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Abstract

Horizontal directional drilling is increasingly used to install pipes without costs and disruptions
associated with conventional ‘cut and cover’ installations. This technique, which was developed
by industrial innovators, feature complex soil and pipe response which is not well understood.
The success of this operation depends on knowledge of the pulling forces applied, level of ground
disturbance, ground expansion or fracture from mud pressure, and the effect of the pulling
operation on the pipes. Tensile stresses in the pipe vary with time during and after installation,
and along the pipe. This applies especially to polymer pipes where the stresses during insertion
and those over the service life of the pipe may influence its performance.

The main objective of this study is to model the short term and long term response of pipes
installed using horizontal directional drilling and to investigate the effect of the time dependent
behaviour of polymer pipes, as well as other installation variables on the performance of the pipe
during and after installation.

The mechanical behaviour of high density polyethylene used to manufacture a significant portion
of pipes installed using horizontal directional drilling is investigated and two sophisticated
constitutive models are developed to simulate the time-dependent behaviour of high density
polyethylene.

The interaction between the pipe and the surrounding soil during horizontal

directional drilling installations is also investigated and modelled.

A FORTRAN algorithm is developed to calculate the short and long term response of elastic and
polymeric pipes installed using horizontal directional drilling. The program uses the HDPE
constitutive models as well as the pipe-soil interaction model developed in the study. After
iii

evaluation, the developed program is employed in a parametric study on the sensitivity of short
term and long term pipe response to different parameters, including the effect of overstressing the
pipe during installation.

As Multiaxial modeling is necessary for accurate analysis of some applications including the
swagelining method, a uniaxial constitutive model developed in the current study is generalized
to a multi-axial model that can simulate the response to biaxial stress-strain fields. The multiaxial model is implemented in a finite element code and its performance in simulating multiaxial
stress-strain fields is evaluated.

iv

Co-Authorship
This thesis is written in manuscript format and contains published materials that were co-authored
by Abdul Chehab and his supervisor I.D. Moore. Abdul Chehab was the principal author for these
manuscripts and conducted the research that is reported in this thesis under the guidance of I.D.
Moore. The co-authorship is as follows:

Chapter 3: Constitutive Models for High Density Polyethylene
All drafts of Chapter 3 were written by Abdul Chehab and modifications were carried out under
the guidance of I.D. Moore. Sections of this chapter were published in the 57th Canadian
Geotechnical Conference (2004) and the 2006 ASCE Pipeline Conference. A version of the
chapter is being prepared for submission to the Journal of Polymer Engineering and Science.
Chapter 5: Pipe-Soil Shear Interaction
All drafts of Chapter 4 were written by Abdul Chehab and modifications were carried out under
the guidance of I.D. Moore. A version of the chapter is being prepared for submission to the
International Journal of Geomechanics and Geoengineering.
Chapter 5: One Dimensional Modelling of Pipe Response During and After HDD
All drafts of Chapter 5 were written by Abdul Chehab and modifications were carried out under
the guidance of I.D. Moore. Sections of this chapter were published in the 1st Pan American
Geosynthetics Conference, Mexico (2008) and in the 60th Canadian Geotechnical Conference,
Ottawa (2007). A version of the chapter is being prepared for submission to the Journal of
Geotechnical and Geoenvironmental Engineering (ASCE).
Chapter 6: Parametric Study Examining Pipe Response During and After HDD
All drafts of Chapter 6 were written by Abdul Chehab and modifications were carried out under
the guidance of I.D. Moore. A version of the chapter is being prepared for submission to the
Canadian Geotechnical Journal.
Chapter 7: Generalization of Uniaxial Constitutive Models to Multiaxial
All drafts of Chapter 7 were written by Abdul Chehab and modifications were carried out under
the guidance of I.D. Moore. A version of the chapter is being prepared for submission to the
Journal of Polymer Engineering and Science.
v

Acknowledgements

This thesis was funded by a Strategic Research Grant from the Natural Sciences and Engineering
Research Council of Canada.

The author would like to express his sincerest gratitude to his supervisor Dr. I. D. Moore for his
continuous support and guidance at every stage of this study. His valuable advice has been of
great assistance to present this study in an appropriate way. The author would also like to thank
Ahmed Mabrouk for his fruitful support in using ABAQUS and John Cholewa for his help in the
experimental part of the study.

The co-operation, help and comments offered by the IT and laboratory staff at Queen’s
University played a crucial role in the success of the numerical and experimental parts of the
study.

Finally, the author thanks his wife Farah for her understanding, encouragement and support
throughout the study.

vi

TABLE OF CONTENTS
Abstract
Co-Authorship
Aknowledgements
Table of Contents
List of Figures
List of Tables
List of Symbols and Acronyms

iii
v
vi
vii
xi
xviii
xix

CHAPTER 1 INTRODUCTION TO HORIZONTAL DIRECTIONAL DRILLING
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10

Importance of Trenchless Technology
Description of HDD
Geotechnical Investigation Prior to HDD
Borehole Profile and Geometry
Drilling Rigs
Drilling Fluids
HDPE Pipes
Literature Review
Objective and Methodology
References

1
2
6
7
9
10
12
12
15
16

CHAPTER 2 INSTALLATION AND POST INSTALLATION LOADS
2.1
2.2

2.3

2.4
2.5

Introduction
Installation Loads
2.2.1 General
2.2.2 Pipe Weight/Buoyancy
2.2.3 Pipe-Soil Frictional Forces
2.2.4 Frictional Forces at Curves
2.2.5 Fluid Drag
2.2.6 Methods and Approaches for Estimating Tensile Installation Loads
2.2.7 Pipe Allowable Tensile Stress During Installation
2.2.8 Torsion Stresses
2.2.9 Hoop Compression Stresses
Post-Installation Loads
2.3.1 Introduction
2.3.2 Gravity Forces
2.3.3 Interaction Shear Forces
2.3.4 Hoop and Longitudinal Tensile Stresses
2.3.5 Temperature Effect
Conclusion
References

30
31
31
31
32
34
39
46
49
49
49
50
50
50
51
52
52
53
53

CHAPTER 3 CONSTITUTIVE MODELS FOR HIGH DENSITY POLYETHYLENE
3.1
3.2
3.3

Introduction
Experimental Mechanical Testing of HDPE
Constitutive Modeling of HDPE

vii

63
64
65

3.4

3.5

3.6
3.7

3.3.1 Modulus Functions
3.3.2 Basic Mechanical Models
3.3.3 Existing Mechanical Models for HDPE
Uniaxial Linear Viscoelastic-Viscoplastic Model
3.4.1 Introduction
3.4.2 Model Development
3.4.3 Numerical Simulation and Model Evaluation
Non-linear Viscoelastic Viscoplastic Model
3.5.1 Model Development
3.5.2 Numerical Simulation and Model Evaluation
Conclusion
References

65
67
68
70
70
71
73
77
77
78
79
81

CHAPTER 4 SOIL-PIPE SHEAR INTERACTION
4.1
4.2
4.3

4.4

4.5
4.6
4.7
4.8
4.9

Introduction
Interaction Mechanism
Pipe-Soil Shear
4.3.1 Shear Force Definition
4.3.2 Friction Coefficient
4.3.3 Normal Interaction Pressure
Interaction Stiffness Evaluation
4.4.1 Introduction
4.4.2 Axisymmetric Simplification
4.4.3 Finite Element Modeling
Results and Discussion
Application of Shear Stiffness
Change in Interaction Shear Strength with Time
Conclusion
References

95
95
96
96
97
97
99
99
100
103
108
109
110
111
112

CHAPTER 5 ONE DIMENSIONAL MODELING OF PIPE RESPONSE DURING AND
AFTER HDD
5.1
5.2
5.3

5.4

5.5

Introduction
Pulling History
Program Description
5.3.1 Summary of Functions
5.3.2 Input and Output Files
5.3.3 Geometry Calculations
5.3.4 Load Calculations
5.3.5 Axial Strain and Extension Calculations
5.3.6 Updating Coordinates and Parameters
5.3.7 Computation Procedure
Program Evaluation
5.4.1 Introduction
5.4.2 Elastic Bar Under Uniform Tension
5.4.3 Test of Viscoelastic-viscoplastic Material Under Stress Relaxation
5.4.4 HDD Installation of a Steel Pipe
Sample Problem: HDD Installation of an HDPE Pipe
5.5.1 Problem Description

viii

123
123
125
125
126
128
128
129
130
131
131
131
132
133
133
135
135

5.6
5.7

5.5.2 Response During Pullback
5.5.3 Post-Installation Response
Conclusion
References

136
136
139
140

CHAPTER 6 PARAMETRIC STUDY EXAMINING PIPE RESPONSE DURING AND
AFTER HDD
6.1
6.2
6.3
6.4
6.5
6.6

6.7
6.8
6.9
6.10
6.11

Introduction
Effect of Shear Interaction Stiffness
Effect of Time Dependent Material Behaviour
Effect of Installation Procedure
Effect of Installation Duration
Effect of Friction Coefficients
6.6.1 Surface Friction
6.6.2 Borehole Friction
Effect of Pipe Size
Effect of Overstressing the Pipe
Wet-Pipe Versus Dry Pipe Installation
Conclusion
References

153
154
155
158
158
159
159
160
161
162
163
164
166

CHAPTER 7 MULTIAXIAL GENERALIZATION OF CONSTITUTIVE MODELS
7.1
7.2

7.3

7.4
7.5

Introduction
Multiaxial Generalization
7.2.1 Assumptions
7.2.2 Multi-axial Stress and Strain Field
7.2.3 Multi-axial Viscoelastic-Viscoplastic Model:
Experimental Testing
7.3.1 Particle Image Velocimetry (PIV) for Deformation Measurement
7.3.2 Cyclic Test with Uniaxial Stress Field
7.3.3 Biaxial Stress-Strain Response
Conclusion
References

182
183
183
184
186
187
187
189
194
197
198

CHAPTER 8 SUMMARY, CONCLUSION, AND FUTURE WORK
8.1
8.2

8.3

Summary and Conclusions
Recommendations for Future Work
8.2.1 Borehole Profile
8.2.2 Effect of Mud Flow Reversal
8.2.3 Thermal Effects
8.2.4 Effect of Construction Quality
8.2.5 Effect of Sustained Internal Pressure
8.2.6 Effect of Cracks or Yielding
8.2.7 Special HDD Practices
8.2.8 Modelling Pipe Bursting Operations
References

ix

218
221
221
222
222
224
224
225
225
226
227

APPENDIX A CAPSTAN EFFECT
APPENDIX B DRILLING FLUIDS RHEOLOGY
APPENDIX C LAPLACE TRANSFORM SOLUTION FOR A SINGLE KELVIN ELEMENT
WITH LINEARLY VARYING INPUT STRESS
APPENDIX D THE SIMULINK CODE DIAGRAM USED TO SOLVE THE UNI-AXIAL
LINEAR VISCOELASTIC RESPONSE OF HIGH DENSITY
POLYETHYLENE
APPENDIX E THE PROCEDURE FOR CALCULATING THE UNIAXIAL
VISCOELASTIC/VISCOPLASTIC RESPONSE FOR
LOAD CONTROL (A) AND DEFORMATION CONTROL (B)
APPENDIX F CALCULATIONS OF BOREHOLE PROFILE GEOMETRY AND PIPE HEAD
COORDINATES

x

LIST OF FIGURES
Title

Figure

Page

1.1

HDD market breakdown in the U.S.

22

1.2

Stages of horizontal directional drilling

23

1.3

Typical drill heads

24

1.4

A walkover drill head locator

24

1.5

Built-in wirelines

25

1.6

Typical reamers

25

1.7

Typical swivels

26

1.8

Onsite welding of HDPE pipe segments

26

1.9

A typical HDD borehole profile

27

1.10

A schematic diagram of a typical HDD rig

27

1.11

HDD rigs

28

1.12

Mud mixing systems

29

1.13

Loads measured by load cell for an HDD installation of a 204 mm O.D. steel

29

(a) Small

(b) Medium

(c) Large

pipe
1.14

Total load measured by load cell and in-bore resistance for an HDD

29

installation of a 220 mm O.D. HDPE pipe
2.1

Interaction forces between the pipe and ground surface (a) or borehole (b)

57

2.2

Roller supports to minimize pipe surface friction

58

2.3

Pulling load magnification around curves due to the Capstan effect

58

2.4

Contact pressure at bends due to pipe flexural stiffness

58

2.5

Normal forces around curves using solutions by Roark (1965)

59

2.6

τ−γ relationship for different types of fluids

59

2.7

The dependence of the solution parameter in Equation 2.17 on the model

60

parameter η and the diameter ratio k
2.8

Pipe-soil interaction during and after HDD installations:
(a-b) During Pullback.
(c)
After releasing the pipe.
(d)
After fixing from both ends.

61

2.9

Development of the shear strength of the slurry with time

62

3.1

The basic units of HDPE, a monomer ethylene (a), a polyethylene chain (b)

83

xi

Figure
3.2

Title

Page

Illustration of the time dependent behaviour of HDPE under different test

83

conditions.
3.3

Time dependent secant modulus of HDPE from the formulae of Chua, 1986

84

and Hashash, 1991
3.4

Different types of time dependent models.

85

3.5

The VE-VP model proposed in this study

86

3.6

Constant strain rate uniaxial compression tests on HDPE samples

86

3.7

Linear viscoelastic strains for 10-3 and 10-4 constant strain rate tests

87

calculated using:
• Laplace transform approach (symbols) and
• Runge Kutta method - MatLab Simulink program (solid lines)
3.8

Viscoelastic and viscoplastic strains for the 0.01 s-1 strain rate test.

87

3.9

State variable X versus viscoplastic work for different strain rates

88

3.10

Experimental data and model simulation for constant strain rate tests

88

3.11

Experimental results and model simulation for creep tests

89

3.12

Experimental results and model simulation for tests featuring constant load

89

rate and periods of constant stress
3.13

Experimental results and model simulation for stress relaxation tests.

90

3.14

Experimental results and model simulation for a strain rate jump test.

90

3.15

Test results and model prediction for constant strain rates and relaxation

91

periods
3.16

Test results and model simulation for constant load rates followed by

91

unloading
3.17

Model simulation for strain reversal (reversal strain rates equal to loading

92

rates)
3.18

Model simulation for cyclic loading (loading and unloading at 10-4/s strain

92

rate)
3.19

State variable X for different strain rate tests (NVE-VP model)

93

3.20

Test results and model simulation for creep tests with recovery allowed in one

93

test
3.21
3.22

Model simulation for strain reversal (reversal rates equal to straining rates).
-4

-1

Cyclic loading, loading and unloading at strain rate of 10 s

xii

94
94

Figure

Title

Page

4.1

Interaction force between pipe and soil

113

4.2

Thin versus thick hollow circular plate deformation

114

4.3

Axisymmetric derivation of the shear stiffness per unit length of pipe.

115

4.4

A cross-section of the configuration considered in the analysis

115

4.5

Assumed pipe-borehole contact area in Horizontal Directional Drilling.

115

4.6

The three dimensional mesh used in the analysis

116

4.7

Eight noded hexahedral element used in the model

117

4.8

Effect of model length and boundary conditions on the shear displacement

117

distribution along the borehole
4.9

Short “pure shear” model

118

4.10

Variation of Young’s modulus of soil with depth

119

4.11

Effect of soil type and bedrock depth on the shear interaction stiffness:

120

a) Pipe Bursting
4.12

Effect of soil cover depth and bedrock depth on the shear interaction stiffness:
a) Pipe Bursting

4.13

b) Horizontal Directional Drilling
121

b) Horizontal Directional Drilling

Change in interaction shear force with change in shear deformation and normal

122

force
5.1

Time history of pipe head movement

141

5.2

Simplified flow chart of the HDDPIPE program for the calculation of pipe

142

response during and after HDD
5.3

Elements of the pipe

143

5.4

Uniaxial stress strain relationship of HDPE, stress rate = 0.15 MPa/s

143

(calculations performed by the DEFORM subroutine)
5.5

Rod under uniform traction (Evaluation Problem)

144

5.6

Stress distribution along the pipe due to uniform traction

144

5.7

Strain distribution along the pipe due to uniform traction

145

5.8

Displacement distribution along the pipe due to uniform traction

145

5.9

Modeling of a uniaxial stress relaxation test on an HDPE pipe using the

146

HDDPIPE Program and the Uniaxial LVE-VP Model
5.10

Profile of the analyzed steel pipe HDD crossing.

146

5.11

Pulling load versus length pulled in borehole for the low parameter set (A) and

147

the high parameter set (B)
5.12

The borehole profile considered for the HDPE pipe installation.

xiii

148

Figure
5.13

Title
Calculated stress history during the pullback process for four points along the

Page
148

installed pipe:
(A)
(B)
(C)
(D)

One quarter pipe length (55 m) from pipe tail
At pipe mid-length
Three quarters pipe length from tail
Near pipe head

5.14

Axial stress distribution along the pipe at the end of pullback

149

5.15

Change in pipe extension during and after installation

149

5.16

Calculated post-installation stress history for points A, B, C and D

150

5.17

Change in the stress distribution along the pipe length after completion of the

151

pullback process
5.18

Change in the distribution of frictional forces along the pipe with time

151

5.19

Change in strain distribution along the pipe length after the pullback is

152

complete
5.20

Stress-Strain relationship of an HDPE pipe during and after HDD installation

152

6.1

Effect of shear interaction stiffness on the pipe response during pullback

168

6.2

Effect of shear interaction stiffness on the post-installation pipe response

169

6.3

Effect of interaction shear stiffness on the distribution of frictional forces over

169

the pipe length before and after release of the head
6.4

Stress distribution along the pipe at the end of pullback and over the service

170

life for three pipe material models
6.5

Strain distribution along the pipe at the end of pullback and over the service

170

life for three pipe material models
6.6

Decrease in tensile stresses with time at a section close to the midpoint of the

171

pipe
6.7

The three installations (with similar length and time spans but different

171

movement functions) analyzed in Section 6.4
6.8

Pipe head stress at the end of pullback for three installation procedures.

172

6.9

Stress distribution at the end of pullback and at release for three installation

172

procedures
6.10

Head movement histories for the four installations considered in

173

Section 6.5
6.11

Stress histories at pipe head for the four installations considered in Section 6.5

173

6.12

Strain histories at pipe head for the four installations considered in Section 6.5

174

xiv

Figure
6.13

Title
Stress-strain relation at pipe head during each of the four installations

Page
174

considered in Section 6.5
6.14

Stress distribution over the pipe length for four different installation

175

procedures
6.15

Strain distribution over the pipe length for four different installation

175

procedures
6.16

Stress distribution over the pipe length for two pipe-surface friction

176

coefficients
6.17

Strain distribution over the pipe length for two pipe-surface friction

176

coefficients
6.18

Stress distribution over the pipe length for two pipe-bore friction coefficients

177

6.19

Strain distribution over the pipe length for two pipe-bore friction coefficients

177

6.20

Distribution of stresses at the end of pullback and upon release

178

6.21

Distribution of axial strains at the end of pullback and upon release

178

6.22

Distribution of frictional forces at the end of pullback and upon release

179

6.23

Stress distribution along the pipe at different times and for two different

179

installation stress levels
6.24

Strain distribution along the pipe at different times and for two different

180

installation stress levels
6.25

Stress-strain relationship near the middle of the pipe during and after

180

installation
6.26

Effect of filling the pipe on the installation pulling stresses

181

6.27

Effect of filling the pipe on the installation tensile strains

181

7.1

Swagelining technique for the installation of PE liners

199

(a) Schematic showing the operation
(b) Head of the liner to be pulled in.
(c) PE pipe during the process
7.2

Uni-axial compressive constant strain rate (0.0005 s-1) curves for samples

200

extracted circumferentially, longitudinally and radially from a plain HDPE
pipe wall
7.3

Uni-axial tensile and compressive constant strain rate curves for HDPE
samples

xv

201

Figure
7.4

Title
Particle Image Velocimetry approach (from White et al. 2003):

Page
202

(a) Tracking of a specified patch within a specified search zone
(b) Autocorrelation function in the search zone
7.5

Calibration line for the linear potentiometer used in the uniaxial loading test

203

7.6

Sample location within the HDPE plain pipe wall (215 mm diameter, 25 mm

203

wall thickness)
7.7

Longitudinal segments cut from the pipe section

204

7.8

A sample ready to test (with texture created for the PIV analysis)

204

7.9

Sample setup and instrumentation

205

7.10

Linear potentiometer attached to the back of the sample before starting a test.

205

7.11

The camera mounted against the textured face of the sample

206

7.12

Plain HDPE coupon sample in the uniaxial load test.

206

7.13

Load signal applied in the uniaxial test

207

7.14

Axial extension of a 41.5 mm gauge length, measured by LP and Image

207

analysis technique - uniaxial tension test
7.15

Average strain history of the HDPE sample subjected to uniaxial cyclic stress,

208

using the PIV approach (dashed line) and calculated using the NVE-VP model
(solid line)
7.16

Load function applied on the sample-with-hole in the biaxial stress field test

208

7.17

Tags and mesh used in the PIV analysis for the biaxial stress strain test

209

7.18

Displacement vectors representing the deformation of the sample under the

209

axial load
7.19

Finite element mesh (AFENA) to model one quarter of the HDPE coupon

210

sample
7.20

The six-noded element used in the finite element analysis

211

7.21

Elongation of HDPE sample over a 50 mm gauge length starting at the center

211

of the sample, measured by PIV analysis and calculated by the multi-axial
NVE-VP model
7.22

Axial displacement contours at the first loading peak, measured by PIV (solid

212

lines) and calculated using AFENA (dashed lines)
7.23

Axial strain contours at the first loading peak, measured by PIV (solid lines)
and calculated using AFENA (dashed lines)

xvi

213

Figure

Title

Page

7.24

Lateral displacement contours at the first loading peak, measured by PIV (solid

214

lines) and calculated using AFENA (dashed lines)
7.25

Axial displacement contours at the end of the test (40 s after load removal),

215

measured by PIV (solid lines) and calculated using AFENA (dashed lines)
7.26

Axial strain contours at the end of test (40 s after load removal), measured by

216

PIV (solid lines) and calculated using AFENA (dashed lines)
7.27

Lateral displacement contours at the end of test (40 s after load removal),
measured by PIV (solid lines) and calculated using AFENA (dashed lines)

xvii

217

LIST OF TABLES
Table

Title

Page

1.1

Soil conditions and suitability of horizontal directional drilling

20

1.2

Classifications and characteristics of HDD rigs

21

2.1

Safe pull tensile stress of HDPE at 73oF

56

5.1

Characteristics of tested soils

141

6.1

Parameters of the three installations considered

167

6.2

Parameters of four installations with different time spans

167

xviii

CHAPTER 1
INTRODUCITON TO HORZONTAL DIRECTIONAL DRILLING

1.1 IMPORTANCE OF TRENCHLESS TECHNOLOGY
Buried pipelines provide essential services for urban areas.

These services include

distribution of drinking water and natural gas, oil transport, transmission of waste water for
treatment, storm sewers for flood prevention, power and telecommunication conduits, and
transportation tunnels.

There has been an increasing demand on these services due to

increased population, growing business, and industries.

This requires upgrades to the

capacity of existing utilities either by upsizing or by installing new utilities.

In addition, many of these utilities were constructed decades ago, they have deteriorated, and
they now require maintenance or replacement. Apart from lowering the service capacity and
interrupting business and recreation, deteriorated utilities have direct negative effects on the
environment. Leakage of sewage from sewers into ground water and rivers, and leakage of
pollutants into water mains lead to public health and environmental risks. Deteriorated gas
pipelines represent a great risk to public safety. Therefore, rehabilitation or replacement of
deteriorated infrastructure should be given a priority. Baer (1998) estimated the public
expenditures required for replacing or repairing all deteriorated buried water mains and
sewers in Canada to be approximately $60 billion.

Newly installed pipes may also need rehabilitation if they are subjected to unfavourable
conditions such as overstress or differential settlement, which leads to cracks and joint
misalignment.

Open-trench methods for installing new buried pipes or replacing existing pipes involve
excavating a trench, removing the old pipe (for replacement methods), preparing the bedding
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for the new pipes, placing the new pipe, and backfilling with compaction. These methods
have disadvantages including higher cost and construction times, problems with groundwater
control, safety risks, environmental effects, and business interruption.

In cases like

installation of a pipe below a water body, the open trench method is not an option.

Trenchless methods, which have been progressing rapidly in the last few decades, provide
efficient alternatives that overcome most or all of these challenges:

•

They are usually less expensive and faster to conduct.

•

They reduce or eliminate the traffic congestion that leads to business interruption and
higher exhaust emissions.

•

They pose lower safety risks to construction workers and the public and less
influence on the environment.

•

They prevent long excavations, which cause inconvenience and unpleasant views for
the nearby residents.

•

They can reduce disturbance to other infrastructure (pavement, pipes, buildings).

Moreover, trenchless techniques are often the only option in congested urban centres and
environmentally sensitive areas, where open-cut installation methods are not allowed. The
objective of this chapter is to provide background information on horizontal directional
drilling operations, and to introduce the research methodology and procedures.

1.2 DESCRIPTION OF HDD
ASTM F1962-99 defines horizontal directional drilling as “a technique for installing pipes or
utility lines below ground using a surface-monitored drilling rig that launches and places a
drill string at a shallow angle to the surface and has tracking and steering capabilities”. In the
past 20 years, the horizontal directional drilling (HDD) industry has grown in North America
from a small number of contractors to a multibillion dollar industry (Baumert and
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Allouch, 2002). Figure 1.1 shows a breakdown of the various market segments for HDD in
North America (Carpenter, 2004). It can be noticed from the figure that the municipal sector
(watermain and sewer), which continuously grows with the growth in population, represents
25% of the total market.

The HDD technique allows for high design flexibility thanks to its steering capabilities
(Colwell and Ariaratmam, 2003), which enables the creation of paths with multiple vertical
and horizontal curves that can go around a wide range of obstacles. Directional drilling
equipment can go under busy streets, highways, sidewalks, expensive landscaping, driveways,
parking lots, runways, and other existing underground utilities. Unlike other trenchless
methods, no vertical shafts or deep pits are required as bores are usually launched from the
ground surface. This reduces the setup time and cost substantially.

Although directional drilling was originally invented by the oil and gas industry and was then
employed by civil engineers, major differences between HDD and the oil/gas drilling exist
(El-Chazli, 2005). For example, oil/gas directional drilling is usually done at much greater
depths (predominantly in rocks) compared to HDD. Oil/gas installations use steel pipes while
HDD installations use a wide range of pipe materials (including steel, PVE and PE).
Moreover, drilling fluids used in HDD are also different in composition and properties from
those used in oil/gas installations.

Horizontal directional drilling involves three main stages (Figure 1.2):

(a) Pilot bore

excavation, (b) Reaming, and (c) Pullback (Colwell and Ariaratnam, 2003).

Pilot Bore excavation
The pilot bore phase consists of using a small diameter rotating drill head that is launched
from the surface at an angle and proceeds downward until the desired depth is achieved. Drill
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rods are added as the bore progresses.

The orientation of the drill is then brought to

horizontal (or gentle slope in case of gravity sewers) and drilling continues along a
predetermined distance. Finally, the head is brought to the surface at a predetermined exit
location. Several types of drilling head are used for boring (Figure 1.3) depending on the soil
type and the desired size of the borehole.

During the drilling process, the drilling head can be remotely steered in any direction by the
drill rig operator. This is achieved by pushing the sloped drill head without rotation to the
required alignment. A tracking or guidance system is used to determine the location,
orientation, depth, and alignment of the drill head.

There are several types of tracking systems, including the walkover and the wireline location
systems. The walkover is based on providing the drill head with a magnetic device, known as
the transmitter, which emits electromagnetic signals that are detected and interpreted by a
handheld locating device (Figure 1.4) in order to determine the coordinates and rotation of the
drill bit in real time. The information received by the locating device can be further relayed
to a satellite receiver at the drilling machine, which enables the rig operator to access data
directly and make any necessary steering adjustments accordingly.

A disadvantage of the walkover system is its sensitivity and susceptibility to noise and
interference from sources like buried utilities and power lines. Moreover, the receiver should
usually be moved along to a position which gives the strongest signal, i.e. be directly above
the drill bit. This may be difficult or impossible to achieve if the proposed alignment runs
under a building or beneath a body of water.

The wireline location system consists of a measuring instrument that is placed in the drill
head. The coordinate and orientation information is however transmitted through wires that
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run inside the drill rods, and are collected and interpreted using a computer system. Wireline
systems are very useful when crossing under buildings and deep water bodies. Moreover,
they are less susceptible to noise and interference.

Delays in work and safety issues,

however, accompany the use of wireline systems, as the wires need to be reconnected with
each additional rod. This drawback can be overcome by using a connection system that is
built into the drilling rods (CableLink concept). A permanent connector is inserted at both the
box and pin ends of each drill pipe as shown in Figure 1.5. When two drill pipes are threaded
together, the spring in the box connects to the wire in the pin, making a reliable electrical
connection.

Reaming
Once the pilot hole has reached the exit pit, the drill head is removed and a reamer is attached
to the drill string and pulled through the bore in order to enlarge the borehole before installing
the pipe. The borehole is typically enlarged to 1.5 times the diameter of the pipe to be
installed. If significant enlargement of the borehole is required, the reaming process is carried
out in multiple passes, steadily increasing the reamer size until the desired borehole diameter
is achieved. Usually, the last reaming pass is conducted coincidentally with the pipe pullback
process. Several types and sizes of reamers (Figure 1.6) may be used according to the soil
conditions and desired borehole diameter.

Pullback
Along with the last reaming pass, the pipe is fixed to a steel head, attached to the reamer at
the exit pit (pipe entry pit) and the drill string is pulled back by the drill rig. As pulling
proceeds drill rods are removed and therefore, the pulling is performed in steps until the entire
pipe is pulled through. Usually, an extra length of pipe is pulled out of the pipe exit point in
order to account for the recovery in the pipe length (especially for polymer pipes) and
possible thermal contraction after installation. The extra length should be inspected for
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roundness, surface scratches, or necking, as significant yielding or deep scratches may lead to
reduction in the design pressure rate or even to rejection of the pipeline (Chevron, 1999). For
instance, the American Gas Association recommends that pipes with defects greater than 10%
of the wall thickness should not be installed (PPI, 1998).

A standard HDD practice involves connecting a swivel (Figure 1.7) between the pipe head
and the reamer. Ideally, the swivel allows the drill string and/or the reamer to rotate without
transferring the rotation to the product pipe that is being installed. This helps minimize the
associated torsional stress on the pipe. The swivel may also act as a breakaway link. It can
be designed to break at a certain force before the pipe suffers overstressing or structural
damage.

Steel pipes and large diameter polymer pipes are usually transported to site as pipe segments
that are connected onsite before the pullback process. In many situations, space is limited at
the pipe entry pit and the pipe has to be fabricated by welding segments as pullback proceeds.
Figure 1.8 shows an example of a connection process in which polymer pipe segments are
welded onsite using heat fusion. Due to their flexibility, small diameter polymer pipes can be
fabricated off-site and stored in rolls during transportation and pullback process. Generally,
fabrication prior to pullback is preferable as it prevents the risk of the pipe becoming stuck in
the borehole during stoppage time to connect segments (Richard, 1996).

1.3 GEOTECHNICAL INVESTIGATION PRIOR TO HDD
A comprehensive geotechnical investigation using previously available soil data or from new
soil borings and tests are required to determine the overall technical and economic feasibility
and to achieve the successful design, estimation, and completion of any horizontal directional
drilling project. Subsurface exploration should begin with a review of existing data such as
geotechnical and geological maps and records from previous projects in the vicinity of the
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studied area. This information will help in the preliminary design of the operation as well as
assist with the determination of the details and parameters of the required investigation, such
as borehole locations and depths.

The comprehensive geotechnical investigation usually includes boreholes drilled along the
proposed HDD path. For long to very long HDD operations, Driscopipe (1993) suggests soil
borings every 700 feet (215 m), where the boreholes should be within 30 feet (9 m) to either
side of the planned HDD path centreline. Standard penetration tests are carried out during
boring and soil and/or rock samples are recovered for further laboratory testing (e.g.
gradation, classification, strength, RQD). Existence of fill material, cobbles or boulders, as
well as the groundwater conditions should also be recorded. Other in-situ tests such as cone
penetration tests and geophysical tests may be very useful. Hair C. W. (1995) presented
guidelines and requirements for the site investigation of HDD projects.

The results of the detailed geotechnical investigation are used to ensure the suitability of
HDD for the proposed pipe installation and to aid in the project final design and construction
details, including the borepath geometry, type of drilling equipment (rig, bit, reamer…), and
the type of the drilling fluid. Table 1.1 shows the guidelines provided by ASTM F1962-99 on
the suitability of different soil types for horizontal directional drilling.

1.4 BOREHOLE PROFILE AND GEOMETRY
Bore path design considers several factors including surface topography, subsurface soil and
groundwater conditions, the proposed depth or inclination of the service, and the existence of
other buried structures, foundations, or underground utilities. The most typical borehole
profile for HDD installations is composed of three main straight segments connected by
curved segments as shown in Figure 1.9.

The bore path is defined by the following

parameters:
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•

Locations of the bore entry (pipe exit) and bore exit (pipe entry) points.

•

Bore entry (pipe exit) and bore exit (pipe entry) angles.

•

Depth of path and inclination of the intermediate segment.

•

Path curvatures.

Locations of the entry and exit points should be consistent with equipment requirements and
topographic information. Steep entry and exit angles should be avoided to prevent high
curvature bends along the path. This is particularly important for the bore exit (pipe entry)
point where a flatter angle will facilitate the insertion of the pipe into the borehole.
ASTM F1962-99 recommends that the bore entry (pipe exit) angle should be in the range of
8o to 20o and bore exit (pipe entry) angle should be less than 10o. If higher angles need to be
used, large diameter pipes should be elevated enough to prevent a high degree of curvature
that leads to high bending strains.

The depth of the path should consider the soil layers suitable for the operation. Also,
sufficient depth or soil cover should be provided in order to (ASTM 1962-99):
•

Reduce the tendency of the drill head to rise toward the free surface during drilling.

•

Ensure sufficient resistance to the pipe’s tendency to rise during installation due to
buoyancy effects and tensile loads.

•

Provide sufficient cover for the pipe during its service life.

For under-river crossings, minimum depths of cover of 5 and 6 m below the river bed are
recommended by ASTM F1962-99 and the Directional Crossing Contractors Associations
(DCCA), respectively.
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Sharp vertical and horizontal curves along the borepath should be avoided in order to prevent
large bending stresses in drilling rods and installed pipes. Higher curvatures contribute to the
fatigue of drilling rods in three ways:

•

They lead to higher fluctuating bending stresses.

•

They produce higher axial compressive stresses (higher thrusts need to be applied)

•

They lead to higher shear stresses due to higher torques in the rods.

The first factor dominates since bending stresses fluctuate continuously due to the rotation of
the drilling rods within the curve. Ma et al. (2005) stated that in mini-HDD operations, the
cost of fatigue damage becomes significant if the drilling radii are less than about 100 ft
(30 m). A conservative industry guideline recommends a minimum bend radius Rbend of
approximately (ASTM F1962-99):

Rbend = 1200 Drod

(1.1)

where Drod is the nominal diameter of the drill rod. Horizontal curves should be avoided as
much as practical and the bore path should be kept within a vertical plane for simpler design,
easier construction, and lower bending and axial stresses in the drilling rods and installed
pipe.

Practical values of oversize ratio (ratio of borehole diameter to pipe diameter) range from 1.2
to 1.5. Lower oversize ratios lead to higher bending stresses and tensile forces in the installed
pipe.

1.5 DRILLING RIGS
Thousands of HDD rigs with a variety of sizes and capacities are used by industry across
North America. A schematic of a typical HDD rig is shown in Figure 1.10. HDD rigs can be
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classified into three main categories (Bennett et al, 2004). Small rigs are defined as those
with less than 40,000 lb (180 kN) thrust/pullback capacity. They can be mounted on a truck,
a trailer, or on tracks, and are used to install cables or small diameter pipes for relatively short
distances in congested urban areas.

Medium rigs have thrust/pullback capacities between 40,000 lb (180 kN) and 100,000 lb
(440 kN). Most of the medium rigs are self-contained units with built-in engine, hydraulic
power, and drilling fluid pumps. They are generally used to install pipes up to 400 mm for
distances up to about 600 m. Large rigs can apply thrust/pullback loads over 440 kN and are
used to install large-diameter pipes (up to 1200 mm or larger) for long crossings (several
kilometres). Table 1.2 summarizes the characteristics of the three HDD rig classes (Bennett
et al. 2001) and Figure 1.11 shows typical HDD rigs.

1.6 DRILLING FLUIDS
The drilling fluid plays an important role in the HDD operation. Usually, mud mixing
systems, like the ones shown in Figure 1.12, are used for in-situ preparation and pumping of
the drilling fluid during all stages of the HDD operation. During the pilot bore phase, the
drilling fluid serves several purposes, such as stabilizing the borehole, cleaning the drill bit,
transporting soil cuttings outside the borehole, reducing the torque on the drill string,
lubricating the drill pipe, providing hydraulic power to downhole mud motors, and cooling
the drill bit and the housing containing the electromagnetic transmitter. During the reaming
stage, the drilling fluid is usually dispersed through the reamer orifices to aid in the cutting of
the soil, provide lubrication in the borehole, transport the cuttings, and prevent the enlarged
borehole from collapsing. During the pullback phase, the drilling fluid provides lubrication to
the product pipe. This lubrication decreases the frictional effects from the contact of the pipe
with the borehole wall, and may reduce the chances of the product line becoming stuck during
the pullback phase (Bennett et al, 2004). Disadvantages of drilling fluids include borehole
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erosion, and risk of hydraulic fracture or blow out if high pressures are used with small soil
cover depth (Kennedy et al. 2006).

Several types of drilling fluids are used in drilling operations, including compressed air, foam,
clear water, and water-based muds. Water-based muds are the most common fluids in HDD
operations and are usually made by mixing water with bentonite, polymers or both. Other
agents may also be added to enhance the performance (U.S Army Corps of Engineers, 2001).
The suitability of a drilling mud for a specific application depends on several characteristics
including viscosity, gel strength, filtration, solid contents and density.

Bentonite mud has a viscosity greater than water and possesses the ability to suspend
relatively coarse and heavy particles due to its relatively high gel strength.

Moreover,

bentonite mud tends to form a thin very low permeability cake (called filter cake) on the walls
of the borehole and hence aids the stabilization of the borehole by the hydrostatic pressure
and prevents mud loss by infiltration into the surrounding soil. Because of these attributes,
bentonite drilling mud is superior to water as a drilling fluid for many applications. Bentonite
mud is usually recommended for coarse grained soils.

Polymer mud is produced by adding natural or synthetic organic polymers to water. Although
polymer muds are usually more expensive than bentonite muds, they provide excellent
lubrication which minimizes the wear and prolongs the bit and rod service lives. In general,
polymer muds have lower gel strength and less ability to form a filter cake compared to
bentonite muds. However, their higher viscosities increase their ability to carry soil cuttings
at higher pumping rates. Moreover, high viscosity prevents significant infiltration of the
polymer mud into the surrounding soils (U.S Army Corps of Engineers, 2001). Polymer
muds are usually recommended for fine grained soils.
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Bentonite/polymer mud is composed of both bentonite and polymer with water. The
advantageous properties of both materials are combined to yield mud with excellent
characteristics for many applications.

1.7 HDPE PIPES
Trenchless technologies for underground pipe installation and replacement such as horizontal
directional drilling and pipe bursting often use high density polyethylene (HDPE) pipes due to
their advantageous properties including flexibility, smoothness, heat fusion, and corrosion and
abrasion resistance.

These characteristics make HDPE pipes the market leader for gas

pipelines. In North America, HDPE holds about 90% of market share for gas pipelines
(Rush, 2003).

1.8 LITERATURE REVIEW
Research efforts have been made to gain a better understanding of the mechanism of HDD
and to study different aspects including the installation loads, behaviour of installed pipes,
disturbance to ground surface and controlling the drilling fluids. Some of the research on
HDD is summarized in the following paragraphs.

Hair (1995) described the fundamentals involved in the design and monitoring of horizontal
directional drilling operations, including site investigation requirements, drilled path design,
and effect of subsurface conditions. Seneviratne et al. (2005) presented a simulation tool for
planning HDD operations for different scenarios including unfavourable ones like unexpected
soil conditions, instrument failure, bad weather conditions and lack of drilling fluids.
Ariaratnam (2005) reviewed the development of horizontal directional drilling in North
America and around the world. Jonnes (1995) addressed the problems usually encountered in
horizontal directional drilling through sands or sandy soils. Petroff (2006) explained the
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design principles that form the basis for ASTM F 1962 for the design of horizontal directional
drilling operations.

Field and laboratory tests
Gelinas et al. (2000) carried out two HDD field tests on instrumented HDPE pipes and
monitored the rig’s hydraulic pressure using a pressure transducer, and pipe strains using
strain gauges fixed to locations close to the pipe head.

Colwell and Ariaratnam (2003) carried out three full scale HDD installations and measured
the pipe’s axial strain and pulling loads using linear potentiometers and a load cell. Their
measurements showed that the pulling load and pipe stresses increase for larger pipe
diameters and longer installations.

Baumert et al. (2004) measured the pull loads and mud pressures in nineteen (19) commercial
HDD installations. They used monitoring cells that were connected to the pulling head in
order to measure the tensile load as well as mud pressure. Their measurements showed that
the in-bore resistance or the pull load applied on the pipe follows a fairly linear trend with
pull distance (Figures 1.13 and 1.14). They also showed that for relatively short installations,
a significant portion of the load measured by the load cell is related to the effect of the
pumped mud pressure on the pulling head. This means that the load measured by the drill rig
can be significantly higher than the load experienced by the pipe (Figure 1.14).

Knight et al. (2001) also carried out field investigations by means of test pits on a HDPE pipe
installed in 1999. They examined the slurry conditions, pipe rotation and pipe ovality.
Ariaratnam and Beljan (2005) carried out field and laboratory studies on the behaviour of the
slurry in the annular space during and after HDD installations.
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Lueke and Ariaratnam (2005) carried out field tests to investigate the effect of different HDD
installation parameters, such as the installation depth, mud pressure, backreaming rate, and
reamer type on the ground disturbance and surface displacement/heave.

El Chazli et al. (2005) carried out laboratory tests to investigate the friction characteristics, in
the presence of mud cake, between various soils and pipe materials commonly encountered in
horizontal directional drilling. Their results indicate the dependence of friction factors on
normal stress, soil strength properties, hardness of pipe material and mud age.

Theoretical and numerical analyses
Baumert and Allouche (2000, 2002) evaluated and compared some current design practices
for calculating pipe tensile loading during horizontal directional drilling installations and
applied them to analyze full scale HDD installations. They investigated the effect of different
installation parameters, such as borehole friction, surface friction, mud density, and mud
viscous drag on the calculated tensile loads. They also proposed a conceptual HDD design
framework based on statistical approaches.

Polak and Lasheen (2002) presented a theoretical formulation for the calculation of pulling
forces and deformations in the pipes installed using HDD and used the model to analyze two
HDD field tests conducted by Gelinas et al. (2000). Polak and Chu (2005) used the model
developed by Polak and Lasheen (2002) to carry out a parametric investigation to evaluate the
effect of the borepath profile, oversize ratio, and the pipe flexural stiffness on HDD
installation loads.

Their investigation showed that the oversize ratio and pipe stiffness

become critical parameters when the pipe has to pass through sharp or poorly designed
curves.
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1.9 OBJECTIVES AND METHODOLOGY
During HDD installations, the pipe being installed is subjected to a complicated loading path
that includes cyclic loading, unloading, and strain reversal. This is particularly important for
high density polyethylene pipes as HDPE has a complex mechanical behaviour that is highly
nonlinear and time dependent. Plastic deformations initiate at relatively low stress levels and
the material creeps under sustained loads. After the end of the installation process, the
stresses and strains in the HDPE pipe continue to change as the pipe experiences a
combination of strain recovery and stress relaxation. Installation and post-installation loads
are discussed in detail in Chapter 2.

Defects, cracks or scratches may occur during fabrication, storage, transportation, or
installation. Welded joints are usually brittle and may contain micro-cracks. Moreover,
significant plastic deformations will take place if the pipe is overstressed during installation.
These defects may propagate under post-installation sustained stresses.

The rate of

propagation of the manufacturing defects, installation induced defects, and cracks at buttfusion joints depend, to a large extent, on the level of the sustained stress. Therefore, it is
important to understand the mechanical behaviour of HDPE and anticipate the short-term and
long-term response of HDPE pipes during and after trenchless “pulled into place”
installations.

The objectives of this study are to:
•

Understand and estimate the different loads applied on HDPE pipes during the
pullback process, as well as the post-installation conditions (Chapter 2);

•

Develop constitutive models to simulate the mechanical behaviour of high density
polyethylene under a variety of load conditions (Chapter 3);

•

Understand and model the interaction mechanism between the pipe and the borehole
sidewalls (Chapter 4);
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•

Implement the models mentioned above in a computer program that calculates HDD
installation and post-installation loads, as well as the pipe’s short-term and long-term
response (Chapter 5);

•

Determine the axial force distribution along the pipe and with time (Chapter 5);

•

Carry out a parametric investigation to study the effect of different construction
parameters on the short-term and long-term pipe behaviour to help understand
whether current installation practices may lead to brittle failure during a typical 50
year service life (Chapter 6);

•

Understand how the maximum pulling force and the cyclic pulling force history
influences pipe performance (Chapter 6);

•

Evaluate the impact of pipe overloading during installation (Chapter 6); and

•

Generalize the HDPE constitutive model in order to simulate multi-axial load
conditions (Chapter 7). This will widen the applicability of the material model to
other trenchless techniques such as the swagelining method.
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Table 1.1 Soil conditions and suitability of Horizontal Directional Drilling
(ASTM F1962-99)
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Table 1.2 Classifications and characteristics of HDD rigs (Bennett et al, 2004)
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Figure 1.1 HDD market breakdown in the U.S. (edited after Carpenter, 2004)
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Figure 1.2 Stages of horizontal directional drilling (modified from Bennett et al. 2004)
(a) Pilot bore
(b) Reaming bore
(c) Pullback
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Figure 1.3 Typical drill heads (www.railhead.com)

Figure 1.4 A walkover drill head locator (www.vermeer.com)
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Figure 1.5 Built-in wirelines (www.digital-control.com)

Figure 1.6 Typical reamers (www.melfredborzall.com)
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Figure 1.7 Typical swivels (www.melfredborzall.com)

Figure 1.8 Onsite welding of HDPE pipe segments (Ariaratnam
and Collwell, 2004)
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Figure 1.9 A typical HDD borehole profile
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Figure 1.10 A schematic diagram of a typical HDD rig (Bennett et al, 2004)
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Figure 1.11 HDD rigs (Courtesy of Vermeer Co.)
(a) Small (b) Medium
(c) Large
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Figure 1.12 Mud mixing systems (Courtesy of Vermeer)

Figure 1.13 Loads measured by load cell for an HDD installation of a 204 O.D.
steel pipe (Baumert et al. 2004)

Figure 1.14 Total load measured by load cell and in-bore resistance for an HDD
installation of a 220 mm O.D. HDPE pipe (Baumert et al. 2004)
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CHAPTER 2
INSTALLATION AND POST INSTALLATION LOADS

2.1 INTRODUCTION
Estimation of the pullback loads is a very important component in the design of horizontal
directional drilling operations. The magnitude of the pullback load is a prime factor in
determining the type, size and capacity of the rig to be used. Also, it is necessary to anticipate
the tensile stress level that the product pipe will be subjected to and ensure that it is within the
allowable limits (AWWA M55).

Usually the pulling load applied by the rig is higher than the pulling force in the product pipe.
The difference is related to the additional force required to overcome friction along the
drilling rods and the pulling head. As noted in Chapter 1, the load and mud pressure
measurements by Baumert et al. (2004) from HDD installations indicate that the force applied
by the pressurized mud on the pulling head can form a significant portion of the total pulling
load for relatively short installations. Moreover, the pulling load experienced by the rig can
increase significantly if a reamer is attached ahead of the pulling head.

To simplify the analysis of pipes installed using HDD, the pipe is divided into segments and
the installation loads are calculated for each segment.

The segmental loads are then

integrated together to obtain the total installation loads. In this chapter, the different loads
that a segment of the installed pipe may be subjected to during pullback operation are
discussed. Since the behaviour of the installed pipe is the objective of this study, the focus is
directed to the loads experienced by the pipe segments. Loads on the pulling rods, reamer or
pulling head have no significant impact on the pipe stresses and are outside the scope of this
study. The chapter also briefly discusses pipe post installation loading, i.e during recovery
and fixing stages.
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2.2 INSTALLATION LOADS
2.2.1

General

During a horizontal directional drilling installation, a pipeline segment is subjected to tension,
bending and external pressure as it is pulled through the borehole. Torsion may also be
experienced if the swivel installed between the pipe head and the drill string is not efficient.

The tensile loads are mainly caused by gravity, i.e. weight and buoyancy forces, friction
forces between the pipe and the ground surface or the borehole wall, and viscous drag of the
drilling mud. Additional forces are experienced at curves as will be explained subsequently.
Figure 2.1 shows different installation loads applied on a straight pipe section. The loads that
contribute to the pulling force applied on the pipe during pullback procedures are discussed
next.

2.2.2

Pipe weight/buoyancy

The net buoyancy force is equal to the resultant of the pipe product weight and the buoyancy
force resulting from submerging the pipe in the drilling mud. In dry installations, the pipe is
empty on the inside and pulled using a closed nose pulling head. This will lead to a higher
buoyancy force than pipe weight, especially with pipes made of polyethylene, a material that
has a specific gravity less than unity. In wet installations, the pipe is filled with water or mud
(using an open pulling head) in order to reduce the buoyancy force. This leads to lower
contact pressures between the pipe and the borehole. Ballast may also be used to counteract
the buoyancy effect.

For inclined sections of the bore path, the buoyancy force component along the pipe axis
contributes to the total tensile force applied to the pipe, while the component normal to the
pipe axis contributes to the normal force producing friction between the specific pipe segment
and the soil. Figure 2.1b shows the gravity and friction forces applied on a straight pipe
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segment inside the borehole. The case shown in the figure is when the buoyancy force
overcomes the pipe weight and the pipe is pushed up against the bore wall. In that case, the
buoyancy force acts to increase the tensile force if the pipe is pulled downward, whereas it
acts to decrease the tensile force if the pipe is pulled upward.

The contribution of the gravity force ΔFgravity per unit length is given by:

ΔFgravity =

π
4

(γ

mud

)

.Dp 2 − γ pipe (Dp 2 − IDp 2 ) .sin β i

(2.1)

where Dp and IDp are the external and internal diameters of the pipe, βι is the inclination angle
(with respect to the horizontal) of the element under consideration, and γmud and γpipe are the
unit weights of the mud and pipe material, respectively. The first term in the equation
accounts for buoyancy, whereas the second term accounts for the pipe weight.

For

installation where no mud is used, γmud can be set equal to zero. If water is used as the drilling
fluid, γmud can be set to the unit weight of water.

2.2.3
2.2.3.1

Pipe-Soil Frictional Forces
Definition

As the pipe is pulled into the borehole, interaction with the ground surface and borehole walls
results in shear forces applied on the pipe outer surface against the direction of movement.
While gravity forces may act with or against the pipe movement direction, frictional forces
always act against the pipe movement. Adhesion may also contribute in some cases such as
pulling through highly cohesive soils. The maximum shear force that can be mobilized per
unit length is given by:

Fs = aAcontact + μN

(2.2)
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where α is the adhesion, Acontact is the contact area per unit length, and μ is the coefficient of
friction between the pipe and the borehole wall (μbore) or ground surface (μsurf).

2.2.3.2

Ground Surface Friction

The friction between the pipe product and ground surface dominates at the beginning of the
pull-back process and decreases as more pipe is pulled into the borehole. The maximum
friction per unit length between the pipe and the ground surface can be calculated from
Equation 2.2, where the normal force N is given by (Figure 2.1a):

N=

π
4

(

)

γ pipe D p 2 − ID p 2 cos β o

(2.3)

where βο is the ground surface inclination. Typical values of the pipe-ground surface friction
coefficient μsur vary widely between 0.1 and 0.8 depending on several factors, including the
pipe material and roughness, soil properties and moisture, and whether it is covered with
grass. The ground surface friction can be substantially reduced by supplying a low friction
supporting system, such as rollers, to the pipe laid outside the bore as shown in Figure 2.2.
ASTM (F 1962 – 99) suggests using 0.1 as the design value of the surface friction if rollers
are used. Moreover, smoothing, coating the pipe surface (especially in the case of steel
pipes), or wrapping with plastic sheets can reduce the friction.

2.2.3.3

Borehole Friction

As more of the pipe is pulled into the borehole, the pipe-borehole friction becomes more
dominant. This component is due to lubricated friction between the pipe and the wall of the
borehole. For a straight segment, the friction force per unit length can also be calculated
using Equation 2.2, where the normal force N per unit length is given by:

N=

(γ
4

π

)

D p − γ pipe ( D p − ID p ) cos β i
2

mud

2

2
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(2.4)

Pipe-borehole friction coefficient μbore depends on several factors including the soil type and
moisture condition, pipe roughness, and properties of the filter cake in the case of sands.
Typical friction angles between HDPE pipes and boreholes fall in the range of 0.2 to 0.5
(El-Chazli, 2005). Driscopipe (1993) recommends a lubricated friction coefficient between
pipe and wet soil, with the existence of drilling mud, in the range of 0.2 to 0.3. Coating steel
pipes helps reduce the borehole friction.

2.2.4
2.2.4.1

Frictional forces at curves
General

Pulling a pipe segment through a curve not only causes bending stresses but also magnifies
the tensile force required to pull the segment forward. This is due to the additional normal
force resulting from forcing the pipe to conform to the curve (the so-called stiffness or
bending effect) as well as the so-called Capstan effect.

For simplicity the following

assumptions will be adopted:



the Capstan effect and the pipe stiffness effect will be analyzed separately



the soil does not deform in the radial direction due to interaction with the pipe
(a conservative assumption since it leads to overestimated normal interaction forces)

2.2.4.2

Capstan Effect

When a flexible pipe is pulled around a curve, additional normal forces are created as a result
of the change in the direction of the pulling force applied on the pipe segment considered.
This in turn leads to higher frictional forces. The higher the tension in the pipe, the higher the
normal and frictional forces produced.

Figure 2.3 shows the forces acting on a segment of a flexible pipe or “cable” pulled around a
circular curve. The magnification in the pulling load around a curve is given by:
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T2 = e μbh .Δβ T1

(2.5)

where T1 and T2 are the tensile forces before and after the curve, respectively, and Δβ is the
curve angle i.e. the change in pipe direction between the beginning and end of the bend, in
radians. The derivation of the above equation is presented in Appendix A.

Equation 2.5 suggests that the tensile load grows exponentially with distance around the
curves with a rate that depends on the friction coefficient. For a straight section, Δβ is zero
and the exponential magnification factor in Equation 2.5 reduces to unity (i.e. T2 = T1).

2.2.4.3

Pipe Bending/Stiffness Effect

Bending stresses and associated additional normal forces develop in the pipe segment when it
is forced to conform to a horizontal or vertical curve. As the radius of curvature becomes
smaller, the bending stresses and the normal forces increase. The additional normal forces
lead to higher frictional forces and therefore increased pulling forces.

For large diameter steel pipes, bending stresses and additional normal forces become
significant and should be considered. For polyethylene (PE) pipe installations, the design
curve radii are usually dictated by the drilling rod capacity, since they are stiffer than PE
pipes (except for large diameter HDPE pipes) and are subjected to cyclic (fatigue) bending
stresses due to rotation during drilling and reaming. ASTM (F1962 – 99) recommends the
minimum bending radius given by Equation 1.1.

As a result, the bending strains developed in PE pipes around well designed curves are
usually insignificant (ASTM F1962–99). For example, the recommended minimum radius of
curvature for a 50 mm diameter drilling rod is 60 m, which produces 0.4% maximum bending
strain for a 500 mm diameter pipe.
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Forcing the pipe to negotiate the borehole curve not only causes bending stress in the pipe,
but also contributes to the tensile force required to pull the pipe. This is due to the additional
normal forces between the pipe and the bore wall. Several researchers have stated that the
contribution of the bending stiffness of the pipe to the increase in the pulling force is
insignificant for small diameter pipes and well designed curves. For example, Dareing and
Ahlers (1991) analyzed the axial force for drilling strings pulled out of high curvature well
bores and concluded that the cable or string model (that assumes zero flexural stiffness EpIp
and only accounts for the Capstan effect) provides a reasonable approximation of the pulling
load, provided there are no severe local curves.

For steel pipes and large diameter HDPE pipes, the flexural stiffness is high and the pipe
stiffness/bending effect may need to be considered for more accurate analysis. Polak and
Lasheen (2002) developed an analytical model to calculate the increase in the pulling force
caused by pipe bending at a corner. The model assumes sharp bends i.e. zero radius of
curvature, which leads to overestimation of the bending effect on the pulling force. The
model also assumes a point contact between the pipe and bore wall at the sharp edge.

Using the same model, Polak and Chu (2005) investigated the effect of the diameter oversize
ratio (ratio of the borehole diameter to pipe diameter) and pipe stiffness on the pulling force.
The calculations of their model for a specific pull operation indicated that the contribution of
the bending effect on the total pulling force decreased as the diameter ratio increased. For
example, for a 600 mm diameter polyethylene pipe and oversize ratio of 1.5, the bending
contribution (including the capstan effect) is less than 10%, and without the Capstan effect,
the contribution is even smaller. Although their model might be a slightly conservative
approximation for sharp (accidental) curves since it assumes zero radius of curvature, it may
substantially overestimate the bending contribution for well designed curves.
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A simple approach to account for the pipe bending stiffness effect is to treat the curved
section as a simply supported beam under uniformly distributed load over part of its span
length or arc length. This is more realistic than assuming a concentrated load at the mid-span
since the contact between the pipe and the borehole walls takes place over a length rather than
a single point. Assuming constant radius of curvature along the bend, the bending
deformation ymax at mid-span of the “simply supported beam” can be calculated from
geometry as:

y max = Rbend (1 − cos ( Δβ / 2 ) )

(2.6)

where Rbend is the radius of the bend. From elastic solutions of simply supported beams
subjected to uniform pressure over the entire span, the mid-span deformation is given by:

y

=
max

(2.7)

5wL4
384E p I p

where w is the uniform contact pressure between the pipe and the borehole, L is the curve
length (equal to R.Δβ), Ep is the modulus of elasticity of the beam (pipe) material and Ip is the
moment of inertia of the beam section. Knowing ymax (Equation 2.6), the contact pressure w
(and thus the end reactions) can be calculated from Equation 2.7. The approach adopts the
following assumptions:
•

the bend has low curvature and the pipe can be treated as a straight beam.

•

the deformation freedom provided by the clearance between the pipe and the borehole
is neglected. This leads to overestimated contact pressures, which is a conservative
assumption.

•

contact pressure is uniform. In reality, the contact pressure is expected to be highest
close to the middle of the bend.
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•

the effect of pulling forces at the ends of the curve is neglected. In other words, it is
accounted for separately (Capstan effect).

•

the effect of bending moments at the curve ends is not considered.

In reality, the contact between the pipe and the borehole occurs over a part of the bend length.
Hair (2002) assumed a pipe-borehole contact length over 5o around the middle span of the
curved section as shown in Figure 2.4. For that case, and assuming uniform load applied over
a length over which 5o change in direction takes place, the following equation can be used
instead of Equation 2.7 to relate the deformation to the contact pressure:

y max =

2.2.4.4

wL4
5
Δβ 384 E p I p

⎛
100 125 ⎞
⎜⎜ 8 −
⎟
+
Δβ 2 Δβ 3 ⎟⎠
⎝

(2.8)

Combined Capstan/ Stiffness Effect

Another way of estimating the contact pressure between the pipe and the bore wall at the bend
is to employ the solution available in Roark (1965) for a beam that is supported with pins
from both ends and subjected to a uniform lateral load, as shown in Figure 2.5. The following
assumptions can be made:
•

the deformation of the pipe in the curved section is similar to that of the beam
considered i.e. the maximum bending deflection of the pipe ymax (usually at midcurve) is equal to the maximum beam deflection.

•

the axial end force of the beam T is equal to the tensile force in the pipe.

The contact pressure per unit length w between the pipe and the curve can be back calculated
from the following equation:

y max =

− w ⎡1 2
⎤
L − j 2 (1 − sech 12 U )⎥
⎢
T ⎣8
⎦

(2.9a)
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EpI p

j=

U=

(2.9b)

T

L
j

(2.9c)

where L is the curve length, T is the applied tensile load at the support, and EpIp is the flexural
stiffness of the pipe section. This last approach yields slightly overestimated (conservative)
values of w if T is set equal to the tensile force. A more accurate solution is obtained if the
tensile load component parallel to line ab is used (Figure 2.5).

Despite being relatively simple and in closed form, the approach explained above may not be
suitable for discrete analysis i.e. if the pipe is treated as a set of elements. For example, if the
pipe (beam) in Figure 2.5 is divided into seven elements, Equation 2.9 will not be accurate for
the element at the middle of the curve since it does not account for bending moments applied
at the element boundaries. Furthermore, setting the tensile force before the curve equal to T
will underestimate the contact pressure. Therefore, an iterative process is needed in which j is
initially calculated using T1 and this is then used to calculate w. The average force Tavg is then
calculated and reused instead of T1. The process is repeated until convergence is achieved.

2.2.5
2.2.5.1

Fluid Drag
Introduction

The flow of the viscous drilling mud with respect to the pipe being installed results in drag
shear stresses applied on the outer surface of the pipe. These stresses contribute to the total
axial pull-back force. As mentioned in Chapter 1, the drilling fluid is usually pumped
continuously during drilling, reaming and pullback. Even if no fluid is pumped during the
pullback process, the advancement of the pipe through the mud confined in the borehole will
cause the displaced mud to flow out of the bore, i.e. past the pipe and/or the drilling string.
That relative movement will still cause some drag forces on the pipe.
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Fluid drag depends mainly on the properties of the slurry (drilling fluid containing soil
cuttings), the annulus opening geometry and configuration (pipe and borehole size and
eccentricity), and mud flow rate relative to pipe (fluid pumping and pipe advancement rates).
The mud flow rate is a function of the amount of drilling fluid pumped during the installation
process, the amount being displaced by the advancing pipe product, the space available for
the mud to flow through, and the losses of fluid to the surrounding soil media. Also, if the
volume of the cuttings is significant, it increases the total flow volume of the slurry
(Jonnes, 1995).

2.2.5.2

Drilling Fluid Rheyology

Determination of the rheyological properties of a drilling fluid is important for various
reasons. These properties are needed to determine the pressure loss or gradient associated
with the flow of the drilling fluid in the annulus space, which helps determine the appropriate
pumping system. Moreover, they are important design parameters to determine the fluid’s
ability to carry soil cuttings out of the borehole. Finally, they can be used to calculate the
drag shear forces acting on the pipe and their contribution to the total pulling force.

The two main flow properties of a viscous fluid are the viscosity and yield shear strength.
Shear strength is defined as the shear stress required to cause shear failure (shear flow) in the
fluid. Viscosity can be defined as the shear stress increment required to produce a unit
increment in shear rate (shear strain per unit time). Viscosity can be evaluated experimentally
using the viscometer (See Appendix B). However, the existence of soil cuttings may alter the
properties of the drilling fluid (Ariaratnam and Beljan, 2005).

In general, viscous fluids can be classified as Newtonian or non-Newtonian fluids based on
the relation between the fluid viscosity and the shearing rate. In Newtonian fluids, the
dynamic viscosity is independent of the shearing rate. Non-Newtonian fluids, on the other
hand, have viscosity that depends on the shearing rate. Figure 2.6 demonstrates the flow
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behaviour of a Newtonian fluid (1) and four non-Newtonian fluids (2, 3, 4 and 5). Although
different drilling fluids behave differently, the flow behaviour of most drilling fluids can be
idealized into one of the five classes mentioned above. More details about models of drilling
fluids are presented in Appendix B.

2.2.5.3

Estimation of Mud Drag

This section reviews different methods that may be used to estimate the mud drag forces on
pipes during pullback operations. The general assumptions in all methods discussed are:
•

Flow is laminar (see Appendix B)

•

Flow is totally axial (no radial or angular flow components).

•

A unit volume of pumped fluid remains constant throughout the operation. This
means that:
• No pressure head loss occurs and there is no mud loss due to mud penetration in
soil, hydro-fracturing or blowout.
• Volume of soil cuttings added to the mud is neglected or considered to balance
the mud loss into the borehole wall.
• The mud is incompressible and its volume does not change with temperature.

•

The mud properties are not affected by the soil cuttings being carried.

•

The mud properties remain uniform along both the pipe and the drill string.

2.2.5.4

Empirical approaches

Values of fluid drag stress on the pipe’s outer surface have been inferred from field
measurements or experience. Based on results from auger boring installations carried out in
the Netherlands, Huey et al. (1996) estimated the drag stress on the outer surface of steel
pipes dragged through clean bentonite mud during HDD operations as 350 Pa. According to
the proposed estimation, the calculated drag depends only on the pipe size but does not take
into consideration any of the factors mentioned above. Puckett (2003) suggested, based on
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HDD installation load measurements, using half the amount (172 Pa) as the fluid drag stress
to obtain more accurate load estimates.

On the other hand, Driscopipe (1993) suggests that mud drag is insignificant for HDPE pipes
compared to other loads and can be neglected. This recommendation is supported by the
findings of Chin (2001), who performed numerical modeling of a drilling fluid flowing at a
velocity of 0.58 m/s, and calculated viscous shear stress values that are much lower (two
orders of magnitude) than the shear stress value of 350 Pa used by Huey et al. (1996).

2.2.5.5

Analytical Approach

For a Newtonian fluid, with constant dynamic viscosity μ, in a concentric annulus, analytical
closed form solutions are available for the pressure gradient and shear stresses between the
drilling fluid and the pipe’s outer surface. The volumetric flow rate Q is related to the
pressure drop per unit length dp/dl by (Munson et al. 2002):

( Rbh − R p ) ⎤
π ⎛ dp ⎞ ⎡ 4
4
Q=
⎜ ⎟ ⎢ Rbh − R p −
⎥
8μ ⎝ dl ⎠ ⎢⎣
ln( Rbh / R p ) ⎥⎦
2

2 2

(2.10)

where Rbh and Rp are the borehole radius and pipe outer radius, respectively. The shear stress

τp acting on the pipe’s outer surface is given as:

2
2
⎤
1 dp ⎡ Rbh − R p
⎛ dv(r ) ⎞
=
− 2R p ⎥
⎟
⎢
dr ⎠ r = R p 4 dl ⎢⎣ R p ln (Rbh R p )
⎝
⎥⎦

τ p = ⎜μ

(2.11)

Where v(r) is the velocity profile. Polak and Lasheen (2002) included the effect of pipe
velocity Vp when it is pulled against the mud flow:
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⎡ 2
Rbh − R p ⎤
( R 2 − Ri2 ) 2 ⎤
π ⎛ dp ⎞ ⎡ 4
4
⎜ ⎟ ⎢ R0 − Ri − 0
⎥
⎥ + πV p ⎢ R p −
8μ ⎝ dl ⎠ ⎣
ln( R0 / Ri ) ⎦
2 ln (Rbh R p )⎦⎥
⎣⎢
2

Q=

2
2
⎤
μV p
1 dp ⎡ Rbh − R p
τp =
− 2R p ⎥ +
⎢
4 dl ⎣⎢ R p ln(Rbh R p )
⎦⎥ R p ln (Rbh R p )

2.2.5.6

2

(2.12)

(2.13)

Head Loss Calculation

In cases where drag stresses are difficult to calculate or are variable around the pipe, the drag
force per unit length of the pipe may be related to the pressure gradient dp/dl. A proposed
equation for estimating total drag force Fd per unit length of the pipe is (Chevron, 1999 and
ASTM F-1962-99):

Fd =

dp π
dp Aannulus
2
( Dbh2 − D p ) =
dl 2
dl 8

(2.14)

where Aannulus is the annulus area through which the mud flows, and Dbh and Dp are the
borehole and pipe diameter, respectively. Equation 2.14 can be derived from considering the
equilibrium of the fluid annulus under the hydrokinetic pressure and shear forces acting on
the pipe and borehole walls, assuming that half the resistance to flow is offered by the pipe.
Since the pipe is usually smoother and has less area compared to the borehole wall,
Equation 2.14 is believed to be conservative. On the other hand, the equation does not
account for the pulling speed of the pipe against the mud flow, which slightly increases the
shear stresses during installation. ASTM F1962-99 suggested the use of 70 kPa for total
pressure loss for the estimation of fluid drag.

Baroid (1997) provided an equation that relates the pressure loss ΔP (psi) to the flow over a
length L (ft) assuming a Bingham plastic flow model. The equation is based on the laminar
flow between two parallel plates with spacing equal to the annulus spacing Dbh-Dp:
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ΔP =

μv a L
60,000( Dbh - D p )

2

+

τ yL

(2.15)

200( Dbh - D p )

where the viscosity μ should be in centipoise, the average velocity va should be in ft/min, the
yield shear stress τy should be in lbf/100ft2, and the bore and pipe diameters (Dbh, Dp) should
be in inches. The formula can be re-written in terms of SI units as:

6 τy
47.88 μv a
dp
=
+
2
dl ( Dbh - D p )
( Dbh - D p )

(2.16)

where dp/dl is the pressure gradient (Pa/m), μ is in Pa.s, va is in m/s, τy is in Pa, and Dbh and
Dp are in metres.

For a power law fluid flowing in an annulus, the relation between the flow rate and the
pressure gradient is (Bird and Hassager, 1987):

πD p 3

⎛ 1 dp ⎞
Q=
⎜
⎟
8(1 n + 3) ⎝ 2m dl ⎠

1/ n

[(1 -ψ

2 1+1 n

)

- k 1-1 n (ψ 2 - k 2 )1+1 / n

]

(2.17)

where k is the ratio of the pipe outer diameter Dp to borehole diameter Dbh (reciprocal of the
oversize ratio), m is the consistency index and n is the flow index (Refer to Appendix B).
Finally, ψ is a solution parameter that is dependent on κ and n. The ψ values for different κ
and n values are given in tables in Bird and Hassager (1987). To facilitate the incorporation
of ψ values in computer programs, the tables were plotted by the author as shown in
Figure 2.7, and a regression analysis was performed to develop a simple mathematical
expression of ψ as a function of κ and n:

44

ψ = A1 n A

(2.18a)

A1 = 0.598 k + 0.425

(2.18b)

A2 = 0 .3376 e 6.995 k

(2.18c)

2

The advantage of Equation 2.17 is its applicability to the Newtonian fluid case. For example,
by setting n to unity and m to μ, Equation 2.17 reduces to Equation 2.10. Although the power
model usually works better than the Bingham model for most drilling fluids, it does not
simulate the behaviour accurately at very low shear rates, especially for fluids with higher gel
strength (greater yield shear strength) (Hemphill et al. 1993). Some numerical solutions are
available for the pressure gradient in the case of a yield-power law model. For more details,
the reader is referred to Haciislamoglu and Langlinais (1990).

2.2.5.7

Effect of Eccentricity

For an eccentric annulus, the flow velocity increases in the wider region and decreases in the
narrower region of the annulus. At fixed flow rate, as the eccentricity increases the head loss
per unit length decreases.

Some attempts were made to study the effect of annulus

eccentricity on the pressure loss using numerical techniques. Haciislamoglu and Langlinais
(1990) found that for the specific case of a yield power law fluid in an annulus where the
borehole diameter is 254 mm and the pipe outer diameter is 127 mm, introducing an
eccentricity of 60 mm would reduce the pressure losses by about 39%. This means that higher
eccentricities lead to lower drag forces.

Chin (2001) demonstrated that increased eccentricity leads to increase in flow rate or
reduction of pressure losses. To account for eccentricity, Baumert et al (2005) proposed that
the pressure gradient of loss for concentric flow (Section 2.2.5.6) can be multiplied by a
reduction eccentricity factor (Equation 2.19), which range of values can be obtained from
comprehensive analyses using the numerical model of Chin (2001).
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⎛ dp ⎞
⎛ dp ⎞
⎜ dl ⎟ = R ⎜ dl ⎟
⎝ ⎠e
⎝ ⎠c

(2.19)

where (dp/dl)c and (dp/dl)e are the pressure drop gradients for concentric and eccentric annuli,
respectively, and R is the reduction factor.

Alternatively, the eccentricity factor fitting

equation obtained by Haciislamoglu and Langlinais (1990) can be used. This equation is
based on a correlation of friction pressure losses for a power law fluid in concentric and
eccentric annuli:

R = 1- 0.072

e Dp
n Dbh

0.8454

- 1.5e2 n

Dp
Dbh

0.1852

+ 0.96e3 n

Dp

0.2527

(2.20)

Dbh

where e is the eccentricity and n is the flow index for the power law model. The validity of
Equation 2.20 was demonstrated for pipe diameter to borehole diameter ratios between 0.3
and 0.9, and flow index n of 0.4 to 1.0, ranges which cover typical values of drilling fluids
and mud used in horizontal directional drilling operations. An assessment of Equation 2.20
revealed that for all possible values of pipe diameter ratio and eccentricities, and most drilling
fluids (Newtonian or shear thinning), the reduction of pressure loss due to eccentricity is in
the range of 0 to 60%.

2.2.6
2.2.6.1

Methods and Approaches for Estimating Tensile Installation Loads
Introduction

Baumert and Allouch (2002) reviewed the commonly used models for the estimation of
tensile pull loads on pipe installed using horizontal directional drilling. In the following
sections, these methods are summarize and compared.
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2.2.6.2

Driscopipe Method

The Driscopipe method (Driscopipe, 1993) is considered to be the simplest approach. It was
developed mainly for plastic pipelines and assumes a vertical bore profile (no horizontal
components). The bore path is broken into linear segments. The contribution of each
segment to the total pull load is calculated knowing the segment’s geometry (length L and
angle θ). This method neglects the mud drag and load magnification at curves.

2.2.6.3

Drillpath Software

Drillpath Software (Drillpath, 1996) is a three dimensional program that treats the pipe as a
series of segments that transmit axial forces only (i.e. strings). Drillpath neglects the mud
drag and the pipe stiffness effect, and relates the load magnification at curves to the Capstan
effect only.

2.2.6.4

Pipeline Research Council International PRCI Method

The PRCI method (Huey et al, 1996) predicts the maximum pulling load for HDD
installations. It assumes that the maximum load occurs toward the end of the pull, and
accounts for both mud drag forces and the pipe bending stiffness effect.

2.2.6.5

ASTM F 1962 – 99 Equations

The American Society for Testing and Materials provides design equations for the estimation
of pulling loads applied on the installed pipe at the pipe entry point, the first bend, the second
bend, and the pipe exit points. The ASTM equations are based on several assumptions
including:
•

The effect of the pipe bending stiffness is neglected.

•

The entry and exit points have the same elevation (i.e. horizontal ground surface).

•

The intermediate span is horizontal.

47

The equations to calculate the pulling loads T at the pipe entry (A) and exit (D) points, as well
as at the bottom of each bend (B and C):

T A = exp(μ surf β1 )( w p μ surf ( L0 + L1 + L2 + L3 ))

(2.21a)

TB = exp( μ bh β 1 )(T A + μ bh | wb | L1 + wb H − μ s w p exp( μ surf β 1 ))

(2.21b)

TC = TB + μ bh | wb | L2 − exp( μ bh β 1 )( μ surf w p L2 exp( μ surf β 1 ))

(2.21c)

TD = exp( μbh β3 )(TC + μbh | wb | L3 − wb H − exp( μsurf β1 )( μ surf wp L3 exp( μsurf β1 )))

(2.21d)

where;

β1, β3 are the entry and exit angles (radians)
wp, wb are the empty weight and net buoyant force, per unit length, of the pipe
L1, L2, L3 are the horizontal lengths of the entry, horizontal and exit segments of the borehole.
L0 is the additional length of pipe (laid on the ground surface at the end of operation)

2.2.6.6

Polak and Lasheen Mechanical Model

As mentioned earlier, Polak and Lasheen (2002) developed a model to calculate the
interaction between the pipe and the borehole and the resulting pulling loads. The model
accounts for the pipe bending stiffness effect and the mud drag and assumes sharp bends with
zero radius of curvature and point contacts between the pipe and the borehole wall.

2.2.6.7

Empirical Design Table of In-Bore Resistance

Baumert et al (2004) proposed using a set of tables or empirical design charts that provide
estimates of pulling loads in the form of load per unit of pull length. The tables or charts can
be generated using a large database of measurements from monitored installations for
different soil types, borehole profiles, pipe diameters and various construction qualities. This
approach provides preliminary design values and assumes a linear increase of pulling load
with distance.
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2.2.7

Pipe Allowable Tensile Stress During Installation

ASTM F1962-99 provided recommendations for safe “design” pull tensile stresses for high
density polyethylene and medium density polyethylene at 73 Fo (23 Co) temperature. Because
the mechanical properties (including modulus and strength) are time dependent, as will be
discussed in the following chapter, the safe pull stress depends on the expected duration of the
operation as shown in Table 2.1.

2.2.8

Torsion Stresses

As mentioned in the previous chapter, swivels are usually installed between the drilling
rod/pulling rod or the reamer and the pipe head in order to minimize the transmission of
torsional loads from the rotating pulling rod or reamer to the pipe being installed. Since
swivels are not 100% efficient, some portion of the applied torsion is transmitted to the
pulling head. Measurements taken by Knight et al. (2001) for pipe rotation during a HDD test
indicated that torsional strains were not significant.

However, if significant torsion is

expected, shear stresses in the pipe due to torsion should be considered. The maximum
torsion-related shear stress τtorsion in the pipe can be calculated as:

τ torsion =

TO * D p
2J

=

16TO * D p

(2.22)

π ( D p4 − ID p4 )

where TO is the torque transmitted to the pipe section, J is the polar moment of inertia of the
pipe section, and Dp and IDp are the outer and inner diameters of the pipe, respectively.

2.2.9

Hoop Compression Stresses

During pullback, the pipe outer surface is subjected to hydrostatic pressure by the drilling
mud. For long and deep crossings, pressures can be high and the ability of the pipe section to

49

withstand the pressure without suffering buckling or excessive hoop stresses must be assured.
The hoop compressive stress σh due to external hydrostatic pressure P is given as:

σh =

P * Dp

(2.23)

2t

where t is the wall thickness.

2.3 POST-INSTALLATION LOADS
2.3.1

Introduction

This section discusses the loads in the pipe after the pullback process has been completed.
This is important for predicting the long term performance of the pipe throughout its service
life. As discussed in Chapter 1, after the end of the installation process the pipe is usually
allowed to relax for a period of time before being secured at both ends. These changes in the
boundary conditions, along with the time dependent behaviour of polymer pipes (such as
polyethylene), lead to complex changes in stresses and strains over time.

2.3.2

Gravity Forces

Although the pipe weight does not change with time, buoyancy forces usually change with
time, as explained next. The fresh annular slurry, which is a mixture of drilling fluid and soil
cuttings, usually has a significantly higher moisture content and lower density than the
surrounding native soil. Baumert et al. (2002) used the slurry density range of 1,000 to 1,440
kg/m3 as a practical range, which is about 50-75% of the density of typical soils.

As time passes after installation, the water infiltrates the surrounding soil from the slurry.
Ariaratnam and Beljan (2005) measured the moisture contents, at different times, of the slurry
in a HDD installation. They found that for the slurry in clayey soil with 27% moisture
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content, the annular space moisture content dropped from 38% at 4 weeks to 32% at 1 year
after installation. For the slurry in sandy soil with 5% moisture content, the annular space
moisture content dropped from 22% at 4 weeks to 12% at 1 year after installation. The rate of
infiltration depends on the difference in the pore pressure and moisture content between the
slurry and the surrounding soil.

It also depends on the composition of the slurry and

hydraulic conductivity of the native soil and the filter cake (if present).

Eventually, the difference between the slurry pressure and the pore pressure in the
surrounding soil will dissipate with time. Depending on the position of the pipe with respect
to the groundwater table, the gravity forces applied on the pipe will approach the pipe selfweight (if above the water table) or to the net buoyant force that can be calculated from
Equation 2.1 using the unit weight of water.

2.3.3

Interaction Shear Forces

When the pipe is released at the end of the pullback process, it tends to recover part of its
viscoelastic deformation. However, the surrounding soil will resist the pipe recovery and
some shear stresses will develop against the pipe movement in part of the pipe as shown in
Figure 2.8c.

Finally, the pipe is attached to the facilities on both sides, which leads to fixed total
deformation, and the pipe will experience a combination of restrained recovery and stress
relaxation. The interaction shear forces (Figure 2.8d) as well as the axial stresses and strains
in the pipe will continue to change throughout the life of the pipe. Details on the pipe-soil
interaction are discussed in Chapter 4.

As the water percolates away from the annular space (especially when it is above the
groundwater table), the slurry consolidates and increases in density. The consolidation and
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reduction in the moisture content of the slurry contribute to the build up of its strength with
time. Field investigations on pipes installed using HDD revealed that the shear strength of the
slurry increases with time. Knight et al (2001) carried out excavations on a HDD installed
pipe in order to examine the state of the aged slurry. They found that slurry samples had
densities similar (but slightly less) than the surrounding soil and were not flowable, which
indicates that both density and shear strength increases with time. Ariaratnam and Beljan
(2005) measured the unconfined strength of the annular space at different times after
installation and found that it reaches about 70-80% of the native soil strength after one year,
as shown in Figure 2.9. The long-term shear strength of the annular zone is dependent on the
characteristics of the drilling fluid and the native soil.

2.3.4

Hoop and Longitudinal Tensile Stresses

In pressurized pipes, such as water mains, oil or gas pipelines, the pipe inner surface is
subjected to hydrostatic pressure and therefore experience hoop stress σh given by:

σh =

P * ID p

(2.24)

2t

These sustained stresses should be considered since they add to the long term installation
stresses and may induce or accelerate tension crack propagation.

2.3.5

Temperature Effect

As temperature changes, pipes tend to extend or contract. Since pipe extension or contraction
is fully or partially restrained by the surrounding soil, tensile or compressive stresses are
induced in the pipes. Mwanang'onze et al. (2003) investigated the effect of temperature
change on the mechanical behaviour of high density polyethylene and found that significant
axial forces can be induced by temperature changes.

52

2.4 CONCLUSION
Different installation and post-installation loads applied on plastic pipes installed using
horizontal directional drilling were discussed in this chapter. The equations discussed were
implemented in a FORTRAN program that calculates the loads and response of HDPE pipes
during and after HDD installations. The implementation procedure is detailed in Chapter 5.
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Table 2.1 Safe pull tensile stress of HDPE at 73oF (ASTM F1962-99)

Typical Safe Pull Stress (MPa)
Duration of Operation
HDPE

MDPE

30 min

9.0

6.9

1 hour

8.3

6.2

12 hour

7.9

5.9

24 hour

7.6

5.5
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Pipe Weight

T1
T2
Friction+Adhesion Force
Normal Force
Pipe Movement

(a)

Normal Force

T1
Friction Force
Drag Force

T2

Net Buoyancy

Pipe Movement

(b)

Figure 2.1 Interaction forces between the pipe and ground surface (a) or borehole (b)
(modified after Baumert et al. (2002)
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Figure 2.2 Roller supports to minimize pipe surface friction
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Figure 2.3 Pulling load magnification around curves due to the Capstan effect
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Figure 2.4 Contact pressure at bends due to pipe flexural stiffness
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Figure 2.5 Normal forces around curves using solutions by Roark (1965)

Shear stress τ
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Rate of shearing strain, γ = dv/dr

Figure 2.6 τ−γ relationship for different types of fluids (modified
from Munson et al. 2002)
1. Newtonian
3. Shear Thinning
5. Yield-Power Law
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2. Bingham Plastic
4. Shear Thickening
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Figure 2.7 The dependence of the solution parameter in Equation 2.17 on the
model parameter η and the diameter ratio k.
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(a)

(b)

(c)

(d)

Figure 2.8 Pipe-soil interaction during and after HDD installations:
(a-b) During pullback.
(c)
After releasing the pipe.
(d)
After fixing from both ends.
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Figure 2.9 Development of the shear strength of the slurry with time (after Ariaratnam and
Beljan, 2005)
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CHAPTER 3
CONSTITUTIVE MODELS FOR HIGH DENSITY
POLYETHYLENE

3.1 INTRODUCION
Polyethylene is a thermoplastic polymer that is composed of long chains of the monomer
ethylene. Figure 3.1 shows a monomer ethylene, a polyethylene chain and a group of chains
forming the material. Polyethylene is classified, based mostly on density, crystallinity, and
branching, into different categories including low density polyethylene (LDPE), medium density
polyethylene (MDPE), and high density polyethylene (HDPE).

High density polyethylene (HDPE) is highly crystalline with a specific gravity in the range of
0.941 to 0.965 (Zhang, 1996). Its low degree of branching leads to stronger intermolecular forces
and tensile strength compared to LDPE and MDPE. The melting point for common commercial
grades of high-density polyethylene is typically in the range of 120-130 °C (Brydson, 1999)

Even at ambient temperatures, the mechanical behaviour of high density polyethylene is highly
stress, strain, time, and rate dependent and its response can differ significantly when subjected to
different loading conditions with different rates and amplitudes. High density polyethylene
experiences creep under sustained stress and stress relaxation under constant strain.

The

mechanical behaviour of HDPE consists of an instantaneous elastic component, as well as
viscoelastic (recoverable) and viscoplastic (irrecoverable) components that are time dependent.
There is no well-defined yielding point beyond which viscoplastic plastic strains develop.
Permanent viscoplastic behaviour initiates at relatively low stress levels and may dominate the
behaviour at high stress levels.

63

3.2 EXPERIMENTAL MECHANICAL TESTING OF HDPE
The results of physical tests are usually the base upon which phenomenological constitutive
models of materials are developed. The most common mechanical tests are (Figure 3.2):
•

Creep tests: Where the material is subjected to sustained stress levels and a set of strain
versus time curves are produced.

•

Stress relaxation test: Where the material is subjected to fixed strain level and the change
in stress is monitored with time.

•

Constant strain rate tests: Where strain or displacement is applied on the material with
constant rate and stresses are monitored with time.

•

Constant stress rate tests: Where stress or load is applied with constant rate and strain is
monitored with time.

•

Cyclic tests: Where the material is subjected to cyclic stress or strain. Each cycle
consists of loading/reloading and unloading.

Many experimental investigations have been carried out to study the constitutive behaviour of
HDPE. The creep tests of Ebbott (1987) show that, except at low stresses, the creep modulus of
HDPE is nonlinear and stress dependent. Also, Popelar et al. (1990) conducted stress relaxation
tests which show that the relaxation modulus of HDPE is strain dependent. Kitagawa et al.
(1992) carried out a series of tensile, torsion, combined, and cyclic tests on polyethylene.

Moore (1994) investigated the behaviour of corrugated HDPE pipes by performing parallel plate
tests and recording strain measurements at different locations. Zhang and Moore (1997) carried
out an extensive testing program on cylindrical polyethylene samples extracted from
commercially available plain HDPE pipes. The results of their uniaxial compressive constant

64

strain rate tests, creep tests, stress relaxation tests, strain rate jump tests, unloading and cyclic
tests, may be summarized as follows:
•

High density polyethylene is nearly an incompressible material.

•

The mechanical behaviour of HDPE is nonlinear and time and rate dependent.

•

If true stress and true strain are considered, the tensile behaviour and compressive
behaviour are similar except at high strains.

•

The behaviour can be assumed isotropic with acceptable accuracy.

•

Plastic strains initiate at low stresses.

•

The material experiences hysteresis when subjected to cyclic loading.

3.3 CONSTITUTIVE MODELING OF HDPE
Different constitutive models have been developed to simulate the mechanical behaviour of
HDPE. This section discusses different methods used to model the HDPE constitutive behaviour.

3.3.1

Modulus Functions

Modulus functions can be developed based on data obtained from tests where HDPE samples are
subjected to fixed stress or strain conditions. Curve fitting is used to determine the parameters of
the proposed equations that relate stress to strain and time or modulus to time. Chua (1986)
carried out compression tests on polyethylene pipe samples and proposed a time dependent
relaxation modulus as follows:

E (t ) = 52.6 + 460t −0.097786

(3.1)

where E is the secant modulus in MPa and t is time in hours. Hashash (1991) performed tests on
corrugated HDPE pipes and proposed the following time dependent modulus:
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E (t ) = 329t −0.0859

(3.2)

where again t is time in hours. Hashash’s formula provides a relaxation modulus that diminishes
with time while Chua’s equation indicates that the modulus approaches 52.6 MPa after a long
period of loading (Figure 3.3). Neither of these expressions provides instantaneous modulus (at
zero time). However, values calculated at 1 second using the previous equations can be used as
acceptable short term modulus approximations.

Suleiman and Coree (2004) used the constant strain rate test results provided by Zhang and
Moore (1997) and developed a hyperbolic constitutive formula for the tangent modulus of HDPE,
given by:

Et = 2932.6ε

0.1207

⎛
⎞
σ
⎜⎜1 −
⎟⎟
⎝ 39.396 + 1.526 ln(ε ) ⎠

2

(3.3)

They also used a systematic “focus point” approach that yielded their preferred expression for the
tangent modulus:

Et =
10

−3

⎞
⎛
1
σ
⎟
⎜⎜1 −
0.0523
39.433 + 1.524 ln(ε ) ⎟⎠
⎝
+
39.433 + 1.524 ln(ε )

2

(3.4)

Although modulus functions are simple to use and implement in numerical programs, they may
not perform well for all loading conditions. For example, a model function developed based on
the results of a creep test may fail to give an accurate prediction for a stress relaxation test or a
constant strain rate test.
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3.3.2

Basic Mechanical Models

The basic elements of the mechanical models used to simulate viscoelastic behaviour are
(Figure 3.4):
•

The elastic spring, which represents the instantaneous elastic behaviour where stress σ is
proportional to strain ε (Figure 3.4a). It can be mathematically represented by Hooke’s
Law, i.e.:

σ (t ) = E.ε (t )

(3.5)

where E is the Young’s modulus.

•

The viscous damper or dashpot, represents viscous behaviour, where the stress is
proportional to the deformation rate or strain rate ε (t ) :

σ (t ) = η .ε (t )

(3.6)

and where η is the viscous damping parameter (Figure 3.4b).

•

Kelvin/Voigt element, which represents the viscoelastic behaviour (Figure 3.4c).
A Kelvin element consists of an elastic spring and a dashpot in parallel. It can be
mathematically represented by the following differential equation:

σ (t ) = Eε (t ) + ηε (t )

•

(3.7)

Maxwell element, which consists of an elastic spring E and a dashpot η in series
(Figure 3.4d). The following differential equation represents the Maxwell element.

ε(t ) = εspring (t ) + εdashpot (t ) =

σ (t ) σ (t )
+
η
E
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(3.8)

More sophisticated mechanical models consist of a number of basic elements or combine
different elements. Examples include the three element model, the Burgher’s model, and the
multi-Kelvin and multi-Maxwell models.

•

Three Element Model: This model consists of a spring (Eo) and a Kelvin/Voigt element
(E1, η1) in series (Figure 2.3e). The equations describing the model’s behaviour are:

σ (t ) = Eo ε o (t ) = E1ε 1 (t ) + η1ε1 (t )
ε (t ) = ε o (t ) + ε 1 (t )
where

(3.9a)
(3.9b)

ε o (t ) and ε 1 (t ) are the strains in the independent spring and the Kelvin

element, respectively.
•

Burgher’s Model: This model consists of a Kelvin element and a Maxwell element in
series (Figure 3.4f).

•

Multi-Kelvin Model: This model consists of a number of Kelvin elements with different
E and η values, connected in series.

•

Multi-Maxwell Model: This model consists of a number of Maxwell elements with
different E and η values, connected in parallel.

3.3.3

Existing Mechanical Models for HDPE

Several mechanical models have been developed to simulate the constitutive behaviour of HDPE.
Moore and Hu (1996) used test results to develop a linear viscoelastic model that combines a
spring and nine Kelvin elements in series. The constitutive relations for that model can be written
as:
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σ (t ) = Eo ε o (t ) = Ei ε i (t ) + η i εi (t )

(3.10a)

9

ε (t ) = ε o (t ) + ∑ ε i (t )

(3.10b)

i =1

where i denotes the Kelvin element number. The elasticity and damping constants of the second
to ninth Kelvin elements were chosen to be multiples of the elasticity and damping constants,
respectively, of the first Kelvin element. The independent spring predicts the instantaneous
response while each Kelvin element is used to capture the behaviour over one cycle of log time.

Zhang and Moore (1997) used the results of uniaxial creep tests under different engineering stress
levels to develop a uniaxial nonlinear viscoelastic model which consists of an independent spring
and six Kelvin elements, and in which the model parameters Eo, E1 and η1 depend on the stress
level. Zhang and Moore (1997) also developed a uniaxial viscoplastic model using their data for
uniaxial compressive tests on HDPE samples at various constant engineering strain rates. The
viscoplastic model was developed using the framework proposed by Bodner and Partom (1972
and 1975) to characterize the plastic behaviour of metals. It was assumed that inelastic
deformation occurs at all stages of loading. To account for the dependence of the model’s
behaviour on the loading rate and plastic work level Wvp, a state variable X was introduced as:

X (Wvp , εvp ) =

1.0 MPa
α (εvp ) + β (εvp ) /(γ + Wvp )

(3.11)

where α, β and γ are model parameters. The viscoplastic strain rate is then related to the stress
through the relation:
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⎛σ −σo ⎞
εvp = C ⎜
⎟
⎝ X ⎠

n

n ≥1

(3.12)

where C is a scalar constant and σo is a threshold stress above which plastic strain initiates (this
threshold stress could also be considered to be the yield stress).

While most of the models mentioned in the review have generally proven to be effective in
calculating HDPE response under monotonic loading conditions, they perform poorly when the
HDPE is subjected to unloading, strain reversal, or cyclic loading. Kaliakin and Bathurst (2005)
reviewed and assessed numerical models used to simulate the response of polymeric
geosynthetics and indicated that modeling the response to strain reversal and cyclic loading is a
challenge. Zhang and Moore (1997) showed that the non-linear viscoelastic model overestimates
strain recovery on unloading, while the viscoplastic model underestimates the strain recovery. In
HDD installations, pipes are subjected to complicated load patterns and the stresses induced in
the pipe may fluctuate significantly (as discussed in Chapter 1). Therefore, there is a need to
develop a model that can effectively predict HDPE behaviour during unloading, strain reversal,
and cyclic loading.

3.4 UNIAXIAL LINEAR VISCOELASTIC-VISCOPLASTIC MODEL
3.4.1

Introduction

The mechanical behaviour of high density polyethylene include both viscoelastic and viscoplastic
components, and when unloaded, both strain recovery and permanent strain exist. A pure linear
viscoelastic (LVE) model does not account for permanent plastic strain after load removal, and a
pure viscoplastic (VP) model unloads elastically and cannot predict time-dependent recovery.
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3.4.2

Model Development

The uniaxial model developed in this section combines, in series, a linear viscoelastic model
(LVE), similar to that developed by Moore and Hu (1996), and a viscoplastic model similar to
that developed by Zhang and Moore (1997), as shown in Figure 3.5. The total linear viscoelastic
strain at a given time can be related to the applied stress by the following constitutive equation:

ε LVE (t ) = εe (t ) + εv (t ) =

σ (t )
Eo

⎛ σ (t ) Ei ε i
+ ∑ ⎜⎜
−
ηi
i =1 ⎝ η i
9

⎞
⎟⎟
⎠

(3.13)

The results of the uniaxial constant strain rate tests conducted by Zhang and Moore (1997) on
HDPE cylindrical specimens (25.4 mm in height and 12.7 mm in diameter), shown in Figure 3.6,
were used to develop the model. The linear viscoelastic model has the following parameters
(modified after Moore and Hu, 1996):

E o = 1400 MPa
E1 = 3615.5 MPa

η1 = 43459.2 MPa.s
S = 0.845

D = 10

where S and D are multipliers to determine the elasticity and damping for the second to ninth
Kelvin elements (Figure 3.5).

Using this LVE model, the viscoelastic strains εve were calculated from the known stress histories
(in the constant strain rate tests). This was achieved by dividing the nonlinear stress histories into
linear segments and solving Equations 3.10 using Laplace Transform solutions for linear stress
input as shown in Appendix C. To verify the developed solutions, they were compared with the
numerical solutions obtained from MatLab-SIMULINK using an explicit Runge-Kutta method

71

with short variable time step size. Figure 3.7 confirms the accuracy of the employed approach in
calculating the viseoelastic response. The SIMULINK “code” used for validation is shown in
Appendix D.

The total strain is considered, according to the incremental theory of plasticity, to be the sum of
the viscoelastic and viscoplastic strains. Therefore, the viscoplastic strain component εve is
calculated as:

ε vp (t ) = ε (t ) − ε vp (t )

(3.14a)

εvp (t ) = ε(t ) − εvp (t )

(3.14b)

where ε(t) is the total strain obtained from the experimental results (Zhang and Moore, 1997).
Figure 3.8 shows the viscoelastic and viscoplastic strain components. The viscoplastic strain
rates were calculated from the viscoplastic strains using central divided difference numerical
differentiation, and the viscoplastic work given by:

Wvp = ∫ σ .dε vp

(3.15)

was calculated using Simpson’s numerical integration. For each set of strain rate test results, two
sets of the state variable X were calculated using Equations 3.11 and 3.12, starting with selected
values of the parameters C, n, α, β and γ. A nonlinear multi-variable curve fitting analysis was
performed to match the two sets as shown in Figure 3.9, and the parameters were determined as:
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C = 0.01 n = 8

α = 0.0457(εvp ) 0.0755

(3.16)

β = 8.225 × 10 −5 (εvp ) 0.07163 MPa
γ = 10 -3 MPa

For negative strain rates, the absolute values are used to determine α and β. The stress-strain
behaviour calculated using the new LVE-VP model where within 3% of the experimental values,
as shown in Figure 3.10.

3.4.3
3.4.3.1

Numerical Simulation and Model Evaluation
Introduction

The ability of the new LVE-VP model to predict HDPE behaviour under constant engineering
strain rate does not ensure its ability to predict the behaviour under other different loading
conditions such as creep, relaxation and cyclic loading. Therefore, the model was examined for
such conditions. The results of the extensive testing conducted by Zhang and Moore (1997) for
different loading conditions and combinations were used to evaluate the model. Considering
compression to be positive, the true stress and strain are related to the engineering stress and
strain by (Zhang, 1996):

ε = − ln(1 − ε eng )

(3.17a)

σ = σ eng exp(−ε )

(3.17b)

3.4.3.2

Numerical Integration

The solution algorithm is based on a simple explicit integration method that is suitable for the
developed material models and easy to implement in finite element codes and spreadsheets.
Schematic diagrams that explain the numerical procedure are presented in Appendix E.
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For a test where axial displacements are controlled, the strain history is known and the stress
history must be calculated. All model parameters are updated at the end of every time step using
the last calculated viscoplastic strain rate (Equations 3.16).

Using the updated parameters, the viscoelastic strain increment is calculated by solving
Equation 3.10 using Laplace Transform techniques. The state variable X is calculated using
Equation 3.11 with updated viscoplastic work and parameters. The viscoplastic strain increment
is then calculated by multiplying the viscoplastic strain rate (from Equation 3.12) by the time
increment Δt. Finally, the viscoelastic and viscoplastic strain increments are subtracted from the
total applied strain increment to obtain the elastic strain increment, which is multiplied by the
elastic modulus Eo to determine the resulting stress increment.

For a load control test, where the stress history is known and the strain history is desired, the
stress increment is used to calculate the elastic, viscoelastic and viscoplastic strain increments
using the continuously updated parameters. Individual components of the strain increment are
then added to provide the total resulting strain increment.

Load Control Tests:
Figure 3.11 shows the true strain histories for uniaxial creep tests under different engineering
stress values. It can be seen that the model slightly underpredicts the creep strains at low stresses
but overpredicts these at high stresses. There is less than 5% error between model calculations
and experimental results. Figure 3.12 shows the experimental results and model calculation for a
combination of different load rates with creep periods. The model works very well at low
stresses, but slightly overestimates the creep strains at high stresses, which agrees with the
observations made with respect to Figure 3.11.
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Displacement Control Tests:
The stress relaxation calculated by the LVE-VP model under different specified strain levels is
compared with the experimental results in Figure 3.13. For test 1, a strain of 0.1 was reached in
100 seconds before being fixed. In test 2, the strain was increased at a rate of 0.1 s-1 and then
fixed at 0.018. It can be seen that the model calculations are more accurate for test 1 (less than
5% error for the 1 hour test duration) than for test 2 where stress relaxation is overestimated (with
about 25% error). This may suggest that the model may not perform very well at very high strain
rates such as 0.1 s-1. However, these high strain rates are not typical in trenchless technology
applications and geotechnical engineering applications in general.

The ability of the LVE-VP model to capture an abrupt change in the strain rate is examined in
Figure 3.14. The engineering strain rate is suddenly raised from 10-3 s-1 to 10-2 s-1, then lowered
back to 10-3 s-1. The LVE- VP model calculates the behaviour within 6%. The change in stress is
overestimated but the stress after the rate jump is underestimated. This could be because the
calculated viscoplastic work is less than that of the 0.01 s-1 strain rate test, which leads to
underestimated work hardening.

Figure 3.15 shows the experimental results and model calculation for a combination of different
engineering strain rates with relaxation periods. It can be seen that the model calculation is
generally good, although it overpredicts the rate of drop in stress due to the sudden change in the
strain rate (by approximately 10%). This observation confirms the observation made earlier
regarding the strain rate jump test (Figure 3.14).

Unloading, Strain Reversal and Cyclic Tests:
Modelling the cyclic behaviour is a challenge and none of the models mentioned in the literature
review was efficient in calculating HDPE response to cyclic loading. For example, the nonlinear
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viscoelastic and the viscoplastic models developed by Zhang (1996) worked very well for most of
the loading conditions but poorly for unloading or cyclic loads. The LVE-VP model developed in
this study was tested for such loading conditions and the results are discussed in this section.

Figure 3.16 shows the model calculation for two unloading tests in which the unloading rate is
equal to the loading rate. The model predicts the initial unloading response well but deviates as
unloading continues.

It tends to underestimate the strain recovery and overestimate the

permanent strains.

Similar observations were made with respect to strain reversal tests shown in Figure 3.17. The
recovery is underestimated and the permanent strain is overestimated. It can be noticed from the
figure that the unloading slopes of the experimental curves decrease as unloading commences. At
low stresses, these slopes become comparable to the “equivalent” stiffness of the LVE
component, i.e. E∞. This may indicate that the LVE sub-model is overdamped i.e. it does not
allow the release of the strains as fast as it should.

The experimental results and model calculation for two cyclic loading conditions are shown in
Figure 3.18. As previously noted, the recovery is underestimated although the model produces
hysteresis.

From the previous discussions it can be concluded that the developed LVE-VP model simulates
most loading conditions very well, and it could certainly be used in applications where no
significant strain reversal or unloading is expected. For applications involving cyclic loading
with significant unloading or strain reversal, the model underpredicts the recovery and
overpredicts permanent strains.

It appears that the plastic strains are exaggerated and the

viscoplastic component of the model is more dominant than the test data indicate.
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In the following section, the LVE-VP model is modified to improve its ability to capture the
response to substantial unloading or strain reversal.

3.5 NON-LINEAR VISCOELASTIC VISCOPLASTIC MODEL
3.5.1

Model development

To enhance the unloading performance, the linear viscoelastic-viscoplastic model was modified
based on the observations made in the previous sections. The contribution of the viscoelastic
component to the overall behaviour was increased by reducing the modulus of the elastic spring
Eo to 1120 MPa, and using a damping multiplier D of 5.0. i.e.

E o = 1120 MPa
E1 = 3615.5 MPa

η1 o = 43459.2 MPa.s
S = 0.845

D = 5.0

Nonlinearity was introduced in the Viscoelastic component of the model to capture changes in the
magnitude and rate of strain recovery as strain magnitude increases. This was achieved by
defining the damping constants as a function of the plastic work, i.e.

η i = η i o exp(− R.Wvp )

(3.18)

where R is a constant equal to 3 MPa-1 and Wvp is the plastic work given in Equations 3.15.
The viscoplastic sub-model was developed in a manner similar to the procedure described for the
previous LVE-VP model and using the same experimental results of Zhang and Moore (1997).
The nonlinear viscoelastic strains were calculated from the stress histories using the updated
damping constants. The viscoplastic strains were then calculated using Equations 3.14 and a
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nonlinear multivariable curve fitting exercise was conducted, as shown in Figure 3.19, to obtain
the VP sub-model parameters:

C = 0.01 n = 8

σ o = 5.0 MPa
α = 0.01718 + 0.04581(εvp ) 0.1984
β = 0.000158 MPa
γ = 0.015 MPa

3.5.2
3.5.2.1

Numerical Simulation and Model Evaluation
Introduction

The main objective of developing the NVE-VP model was to obtain better estimations of the
material response to unloading, strain reversal, and cyclic loading. The same set of experimental
results from Zhang and Moore (1997) for different loading conditions and combinations were
again used to examine the NVE-VP model’s performance. For numerical integration, a scheme
similar to that used for the LVE-VP model was employed. The difference was that after each time
step, the viscosity constants (ηi) in the nonlinear viscoelastic sub-model were updated using
Equation 3.18.

3.5.2.2

Model Evaluation

The new model was used to calculate response to different loading conditions and these were
compared with experimental results reported by Zhang and Moore (1997). Again, the results are
defined in terms of true stresses and true strains defined by Equations 3.17.
Figure 3.20 shows the strain histories for creep tests at five different engineering stress levels. It
can be seen that the model calculates the creep response within less than 10% of the experimental
results, but slightly under-estimates the short term creep recovery.

78

Figure 3.21 shows the experimental results and model calculations for four constant engineering
strain rate tests. In terms of loading, the model works well except at high strains (over 12 %)
where it under-estimates the stress. However, the author believes that underestimating the stress
at high strains could be an advantage in problems that involve tensile stresses since Zhang (1997)
has demonstrated that the tensile stress strain curves flatten more than compressive stress strain
curves (Figure 3.20 in Zhang, 1996).

It can also be noticed in Figure 3.21 that the model captures the initial unloading response very
well down to a stress level of about 5 MPa, below which it tends to underestimate the recovery as
unloading continues. The results and model calculation for a cyclic loading test are shown in
Figure 3.22. Both the recovery and the hysteresis are slightly underestimated, but the general
behaviour is good.

3.6 CONCLUSION
The mechanical response of high density polyethylene is significantly influenced by several
factors including loading rate, stress level and loading history. Developing a model that can
simulate all these effects is a challenging task that requires good understanding of the material
behaviour, as well as the availability of results from long term tests with various loading
conditions.

Two constitutive models were developed using data available from loading tests on samples
extracted from commercial HDPE pipes. The first model combines elastic, linear viscoelastic and
viscoplastic components. In the second model, nonlineatily is introduced in the viscoelastic
component by using viscous parameters that are functions of the viscoplastic work (i.e. load
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history dependent). The parameters of the viscoplastic sub-models were determined by means of
nonlinear multivariable curve fitting.

The LVE-VP model is simpler and slightly more accurate for loading conditions that do not
include significant strain reversal.

On the other hand, the NVE-VP model exhibits better

performance when simulating substantial unloading, strain reversal and cyclic loading. The
choice of model for a specific application depends on the loading path to be considered.

Although the two models were developed using compressions tests, they can be used in
applications involving tensile stresses as the material behaviour is largely similar in tension and
compression. Tensile and compression tests on carried out by Zhang (1996) showed similarity up
to the point of necking. Therefore, the developed models can be used to model the response of
HDPE pipes installed using HDD where necking or severe damage in the pipe material is not
allowed.

Both uniaxial models developed in this study can be formulated and implemented in numerical
algorithms. In Chapter 5, the models are implemented in a FORTRAN program that calculates
the short and long term response of polymer pipes during and after HDD installations.

In Chapter 9, the models are generalized using established techniques to simulate multi-axial
stress and strain conditions. The generalized models are then incorporated into a general finite
element algorithm and tested by comparing finite element calculations with multiaxial stress tests.
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(a)

(b)

Figrue 3.1 The basic units of HDPE, a monomer ethylene (a), and a polyethylene chain (b).
(www.wikipedia.org)
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Figure 3.2 Illustration of the time dependent behaviour of HDPE under different load conditions
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Figure 3.11 Experimental results and model simulation for creep tests
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Figure 3.17 Model simulation for strain reversal (reversal strain rates equal to loading rates)
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CHAPTER 4
SOIL-PIPE SHEAR INTERACTION

4.1 INTRODUCTION
The pulled-in-place pipe installation model to be developed in Chapter 5 will feature soil-pipe
interaction which quantifies the relationship between the shear force and shear displacement, as
well as the shear force at which sliding takes place. Two principal assumptions are as follow:
•

The soil in the vicinity of the pipe wall is assumed to behave elastically with linear
relationship between shear stress and shear deformation.

•

The soil-pipe interaction friction angle is smaller than the soil angle of internal friction.
This means that the slip takes place prior to any shear failure in the soil.

These assumptions will be adopted in a three dimensional finite element analysis to evaluate the
shear force - shear displacement relationship that will be used in the HDD installation model.

4.2 INTERACTION MECHANISM
Figure 4.1 illustrates the assumed interaction mechanism between a pipe segment and the
surrounding borehole walls. The configuration shown in the figure represents the pipe bursting
case where the pipe is in contact with soil over its entire surface area (neglecting the fragments of
the host pipe). However, the same concept can be employed for the case of horizontal directional
drilling where the contact area may be a longitudinal narrow strip along the crown or invert of the
pipe (or springline if the pipe is pulled around a horizontal curve).

Shear stresses develop between the soil and the pipe as the soil resists the pipe movement along
its axis (Figure 4.1 b). As the relative movement increases, shear force rises linearly with a slope
95

Ks until a certain limit at which slip initiates (Figure 4.1c). Additional relative displacement takes
the form of sliding at a constant friction force. If the pipe segment moves back away from the
pulling machine, the friction force decreases with a slope equal to Ks (Figure 4.1 d). The backmovement of the pipe segment can be caused by pipe creep extension when the moving head is at
rest during installation or by the pipe recovery when it is released from the rig at the end of
pullback.

Referring to Figure 4.1, stages b and c (in Figure 4.1) usually occur during the pulling time of
each pulling cycle (denoted TP in Chapter 5) since the speed of the pipe head is usually much
higher than the pipe extension rate. Stage d may occur during the “rest” time of each pulling
cycle (TR) when the speed of the pipe head is equal to zero. In cases involving elastic pipes, the
extension of the pipe does not change during the rest time (except due to the reduction in mud
drag) and therefore no significant unloading takes place theoretically. However, for pipes made
of polymer materials such as high density polyethylene, creep extension caused by sustained
tensile stresses causes unloading. Different unloading levels take place at different locations
along the pipe.

4.3 PIPE-SOIL SHEAR
4.3.1

Shear Force Definition

The shear force at slippage Fs can be defined by Equation 2.2, written bellow for convenience:

Fs = aAcontact + μN

(4.1)

where a is the adhesion, μ is the friction coefficient between the pipe and the soil, and N is the
average effective normal force between the pipe and the surrounding soil. Both a and μ depend
on the soil properties, and the pipe material and surface properties.
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4.3.2

Friction Coefficient

Several research studies have been undertaken to characterize the pipe-borehole interaction
properties. Conner (1998) conducted a series of tests and provided a set of friction coefficient
values. In the presence of drilling mud, the friction coefficient was measured to be 0.24 between
HDPE and clean sand, and 0.08 between HDPE and a clay/sand soil mixture.

In typical horizontal directional drilling designs, conservative friction coefficients in the range of
0.3 to 0.5 for pipe-borehole interaction and 0.1 to 0.8 for pipe-ground interaction are traditionally
assumed to account for other complex factors contributing to increased pulling load, such as high
local curvature, poor construction practices, and friction attributed to soil cuttings.

4.3.3
4.3.3.1

Normal Interaction Pressure
Pipe Bursting

Pipe bursting is a trenchless method used to replace cracked or deteriorated pipes, or upsize the
pipes that no longer satisfy the demand. A cable or rod placed within an existing pipeline of
brittle material (clay, concrete, iron) is used to pull through a bursting head which breaks the
original pipe and displaces it radially outward to make room and allow for the installation of the
new pipe product.

Even though pipe bursting is not the point of focus in the current study, the pulling and
interaction mechanism is not very different from HDD. Moreover, it will be shown in Chapter 8
that the program developed in this study can be modified to analyze pipe bursting operations.
Therefore, the interaction between the pipe and the surrounding soil during pipe bursting is
briefly discussed in this section. The normal pressure between the new pipe and the surrounding
soil depends on several factors. In pipe bursting, these factors include:
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•

The average effective stress around the pipe, which depends on the burial depth, soil
density, water table level, and the earth pressure coefficient of the soil.

•

The oversize ratio, defined as the diameter of the new pipe divided by the diameter of the
host (old) pipe. The radial pressure needed to expand the existing cavity to the desired
size contributes to the normal pressure. Higher over-size ratios lead to higher normal
interaction stresses since soils are forced outward. Cavity expansion theory that accounts
for elasto-plastic soil behaviour can be used to estimate the pressure increase due to
oversize (Fernando and Moore, 2002).

•

Both soil modulus and strength influences the normal pressure. The pressure required to
expand the existing cavity for a certain amount depends on the Young’s modulus of the
soil as well as the Poisson’s ratio and strength parameters for the soil (cohesion and angle
of internal friction). More details can be found in Fernando (2002).

•

Soil dilatancy in materials such as dense granular soils and over-consolidated clays
increases the soil volume when subjected to shear. When volume change is constrained,
dilation of the soil leads to localized increase in the normal stress around the pipe. The
higher the dilation angle, the higher the increase in the normal stress. Typical dilation
angles for granular soils vary up to 20○ or more for very dense over consolidated sands.
Loose sands usually decrease in volume when sheared and this contributes to reducing
the normal pressures. Although the pipe bedding or the soil surrounding the pipe is
usually compacted during the pipe’s first installation, loose sands (resulting from
insufficient compaction) could still be encountered during pipe bursting operations.

Based on the factors mentioned above, the average effective normal pressure p between the pipe
and the surrounding soil can be estimated as:
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p=

where

σ v′ (1 + K o )
2

χ

(4.2)

σ v′ is the vertical effective stress at the pipe level, Ko is the lateral earth pressure at rest for

the surrounding soil, and χ is a coefficient that accounts for the other factors including the
cavity expansion and soil dilation effects.

4.3.3.2

Horizontal Directional Drilling

For horizontal directional drilling, the normal interaction force depends on the pipe weight and
size, mud density, and borehole geometry. In curved parts of the bore path, curvature of the path
(rate of change of inclination with distance along the bore path), the pipe bending stiffness, and
the applied pulling force all affect the normal interaction force significantly. More details are
presented in Chapter 2.

The remainder of this chapter is focused on the interaction shear stiffness Ks. A simplified
analytical approach is used to provide an estimated range of the Ks values. Finite element
analyses are then employed to study the effect of different parameters on the shear stiffness.

4.4 INTERACTION SHEAR STIFFNESS EVALUATION
4.4.1

Introduction

The slope Ks of the linear relation between the relative movement and the shear force depends on
several factors including the pipe size, the borehole geometry, the burial depth (depth of cover),
and the properties of the soil surrounding the pipe (in particular shear modulus).
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Although three dimensional modeling of the system will subsequently be used to produce more
accurate results, closed form solutions involving some simplifications will be developed here to
provide preliminary guidance on the interaction stiffness. This formulation will be undertaken
using simplifications that lead to a higher bound for Ks values.

4.4.2

Axisymmetric Simplification

A cross section of a hole in the soil media can be simplified by the circular plate with concentric
hole shown in Figure 4.2a. The plate is fixed at some radial distance R2 and a linear load, normal
to the plate, is applied around the circumference of the hole (at R1). The deformation of the plate
under the load action consists of the bending deformation and the shear deformation. If the
thickness of the plate is small with respect to its “radial span” (R2-R1), the bending deformation
dominates (Figure 4.2b). As the thickness increases, the shear deformation dominates
(Figure 4.2c). Since the length of the pipe in the borehole is usually larger than both the soil
cover and the zone of soil deformation, the contribution of the bending in the total deformation of
the soil is insignificant.

The soil-pipe system shown in Figure 4.3 is considered where the friction between the pipe and
the surrounding soil is assumed to act uniformly around the pipe perimeter and along its length.
Axisymmetry of soil is assumed around the pipe with rigid boundaries at some radial distance
from the pipe. Although the previous assumptions usually lead to higher calculated stiffness
values, it will be shown in Chapter 6 that the pipe short and long term response is not very
sensitive to the interaction stiffness value.

The soil media around the pipe is divided into thin hollow cylinders with each having an
infinitesimal thickness dR. Considering a unit length along the pipe, the pipe-soil friction force
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F (per unit length) results in shear stresses that decay with distance away from the pipe. The
shear stress applied through each soil cylinder is equal to:

τ=

F
2πR

(4.3)

where R is the radial distance from the pipe’s longitudinal axis to the soil hollow cylinders. The
previous equation suggests that the shear stress attenuates away from the pipe i.e. as R increases.
The shear strain in the soil cylinder is therefore given by:

γ =

τ
G

=

F
2πRG

(4.4)

and the corresponding shear deformation is:

dδ = γ .dR =

F dR
2πG R

(4.5)

where G is the shear modulus of the soil. Integrating dδ between the borehole radius R1 and the
rigid boundary at a radial distance R2, to obtain the total shear deformation δ :

δ = ∫ dδ = ∫ γ .dR =
δ=

F
2π G

ln

R2

F

F

∫ 2π GR .dR = 2π G ln R

R2
R1

(4.6a)

R1

R2
R1

(4.6b)
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Now Ks is defined as the shear force F , per unit length, needed to cause unit longitudinal
displacement, i.e.:

Ks =

F

(4.7)

δ

So Equation (4.6b) can be rearranged to obtain:

Ks =

2π G
ln( R2 / R1 )

(4.8)

Equation 4.8 suggests that the shear stiffness increases with the increase in soil shear modulus
and decreases as the thickness of the zone of deformable soil around the pipe increases i.e.
R2>>R1. The equation can be employed as a quick simple tool to provide general guidance on the
shear stiffness. A situation that leads to relatively high Ks value is considered as an example.
A 1 m diameter pipe (R1 = 0.5 m) is being installed at a great depth in sand, where the bedrock is
only 2 m below the pipe invert. Using R2 = 2.0 m in Equation 4.8 yields:

Ks =

2π G
≈ 3.9 G
ln(2.5 0.5)

(4.9)

The previous equation provides an overestimated value of the shear stiffness since it denotes that
the pipe is surrounded by rigid boundaries (bedrock) from all sides at 2.0 m from its outer
surface. For dense sand and gravel, the soil modulus can be as high as 170 MPa and Poisson’s
ratio varies between 0.15 and 0.3 (Das, 2005). Using ν = 0.25, the shear modulus is calculated to
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be 70 MPa. Substituting this modulus in Equation 4.9 leads to Ks = 270 MN/m per meter length
of borehole. This value is based on relatively high soil stiffness.
For the same soil and borehole conditions, the shear stiffness values are generally lower in
horizontal directional drilling operations than in pipe bursting operations since the pipe is only in
contact with part of the borehole wall. This is proven in the following sections, which describe
finite element analyses used to estimate the values of Ks for different soil types, burial depths, and
boundary conditions.

4.4.3

Finite Element Modeling

4.4.3.1

Introduction

A three dimensional finite element model was initially used to analyze a typical configuration of
pipe bursting or horizontal directional drilling operations, shown in Figure 4.4. A pipe is being
installed at a given burial depth below the ground surface. The soil medium consists of a soil
layer underlain by rigid bedrock.

The following principal assumptions are adopted in the

analyses:
•

Soil is isotropic and linear elastic, with no time dependent behaviour. This means that Ks
is assumed to be constant with time.

•

No discontinuities (cavities, tunnels, or other infrastructure) exist in the soil medium
around the pipe.

•

No other structures (foundations, piles) exist in the vicinity of the pipe.

•

For the case of pipe bursting, the shear stress is uniformly applied on the borehole
surface. For horizontal directional drilling, the shear force is assumed to be uniformly
distributed over a narrow strip around the crown (Figure 4.5). This assumption is valid
for HDPE pipes for most of the pipe length due to the buoyancy force that pushes the
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pipe against the crown. Close to the pipe entry point, the contact is at the invert, but this
is not considered herein.
•

The soil modulus has a linear profile, starting with a surface modulus Eo and increasing
with depth. The soil profiles of three different types of soil were considered in the
analysis, with the modulus values taken from (McGrath et al 2002).

•

The soil properties do not vary with horizontal position.

•

The bedrock represents a rigid boundary in all degrees of freedom.

4.4.3.2

Three Dimensional Mesh

The three dimensional mesh is shown in Figure 4.6a. The mesh was built using eight-noded
linear hexahedral (brick) elements that have three degrees of freedom per node, as shown in
Figure 4.7. The displacement field is described by a polynomial in the form:

u ( x, y, z ) = a o + a1 x + a 2 y + a3 z + a 4 xy + a 5 yz + a 6 xz + a 7 xyz

(4.10)

The given field provides linear displacement variation (constant strain) along the element’s edge.

4.4.3.3

Boundary Conditions

The top face of the model (surface 1 in Figure 4.6) was left unrestricted to represent the ground
surface. The symmetry of the system was utilized by applying a symmetry boundary on surface
2, as shown in the figure, where movement is only restrained in the direction normal to the
boundary surface. The bedrock is represented by a rigid boundary on surface 5 at the bottom of
the mesh with fixities in all directions. To account for the soil horizontal continuity away from
the pipe, the boundary [4] was gradually moved away from the pipe until its effect diminished.
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The interaction shear force was applied as a surface traction over the borehole surface as shown
in Figure 4.6 b.

4.4.3.4

Effect of Mesh Length

Since the pipe is usually long with respect to the other dimension of the problem, the longitudinal
dimension of the model was gradually increased until the effect of boundaries [3] on the response
at the middle of the pipe became insignificant. Figure 4.8 shows plots of the horizontal axial
displacement of the borehole along the pipe axis for fixed and free end boundaries [3] and for two
different mesh lengths (150 m and 250 m). Even though the effect of the boundaries is prominent
at the model ends, it is clear that their influence attenuates at the middle, especially in the longer
model (250 m). As the mesh length increases, the response at mid-length becomes independent
of the boundary conditions.

The figure also shows the results of the model when only shear deformations are activated, i.e.
only the displacements parallel to the borehole axis are allowed. This is achieved by restraining
all nodes in the directions normal to the borehole axis. There is an excellent agreement between
the “pure shear” model and the long three dimensional model in predicting the horizontal
displacement of the borehole at the mid-length. Therefore, the “pure shear” model provides good
accuracy and its response is independent of its dimension parallel to the borehole axis.

4.4.3.5

The Pure Shear Finite Element Model

The pure shear model has two main advantages:
•

Only one degree of freedom per node is considered (as compared to three degrees of
freedom in the fully three dimensional models).

•

Short length can be used, which substantially reduces the number of elements needed.
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These advantages make the “pure shear” model very desirable in terms of calculation times, and
the model was therefore used in a parametric study to investigate the effect of different
parameters, namely, the soil type, the pipe burial depth, and the depth of bedrock with respect to
the pipe on the interaction stiffness Ks. The side boundary (soil continuity boundary) was
gradually moved away until its effect on the response around the hole became insignificant. The
number of elements was also gradually increased until no change in results was observed
(Figure 4.9).

For each case considered in the parametric study, a uniform shear stress was applied and the
horizontal displacement along the pipe axis of the borehole was calculated. For pipe bursting, the
shear stress τ was uniformly applied over the wall of the borehole and the average of the
displacements at the crown, springline and invert was recorded as Δh . For horizontal directional
drilling, the pipe is assumed to be leaning against the crown under the buoyancy effect.
Therefore, the shear was uniformly applied over a narrow strip around the crown. The horizontal
displacement of the crown was then recorded as Δh . Finally, the pipe-soil interaction stiffness
per unit length Ks was calculated as:

Ks =

τAs
Δh

(4.11)

where As is the interaction area per unit length of pipe or borehole and is given by:

As = πDbh

for pipe bursting

(4.12a)

As = π Dbh 32

for horizontal directional drilling

(4.12b)
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4.4.3.6

Soil Properties

The effect of soil properties was generally accounted for by considering three main soil types:
sand, silt and clay. Although pure sand, pure silt or pure clay are seldom encountered in nature,
the results can be used as guides for soils containing more than one class such as silty sand,
clayey silt or glacial till. The effect of drained versus undrained condition is not explicitly
considered in the current study. However, the soil behaviour is dominated by shear where it is
generally assumed that drained and undrained modulus values are identical.

McGrath et al. (2002) provided tables of estimated values of Young’s modulus for different
backfill soils and various depths, and these are assumed to be representative of backfills around
pipes being replaced by pipe bursting and native soils being excavated during horizontal
directional drilling. The modulus profiles for the three soils considered in the analysis are shown
in Figure 4.10, and can be expressed in linear form as:

E sand ≈ 0.60 Z + 11.8

(4.13a)

E silt ≈ 0.17 Z + 7.96

(4.13b)

E clay ≈ 0.07 Z + 3.04

(4.13c)

where E is in MPa and depth Z is in metres. As expected, the dependence of the soil modulus on
depth is more prominent in granular soils than in fine grained and cohesive soils.

As previously noted, the values provided are representative of those for soils placed and
compacted during trench backfilling and are used for the sake of convenience in the parametric
study. They should not be generalized to all types of native soils. For example, hard clays may
have modulus values higher than those of loose or compact sand.
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4.4.3.7

Burial Depth

Three pipe burial depths, 1 m, 4 m and 10 m, were considered in the analysis. Those depths
represent practical values in both pipe bursting and horizontal directional drilling operations.

4.4.3.8

Depth of Bedrock

The effect of bedrock depth with respect to the pipe axis was studied considering values in the
range of 1 m representing very close bedrock to 30 m representing remote bedrock.

4.5 RESULTS AND DISCUSSION
The shear interaction stiffness is plotted, for different soil types, versus the depth of the bedrock
with respect to the pipe in Figures 4.11(a and b). It can be observed that the shear interaction
stiffness significantly increases as the bedrock gets closer to the pipe. This is expected since the
existence of hard material contributes to stiffening the soil media around the pipe (it becomes less
deformable). The influence of the bedrock on the shear interaction stiffness is more significant in
pipe bursting than for horizontal directional drilling. This can be related to the difference in the
location of the soil-pipe interaction. In pipe bursting, the pipe interacts with the entire borehole
wall and the stiffness is dominated by the soil below the borehole since it usually is the stiffer
material. In horizontal directional drilling, however, the pipe is assumed to interact with the
crown (top) of the borehole, which reduces the influence of the soil below the borehole.

It can also be noticed that the sensitivity of the shear stiffness to the bedrock depth decreases as
the bedrock depth increases. This can be related to the fact that shear stresses attenuate with
distance from the pipe, so that the presence of stiffer material become less influencing.
Moreover, soil stiffness generally increases with depth and, at great depths, approaches that of a
bedrock.

108

Naturally, for both horizontal directional drilling and pipe bursting, higher soil modulus leads to
higher shear interaction stiffness.

The effect of the pipe burial depth is illustrated in Figures 4.12(a and b). For the same bedrock
depth with respect to borehole, smaller borehole depth (or soil cover) leads to lower interaction
stiffness.

This is expected as the loading gets closer to the unrestricted boundary (ground

surface). However, the effect of soil cover over the pipe is relatively insignificant. This is
because most of the shear force is transferred to the stiffer side, i.e. downward toward the bedrock
and the stiffer soil, and therefore the soil cover does not provide a significant contribution to the
resistance. This is especially true for pipe bursting when the bedrock is close to the borehole
(Figure 4.12a).

For the same soil type, depth of bedrock, and thickness of soil cover, higher interaction stiffness
is encountered in pipe bursting operations compared to horizontal directional drilling. This is due
to the localized contact and concentrated deformation of the soil in the vicinity of the borehole
crown for horizontal directional drilling. An analogy is the behaviour of beams where
concentrated load applied at the middle of a simply supported beam produces higher deflection
than a uniformly distributed load having the same total magnitude.

4.6 APPLICATION OF SHEAR STIFFNESS
The pipe-soil interaction mechanism is implemented in the FORTRAN program using a flexible
algorithm illustrated in Figure 4.13. A unit length of the soil around the pipe being pulled into
place is considered in the figure. The soil block is represented by an elastic rubber (hatched
block) in contact with the pipe (along the shaded segment). As the pipe starts to move, the soil
block deforms elastically in shear but keeps full contact with the pipe segment until the maximum
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shear force defined by Equation 4.1 is approached (2). Additional movement of the pipe is
associated with sliding at constant interaction shear force and soil elastic deformation.

If the pipe segment starts to move backward (due to pipe elongation under the tensile load or due
to releasing the pipe from the drilling rig), its movement is associated with a decrease in the shear
deformation of the block and, therefore, a decrease in the mobilized shear interaction force (6). If
the pipe segment continues to move backward, the shear interaction force may change in
direction.

If the normal interaction force increased for some reason, the maximum shear force
(Equation 4.1) increases and forward movement of the pipe is again associated with increased
shear forces and “elastic” shear deformation in the soil block (with no sliding) until the new shear
limit is achieved (4). If, on the other hand, the maximum shear force decreases with the pipe held
in place, the shear deformation of the soil block will decrease and the block surface will slide
back with respect to the pipe (9).

4.7 CHANGE IN INTERACTION SHEAR STRENGTH WITH TIME
As discussed in Section 2.3.3, the interaction properties between the pipe and the borehole,
including the normal forces, the friction coefficient and the adhesion, will usually change with
time as the slurry moisture infiltrates the surrounding soil and the slurry consolidates. These
changes can be accounted for by using time dependent functions to express those properties. For
example, the measurements of the unconfined shear strength provided by Ariaratnam and Beljan
(2005) and presented in Figure 2.9 can be used to develop a function expressing the change in the
unconfined strength with time. This function can then be used to express the cohesion (which is
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equal to half the unconfined shear strength) and adhesion (which is usually a fraction of the
cohesion) with time.

4.8 CONCLUSION
The mechanism of interaction between a pipe pulled into place and the soil around it has been
described and its components and parameters have been discussed. Closed form solutions were
developed to provide preliminary guidance on the higher band values of the interaction
stiffness K s . Finite element analyses were used in a parametric study to investigate the range of
pipe-soil interaction shear stiffness for different soil types, soil cover thicknesses, and bedrock
depths for both horizontal directional drilling and pipe bursting operations.

The interaction shear stiffness was found to increase as the soil modulus increases, thickness of
soil cover increases, and as the depth of bedrock with respect to the pipe decreases. Higher
stiffness values were found for pipe bursting as compared to horizontal directional drilling.
Another important conclusion drawn from the study is that, for most typical soil conditions and
problem geometries, the interface shear stiffness values range within two orders of magnitude,
between 300 kN/m/m and 30 MN/m/m approximately. It will be demonstrated in Chapter 6 that
the HDD installation model is not highly sensitive to the choice of Ks value.

The interaction model is implemented in the FORTRAN program using a flexible algorithm so
that an increase or decrease in the normal pressure between the pipe and the soil will set a new
limit of the friction force, which in turn changes the ‘elastic’ shear deformation of the soil. This
is particularly useful in horizontal directional drilling operations where normal interaction forces
between the pipe and the curved section of the borehole continue to change (increase or decrease)
as the tensile force in the pipe changes (refer to Section 2.2.4 for the effect of the pulling force on
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the normal interaction pressure).

El-Chazli (2005) also demonstrated through experimental

testing that that some characteristics of the drilling mud, including its gel strength and the
coefficient of friction with the pipe, continue to change with the mud age.
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Figure 4.9 Short “pure shear” model
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CHAPTER 5
ONE DIMENSIONAL MODELLING OF PIPE RESPONSE
DURING AND AFTER HDD

5.1 INTRODUCTION
Methods commonly used to calculate HDD installation loads were discussed in Chapter 2.
Although these methods are well established and widely used, they treat the installation loads as
monotonic. Moreover, the long term time dependent response of the pipe during its service life is
not addressed by these methods. There is a need to develop a program that has the ability to
capture the response of pipes to the cyclic tensile loads that are typical in HDD installations, and
to include other factors such as the time dependent behaviour of polymer pipes and the effect of
soil stiffness on the pipe-soil interaction.

In this chapter, a procedure that calculates the response of the pipe during and after the pullback
process is described and evaluated in a program called HDDPIPE. The results of the simulation
of an HDD installation are presented and discussed.

5.2 PULLING HISTORY
As explained in Chapter 1, the pipe installation is performed in cycles. In each cycle, the head is
pulled with a fairly constant speed then held in place while the pulled rod is removed from the
drill string. The time history of the pipe head movement can then be graphically represented as
shown in Figure 5.1. In this figure, TP is the time over which constant speed is applied, TR is the
“rest” time during which the head movement is prevented, and PL is the pull length per cycle.
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These three parameters are functions of the construction procedure including the rig size and
capacity, the length of individual pulling rods and the time required for rod removal.

At any time t during pullback, the number of the past pulling cycles, NPC, can be calculated as:

t
⎛
⎞
NPC = INT ⎜
⎟
⎝ TP + TR ⎠

(5.1)

Notice that TP+TR represents the time span of a pulling cycle. The pipe head movement can be
mathematically simulated by the following equation:

⎧
⎛ PL ⎞
⎟.(t − NPC (TP + TR) )
⎪ NPC * PL + ⎜
Move(t ) = ⎨
⎝ TP ⎠
⎪( NPC + 1) * PL
⎩

t t<<NPC
TR))++TR
TR
NPC×* ((TP
TP ++TR

(5.2)

NPC×* (TP ++TR
t t≥≥NPC
TR))++TR
TR

After being pulled through the desired distance, the pipe is released from the rig and left for a
period of time. During that period, the pipe recovers part of its deformation and releases part of
the tensile stresses induced during the pullback process. Therefore, this stage is characterized by
reversed movement of the pipe head, i.e.:

Move(t) < Move(end of

pullback)

(5.3)

ΔMove(t) < 0

To compensate for the elastic and viscoelastic recovery of the pipe as well as thermal contraction,
and depending on the installation length, an extra length of the pipe is pulled out of the pipe exit
point. Driscopipe (1993) recommends pulling out an extra 4% of the total installation length.
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The third stage starts by attaching the two ends of the pipe to other facilities, such as existing
pipes or manholes, and continues for the rest of the pipe service life. This stage is represented by
zero movement of the pipe head, i.e.

Move(t) = Move(end of recovery stage)

(5.4)

ΔMove(t) = 0

Although the movements at the pipe ends are considered to be prevented during this stage,
movements within the pipe length can still take place depending on the changes in the pipe
stresses and the pipe-soil interaction, i.e. total pipe length remains fixed but specific sections of
the pipe may contract or extend.

5.3 PROGRAM “HDDPIPE” DESCRIPTION
“HDDPIPE” is a one dimensional Fortran algorithm that can be used to calculate HDD
installation and post-installation loads, as well as the short and long term response of steel and
polymer pipes installed using HDD. The following sections describe the functions performed by
the program in detail.

5.3.1

Summary of Functions

Figure 5.2 shows a simplified flow chart of program HDDPIPE. The functions performed by the
program can be summarized as follow:
•

Read the problem definition from the input file and create output files to store the results.

•

Construct the problem’s geometry and create a mesh by dividing the pipe into short
segments as specified by the user.
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•

Apply the prescribed movement function on the pipe head and calculate the position of
each pipe element. The location of each element along the bore path at a specific time is
equal to the total movement of the pipe head less the pipe extension up to this element
(i.e. the relative movement of the element with respect to the head).

•

Calculate the gravitational, normal, frictional, and viscous drag forces applied on each
element of the pipe using its position (on ground surface and in the borehole) and its
relative movement with respect to the surrounding soil. The load magnification around
curves is accounted for by higher normal and frictional forces between the pipe and the
soil.

•

Integrate the load contributions to find the distribution of the tensile forces and stresses
along the pipe length.

•

Compute the strain distribution and the axial deformation of the pipe.

•

Use the calculated deformations to update the element lengths.

5.3.2

Input and Output Files

The first subroutine opens the input file and reads the parameters needed to define the problem.
The input file is divided into the following sections:
•

The GEOM section in which the geometry parameters, including the pipe length,
borehole profile segment lengths and inclinations, and radii of the curves are defined.
The extra length required to be pulled out of the borehole is also specified in this section.

•

The MESH section, in which the number of elements used to discretize the pipe is
specified.

•

The PIPE section, where the borehole diameter, pipe diameter, pipe thickness, diameter
of the drill-string, as well as eccentricities are specified.
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•

The MATL section, where the material properties are specified, including the unit
weight, type of material model, and parameters of the selected model. The models that
can be used are the linear elastic model, the linear viscoelastic LVE model (Moore and
Hu, 1996), nonlinear viscoelastic NVE model (Zhang and Moore, 1997), viscoplastic VP
model (Zhang and Moore, 1997), linear viscoelastic-viscoplastic LVE-VP model
(Chehab and Moore, 2004), nonlinear viscoelastic-viscoplastic NVE-VP model (Chehab
and Moore, 2006), and an exponential decaying tangent modulus Et(t).

•

The MUD section, where the parameters for the drilling fluids are specified.

The

parameters include the unit weight, pumping rate, type of flow model to be used and the
model parameters. The flow model options are the Newtonian Viscous Fluid model, the
Bingham Plastic model, and the Power Law model. Alternatively, a constant fluid drag
stress (applied to the pipe outer surface) can be specified.
•

The SLIP section, in which the pipe-soil interaction characteristics are specified. These
parameters include adhesion, surface and in-bore friction coefficients, and the interaction
shear stiffness.

•

The LOAD section, in which the installation parameters are specified. The installation
parameters include the pulling and pause times for each pulling cycle, the length of each
pulling cycle, the release time (i.e. time allowed for pipe recovery), and the time span
over which the pipe’s behaviour is to be analyzed.

•

The SOLV section, which provides solution parameters such as time step size,
convergence tolerance, and convergence rate.

•

The PRNT section, which specifies how frequent (in space and time) the results will be
printed to output files.

The program also creates output data files into which the different results are stored during the
analysis.
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5.3.3

Geometry Calculations

Accurate definition of the borepath geometry is necessary since installation loads change along
the borepath. The model considers the standard and most common borehole profile that consists
of three straight segments and three curves as shown in Figure 1.9 (Chapter 1), where L1, L2, L3
are the horizontal lengths of the entry, intermediate and exit segments, β1, β2 and β3 are the
inclination angles of the three segments, respectively, and R1, R12 and R23 are the radii of
curvature of the entry and intermediate curves. In addition, βo represents the average ground
surface inclination at the pipe entry point. No horizontal curves are accounted for in the basic
profile.

As mentioned in the previous section, the program reads the geometry parameters from the
GEOM section in the input file to establish the complete geometry of the borepath. This is done
by computing the positions of the points of intersections of the linear segments as well as the
centre points of the curves. The equations used to define the borepath geometry are presented in
Appendix F.

In this subroutine, the pipe is divided into the number of elements specified by the user
(Figure 5.3) and the element’s initial length is calculated.

5.3.4

Load Calculations

The LOAD subroutine calculates the installation load components acting on each pipe element
based on its location and movement rate with respect to the surrounding soil. The gravitational
loads are calculated using Equation 2.1. The frictional forces are calculated using Equations 2.2
to 2.4 and utilizing the shear interaction model described in Chapter 4. For elements located
within a curve, the normal force is calculated using Equation A-2 (Appendix A). The drag forces
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are calculated using Equations 2.12 to 2.18. It should be noted that in the current version of the
program, mud drag forces are assumed to always act against pipe movement and the possibility of
the mud to flow both directions (along the pipe and along the drill string) or reversal in the mud
flow is not considered. A discussion on this issue it presented in Chapter 8.

The tensile force and the corresponding axial tensile stress in each element are then calculated.
During the pullback stage, the frictional and fluid drag forces usually act against the pipe
movement. Therefore, the tensile force is generally expected to start at zero at the pipe tail and
increase toward the pipe head. Buoyancy forces may however act with the pipe movement in the
exit segment, which may lead to reduction in the total tensile force along that segment.

For the release and fixing stages, the same procedure for the calculation of loads is followed.
However, different boundary conditions are used.

Also, some modifications are applied to

account for the changes in the slurry properties (moisture, pressure and strength) with time. For
example, based on a parameter provided by the user, the buoyancy force applied on the pipe per
unit length decays exponentially with time. Moreover, an adhesion term that increases with time
is added to the pipe-soil interaction strength to account for the contribution of the aging slurry.

5.3.5

Axial Strain and Extension Calculations

The DEFORM subroutine calculates the strains and strain rates for each pipe element based on
the calculated stresses and using the material constitutive model specified by the user. More
details of the strain calculations are presented in Section 3.4.2 (in Chapter 3). Six material model
options are available as noted in Section 5.3.2. The elastic material model can be used to model
steel pipes or plastic pipes that are not expected to experience time dependent response (such as
PVC pipes under low stresses). Viscoelastic, viscoplastic, and viscoelastic-viscoplastic models
(described in Chapter 3) can be used to model HDPE pipes where the response is expected to be
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highly time dependent and/or nonlinear.

Alternatively, a tangent modulus that decays

exponentially with time can be used in the program. This option is not recommended for HDPE
pipes, but may be used in the absence of parameters for the more sophisticated models.

Figure 5.4 shows the uniaxial response of a high density polyethylene pipe segment under
ramping load-unload with a rate of 0.15 MPa/s as calculated by the DEFORM subroutine using
different time step sizes. Comparison shows that a time step of 1.0 second is sufficient for this
relatively fast test. Slower loading rates like those experienced in HDD operations can be
modelled with larger time steps.

5.3.6

Updating Coordinates and Parameters

The UCOR subroutine uses the true strains calculated by the DEFORM subroutine to calculate
the elongation of each element and update the pipe length and extension accordingly. It also uses
the calculated strain rates to update the rate of pipe extension under the tensile stresses. This
component is critical when the pipe head is not moving since it controls the reduction in the
interaction shear force between the pipe and the surrounding soil as described in detail in
Section 4.6.

At the end of each time step, the time dependent parameters related to the material’s time
dependent behaviour are updated. These parameters include the plastic work, viscoelastic strain
rates, and viscoplastic strain rates. More details on updating the material constitutive parameters
are presented in Section 3.4.2.
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5.3.7

Computation Procedure

As in most plastic deformation analyses, an iterative procedure is followed at each time step until
convergence is achieved. The first iteration is initiated assuming zero incremental deformations
in the pipe i.e. DX1(i) = 0 (where i is the node number). The loads, stresses and strains are
calculated and the resulting incremental deformation vector DX2(i) is compared to the initial
vector. Based on the difference between the initial and calculated incremental deformations, a
new incremental deformation is used for the next iteration i.e.

DX 1 (i ) = DX 1 (i ) + conv. ( DX 2 (i ) − DX 1 (i ) )

(5.5)

where conv is a convergence factor (less than unity) that controls the convergence speed and
stability. The iterative process is repeated until the difference between the initial and calculated
incremental deformations is less than an acceptable tolerance i.e.

DX 2 (i ) − DX 1 (i ) < Tolerance

(5.6)

The iterative procedure is repeated in each time step for the entire specified time history and the
results are printed to output data files for analysis.

5.4 PROGRAM EVALUATION
5.4.1

Introduction

Different approaches were followed to evaluate the HDDPIPE program, including solution of
problems with known closed-form solutions and comparing calculations with those of other wellestablished or commonly used methods. In the following sections, the program will be used to
model an elastic bar under uniform traction, a HDPE pipe under sustained extension, and a steel
pipe installed using HDD.
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5.4.2

Elastic Bar Under Uniform Tension

One way of evaluating the performance of an approach is to check its solution for simple
problems with known closed form solutions. An example of a relevant problem is the elastic rod
shown in Figure 5.5. The rod is fixed at one end and subjected to traction Fo distributed
uniformly along its length. The axial tensile stress σ and strain ε along the rod are expressed as:

σ ( x) =
ε ( x) =

F ( x) Fo ( Lo − x)
=
A
A

σ ( x)
E

=

(5.7a)

Fo ( Lo − x)
EA

(5.7b)

where E and A are the Young’s modulus and cross sectional area of the rod, Lo is the rod’s total
length and x is measured from the end support. The extension of the rod (displacement with
respect to the support) δ(x) can be calculated as:

x

δ ( x) = ∫ ε ( x).dx =
0

Fo x
Fo ⎛
x2 ⎞
⎟
⎜
L
x
dx
L
x
(
).
−
=
−
o
o
EA ∫0
EA ⎜⎝
2 ⎟⎠

(5.8)

For a 10.0 m long polymer rod with a cross-sectional area of 8.92×10-2 m2, a Young’s Modulus of
1.00 GPa, and a traction of 150 kN/m, the extension δ(x) is given by:

δ( x) = 1.68 ×102 x − 8.41 x 2

(5.9)

The problem was analyzed using the developed program. The rod was represented by a pipe with
the same modulus, length and cross sectional area, pulled in a 10.0 m horizontal borehole. The
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friction coefficient between the pipe and the borehole was set to zero and the traction was applied
as a uniform viscous mud drag on the outer surface of the pipe.

Figures 5.6 to 5.8 show the stress, strain and displacement distribution along the pipe due to
uniform traction, both by program HDDPIPE and the closed form solution developed above. The
model could successfully produce the solutions of the problem.

5.4.3

Test of Viscoelastic-viscoplastic Material Under Stress Relaxation

A simple axial stress relaxation test on a polymeric pipe is modeled using the program.
A polymeric pipe that has the same length and cross-section as in the previous example is
subjected to tensile load that increases linearly from zero to about 1 MN in 10 seconds. At the
end of the 10 seconds, both ends are fixed and the pipe is allowed to relax. This test was modeled
using the HDDPIPE program by setting all installation loads to zero except at the tail of the pipe.
This will cause a uniform tensile stress and strain along the pipe.

Figure 5.9 shows the results of the stress relaxation test as calculated using both the HDDPIPE
program and the uniaxial LVEVP model described in Chapter 3. The difference between the
calculations of the two approaches is less than 1% and the agreement can be clearly observed.

5.4.4

HDD Installation of a Steel Pipe

The model was used to compute the tensile forces along a steel pipe during a horizontal
directional drilling installation reported by Baumert et al. (2002). A 1275 m long crossing to a
depth of 50 m for a large diameter (610 mm) steel pipe was chosen (Figure 5.10). The borehole
profile consists of three segments, a -10o entry segment, a horizontal intermediate segment and
a +10o exit segment. Two curves of 750 m radius provide transition between the segments.
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Baumert et al, (2002) used the Driscopipe, Drillpath, and PRCI methods to evaluate the pulling
force along the profile for three sets of parameters representing upper bound values, lower bound
values, and intermediate or average values. The upper and lower bound parameters are given in
Table 5.1.

Figure 5.11 shows the Baumert et al, (2002) calculations for the lower (A) and upper (B) bound
parameters, respectively, as well as the calculations from the model developed in this study
(assuming zero adhesion). The calculations of the ASTM formulae are also shown. Mud drag
was not considered in the calculations.

The calculations of the model developed in this study agree well with those from the Drillpath
and PRCI methods (less than 3 % difference). One can clearly notice the agreement between all
the methods in calculating the load per unit length along the linear segments. The difference is
principally at the curves where the Driscopipe method always predicts lower pulling loads since it
does not account for load magnification at curves.

Even though the PRCI method accounts for the pipe stiffness effect, its predictions are very close
to those of the Drillpath method since the curves are well designed with large radius of curvature.
At low levels of pulling load, the PRCI procedure predicts slightly higher load magnification at
curves. However, the difference decreases as pulling load increases since the Capstan effect
becomes the dominating factor and the effect of the pipe’s bending stiffness becomes less
significant. At very high pulling load, the Drillpath method predicts higher load magnification at
curves.

The plots in Figure 5.11 provide general estimation of the pulling loads along the pipe. It is
important though to anticipate how the load changes during rest times (while rods are being
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removed), and how it is affected by the stiffness of the pipe and the surrounding soil. Also,
modeling the long term response of the pipe after installation is important. Another problem is
now analyzed for that purpose.

5.5 SAMPLE PROBLEM: HDD INSTALLATION OF AN HDPE PIPE
5.5.1

Problem Description

A 220 m long high density polyethylene pipe with 750 mm outer diameter and 40 mm thickness
(a standard dimension ratio SDR of 19) is to be used in a 200 m long horizontal directional
drilling operation. The borepath profile is shown in Figure 5.12. The ground surface at the pipe
entry point and the intermediate segment are horizontal, while the pipe entry segment and pipe
exit segment are inclined at 10o (downward) and 12o (upward), respectively. The radius of
curvature for the pipe entry curve as well as the two intermediate curves is 100 m.

The coefficients of friction of the pipe with ground surface and borehole are 0.3 and 0.5,
respectively. Adhesion between the pipe and the soil is neglected and the interaction shear
stiffness is set equal to 1 MN/m per meter of borehole length. Drilling mud that has 1.5 specific
gravity and 1.0 Pa.s (10 Poise) dynamic viscosity, is continuously pumped during pullback at a
rate of 10 L/s. The linear viscoelastic-viscoplastic (LVE-VP) constitutive model developed in
Chapter 3 is used to model the mechanical response of the pipe during and after installation.

The pullback process is performed in steps. Each step involves pulling two drilling rods in 22
seconds, then pausing for 20 seconds to allow removal of the pulled rods. The combined length
of the two rods is about 9.0 m. To account for elastic and viscoelastic recovery, an extra 5 m
(representing about 2.4% of the total pipe length) is pulled out of the pipe exit point. The pipe is
then left for 1 hour to recover before fixing both ends to existing infrastructure.
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5.5.2

Response During Pullback

Figure 5.13 shows the stress histories during pullback at four points at different locations of the
pipe. It can be noticed that the time rate of stress increase is higher for points inside the borehole.
This is related to the substantially higher frictional forces associated with higher normal forces as
the pipe is pushed by buoyancy against the wall of the borehole. Generally, the stress increases
as more pipe is pulled into the borehole. The cyclic nature of the stress is related to the “pull and
rest” pullback process. The stress increases during pulling but decreases as pulling pauses for the
removal of each pulling rod. The decrease in the stress can be related to the reduction in the
frictional forces between the pipe and the surrounding soil as the pipe tends to creep during rest
times (as explained in Section 4.6).

The distribution of the axial tensile stress along the pipe at the end of pullback is shown in
Figure 5.14. The effect of different segments of the borehole on the stress distribution can be
clearly observed. Higher stress gradients at the curves are related to the load magnification due to
the Capstan effect. The lower stress gradient along the pipe exit segment is due to the fact that
buoyancy forces act with the pipe movement, which contributes to reducing the pullback force.
For the portion of the pipe that has exited the borehole, the stress gradient becomes small since no
buoyancy or frictional forces are applied on that portion. The maximum calculated stress is about
7.5 MPa, which is within the typically recommended safe pull stress for HDPE pipes (Table 2.1).

5.5.3

Post-Installation Response

After the end of pullback, the pipe is released from the pulling head. Once released, the pipe
recovers part of its extension as shown in Figure 5.15. The immediate drop in the pipe extension
is related to elastic recovery, whereas the gradual decrease is related to the time dependent
viscoelastic recovery. In the example considered, most of the “total pipe” recovery took place in
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less than one hour after releasing the pipe (i.e. before fixing the pipe ends). However, the level of
recovery varies over the length of the pipe as will be demonstrated in the rest of the section.

Upon releasing the pipe, the stress at the pipe head drops to zero. Other locations of the pipe
experience varying levels of stress decrease. The tensile stress continues to drop with time during
the release period and also after fixing the pipe ends as shown in Figures 5.16 and 5.17. The rate
of change in the tensile stress varies along the pipe and with time as it is influenced by a complex
combination of phenomena, including stress relaxation, restrained recovery and interaction with
the surrounding soil. Although it depends on the installation geometry and pipe material, the long
term peak stress generally occurs close to the middle of the pipe. It is also noticed that the rate of
change in the stress decreases with time. In the analyzed example, the stress in the vicinity of the
pipe middle dropped to about 50% of the initial stress within one day after installation and to
about 38% of the initial stress within 3 years after installation.

To help explain the change in axial stress distribution with time, the distribution of the pipe-soil
interaction shear forces along the pipe are plotted at different times on Figure 5.18. Plot 1 shows
the shear force distribution at the end of pullback (just before releasing the pipe head). The entire
pipe is subjected to shear forces against its movement (i.e. positive on the plot). The effect of the
increase in the normal force at the curves is clearly observed on that plot (the two higher shear
force regions). Although the two curves have the same curvature, the additional shear forces
experienced along the second curve are higher due to the higher axial force at that position.
Once the pulling head is disconnected, the pipe will start to recover its elastic extension
(instantly) as well as its viscoelastic extension (gradually). As the movement of the pipe reverses
due to recovery, the interaction shear forces will start to decrease with a rate that depends on the
interaction stiffness (a detailed description of the interaction mechanism is presented in Chapter 4
and Figure 4.13). For a given amount of reversed movement, higher interaction stiffness leads to
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more decrease in shear forces. Since the portion of the pipe that is closer to the pulling head will
recover more due to its higher stresses, the shear forces on that portion will decrease more and
then reverse in direction (change sign). This will produce a shear force distribution similar to
Plot 2 on Figure 5.18.

Plot 2 shows that after releasing the head, pipe contraction will be mainly resisted by friction with
the surrounding soil. It also shows that the peak tensile stress in the pipe after installation shifts
from the pipe head toward the middle of the pipe (Figure 5.17, curve 2). The exact location of the
peak stress depends on several factors such as the shear forces prior to release, the borepath
geometry, the pipe material and the pipe soil interaction characteristics. The pipe stresses, as well
as the interaction friction forces, will continue to change (generally decrease) with time, as
presented by curves 3 to 6 on Figures 5.17 and 5.18.

The distribution of the axial strains along the pipe also changes with time as shown in
Figure 5.19. The figure shows that upon release, the strains drop instantly over a significant
portion of the pipe. This drop is related to the elastic recovery of the pipe. The decrease in the
strains between release (2) and fixation (3) is related to the viscoelastic recovery.

After fixation, the total length of the pipe is fixed and therefore the total pipe elongation is zero.
Although the stresses decrease with time over the entire length of the pipe, strains in the vicinity
of the pipe midpoint keep building up at a very slow rate (from 3 to 4). This build up is related to
the plastic strains that develop due to the sustained tensile stresses. Since the pipe length is fixed,
the elongation that takes place close to the middle of the pipe is balanced by reduction in tensile
strains close to the ends (at lower stress levels). The contraction in the pipe close to its head is
further increased due to the buoyancy forces that are pushing up the portion of the pipe in the pipe
exit segment, causing some compression against the end supports.
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Figure 5.20 shows the relation between the stress and strain at a section close to the middle of the
pipe. During pullback, the strain increases with stress with a relation similar to monotonic tests
except at rest times where slight unloading is noticed.

Upon release, instantaneous elastic

unloading takes place. This elastic unloading is represented by the linear segment with a slope
equal to the modulus of the elastic portion of the material model used. After release, the stress
continues to drop while the strain increases with time. Line 1 in Figure 5.20 represents creep
behaviour where strain increases at sustained stress. Line 2 represents stress relaxation where the
stress decreases at fixed strain. The figure shows that the response after release is a combination
of creep and stress relaxation.

5.6 CONCLUSION
A new one-dimensional model was developed to calculate the short and long term response of
pipes installed using horizontal directional drilling. The “HDDPIPE” program was described and
its different functions were explained in this chapter. The program was evaluated by comparing
its calculations with known solutions and well established methods.

The “HDDPIPE” program is capable of calculating the response during and after HDD operations
for steel pipes (elastic) as well as polymer pipes (viscoelastic and viscoplastic) for different
installation geometries and procedures. An installation of a HDPE pipe using HDD was analyzed
using the “HDDPIPE” program and the calculations of the short and long term response were
presented. The results show that the stresses and strains of the HDPE pipe continue to change
after installation throughout the service life of the pipe. It appears that the pipe response during
and after installation is a combination of creep, stress relaxation and restrained recovery.
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Table 5.1 Characteristics of tested soils
μbore

γmud (kN/m )

Low parameter set

0.0

0.21

10.0

High parameter set

0.5
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14.4

Head Move
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TR

Cycle

NPC=1

Time
Figure 5.1 Time history of pipe head movement
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UCOR subroutine:
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and coordinates
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END
Figure 5.2 Simplified flow chart of the HDDPIPE program for the calculation of pipe response
during and after HDD
142

Pipe Tail

Pulling Head

1

2

NUMEL-1

NUMEL

NUMEL: Total number of elements
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143

0.03

x
F(x) = Fo
E, A
Lo
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Figure 5.6. Stress distribution along the pipe due to uniform traction
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Figure 5.8. Displacement distribution along the pipe due to uniform traction
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Figure 5.9. Modeling of a uniaxial stress relaxation test on an HDPE pipe using the
HDDPIPE Program and the Uniaxial LVE-VP Model
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Figure 5.12 The borehole profile considered for the HDPE pipe installation
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CHAPTER 6
PARAMETRIC STUDY EXAMINING PIPE RESPONSE
DURING AND AFTER HDD

6.1 INTRODUCTION
This chapter presents the results of an extensive parametric investigation, conducted using
program HDDPIPE, of the effect of different installation parameters on the short and long term
response of pipes installed using HDD. The example HDD problem in Chapter 5 was used in the
parametric study and is summarized below for convenience.

Pipe characteristics:
L = 220 m

OD = 750 mm

TH = 40 mm (SDR = 19)

Borepath profile (referring to Figure 5.12):
L1 = 60 m
L2 = 80 m
β1 = -10o
β2 = 0o
R1 = 100 m
R12 = 100 m
βo = 0o
Borehole Diameter = 700 mm

β3 = 12o

Drilling mud:
γmud = 14.7 kN/m3

Q = 10 L/s

μ = 1.0 Pa.s

Pipe-soil interaction:
μsurface = 0.3

μbore = 0.5

Ks = 1 MN/m/m

The following parameters are considered in the investigation:
•

Pipe-soil interaction shear stiffness

•

Time dependent mechanical behaviour of the pipe material

•

Installation (pullback) procedure

•

Time duration of the pullback stage (installation rate)

•

Pipe-ground surface and pipe-borehole friction coefficients
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L3 = 60 m

R23 =100 m

•

Pipe size (outer diameter)

•

Effect of overstressing the pipe

•

Wet versus dry installations (the effect of filling the pipe with water, mud, or ballast).

6.2 EFFECT OF SHEAR INTERACTION STIFFNESS
The same HDPE pipe installation example was analyzed using different interaction shear stiffness
(Ks) values ranging from 0.1 to 10 MN/m per meter of borehole length (i.e. an order of magnitude
higher and an order of magnitude lower than the shear stiffness value used in Chapter 5). The
time history of the stress at the pipe head during pullback is shown for both stiffness values on
Figure 6.1. The higher stiffness leads to slightly higher unloading stresses during the rest time
within each pulling cycle. This is because slight movement reversal (due to pipe extension under
the sustained stress) is associated with a higher drop in the shear force (refer to Figure 4.13).
However, the change in the response during installation is considered practically insignificant.

The effect of the interaction shear stiffness on the long term response of the pipe is shown on
Figure 6.2. The difference in the response is most significant at the moment immediately after
the pipe is released. The higher shear stiffness value leads to a more definite peak in the stress
distribution near the middle of the pipe, while the lower shear stiffness leads to a more gradual
change in the stress gradient at the peak.

This is because with the higher shear stiffness

(10 MN/m/m), a slight change in pipe-soil relative movement leads to a higher change in the
shear force, while with the lower shear stiffness (0.1 MN/m/m), the change in the shear forces
occurs more gradually with change in relative pipe-soil movement. This can be seen Figure 6.3,
which demonstrates that for lower shear stiffness, the change of direction of the shear forces takes
place gradually, whereas for higher shear stiffness, the direction switches over a shorter distance
on the pipe.
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As time passes, the pipe extends under its tensile stresses and the frictional forces decrease. As
such, the effect of the shear stiffness on the stress distribution becomes insignificant as shown in
Figure 6.2.

6.3 EFFECT OF TIME DEPENDENT MATERIAL BEHAVIOUR
Pipes installed using horizontal directional drilling include steel pipes, PVC pipes, HDPE pipes
and MDPE pipes. Pipes with different materials have different mechanical responses to HDD
installation loads. For example, the mechanical response of steel pipes under working stresses is
linear elastic. PVC pipes can also be assumed to behave elastically if subjected to low stresses.
One the other hand, the mechanical response of HDPE and MDPE pipes is nonlinear and time
and rate dependent. The effect of time dependent material behaviour is explored in this section.

Program HDDPIPE can model materials with elastic, viscoelastic, and viscoplastic mechanical
behaviour. Three different constitutive models for the pipe material were considered in this
investigation. The first is the linear elastic model where the stress σ(t) and strain ε(t) are related
by a time independent modulus E. The second model is the viscoelastic model developed by
Moore and Hu (1996) and briefly described in Chapter 3 (Section 3.3.3 and Figure 3.5). This
model captures the time dependent viscoelastic response but does not account for the irreversible
viscoplastic response. Therefore, it can only produce satisfactory results for low stress levels
where no significant plastic strains are anticipated.

The third model is the linear viscoelastic-viscoplastic model developed by Chehab and Moore
(2004) described in Section 3.4 and Figure 3.5. This model accounts for the elastic, time
dependent viscoelastic and time dependent viscoplastic responses of the material.
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In this investigation, the same pipe material is analyzed using these three models. The parameters
for each model are as follow:

Elastic Model:
E = 1100 MPa

Linear Viscoelastic Model (LVE) (Figure 3.5):

Eo = 1100 MPa
E1 = 3615.5 MPa

η1 = 43459.2 MPa.s
S = 0.845

D = 10

Linear Viscoelastic-Viscoplastic Model (LVE-VP) (Figure 3.5):

E o = 1400 MPa
E1 = 3615.5 MPa

η1 = 43459.2 MPa.s
S = 0.845

D = 10

C = 0.01 n = 8

α = 0.0457(ε&vp ) 0.0755
β = 8.225 × 10 −5 (ε&vp ) 0.07163 MPa
γ = 10 -3 MPa

Figures 6.4 and 6.5 show the stress and strain distribution along the pipe at the end of and after
pullback. It can be observed that the material behaviour has an insignificant effect on the stress
distribution along the pipe at the end of pullback. This is because the tensile forces in the pipe
primarily result from the installation loads which are similar for the three cases. On the other
hand, the strain distribution is dependent on the constitutive behaviour of the pipe material. At
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the end of pullback, the strains are highest for the viscoelastic-viscoplastic model since it
accounts for elastic, viscoelastic, and viscoplastic strains.

Upon release of the pulling head, the instantaneous recovery is similar for all material models
since it depends mainly on the elastic component. The difference in response increases with time
as shown in the figures. For the elastic pipe, the stresses and strains slightly decrease with time
near the pipe midpoint and increase with time near the pipe ends. This is related to the reduction
of the buoyancy forces acting on the inclined segments of the pipe as the mud sets and the mudpressure dissipates.

For the LVE and LVEVP pipes, the stresses close to the pipe midpoint generally decrease while
the strains increase with time. This change is mainly related to the time dependent behaviour of
the pipe material, which becomes more dominant than the “change in buoyancy” effect. By
comparing the two responses, it can be observed that stresses in the LVEVP pipes generally
decrease faster than in LVE pipes, as also presented in Figure 6.6. Figures 6.4 and 6.5 show that
after 50 years, the peak stress and strain calculated using the LVE model are about 48 % and
10 %, respectively, higher than the peak stress and strain calculated using the LVEVP model. It
can also be noticed that the strain recovery close to the pipe head in the LVE pipe is higher than
in LVEVP pipes. This is because a significant portion of the strains in LVEVP pipes are
irreversible plastic strains.

The discussion above indicates that the time dependent behaviour of the material plays a key role
in the changes in stresses and strains over the pipe’s service life. Since the linear viscoelasticviscoplastic model has proven to provide better performance in modelling the mechanical
behaviour of HDPE, it will be used in the rest of the investigation.

157

6.4 EFFECT OF INSTALLATION PROCEDURE
The response of a HDPE pipe installed using HDD was analyzed for the three pullback
procedures that have the same length and similar time spans but different movement functions, as
shown in Figure 6.7 and summarized in Table 6.1. All installations had the same geometry, pipe,
soil, and mud properties as the sample problem considered in the previous sections. Shear
stiffness of Ks of 0.1 MN/m/m was assumed in all installations.

The stress history at the head of the pipe during pullback for the three different installations and
the distribution of the stresses in the pipe at different times are shown in Figures 6.8 and 6.9. It is
evident that as long as it does not introduce overstressing or lead to construction complications,
the head movement procedure has minimal effect on the pipe response during and after
installation. The strain distribution was also independent of the head movement history for these
three different procedures.

6.5 EFFECT OF INSTALLATION DURATION
It was shown in Chapter 3 that the mechanical response of HDPE is highly time dependent and is
influenced by the rate of load application. Therefore, the response of a polymer pipe during and
after HDD installation is expected to vary with the rate at which the installation loads are applied,
or in other words, with the time period over which the installation takes place.

To investigate the installation duration effect, a HDD installation of a HDPE pipe was analyzed
for the three pullback procedures that have the same installation length but different pulling rates
and time spans that vary between about 16 minutes to slightly shorter than 5 hours, as shown in
Figure 6.10 and summarized in Table 6.2. All installations had the same geometry, pipe, soil, and
mud properties as the sample problem considered in the previous sections. Shear stiffness Ks of
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0.1 MN/m/m was assumed in all installations. It is assumed that the installation rate or duration
does not affect the construction quality.

The stress and strain histories at the head of the pipe during pullback for the four installations are
shown in Figures 6.11 and 6.12, respectively. As previously noted, the installation stresses are
controlled by the installation loads and not significantly influenced by the installation rate. The
slightly higher stresses in the fastest installation are related to higher viscous drag forces due to
faster pipe movement with respect to the surrounding mud. On the other hand, the pipe strains
increase as the installation takes longer. This can be related to the time dependent material’s
behaviour as shown in Figure 6.13. Slower installations allow longer times for the viscoelastic
and viscoplastic strains to develop, which leads to higher total strains.

The effect of the installation rates extends to the pipe’s service life as shown in Figures 6.14 and
6.15. It can be observed that upon releasing the pipe at the end of pullback, the instantaneous
response of the pipe is independent of the installation duration. This is because the response at
that moment is elastic and is independent of the viscoelastic or viscoplastic strains developed
during installation. After release, the response was found to be influenced by the installation
duration. Longer installation times lead to higher long term stresses and strains. However, it can
also be observed that the difference decreases as the stresses relax with time.

6.6 EFFECT OF FRICTION COEFFICIENTS
6.6.1

Surface Friction

The effect of friction between the pipe and the ground surface outside the borehole μsurf was
investigated by considering two extreme values of the friction coefficient. A coefficient of 0.0
represents a very smooth surface or rollers whereas a coefficient of 0.8 represents very rough
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ground and pipe surfaces. Figures 6.16 and 6.17 show the stress and strain distribution at the end
of and after pullback for these two pipe-surface friction coefficients. At the end of pullback, the
entire (or majority) of the pipe is inside the borehole and the installation loads and stresses are
governed by the pipe-borehole friction coefficient. As such the surface friction coefficient has
very little effect on the stresses at the end of pullback, but leads to slightly higher strains. This is
because the viscoelastic and viscoplastic strains depend not only on the current stress state but
also on the stress history (these strains build up throughout the installation period). The higher
surface shear forces lead to slightly higher strains at the end of pullback and through the pipe’s
service life.

6.6.2

Borehole Friction

The effect of friction between the pipe and the sides of the borehole μbore was also investigated by
considering the two friction coefficient values, 0.2 and 0.8. The value of 0.2 represents a low to
average friction coefficient used in design practices. Even though typical pipe-bore friction
coefficients are usually much lower than 0.8 (in the order of 0.1 to 0.5), this value was chosen to
represent additional frictional forces resulting from poor construction quality. For example,
additional frictional forces result when portions of the borehole caves onto the pipe being
installed. Also, soil cuttings that settle in the bottom of the borehole (due to poorly designed or
prepared drilling mud) will also restrict the pipe movement and contribute to the frictional
resistance.

Figures 6.18 and 6.19 show the stress and strain distribution at the end of and after pullback for
the two pipe-borehole friction coefficients. Unlike surface friction, the pipe-borehole friction
coefficient has a significant effect on the stresses and strains at the end of pullback as well as the
pipe’s long term response. Although the higher friction coefficient is 4 times larger than the
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lower coefficient, the stresses at the end of pullback are about 4.5 times larger. This nonlinearity
is due to the load magnification at curves. Moreover, the strains at end of pullback are about 6
times larger, due to nonlinearity caused by the material viscoplastic response.

By comparing the effects of the pipe-surface and pipe-borehole friction coefficients on the
response of the pipe, it is clearly noticed that the effect of the borehole friction is more
significant. This is because the net buoyancy forces controlling the in-bore friction are usually
much higher than the dry weight of the pipe that controls the surface friction forces. For
example, the net buoyancy force per unit length of the pipe considered in this investigation is:

ΔFnet bouyancyy =

(γ
4

π

(

D p − γ pipe D p − ID p
2

mud

2

2

)) ≈ 5.7 kN/m

(6.1)

On the other hand, the dry weight per unit length of the pipe is:

ΔFweight =

π
4

(

)

γ pipe D p 2 − ID p 2 ≈ 0.8 kN/m

(6.2)

As a result, the contact forces between the pipe and the sides of the borehole are significantly
higher than those with the ground surface.

6.7 EFFECT OF PIPE SIZE
The effect of pipe size was investigated by analyzing the same installation using half the outer
diameter (O.D. = 375 mm) and half the thickness (TH = 20 mm). This will keep the standard
dimension ratio SDR fixed. Figures 6.20 and 6.21 show the stress and strain distribution, at the
end of pullback and after installation, for the two pipe sizes.
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Using half the pipe diameter reduces the buoyancy forces and associated frictional forces by 4
times approximately (Equations 2.1 to 2.3). However, the resulting stresses and strains at the end
of pullback will essentially be the same since the cross sectional area is 4 times less (half
diameter, half thickness). This is observed in both figures.

Upon release, the stresses and strains in the smaller pipe (375 mm diameter) are slightly higher
with a more defined peak. This can be clearly explained by Figure 6.22, which shows the
frictional force distribution along the pipe at the end of pullback and upon releasing the pipe. As
previously noted, the frictional forces applied on the smaller pipes are 4 times less. Since the
interaction shear stiffness Ks is the same for both installations, the change in direction of the shear
force takes place over a shorter distance in the smaller pipe. This effect is similar to that
discussed in Section 6.2. In other words, increasing the shear stiffness Ks has a similar effect to
decreasing the pipe’s axial stiffness. This effect generally decreases with time.

6.8 EFFECT OF OVERSTRESSING THE PIPE
Overstressing happens when the pipe is subjected to installation loads that exceed the allowable
limits and introduce some damage or significant plastic deformations in the pipe. Overstressing
is usually a result of poor quality construction practices such as:
•

Severe bends in the bore path causing higher load magnifications at the curves.

•

Poor transfer of soil cuttings, which leads to high friction and viscous drag forces

•

Insufficient reaming of the borehole, which leads to higher contact and friction forces.

Overstressing the pipe may also result from errors during project planning and design, such as
poorly designed borepath, failure to use the right installation parameters, or under-designing the
pipe section.
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In this investigation, overstressing is introduced into the pipe by using smaller cross sections.
Reducing the wall thickness (and thus the SDR ratio) of the pipe section leads to slightly higher
net buoyancy forces. However, its primary effect is increasing the axial pipe stresses.

Figures 6.23 and 6.24 show the stress and strain distribution along the pipe at the end of pullback
as well as the long term distribution for levels of installation stresses. Higher installation stresses
and strains lead to higher long term stresses and strains. Figure 6.25 shows the short and long
term stress strain relation at a section close to the middle of the pipe. Again, the effect of high
installation loads extends for the entire service life of the pipe.

6.9 WET-PIPE VERSUS DRY PIPE INSTALLATION
As noted in Section 6.6.2, the pipe-borehole friction contributes significantly to the installation
and post installation stresses. It has also been shown through the previous sections that higher
installation stresses lead to higher long term stresses. Reducing the friction forces would be
important for preventing high installation and post installation stresses, reducing the risk of
overstressing or pipe damage, allowing for longer installations and possibly leading to smaller
required pipe thickness (i.e. saving costs).

An effective approach to reduce the frictional forces involves minimizing the normal contact
pressures between the pipe and sides of the borehole. This may be achieved by reducing the net
buoyancy forces. Filling the pipe with water, mud, or ballast may partially or fully balance the
buoyancy forces, leading to low contact pressures and frictional forces. Figures 6.26 and 6.27
show that filling the pipe with water or mud during installation can substantially reduce
installation stresses and strains. They also show that using a mud reduces the installation stresses
and strain more effectively since it almost eliminates the buoyancy forces.
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6.10 CONCLUSION
The results of a parametric investigation conducted to understand pipe pulling phenomena during
horizontal directional drilling have been presented and discussed, using the computer program
‘HDDPIPE’ developed in Chapter 5.

The results of the parametric investigation can be

summarized as follow:
•

The effect of interaction shear stiffness on pipe stresses during and after pullback is
insignificant.

•

For elastic pipes (such as steel pipes), stresses and strains do not change significantly
with time unless loads, temperature, or boundary conditions change. For polymeric
pipes, stresses and strains undergo continuous change with time. Using a constitutive
model that accurately simulates the material’s mechanical behaviour is necessary for
credible predictions of the pipe’s short term and long term responses. Even though the
LVEVP material model is believed to produce more accurate calculations, it was shown
that using the LVE model leads to higher calculated peak stresses and strains and can
therefore be used if conservative designs are required.

•

Slower installation rates usually lead to higher pipe strains during installation. Long term
stresses are also higher when installation is slower. Therefore, pipes used in slower
installations should be designed using lower allowable tensile stresses. ASTM (1999)
recommends different safe pull stresses for different installation durations (see Table 2.1
in Chapter 2).

It should be noted, however, that rapid installations may lead to

construction complications if not performed properly and carefully.

For example,

blockage of the borehole will lead to additional pulling load and possible failure of the
operation.
•

The friction coefficient between the pipe and the ground surface outside the borehole has
a smaller effect on the short and long term response of the pipe than the pipe-borehole
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friction coefficient.

This is especially true for empty polymeric pipes where net

buoyancy forces inside the borehole are substantially higher than the normal forces due to
pipe self weight when it is outside the borehole. For wet installations where the pipe is
filled with water or mud, the pipe-ground surface friction may become more significant
as the net buoyancy forces are reduced substantially within the borehole.
•

Even though larger pipe size leads to significantly higher installation loads, the resulting
short term and long term stresses and strains are not significantly affected as long as the
standard dimension ratio SDR is kept unchanged.

Based on the results of the parametric investigation presented in this chapter, the axial load close
to the centre of the pipe immediately after installation is approximately equal to half the peak
installation load applied at the end attached to the drill string. Given that tensile stresses usually
decrease with time, one could use half the maximum axial stress during installation as the long
term stress in order to ensure a conservative design against ring fracture. More sophisticated and
less conservative estimates can be obtained using program HDDPIPE.

High installation loads cause higher axial stresses over the entire service life of the pipe. This can
accelerate the propagations of cracks leading to increased potential for ring fracture in the barrel
or at the welded joints. Therefore, controlling installation loads is necessary to insure that long
term axial stresses stay within acceptable levels.

Program HDDPIPE can be used in further parametric investigations in order to provide valuable
guidelines for HDD installations.
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Table 6.1 Parameters of the three installations considered
Installation 1

Installation 2

Installation 3

Total pullback length (m)

216

216

216

Pull time per cycle (seconds) PT

22

44

40

Rest time per cycle (seconds) RT

20

40

16

Pull distance per cycle (m) PL

9

18

12

988

968

992

Total installation time (seconds)

Table 6.2 Parameters of four installations with different time spans
Installation #

1

4

5

6

Total pullback length (m)

216

216

216

216

Pull time per cycle (seconds) PT

22

120

220

500

Rest time per cycle (seconds) RT

20

60

100

300

Pull distance per cycle (m) PL

9

10

10

10

988

3851

6849

17093

Total installation time (seconds)

167

Ks = 10,000 kN/m/m

7.0

Ks = 100 kN/m/m
6.0

Stress (MPa)

5.0

4.0

3.0

2.0

1.0

0.0
0

100

200

300

400

500

600

700

800

900

1000

740

750

760

770

780

Time (s)
6.8
Ks = 10,000 kN/m/m
6.7
Ks = 100 kN/m/m
6.6
6.5

Stress (MPa)

6.4
6.3
6.2
6.1
6.0
5.9
5.8
5.7
5.6
680

690

700

710

720

730

Time (s)

Figure 6.1 Effect of shear interaction stiffness on the pipe response during pullback
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Figure 6.2 Effect of shear interaction stiffness on the post-installation pipe response
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Figure 6.3 Effect of the interaction shear stiffness on the distribution of interaction shear forces
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Figure 6.4 Stress distribution along the pipe at the end of pullback and over the service life for
three pipe material models
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Figure 6.5 Strain distribution along the pipe at the end of pullback and over the service life
for three pipe material models
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Figure 6.6 Decrease in tensile stresses with time at a section close to the midpoint of the pipe
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functions) analyzed in Section 6.4
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Figure 6.8 Pipe head stress at the end of pullback for three installation procedures
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Figure 6.9 Stress distribution at the end of pullback and at release for three installation procedures
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Figure 6.10 Head movement histories for the four installations considered in Section 6.5
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Figure 6.11 Stress histories at pipe head for the four installations considered in Section 6.5
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Figure 6.12 Strain histories at pipe head for the four installations considered in Section 6.5
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Figure 6.15 Strain distribution over the pipe length for four different installation procedures
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Figure 6.16 Stress distribution over the pipe length for two pipe-surface friction coefficients

1.6%

μsurf = 0.8
μsurf = 0.0

1.4%

End of pullback

1.2%

Strain (%)

1.0%

Upon release

0.8%

4 Hours after
pullback

0.6%
0.4%
0.2%
0.0%
0

20

40

60

80

100

120

140

160

180

200

220

Loctaion along pipe (m)
Location

Figure 6.17 Strain distribution over the pipe length for two pipe-surface friction coefficients
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Figure 6.18 Stress distribution over the pipe length for two pipe-borehole friction coefficients
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Figure 6.19 Strain distribution over the pipe length for two pipe-borehole friction coefficients
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Figure 6.20 Distribution of stresses at the end of pullback and upon release
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Figure 6.21 Distribution of axial strains at the end of pullback and upon release
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CHAPTER 7
MULTIAXIAL GENERALIZATION OF CONSITITUTIVE MODELS

7.1 INTRODUCTION
In some applications, one dimensional modelling is sufficiently accurate to produce useful results
if loading and boundary conditions are modelled properly. In other applications, multiaxial
modeling is needed.

An example of such applications is the swagelining used for the

rehabilitation of underground pipes. Before inserting the lining inside the host pipe, it is pulled
through a “nozzle” which applies a uniform hoop compression on the external perimeter to reduce
its diameter in order to fit inside the host pipe, as shown in Figure 7.1. The tensile force required
to pull the pipe through the nozzle depends on several factors including the pipe ring stiffness, the
geometry of the nozzle and the interaction properties (friction) between the pipe and the nozzle.
On the other hand, the interaction between the plastic pipe and the host pipe during installation
depends on the interaction properties and on the rate at which the new pipe recovers from
compression i.e. its time dependent recovery response. Multiaxial, axisymmetric, modeling is
necessary for an accurate analysis of the process discussed above.

This chapter describes a procedure to generalize the uniaxial models developed in Chapter 3 to
multiaxial models that can be used to analyze multidimensional problems. The generalized
model is then verified by comparing calculations obtained using the model with the results of
multiaxial stress/strain tests.
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7.2 MULTIAXIAL GENERALIZATION
7.2.1

Assumptions

A general method developed from classical plasticity theories and based on the von Mises J2
theory is employed here to extend the uniaxial models to multi-axial formulations. This method
was originally developed for plastic behaviour of metals and is based on the following
assumptions (Zhang, 1996):
•

The material is considered homogeneous. Although the micro-structures of polymers are
different from those of metals and are not truly homogeneous, physical tests provide
macroscopic data that represent the material behaviour well. Therefore, continuum
mechanics can be applied in the generalization.

•

The material is isotropic i.e. its mechanical behaviour is independent of loading direction.
Zhang (1997) carried out constant strain rate compression tests on specimens aligned
with the circumferential, longitudinal and radial directions of a thick wall plain HDPE
pipe. The results (Figure 7.2) show that the behaviour of the circumferentially and
longitudinally extracted specimens is almost identical for all strain levels. Although, the
experimental results show that stiffness in the radial direction is slightly higher than other
directions (4 % higher at large strains), it does not have a significant effect on the
application considered in the previous chapters (HDD) and even swagelining, especially
if stresses are kept within the allowable limits. Moreover, the level of effort involved in
undertaking testing and analysis to capture anisotropy is not warranted.

•

The plastic response of the material is independent of the applied mean stress. For
materials like soil, the mechanical response (modulus and strength) is dependent on the
hydrostatic pressure level. For other materials such as metals, the mechanical behaviour
is almost independent of the hydrostatic pressure level. Raghava and Caddell (1973)
observed a slight dependence of the stress-strain response of HDPE on the hydrostatic
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pressure level. However, under normal conditions, the effect of hydrostatic pressure on
the behaviour of HDPE is insignificant and can be neglected.
•

Volumetric strains during plastic deformation are negligible. In metals, plastic flow takes
place at constant volume (0.5 Poisson’s ratio). The results of the compression tests on
HDPE by Kitagawa and Yoneyama (1988) showed that volumetric strain is considerably
lower than the applied compressive strain. Therefore, volumetric strain can be neglected
and HDPE can be considered incompressible. This implies that a Poisson’s ratio of 0.5
can be used in the generalization. This is in fair agreement with the range of 0.45-0.48
found in the literature.

•

The material behaviour is the same in tension and compression. Tensile and compression
tests on HDPE specimens carried out by Zhang (1996) showed similarity up to about 0.1
strain and the difference increased to less than 5% at 0.15 strain (Figure 7.3).

In addition to the aforementioned assumptions, an important condition must be satisfied. The
multi-axial model should reduce to the uni-axial model when uni-axial stresses are applied. More
details on the generalization method can be found in Zhang and Moore (1997).

7.2.2

Multi-axial Stress and Strain Field

In a continuum, the stress tensor is defined by the following matrix:

⎡σ 11 σ 12 σ 13 ⎤
σ ij = ⎢⎢σ 21 σ 22 σ 23 ⎥⎥
⎢⎣σ 31 σ 32 σ 33 ⎥⎦

(7.1)

where 1, 2 and 3 represent the directions (x, y, z for Cartesian coordinates and r,θ, z for
cylindrical polar coordinates). The diagonal terms are the axial stresses and off-diagonal terms
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are the shear stresses. The distortional component of the stress is called the deviatoric stress and
is determined by subtracting the hydrostatic stress from the total stress tensor:

σ 12
σ 13 ⎤
⎡σ 11 − σ m
⎢
σ 22 − σ m
σ 23 ⎥⎥
S ij = ⎢ σ 21
⎢⎣ σ 31
σ 32
σ 33 − σ m ⎥⎦
σ 12
⎡ 13 (2σ 11 − σ 22 − σ 33 )
⎢
1
(2σ 22 − σ 11 − σ 33 )
=⎢
σ 21
3
⎢⎣
σ 31
σ 32

(7.2)

σ 13
⎤
⎥
σ 23
⎥
1
⎥
(
2
)
−
−
σ
σ
σ
33
11
22 ⎦
3

where σm is the mean or hydrostatic stress given by:

σm =

σ1 + σ 2 + σ 3

(7.3)

3

Notice

that

for

the

purely

hydrostatic

pressure

case,

σ 11 = σ 22 = σ 33 = σ m and

σ 12 = σ 13 = σ 23 = 0 and the deviatoric stress (Equation 7.2) reduces to zero. The generalization
to the multi-axial case is based on using the equivalent (effective) stress σe and equivalent strain

εe:

[(σ

σe =

1

εe =

2
2
(ε 11 − ε 22 ) 2 + (ε 11 − ε 33 ) 2 + (ε 33 − ε 22 ) 2 + 6(ε 122 + ε 23
+ ε 312 )
3

2

11

2
− σ 22 ) 2 + (σ 11 − σ 33 ) 2 + (σ 33 − σ 22 ) 2 + 6(σ 122 + σ 23
+ σ 312 )

[

]

1
2

]

1
2

(7.4)

(7.5)

The previous equation can also be used to calculate the equivalent viscoelastic and viscoplastic
strains and strain rates.
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7.2.3

Multi-axial Viscoelastic-Viscoplastic Model:

7.2.3.1

Linear Viscoelastic Component:

Since the material response is assumed to be independent of the hydrostatic pressure level,
Equation 3.13 can be written in terms of the deviatoric stress, i.e.:

ε&ijlve =

⎛ 3S ij
(ε klve ) ij
⎜
+∑
−
2 E o k =1 ⎜⎝ 2 E kτ k
τk
3S ij

9

⎞
⎟
⎟
⎠

(7.6)

where τk is the retardation time for the kth Kelvin element, and is given by:

τk =

ηk
Ek

=

D ( k −1) η1
S ( k −1) E1

(7.7)

Notice that 3 / 2 E is equivalent to (1 + 2ν ) / 2G , where G is the shear modulus and ν = 0.5 is
the Poisson’s ratio. For the case of uniaxial stress, where σ 22 = σ 33 = τ ij = 0 , the deviatoric
stress S11 is equal to 23 σ 11 , and Equation 7.6 reduces to the uniaxial case (Equation 2.13).

7.2.3.2

Linear Viscoplastic Component:

Equation 3.12 can be written in terms of the deviatoric stress, i.e.:

ε&

vp
ij

n
3 ⎛ σ e ⎞ S ij
= C⎜ ⎟
2 ⎝ X ⎠ σe

(7.8)

where the parameters of the state variable X are now functions of the effective viscoplastic strain
rate ε&evp . Also, the viscoplastic work is calculated using effective stress and effective viscoplastic
strain:
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Wvp = ∫ σ e .dε evp

(7.9)

The generalization procedure described above was implemented in the finite element program
AFENA (Cater and Balaam, 1990) to be used in the analysis of a biaxial stress and strain problem
explained later.

7.3 EXPERIMENTAL TESTING
High quality physical data are required to verify the material models and examine the accuracy of
the generalization method. For that purpose, samples extracted from commercially available
HDPE pipe were subjected to cyclic tests under uniaxial and biaxial stress fields. The following
sections of the chapter describe the experimental tests, discuss the results, and use them to assess
the generalized model calculations.

7.3.1

Particle Image Velocimetry (PIV) for Deformation Measurement

Particle Image Velocimetry is a velocity-measuring technique originally developed for the
experimental measurement of fluid motion (Adrian, 1991) but has been used for deformation
measurement applications in geotechnical and mechanics applications.

A colour digital image consists of a large number of pixels. Each pixel is assigned three integer
values, between 0 and 255, that represent the intensities of the three basic colours (red, green and
blue) at that pixel. For example, a purely green pixel is represented by (0,255,0) and a purely
blue pixel by (0,0,255). Any other colour can be represented by a combination of the numbers
(ex: 78,203,167). Therefore, the digitized form of a colour image consists of three intensity
matrices, one for each colour channel, that represent the colour distribution in the image. Each
intensity matrix is defined as I(u,v), where u and v are the pixel coordinates.

187

Similarly, any portion of the image, or any patch or tile specified on the image (Figure 7.4a), can
be represented by three intensity matrices. In PIV analysis, matrix algebra is used to identify the
same patch in a subsequent image (Figure 7.4a). Normalized cross-correlation is employed to
compare a given patch (of the same size) with the original patch and produce a correlation
value R. Theoretically, a unit value of R indicates a perfect match. The operation is repeated for
all possible patches within the specified search zone to produce an autocorrelation surface or
function, which represents the degree of match over the search zone (Figure 7.4b). The peak in
that surface represents the highest degree of match, which indicates that the two images of patch
captured during the flashes are overlying each other. Finally, the displacement vector of the
patch between two deformation states represented by two images is found by calculating the
distance (in pixels) between the center of the patch in the initial image and the autocorrelation
peak, i.e. the correlation offset (White et al, 2003).

The PIV method provides two directional non-contact measurements. Rather than measuring the
relative displacement between two points at which the measurement device is attached, many
points at different locations of the deforming surface can be tracked simultaneously, which
provides a better representation of the displacement and strain distribution across the area under
consideration. Sub-pixel displacement values allow a high degree of accuracy, since each vector
is the statistical average for many particles within a particular patch. Displacement can typically
be accurate down to 10% of one pixel on the image plane (White et al, 2003).
The PIV method has some disadvantages that can often be prevented. It may yield wrong results
if the tracked patch leaves the field of view or the specified search zone. This can be prevented
by setting the field of view and search zone based on the expected level of deformation in order to
keep the patch within the field view.

However, enlarging the search zone increases the

computational time substantially and should be kept to a reasonable minimum.

Another

disadvantage of the approach is its sensitivity to the intensity of the light applied on the tracked
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surface. Any change or disturbance in the light around the sample could lead to noise in the
measurements or even compromise the accuracy of the approach.

7.3.2

Cyclic Test with Uniaxial Stress Field

In this test, a high density polyethylene coupon was subjected to cyclic loading and its response
was monitored using both a physical measuring technique and an image based measuring
technique.

7.3.2.1

Experimental Apparatus

The main components of the experimental setup are briefly discussed in this section.

Specimen: HDPE samples were extracted from commercially available thick-wall HDPE pipes
(215 mm diameter, 25 mm thickness pipe, manufactured by KWH Pipe Canada) and coupon
specimens were fabricated from these samples.

Loading Machine: A loading machine (Instron Model 1350) with mechanical grips was used to
load the specimen. A 100 kN load cell was used to record the applied load. The machine is
capable of applying triangular, square, and sinusoidal cyclic loads or displacements. For this
study, triangular wave load functions were applied as will be shown later.
Linear Potentiometer: A high precision linear potentiometer (LP) was used to measure the
elongation of the HDPE specimen in the uniaxial cyclic test and to examine the performance of
the PIV approach. A calibration test on the LP indicated a linear relationship between the LP
extension/contraction and the output voltage as shown in Figure 7.5. The intercept component
has no significance and only the slope is of importance here.
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Camera: A Canon EOS DIGITAL REBEL XT Camera with 55 mm focal length, 6 X digital
zoom, 8.2 Megapixels (3456×2304) and 1.8 in LCD screen was used to capture images of the
extending specimen during the test.

Data Acquisition: A data acquisition (DA) system was used to collect signals in real time from
the testing machine, the load cell, and the linear potentiometer and store them in a computer.
Another DA system was used to control the camera and collect and store images of the sample in
real time throughout the tests.

7.3.2.2

Specimen Preparation and Instrumentation:

As stated before, Zhang and Moore (1997) showed that the HDPE behaviour is similar in the
hoop and longitudinal directions, while the behaviour in the radial direction is slightly different.
Since the behaviour in the radial direction does not influence the pipe response significantly, the
multiaxial behaviour in the axial (z) and hoop (θ) directions will be focussed on.
•

Coupon samples were extracted from available thick wall HDPE pipe sections. The
procedures followed in preparing the samples are summarized next.

•

The pipe section (215 mm outer diameter and 25 mm thickness) was cut into longitudinal
segments as shown in Figure 7.6.

•

The segments were left to relax for a period of time (several months) in order to reduce
the residual stresses induced during pipe manufacturing (Figure 7.7). Visual inspection
was used to monitor the increase in the section curvature with time.

•

A coupon specimen measuring about 70 X 10 X 200 mm (larger than the desired final
specimen) was cut from a longitudinal segment. The coupon was also left to relax for
several weeks (again with monitoring the change in curvature).
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•

The coupon specimen was machined down to 46 X 6 X 200 mm and the surfaces were
planed.

•

A white texture was applied to the black specimen using a brush and white paint as
shown in Figure 7.8. This texture is necessary for tracking the displacement of points on
the face of the specimen using the PIV technique. Also, “tag points” were applied at
specific locations on the face of the specimen for the sake of approach validation and
image/object scale determination as will be shown later.

•

The linear potentiometer was fixed to the back of the specimen along its longitudinal
axis, as shown in Figures 7.9 and 7.10. Both the metal base on which the LP body was
bolted and the metal angle against which the end of the LP reacts were glued to the back
of the HDPE specimen using high strength glue that does not react with HDPE. To
minimize the effect of the glue on the stiffness of the specimen and the accuracy of the
measurements, the glued area was kept to a minimum.

7.3.2.3

Test Procedure

The same general procedure was followed for both the uniaxial and biaxial tests:
•

The Instron machine was started and initially set to the displacement control mode.

•

The specimen was placed in the grips with approximately 140 mm clear length.

•

The camera was placed on the tripod and fixed in a leveled position about half a metre
away from the specimen (Figure 7.11). The focal length was set to 50 mm and the
contrast was adjusted until a clear and sharp view of the specimen was achieved.

•

The computer program (DSLR Remote Pro), which controls the camera and saves the
images, was set so that the camera took an image every 4 seconds during the test.

•

The Instron was set to load control.
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•

Initial images of the undeformed specimen were taken to be used as reference images for
the PIV analysis.

•

The load signal and the image capturing were started simultaneously.

•

During the test, captured images were saved, and measured load, stroke, and LP signal
were recorded into a spreadsheet.

•

After a number of cycles, the load was brought to zero, and the recovery of the specimen
was also monitored for a period of time.

•

7.3.2.4

At the end of the test, the results spreadsheet and all images were saved for analysis.

Uniaxial Stress-Strain Response

In the uniaxial test, a plain HDPE coupon specimen (Figure 7.12) was loaded axially using a
triangular wave load with 1.5 kN offset (average), 1 kN peak to peak, and period of 80 seconds,
as shown in Figure 7.13.

This load signal would cause a variation in the axial stress

approximately between 3.6 MPa and 7.3 MPa, which are typical values experienced in HDPE
pipes installed using horizontal directional drilling and pipe bursting operations.

Among the “tag” points marked on the face of the specimen before the test, two points were
located directly opposite the “glue” points at which the LP is connected to the back of the
specimen. Other tags were used to calibrate the PIV model and determine the mm/pixel scale.

7.3.2.4.1 Scale
The scale relating the object space coordinates (mm) to the image space coordinates (pixel) was
calculated by dividing the distance in mm between any two tag points (measured by a caliper) by
the distance in pixels on the image of the undeformed specimen. For example, a distance of
41.5 mm between two tag points corresponded to 722.82 pixels. Therefore, for that particular
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experiment (particular camera location and zooming) each 17.42 pixels on the image represents
1 mm on the real object and the mm/pixel scale factor is 0.0574. All displacements in pixels
calculated by the PIV analysis were multiplied by 0.0574 to obtain true displacements in mm.

7.3.2.4.2 Results
PIV analysis was carried out on the set of images captured during the test using a MatLAB code
called GeoPIV (Take, 2006), developed by White et al. (2003). The program calculates, for each
image considered in the analysis, the movement of each tag point in terms of pixels. These
movements are then converted to real displacements in mm using the scale factor determined in
the previous section.

Figure 7.14 shows the time history of the axial extension of a gauge length between the

specimen-LP glue points, as measured by the LP and determined by the PIV image analysis.
Except over the two initial load cycles, the two approaches agree very well. The initial difference
may be related to the imperfections in the glue between the LP plates and the specimen. The
figure demonstrates that the PIV analysis approach can be used, with acceptable accuracy, to
track the deformations of the specimen.

The PIV analysis was also used to measure the stretch, with time, of a 50 mm gauge length
starting at the center of the specimen. Tag points were painted on the undeformed specimen and
tracked throughout the test. The resulting elongation history was converted into a strain history
and used, along with the stress history, to evaluate the parameters of the uniaxial NVE-VP model
for the material. Figure 7.15 shows the strain history determined from the PIV analysis as well as
the response calculated using a model that has the following parameters (refer to Chapter 3 and
Figure 3.5):
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E o = 1000 MPa
E1 = 3615.5 MPa

η1 o = 43459.2 MPa.s
S = 0.845
D = 4.0
η i = η i o exp(−3Wvp )
C = 0.01 n = 8

σ o = 5.0 MPa
α = 0.01718 + 0.04581(ε&vp ) 0.1984
β = 0.000158 MPa
γ = 0.015 MPa

These parameters were used in the generalized multiaxial model to calculate the response of a
HDPE coupon, with a hole, under cyclic stress as will be discussed in the following sections.

7.3.3

Biaxial Stress-Strain Response

Since biaxial loading is not easy to apply directly, a multiaxial stress field was introduced by
creating a discontinuity in the geometry. In the current study, this was achieved by drilling a hole
in the center of the specimen.

Similar procedures for specimen preparation and testing were followed in the biaxial stress test.
The loading function took the form of a triangular signal with an offset and a short period of
creep followed by unloading, as shown in Figure 7.16. The maximum applied load of 2.6 kN
would cause an average nominal tensile stress of 17.5 MPa at the minimum cross section. The
geometrical discontinuity is expected to lead to significantly higher axial stresses in the vicinity
of the hole (due to the stress concentration effect). Therefore, a high degree of non-linearity in
the mechanical behaviour is expected since this stress level will activate all components of the
model, i.e. elastic, viscoelastic and viscoplastic.
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In this test, the PIV analysis provided the distribution of deformations over most of the sample.
One quarter of the specimen was considered in the analyses and the patch grid or mesh used in
the PIV analysis is shown in Figure 7.17. Using the method explained in a previous section, the
image/object scale was calculated to be 18.94 Pixel/mm.

The meshed area covered approximately 1000 pixels × 450 pixels on the image view,
representing about 50 mm × 23 mm on the real specimen. More than 600 patches, forming the
mesh, were tracked. The PIV analysis yielded a set of axial and lateral displacements, measured
in pixels, of all considered patches every 4 seconds (representing each image taken during the
test). Figure 7.18 shows the set of displacement vectors during the test. The true displacements,
in mm, where then calculated using the image/object scale.

7.3.3.1

Finite Element Analysis

The biaxial test was simulated using the finite element method (AFENA) and utilizing the
multiaxial material model described in this chapter. To save computation time, the symmetry of
the problem was utilized.

Only one quarter of the specimen was modeled and symmetry

boundaries were used as shown in Figure 7.19.

The two dimensional 6 noded element was used to build the mesh. This element has six nodes,
with two degrees of freedom per node, as shown in Figure 7.20. Since the thickness of the
specimen is small compared to its other dimensions, plane-stress modeling was employed in the
analysis.

The tensile force applied by the machine grips on the specimen ends was modeled as a uniform
pressure applied normal to the end of the sample, along with fixities in the lateral direction (x) to
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account for the lateral restriction imposed by the mechanical grips. The load history was defined
as a series of linear functions (Figure 7.16).

7.3.3.2

Results and Discussions:

The performance of the generalized multi-axial NVE-VP model (implemented in AFENA) in
calculating the biaxial response of the HDPE sample-with-hole was examined by comparing its
displacement and strain calculations to those determined from the PIV analysis.

Figure 7.21 shows the time history of the axial elongation of the specimen over a 50 mm gauge
length starting at the center of the specimen. Generally, the response clearly shows non-linearity
and accumulation of displacement with time and load. For example, the specimen was subjected
to the same load level in the third and fourth load cycles, but the axial displacement has increased
by about 12% between the two cycles.

A 0.233 mm creep displacement took place over

27 seconds at 2.6 kN. For the first two load cycles, the multiaxial model calculations and the PIV
results agree very well. As loading increases and more cycles take place, the model starts to
under-predict the elongation. The model also underestimates the recovery due to load removal.

The variation of axial displacement, axial strain, and lateral displacement over the specimen at the
first load peak are shown in Figures 7.22, 7.23 and 7.24, respectively. The calculations and
measurements agree well for most of the considered area. However, the model slightly underpredicted the displacement in the vicinity of the hole along the specimen axis (about 0.03 mm
or 5 %, at point A on Figure 7.22). The axial strain distribution is also similar. In terms of lateral
displacement, it can be seen that the model produces the same trend as the PIV but
underestimates the maximum lateral displacement (at the sample mid-side, point B on
Figure 7.24) by about 0.05 mm (or 12 %).
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Figures 7.25, 7.26 and 7.27 demonstrate the variation of axial displacement, lateral displacement,
and axial strain over the specimen at the end of a 50 second recovery period following the fourth
(last) peak. The model over-estimates the post-recovery displacements and strain, i.e. it underestimates the strain recovery.

It should be mentioned here that the uniaxial NVE-VP model was developed using the results of
the uniaxial test reported in Section 7.3.2 where tensile stresses were in the range of zero to
7.3 MPa, while stresses significantly higher than 7.3 MPa were applied in the biaxial stress test
(as high as 20 MPa). This could explain the differences between the measured and calculated
responses at higher stresses and after a number of cycles. Improved accuracy may be achieved if
the uniaxial model parameters were obtained from tests involving high stresses and large strains.

7.4 CONCLUSION
The uniaxial LVE-VP and NVE-VP models were generalized to multiaxial models using a
procedure based on classical plasticity and von Mises theories. The generalized models were
implemented into a finite element program (AFENA) and used in simulating uniaxial and biaxial
stress tests.

Experimental results from uniaxial and biaxial stress tests on HDPE specimen extracted from
commercially available pipes have been presented and discussed.

The deformations of the

specimen under the applied loads were measured using the particle image velocimetry PIV
approach. The experimental results were used to evaluate the generalized NVE-VP model.
Though the model was developed using the results of low stress tests, its generalized form
performed generally well in tests involving higher stress and strain values.
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Figure 7.1 Swagelining technique for the installation of PE liners.
(a) Schematic showing the operation
(b) Head of the liner to be pulled in.
(c) PE pipe during the process
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Figure 7.2 Uni-axial compressive constant strain rate (0.0005 s-1) curves for samples extracted
circumferentially, longitudinally and radially from a plain HDPE pipe wall
(courtesy of Zhang 1996)
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Figure 7.3 Uni-axial tensile and compressive constant strain rate curves for HDPE samples
(courtesy of Zhang 1996)
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Figure 7.4 Particle Image Velocimetry approach (from White et al. 2003):
(a) Tracking of a specified patch within a specified search zone
(b) Autocorrelation function in the search zone
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Figure 7.5 Calibration line for the linear potentiometer used in the uniaxial
loading test
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Figure 7.6 Sample location within the HDPE plain pipe wall (215 mm diameter,
25 mm wall thickness)
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Figure 7.7 Longitudinal segments cut from the pipe section (curvature clearly noticed)

Figure 7.8 A specimen ready to test (with texture created for the PIV analysis)
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Figure 7.9 Specimen setup and instrumentation

Figure 7.10 The linear potentiometer attached to the back of the
sample before starting a test
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Figure 7.11 The camera mounted against the textured face of the
specimen

Figure 7.12 Plain HDPE coupon specimen in the uniaxial load test
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Figure 7.13 Load signal applied in the uniaxial test
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Figure 7.14 Axial extension of a 41.5 mm gauge length, measured by LP and PIV analysis
technique - uniaxial tension test
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Figure 7.15 Average strain history of the HDPE specimen subjected to uniaxial cyclic stress,
using the PIV approach (dashed line) and calculated using the NVE-VP model
(solid line)
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Figure 7.16 Load function applied on the coupon-with-hole in the biaxial stress field test
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Figure 7.17 Tags and mesh used in the PIV analysis for the biaxial stress strain test

Figure 7.18 Displacement vectors representing the deformation of the specimen
under the axial load
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Figure 7.19 Finite element mesh (AFENA) to model one
quarter of the HDPE coupon specimen
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Figure 7.20 The six-noded element used in the finite element analysis
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Figure 7.21 Elongation of HDPE specimen over a 50 mm gauge length from the center of the
specimen, measured by PIV analysis and calculated by the multi-axial NVE-VP
model
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Figure 7.22 Axial displacement contours at the first loading peak, measured by PIV (solid lines)
and calculated using AFENA (dashed lines)
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Figure 7.23 Axial strain contours at the first loading peak, measured by PIV (solid
lines) and calculated using AFENA (dashed lines)
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Figure 7.24 Lateral displacement contours at the first loading peak, measured by PIV (solid lines)
and calculated using AFENA (dashed lines)
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Figure 7.25 Axial displacement contours at the end of the test (40 s after load removal),
measured by PIV (solid lines) and calculated using AFENA (dashed lines)
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Figure 7.26 Axial strain contours at the end of test (40 s after load removal), measured by
PIV (solid lines) and calculated using AFENA (dashed lines)

216

mm

0.01

0.05
0.10

40 s

0.15
0.20
0.25
0.30
0.35

mm
Figure 7.27 Lateral displacement contours at the end of test (40 s after load removal), measured
by PIV (solid lines) and calculated using AFENA (dashed lines)
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CHAPTER 8
SUMMARY, CONCLUSION, AND FUTURE WORK

8.1 SUMMARY AND CONCLUSIONS
The main objectives of this thesis were to model the short term and long term response of pipes
installed using horizontal directional drilling and to investigate the effect of different installation
variables on pipe performance during and after installation. These objectives were achieved
through several stages.

In the first stage (Chapter 2), installation and post installation loads were identified and modelled.
The installation loads include gravitational forces (self weight of the pipe or net buoyancy),
frictional forces between the pipe and the ground surface, frictional forces between the pipe and
the borehole, and viscous drag forces from mud flow past the pipe. Post installation loads include
gravitational forces, frictional forces, and restraint against pipe elongation.

In the second stage (Chapter 3), two sophisticated constitutive models (the linear viscoelasticviscoplastic LVE-VP model and the nonlinear viscoelastic-viscoplastic NVE-VP model) were
developed to simulate the mechanical behaviour of high density polyethylene. The models were
developed and evaluated using existing uniaxial tests on HDPE samples extracted from
commercially available plain pipes. These models account for the elastic, viscoelastic, and
viscoplastic components of the material behaviour and perform generally well for various load
conditions and combinations. Evaluation of the two programs showed that the LVE-VP model is
more accurate for small strain problems whereas the NVE-VP model is better for simulating
cyclic response at large strains.
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The third stage (Chapter 4) involved establishing a model for the interaction between the pipe and
the surrounding soil. The model assumes an elastic-perfectly plastic relation between the pipesoil relative deformation and the interaction shear force. The model considers both the adhesion
and friction components of the interaction strength and accounts for the effect of the shear
stiffness of the soil media around the pipe. A parametric study was conducted using the finite
element method to provide charts that present the effect of different geometric parameters and
soil properties on the interaction shear stiffness. Generally, the interaction stiffness increases
with higher soil modulus, deeper installation, and closer proximity to bedrock.

The models developed in Chapter 3 were implemented in a FORTRAN algorithm “HDDPIPE”,
also developed as part of this study (Chapter 5), to calculate the short and long term response of
elastic and polymeric pipes installed using horizontal directional drilling. The program was
evaluated by comparing its results with the well-established solutions available for some
problems, as well as with the prediction of common programs and approaches used to calculate
HDD installation loads. The results show that the stresses and strains in pipes installed using
HDD continue to change after installation and throughout the service life of the pipe, especially
for polymeric pipes that have time dependent mechanical behaviour.

The program HDDPIPE was employed in a comprehensive parametric investigation to assess the
effect of different parameters on the short term and long term behaviour of pipes installed using
HDD (Chapter 6). The study has shown that the short and long term behaviours are influenced by
the mechanical behaviour of the pipe material, the installation duration, the friction coefficient
between the pipe and the borehole and, to a lesser extent, the friction between the pipe and the
ground surface. The effect of the pipe size is also small if the standard dimension ratio SDR is
kept constant.
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Generally, the axial load near the centre of the pipe immediately after installation is
approximately equal to half the peak installation load applied at the end attached to the drill
string. This axial load could be compared with the long term axial force capacity to provide a
conservative evaluation of the pipe safety against fracture during its service life.

Overstressing was also found to affect the short and long term response. Higher installation loads
lead to higher stresses over the entire service life of the pipe. Although immediate noticeable
pipe damage may not be detected, the resulting high long term stresses can accelerate crack
propagation and shorten the pipe’s service life. The risks of overstressing the pipe may be
minimized by:
•

Comprehensive site and subsurface investigation prior to design;

•

Careful design of the operation (borepath profile, pipe section, …); and

•

High quality construction and real-time monitoring of pipe loads.

Good construction practices include minimizing friction between the pipe and ground surface
(using rollers for example), and filling the pipe with water, mud, or ballast to minimize the net
buoyancy forces and frictional forces inside the borehole. The example problem considered in
Section 6.8 showed that installation induced stresses can be reduced by about 80% and 95% by
filling the pipe with water or mud, respectively.

In Chapter 7, another implication of the time-dependent behaviour of HDPE on trenchless
techniques was addressed.

The uniaxial constitutive models developed in Chapter 3 were

generalized to a multi-axial model that can simulate the response under biaxial stress and strain
fields (plane stress and plane strain cases). The multi-axial model was implemented in a finite
element code (AFENA) and evaluated by comparing its calculations with measurements from
load tests undertaken on perforated coupons extracted from the wall of a HDPE pipe. The
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comparison showed generally good performance of the generalized model. This model could be
used to predict the behaviour of polymeric liners used in swagelining for underground pipe
rehabilitation (Section 7.1). It could also be used in other geotechnical engineering applications
such as modelling the biaxial polyethylene geogrids used in reinforced soil wall systems as well
as reinforcing soils beneath foundations and embankments.

8.2 RECOMMENDATIONS FOR FUTURE WORK
Program HDDPIPE developed in this study can be utilized as the basis upon which further
investigations are carried out to study other issues related to HDD and not covered in this study.
The following sections address some of those issues:

8.2.1

Borehole Profile

Program HDDPIPE considers the ideal and most common borehole profile, which consists of
three straight segments (entry, intermediate, and exit) connected via curves, all within one vertical
plane. In practice, some deviations from the ideal borehole path may be required due to site
terrain or in order to avoid problematic soils or other buried structures. Even if the design uses
the ideal profile, some deviations may occur during construction. Accounting for these additional
curves (vertical or horizontal) is sometimes crucial since they contribute to load magnification.

The program could be modified to have higher flexibility in creating borehole paths. One choice
is building an interface through which the user can input the number of segments, vertical curves,
horizontal curves, and coordinates.

Another choice could be reading a geometry data file that

contains the three dimensional coordinates of many points that define the borehole path.
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8.2.2

Effect of Mud Flow Reversal

At the beginning of the pullback process, the drilling fluid is pumped close to the pipe entry point
and mud would mostly follow the short path and flow past the pipe toward the pipe entry point.
Toward the end of the pullback process, the drilling fluid is pumped close to the pipe exit point
and the shortest “least flow resistant” is toward the pipe exit point. During the pullback process,
portion of the pumped fluid will flow past the pipe while the rest will flow past the drill string
depending on the relative flow resistance of the two paths. The difference in elevation between
the pipe entry and pipe exit points also affects the relative mud flow.

Although the current version of the program, used in the current study, does not account for the
changes in the flow directions of the mud flow, the author believes that the current calculations of
the mud drag leads to a slight overestimated pullback load but does not affect the pipe response
significantly.

For more accurate mud drag calculations, the volumetric flow of the mud past the pipe at every
step duing pullback can be calculated knowing the pump rate, the length of each path based on
the location of the pipe head, the geometry of the borehole, pipe and drill string, and the
difference in elevation between the pipe entry and pipe exit points. The mud flow past the pipe
can then be used to calculate the drag force acting on the pipe.

8.2.3

Thermal Effects

Thermal changes affect the response of pipes installed using HDD in two primary ways:
Thermal-induced stresses or strains and change of material mechanical behaviour.

222

Stresses and strains induced by changes in the pipe temperature can affect the short and long term
response of the pipe. For example, when a black HDPE pipe laid outside the borehole before
pullback is subjected to sun radiation, its temperature can rise significantly and it will experience
some elongation. During pullback, the pipe’s temperature may decrease as it enters the borehole
and gets cooled by the drilling fluid. The pipe will tend to shorten but will be partially or fully
restrained by the surrounding soils, which may induce long term tensile stresses that contribute to
crack propagation and affect the pipe’s service life. Mwanang’onze et al. (2003) measured the
coefficient of thermal expansion in the longitudinal and radial direction for HDPE pipes. They
reported longitudinal coefficients of thermal expansion of 1.28×10-4 /Co and 1.44×10-4 /Co for
pipes with standard dimension ratios (SDR) of 9 and 26, respectively. To reduce the thermal
contraction during winter installations, the drilling mud may be heated. During the pipe service
life, seasonal fluctuations in the ground temperature may also induce thermal stresses and strains.

Changes in temperature also influence the mechanical properties of polymeric materials,
especially polyethylene. Generally, a decrease in the temperature leads to higher stiffness and
brittleness in the material.

Mwanang’onze (2002) modified the linear viscoelastic model

developed by Moore and Hu (1996) to account for thermal-induced stresses and strains, but not
for the effect of temperature change on the materials mechanical behaviour. The LVE-VP and
NVE-VP models developed in this study were based on experimental tests carried out at ambient
room temperature. More experimental tests can be carried out at other temperatures and the
dependence of the parameters on the models on temperature can be investigated.

Finally, the modified material models can be implemented in Program HDDPIPE to account for
thermal effects, i.e. changes in the pipe temperature during and after installation.
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8.2.4

Effect of Construction Quality

The quality of construction can play an important role in the installation loads acting on the pipe
and therefore on its short term and long term response. For example, a good design of the drilling
mud and high efforts to create a clean borehole can prevent additional, construction related, loads
such as friction with soil cuttings and borehole collapse during pipe pullback.

In Section 6.6.2 a friction coefficient of 0.8, which is considered to be overly high, was used to
account of additional loads related to poor construction quality. However, there is a need for an
approach that enables the designers to select parameters such as the borehole diameter, the pipeborehole friction coefficient, and the mud properties based on the anticipated quality of
construction. Such an approach was proposed by Baumert et al. (2004) in their conceptual HDD
design framework based on the statistical use of data collected during many HDD installations.

This approach, if implemented in Program HDDPIPE, can enable the program to use or propose
the appropriate design and installation parameters using information provided by the user, such as
the anticipated construction quality.

8.2.5

Effect of Sustained Internal Pressure

Pressure pipes (gas, oil or water) are subjected to internal pressure throughout their service life.
Internal pressure causes sustained hoop and longitudinal tensile stresses that contribute to the pipe
response. Due to the Poisson’s effect and the interaction between the hoop and longitudinal
stresses, the multi-axial material model becomes useful and can be implemented in the HDDPIPE
program.
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8.2.6

Effect of Cracks or Yielding

The constitutive models used in the study were based on experimental results for well cut and
crack free samples which had not been subjected to any load. In practice, cracks, scratches, or
local yielding, may take place during manufacturing, moving and handling of the pipes, or during
the installation process.

These ‘weak points’ may play a significant role in the long term

performance of the pipe, whether fractures occur in the hoop or longitudinal directions.

As recommended by ASTM (1999), the pipe exiting the borehole should not show signs of
yielding or necking-down. The surface of the pipe should be inspected for gouges or scratches.
Gouges or scratches in excess of 10% of the minimum wall thickness should be assessed to
determine whether the pipe is suitable or not for pressure service.

Identifying the mechanical behaviour of those weak points can therefore be useful. This can be
achieved experimentally by conducting loading tests on HDPE samples that contain cracks,
scratches, or have been subjected to yielding. The results of these tests can be used to develop
modified constitutive model parameters.

8.2.7

Special HDD Practices

The installation of large diameter pipes for long distances may require very high pulling loads.
Those required loads may cause damage to the pulled pipe or require increases in the pipe
thickness to ensure safe stresses, leading to substantial increase in cost for long installations such
as wide river under-crossings. In addition, the feasibility of these operations is dependent upon
the availability of large powerful rigs, which is not always guaranteed.
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A new technology to overcome this shortcoming involves the use of a pipe thruster, which is
auxiliary equipment that is installed at the pipe entry point and used to apply a thrust, pushing the
pipe into the borehole and providing support to the HDD rig on the other side of the borehole.
More details on pipe thrusters are available on the web (e.g. http://www.herrenknecht.com). This
technology has the following advantages:
•

It can increase the range of use of HDD rigs (since smaller rigs may be used along with
the thruster)

•

It can provide additional installation forces, allowing for longer installations or larger
pipe diameters.

•

It can reduce the tensile forces in the drill string and the pipe, and provide better
distribution of stresses along the pipe.

Program HDDPIPE can be modified to model the pipe thruster operation. This can be achieved
by applying a pushing load on the element located at the entrance of the borehole (or the position
specified by the user).

8.2.8

Modelling Pipe Bursting Operations

As previously defined (in Chapter 4), pipe bursting is used to replace cracked or deteriorated
pipes, or upsize existing pipes that no longer satisfy the demand. A cable or rod placed within an
existing pipeline of brittle material (clay, concrete, iron) is used to pull through a bursting head
which breaks the original pipe and displaces it radially outward to make room and allow for the
installation of the new pipe product.

In pipe bursting, the main force leading to axial force in the new pipe is the friction between the
new pipe and the surrounding soil (containing the fragments of the broken old pipe). Unlike
horizontal directional drilling, pipe bursting usually takes place along a straight line. Also, the
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frictional forces applied on the new pipe are usually higher than in HDD, especially for deep
installations and where oversize is needed. More details on the interaction between the pipe and
soil are presented in Section 4.3.3.1.

Program HDDPIPE has been modified to model pipe bursting operations. The borehole profile
was reduced to a single straight line with length and inclination entered by the user.

All

calculations of buoyancy forces, viscous drag and amplifications at curves were deactivated.
Evaluation of the program is being undertaken. The modified “PBPIPE” program will be used to
carry out a parametric investigation on the effect of different parameters, including the burial
depth, soil type, installation length and upsize ratio on the short term and long term performance
of the installed liner.
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APPENDIX A
CAPSTAN EFFECT

The additional normal force between the pipe and the borehole wall is proportional to the applied
tensile force. Figure A-1 shows the forces acting on an infinitesimal length of a pipe along a
curve (with exaggerated curvature), excluding gravitational, bending, and mud drag forces. Since
the change in the tensile force over the infinitesimal element dT is insignificant compared to T,
the normal force N can be assumed to act along the line that bisects dβ. From equilibrium along
N direction:

⎛ dβ ⎞
⎛ dβ ⎞
N = T sin ⎜
⎟
⎟ + (T + dT ) sin ⎜
⎝ 2 ⎠
⎝ 2 ⎠

(A-1)

Since dT and dβ are relatively small, the previous equation can be re-written as:

⎛ dβ ⎞
N = 2T sin ⎜
⎟ ≈ T .dβ
⎝ 2 ⎠

(A-2)

And the corresponding friction force acting along the element is:

Fr = μ boreT .dβ

(A-3)

where μbore is the friction angle between the pipe and the borehole wall. Now considering
equilibrium in the direction normal to cd:

⎛ dβ ⎞
⎛ dβ ⎞
(T + dT ) cos⎜
⎟
⎟ = Fr + T cos⎜
⎝ 2 ⎠
⎝ 2 ⎠

(A-4a)
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or

⎛ dβ
⎝ 2

μ bore .T .dβ = dT . cos⎜

⎞
⎟ ≈ dT
⎠

(A-4b)

Re-arranging:

μ bore .dβ =

dT
T

(A-5)

Integrating both sides over the element length:
β2

T2

β1

T1

μ bore ∫ dβ =

dT

∫T

(A-6)

and re-arranging yields:

T2 = e μbore .Δβ T1

(A-7)

c

dβ
R

T2 = T1+ dT

R
N
T1
Fr

b

a

d
Movement
Figure A-1 Tensile load magnification due to Capstan Effect.
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APPENDIX B
DRILLING FLUIDS RHEOLOGY

1. LAMINAR FLOW
When flowing, a fluid is subjected to inertial forces and viscous forces. The relative importance
of these two types of forces for given flow conditions is defined by the dimensionless Reynolds
Number Re, given as (Bird and Hassager, 1987):

Re =

ρν D
μ

(B-1)

where ρ and μ are the density and dynamic viscosity of the fluid, v is the average flow velocity,
and D is the hydraulic diameter defined as four times the ratio of the flow cross-sectional area to
the wetted perimeter. For flow in annulus, the hydraulic diameter is equal to the difference
between the outer diameter and the inner diameter.

Laminar flow takes place at Reynolds numbers less than about 2300, while turbelant flow takes
place at Reynolds numbers higher than about 4000 (Bird and Hassager, 1987). In horizontal
directional drilling applications, flow velocities are relatively small and laminar flow is the usual
behaviour. For example, the Reynold’s number Re for a drilling fluid with 1400 kg/m3 density
and 40 Pa.s dynamic viscosity, flowing in an annulus with an oversize ratio of 1.5, is
approximately given by:

Re = 11.7v a Dbh =

26.8Q
Dbh

(B-2)
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where va is the flow velocity, Q is the flow rate and Dbh is the borehole diameter. For typical
values of average drilling fluid velocity, flow rate and borehole diameter, Reynold’s number is
significantly below 2000 and, as such, laminar flow theories can be used to analyze the mud flow
around the pipe.

2. FLOW MODELS
In general, fluids can be classified into Newtonian and non-Newtonian fluids based on the
relation between the fluid viscosity and the shearing rate. In Newtonian fluids, the dynamic
viscosity is independent of the shearing rate. Non-Newtonian fluids, on the other hand, have
viscosity that depends on the shearing rate. Figure B-1 demonstrates the flow behaviour of a
Newtonian fluid (1) and four non-Newtonian fluids (2, 3, 4 and 5). Although different drilling
fluids behave differently, the flow behaviour of most drilling fluids can be idealized into one of
the five classes mentioned above.

2.1 Newtonian Fluids
The relationship between the shear stress τ and the shear rate (or rate of shearing strain) γ for a
Newtonian fluid is represented by a straight line passing through the origin as shown in line (1) of
Figure B-1. The shear stress is given by:

τ = μγ

(B-3)

where μ is the viscosity and represents the slope of the τ−γ line.
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2.2 Bingham Plastic Model
This model defines a yield shear stress τy below which fluid will have zero shear rate. Above the
yield stress, the shear rate varies linearly with the shear stress:

τ = τ y + μγ

(B-4)

This equation implies that away from the flow boundaries (at low shear stresses) no shearing
occurs and the fluid particles move together as a block (that is "plug flow").

2.3 Power Law Model
This model does not define a yield shear stress and assumes that shearing happens at stresses as
low as zero. The shear stress is a power function of the shear rate:

τ = m(γ&)

n

(B-5)

where m is the consistency index and n is called the fluid flow index.

2.4 Yield- Power Law (Hershel-bulkley) Model
This model combines both yield point and power law characteristics in the shear stress shear rate
relation, i.e.

τ = τ y + m(γ)

n

(B-6)
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This model is more accurate in modeling drilling fluid flow than both Bingham and power law
models for most of the shear rate range. It also has the advantage of being a general model that is
able to capture the Newtonian, Bingham, and power law models by assigning certain values to its
parameters.

3. VISCOSITY MEASUREMENT
Viscosity is defined as the resistance of fluid to flow or to deform under shear stress.
Graphically, it represents the slope of the τ−γ line. A commonly used unit for viscosity is the
Centipoise (cP) which is equivalent to 0.001 Pa.s. The drilling mud viscosity is a function of
(U.S Army Corps of Engineers, 2001):
•

The base fluid (water) viscosity;

•

The temperature;

•

The amount of suspended particles and their shapes and sizes; and

•

The interaction forces among them and between them and the water.

An experimental method for evaluating the viscosity is using the Marsh funnel, which measures
the time needed for a specific volume of the fluid to pass through a calibrated orifice, as shown in
Figure B-2. The viscometer, shown in Figure B-3, can also be used to measure viscosity. It has
the advantage of measuring the viscosity at different rotational speeds, which is desirable for nonNewtonian fluids where the viscosity is a function of the shear rate level. The viscometer can
also be used to measure the gel strength.
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Shear stress τ

5
3
2
1
4

Rate of shearing strain, γ = dv/dr

Figure B-1 τ−γ relationship for different types of fluids (modified
from Munson et al, 2002)
1. Newtonian
3. Shear Thinning
5. Yield-Power Law
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2. Bingham Plastic
4. Shear Thickening

Figure B-2 Marsh Funnel for evaluating viscosity (StraightLine, 2006)

Figure B-3 Viscometer for measuring viscosity at different
rotational speeds (Courtesy of Schlumberger)

235

APPENDIX C
LAPLACE TRANSFORM SOLUTION FOR A SINGLE KELVIN
ELEMENT WITH LINEARLY VARYING INPUT STRESS

The differential equation describing the stress-strain relation of a single Kelvin element is:

σ (t ) = Eε (t ) + ηε& (t )

(C-1)

For ti < t < ti+1, the stress can be assumed to vary linearly (Figure C-1) and the differential
equation can be rewritten as:

σ i + σ&τ = Eε (τ ) + ηε& (τ )

(C-2)

where σ& is the average stress rate in the specified time period and τ is a time variable that is
equal to t- ti. Applying a Laplace Transform with respect to τ yields:

σi
S

+

σ&
S2

= Eε ( s ) + η ( S ε ( s ) − ε i )

(C-3)

where S is the Laplace variable, ε (s ) is the transformed strain, and ε i is the strain at t = ti.
Rearranging Equation C.3 leads to:

ε (s) =

εi
σ i /η
σ& /η
+
+ 2
(E / η + S ) S (E / η + S ) S (E / η + S )
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(C-4)

Now inverting the transform yields the strain in terms of the time variable τ:

ε (τ ) = ε i e

E
− τ

η

+

σ i ⎛⎜
E ⎜⎝

1− e

E
− τ

η

E
− τ
⎛
⎞ σ& ⎛
η
η
⎟ + ⎜τ − ⎜1 − e
⎟ E⎜
E ⎜⎝
⎠
⎝

⎞⎞
⎟⎟
⎟⎟
⎠⎠

(C-5)

The strain at the end of the time step is then obtained by setting τ=Δt= t- ti. i.e.

ε i +1 = ε i e

E
− Δt

η

+

σ i ⎛⎜
E ⎜⎝

1− e

E
− Δt

η

E
− Δt ⎞ ⎞
⎞ σ& ⎛
⎛
η
η
⎟⎟
⎟ + ⎜ Δt − ⎜ 1 − e
⎟⎟
⎟ E⎜
⎜
E
⎠⎠
⎠
⎝
⎝

(C-6)

Alternatively, the strain history can be derived in one closed form solution for the entire time
range if the input stress can be expressed using a single time function that is valid over the entire
range of time being considered.

σ(t)
σi+1
σi

σ’

τ
ti Δt ti+1

t

Figure C-1 Linear stress variation over a time increment Δt.
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APPENDIX D
THE SIMULINK CODE DIAGRAM USED TO SOLVE THE
DIFFERENTIAL EQUATIONS REPRESENTING THE MULTI-KELVIN
MODEL
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APPENDIX E
THE PROCEDURE FOR CALCULATING THE UNIAXIAL
VISCOELASTIC/VISCOPLASTIC RESPONSE FOR
LOAD CONTROL (A) AND DEFORMATION CONTROL (B)

εe(t)

Equation 3.5

σ(t)

Laplace

Equations 3.10

εve(t)

Σ

Transform

ε& vp ( t ) ∫.dt

Equation 3.12

ε (t)

ε vp ( t )

X
Equation 3.11

Wvp

Equation 3.15

Laplace

εve(t)
ε(t)

εe(t)

ε vp ( t )

σ (t)

Eq. 3.5

Eq. 3.15

∫.dt

Wvp

ε& vp ( t )

Eq. 3.12

Eq. 3.10

Transform

ε e ( t ) = ε ( t ) − ε vp ( t ) − ε ve ( t )

(a)

X

Eq. 3.11

(b)
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APPENDIX F
CALCULATIONS OF BOREHOLE PROFILE GEOMETRY AND
PIPE HEAD COORDINATES

Figure E-1 shows the geometry of a typical HDD bore path. The basic design parameters of the
bore path are the installation depth, the horizontal projections of the bore path (L1, L2, L3), the
inclinations of the segments (β1, β2, β3), and the radii of curvature of the bends (R1, R12, R23).
To establish the complete geometry of the bore path, the clear lengths of the straight segments
(L1e, L2e, L3e) and the lengths of the curves (ARC1, ARC12, ARC23) must be calculated first.

L1e = L1.sec β1 − R1 tan

β1 − β 0

L2e = L 2.sec β 2 − R12 tan

L3e = L3.sec β3 − R23 tan

2

− R12 tan

β 2 − β1
2

β 2 − β1

− R23 tan

2

β3 − β 2
2

β3 − β 2

(F-1a)

(F-1b)

(F-1c)

2

ARC1 = β1 − β 0 .R1

(F-2a)

ARC12 = β 2 − β1 .R12

(F-2b)

ARC 23 = β3 − β 2 .R23

(F-2c)

Now considering the intersection of the ground surface with the linear extension of the pipe entry
segment to be the reference point (i.e. XCORNER1 = 0.0 and YCORNER1 = 0.0), the
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coordinates of the other profile corners, curve centres, start point and end point can be calculated
as:

XSTART = 0 − R1 tan

YSTART = 0 − R1 tan

β1 − β 0

.cos ( β 0 )

2

β1 − β 0
2

(F-3a)

.sin ( β 0 )

(F-3b)

XCEN1 = XSTART + R1Sin ( β 0 )

(F-4a)

YCEN1 = YSTART − R1Cos ( β 0 )

(F-4b)

XCORNER 2 = 0 + L1

(F-5a)

YCORNER2 = 0 + L1 tan ( β1 )

(F-5b)

XCEN 2 = XCORNER 2 − R12 tan

YCEN 2 = YCORNER 2 − R12 tan

β 2 − β1
2

β 2 − β1
2

.cos ( β1 ) − R12 sin ( β1 )

(F-6a)

.sin ( β1 ) − R12 cos ( β1 )

(F-6b)

XCORNER3 = XCORNER2 + L2

(F-7a)

YCORNER3 = YCORNER 2 + L2 tan β 2

(F-7b)
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XCEN 3 = XCORNER3 − R23 tan

YCEN 3 = YCORNER3 − R23 tan

β3 − β 2
2

β3 − β 2
2

.cos ( β 2 ) − R23 sin ( β 2 )

(F-8a)

.sin ( β 2 ) + R23 cos ( β 2 )

(F-8b)

XEND = XCORNER3 + L3

(F-9a)

YEND = YCORNER3 + L3 tan β3

(F-9b)

Now that the coordinates of all key points in the bore path profile are known, the horizontal and
vertical coordinates of the pipe head or any point on the pipe can be calculated knowing its
current movement along the bore path.

When MOVE = 0.0:

XCOOR = XSTART

(F-10a)

YCOOR = YSTART

(F-10b)

If

0 < MOVE ≤ arc1 :

⎛
MOVE ⎞
XCOOR = XCEN 1 − R1 sin ⎜ β 0 −
⎟
R1 ⎠
⎝

(F-11a)

⎛
MOVE ⎞
YCOOR = YCEN 1 + R1 cos ⎜ β 0 −
⎟
R1 ⎠
⎝

(F-11b)

If arc1 < MOVE ≤ arc1 + L1e :
XCOOR = 0 + R1 tan

β1 − β 0
2

.cos ( β1 ) + ( MOVE − arc1) cos ( β1 )
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(F-12a)

YCOOR = 0 + R1 tan

If

β1 − β 0
2

.sin ( β1 ) + ( MOVE − arc1) sin ( β1 )

(F-12b)

arc1 + L1e < MOVE ≤ arc1 + L1e + arc12 :

⎛
MOVE − arc1 − L1e ⎞
XCOOR = XCEN 12 + R12 sin ⎜ β1 +
⎟
R12
⎝
⎠

(F-13a)

⎛
MOVE − arc1 − L1e ⎞
YCOOR = YCEN12 − R12 cos ⎜ β1 +
⎟
R12
⎝
⎠

(F-13b)

If

arc1 + L1e + arc12 < MOVE ≤ arc1 + L1e + arc12 + l 2e :

XCOOR = XCORNER12 +
⎛
β 2 − β1
⎜ ( MOVE − arc1 + L1e + arc12 ) + R12 tan
2
⎝

⎞
⎟ .cos ( β 2 )
⎠

(F-14a)

YCOOR = YCORNER12 +

β 2 − β1 ⎞
⎛
⎜ ( MOVE − arc1 + L1e + arc12 ) + R12 tan
⎟ .sin ( β 2 )
2 ⎠
⎝

If

(F-14b)

arc1 + L1e + arc12 + L 2e < MOVE ≤ arc1 + L1e + arc12 + L 2e + arc 23 :

XCOOR = XCEN 23 +
⎛
MOVE − arc1 − L1e − arc12 − L 2e ⎞
R23 sin ⎜ β 2 +
⎟
R23
⎝
⎠

(F-15a)

YCOOR = YCEN 23 −
⎛
MOVE − arc1 − L1e − arc12 − L 2e ⎞
R23 cos ⎜ β 2 +
⎟
R23
⎝
⎠
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(F-15b)

If

MOVE > arc1 + L1e + arc12 + L 2e + arc 23 :

XCOOR = XCORNER 23 +
⎛
β3 − β 2
⎜ ( MOVE − arc1 + L1e + arc12 + L2e + arc 23) + R23 tan
2
⎝

⎞
⎟ .cos ( β3 )
⎠

(F-16a)

YCOOR = YCORNER 23 +

β3 − β 2 ⎞
⎛
⎜ ( MOVE − arc1 + L1e + arc12 + L 2e + arc 23) + R23 tan
⎟ .sin ( β 3 )
2
⎝
⎠
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(F-16b)

L3

L2

L1

(XCORNER1,
YCORNER1)

(XSTART,YSTART)

(XEND,YEND)

βo

ARC1
R1
(XCEN12,YCEN12)

|β1- β0|
(XCEN1,YCEN1)

L1e

β1

(XCEN23, CEN23)

β3

|β2- β1|

|β3- β2|

R12
ARC12

R23

β2
(XCORNER12,
YCORNER12)

L2e

Figure F-1. Ideal Geometry of the Bore Path in Horizontal Directional Drilling
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ARC23
(XCORNER23,
YCORNER23)

L3e
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