.  When the normal of fracture is deviated from loading direction, the 

normal stress on the fracture is reduced and the shear stress increases the fracture 

permeability.  The flow test results from different test cycles show parallel patterns of the 

permeability which indicate that the test procedure and results are repeatable and that the 

permeability variations are due to the nature of the fracture flow under rock stresses not due 

to the method of measurements.  It can be postulated that the permeability of radial 

fractures intersecting the borehole is in part governed by the normal and shear stresses on 

the fracture plane.  The permeability tends to be low when the fracture plane is normal to 

the loading direction ( = 0 and 180, maximum normal stress), and high when it is parallel 

to the loading direction ( = 90 and 270, minimum normal stress).  If only normal stresses 

are considered the fracture permeability should decreases from its maximum values at  = 0 

and 180 to its minimum values at  = 90 and 270.  Under these orientations the shear 

stresses are zero and have no effect on the permeability.  The results imply that the shear 

stress can increase the fracture permeability.  The fracture permeability under anisotropic 

stresses depends on both normal and shear stresses.  The effects from each stress are 

probably affected by the fracture roughness and asperities. 

 

  

 

 

 

 

 

 

 

 



 
 

CHAPTER V 

NUNERICAL MODELING 

5.1 Objective 

 The numerical modeling performed in this study aims at studying how the normal, 

shear and radial stress change with respect to the fracture orientation.  The finite difference 

analyses are performed using FLAC (Itasca, 1992).  The results are used to compare with 

the close form solution and to help explain the results of fracture flow test.  Properties of 

Phu Kradung sandstone are used in the numerical modeling. 

5.2  Finite difference analyses 

 Finite difference analyses have been performed to calculate the normal and shear 

stress distributions on the fracture under various orientations.  Figure 5.1 shows the two-

dimensional finite difference mesh representing the cross-section of the loading platens and 

rock specimen.  The fracture in the model can be defined for different orientations with 

respect to the loading direction.  The bulk modulus and shear modulus of the sandstone are 

determined by Walsri et al. (2009) as 0.38 GPa and 19.3 GPa.  The joint normal and shear 

stiffness values (Kn and Ks) for the fracture in the Phu Kradung sandstone are determined 

by Akkrachattraratet et al. (2009) as 4.8 GPa/m and 11 GPa/m.  The joint friction angle and 

cohesion used in the simulations are 50° and 19 MPa. They are obtained from the direct 

shear testing conducted by Akkrachattrarat et al. (2009).  All simulations assume plane 

strain condition.  Table 1 summarizes the mechanical properties used in the calculation. 
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Table 5.1  Summary of the basic properties used in the FLAC simulation. (Mechanics of 

Material by Gere and Timoshenko, 1997). 

 
 
 
 

Mechanical properties PK sandstone Steel 
Elastic Modulus (GPa) 7.7 200 

Poisson’s Ratio 0.38 0.3 
Cohesion (MPa) 19 - 
Tension (MPa) 8.7 - 

Internal Friction Angle (degrees) 50 - 
Dilation Angle (degrees) 25 - 

Figure 5.1  Finite difference mesh constructed to represent the test specimen and 

loading platens. 
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5.3  Close form solution 

 The stress distributions around borehole (r, , r) are also calculated by Kirsch’s 

solution (Hoek and Brown, 1990) to compare the results with those of the simulation.  Both 

methods show similar distributions for the normal (tangential), shear and radial stresses on 

the fracture plane.   Figures 5.2 through 5.4 compare the stresses obtained from the two 

methods for  = 0, 45 and 90.   The stress results are normalized by the applied stress v 

in the figures.  The close agreements of the results obtained from the two methods suggest 

also that the semi-cylindrical load platens and neoprene sheets designed to apply the uni-

directional stresses to the cylindrical rock specimen and test hole are appropriate. 
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Figure 5.2  Comparison of the stress distributions between FLAC and Kirsch’s 

 solution for v = 1.85 MPa and  = 0. 
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Figure 5.3  Comparison of the stress distributions between FLAC and Kirsch’s 

 solution for v = 1.85 MPa and  = 45. 
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Figure 5.4  Comparison of the stress distributions between FLAC and Kirsch’s 

 solution for v = 1.85 MPa and  = 90. 

 

 

 

 

 

 

 

 



CHAPTER VI 

DISCUSSIONS AND CONCLUSIONS  

6.1  Discussions and conclusions 

The results from the constant head flow tests on radial fracture under a variety of 

vertical stresses indicate that fracture permeability decrease with increasing normal stresses.  

This agrees with the experimental results by Xiao et al. (1999), Pyrak-Noltea and Morrisa 

(2000), Niemi et al. (1997), Indraratna and Ranjith (2001), Baghbanan and Jing (2008) and 

Akkrachattrarat et al. (2009).  The apertures and permeability of rock fractures are also 

affected by the shearing displacement (Auradou et al., 2006). 

The findings from this study clearly indicate that the normal stresses normal to the 

radial fracture can reduce the fracture permeability by up to one order of magnitude, 

depending on the magnitudes and orientations of the applied deviatoric and mean stresses.   

The fracture permeability can be increased if the shear stresses exist on the fracture plane.  

The permeability increase due to the shear stress is complicated by the fracture 

characteristics which probably involving asperity amplitudes and roughness, and hence 

difficult to interpreted.   The joint shear and normal stiffness values probably are the key 

parameters that should be further investigated because they control the amount of aperture 

closure when the fractures are under stresses.  Since only one rock type has been tested here, 

the effects of the joint stiffness and joint roughness coefficient cannot be examined.   

The results from the close form solution agree well with there of the numerical 

analyzes while implies that the semi-cylindrical load frame can apply the shear and normal 

stresses on the fracture as designed.  Observation from fracture permeability can be 

postulated that the permeability of radial fractures intersecting the borehole is in part 
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governed by normal and shear stresses on the fracture plane.  It has improved our 

understanding of fluid flow near the opening surrounding by fracture.   A true understanding 

on complex stress on fracture plane is necessary for predicting the lost circulation of drilling 

mud or oil and gas lost from borehole or petroleum well. 

 

6.2  Recommendations for future studies 

The study in this research can be taken as a preliminary study.  More laboratory 

testing should be performed using the higher confining pressures with larger specimens and 

different fracture roughness.  The higher water injection pressures are needed to accelerate 

the test duration.  The joint shear and normal stiffness values should be investigated.  

Laboratory testing would be improved by showing changes of fracture permeability with 

increasing stress on long term (more than 30 days).  
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