
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



TRINITY COLLEGE DUBLIN

The Influence of Lubricant Slurries on Skin Friction 
Resistance in Pipe Jacking

A thesis presented to the University of Dublin, 
Trinity College for the degree of Doctor of Philosophy

Ciaran C. Reilly

School of Engineering 

Supervisor: Assoc. Prof. Trevor L. L. Orr 

30th May 2014



Jr.TRINITY COLLEGE

5 J A N  2015 

LIBRARY DUBLIN ^



Declaration

I declare th a t  this thesis  entitled "The Influence of Lubricant Slurries on Skin Friction 

Resistance in Pipe Jacking” is entirely my ow n w ork  and  has  no t been subm itted  as an 

exercise for a degree at this or any o ther  University.

1 agree to deposit this thesis  in the University 's open access institu tional reposito ry  or allow 

the  Library to do so on my behalf, subject to Irish Copyright Legislation and Trinity College 

Library conditions of use and acknow ledgem ent.

Signed,

Ciaran C. Reilly



'  - a ' ^  L  -  I . . . '  H

f l ' j t t i i - -

;% '■;-S'l ’i
e ^ r * » i | '.  - . -. :



"Think positive! Together we  are building the future.”

- Dr.-Ing. E.h. Martin Herrenknecht 

Chairman o f  the Board o f  Management, Herrenknecht AG



S ' ' ■■' ■ ' ''■ S  ' ‘ ■■ - ■"

iP f l*
' ' I.  ••■‘' v f  i t  .• -I l l

pipp



Abstract

The use o f bentonite and polym er slurries as lubricants to reduce jacking force has long 

been established practice in pipe jacking and m icrotunnelling, w ith  reductions in the skin 

frictional resistance component o f jacking force of up to 90% being reported. The objective 

of this research is to improve the understanding of the mechanisms o f action of these pipe- 

jacking lubricants. Field case histories are presented where the influence o f lubricants is 

shown. Laboratory studies are described where the effects of pressurised and 

unpressurised lubricant slurries in the interface between concrete jacking pipes and coarse

grained and fine-grained soils are quantified. A novel triaxia l testing apparatus is presented, 

which allows for the injection o f lubricants onto the interface between rough concrete and a 

soil that is shearing at the constant volume interface friction angle. It is shown from the 

results of laboratory testing that the main beneficial effect o f pipe jacking lubricants is the 

reduction o f the radial effective stress acting on the pipeline through the generation and 

retention of excess pore water pressure in the soil near the interface. Results are compared 

to field case history data and conclusions are drawn. Additionally, the jacking forces 

observed during two recent m icrotunnelling projects in rock in Ireland are presented and 

analysed.

v
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Chapter 1 Introduction

1 Introduction

1.1 Background

As w e are living in a rapidly urbanis ing  world, with m ore  people now  living in m etropolitan  

areas  than  rural, t rench less  technologies such as pipe jacking and m icrotunnelling are 

becoming m ore  and m ore  im p o rtan t  to tow ns  and cities seeking to reta in  and im prove the 

s tan d a rd s  of utilities available to their  citizens in a susta inable  m anner .  Pipe jacking or 

microtunnelling are  construction  techn iques th a t  allow for the  u n d e rg round  installation of 

pipelines from a s tart ing  shaft to a reception shaft som e distance away, w ith  a m inim um  of 

vertical in trusions to the surface. These m ethods  allow for the installation of pipelines in 

d iam ete rs  ranging from 300m m  to 3000m m . Typical uses include water, gas or oil supply  

pipelines, w aste  w a te r  collection system s and  electrical and  telecom s cable ducting.

Microtunnelling is a special case of the pipe jacking technique, although the te rm s  are used 

a lm ost interchangeably. In microtunnelling, excavation at the front of the pipeline is carried 

out using a rem ote-contro lled  m echanised shield with a cutting wheel at the front and spoil 

removal to the surface via a s lurry  circuit o r  a conveyor system. Microtunnelling is curren tly  

a very  advanced  art w ith  high levels of au tom ation  and m onitor ing  available for many of the 

p rocesses  involved, and, for m ost of the time, personnel are  not located in the pipeline. A 

typical m icrotunnelling  ar ran g em en t is show n in Figure 1.1. Traditional pipe jacking, on the 

o th e r  hand, requ ires  the p resence of personnel within the pipeline and the  shields used may 

consist of open-faced enclosures designed for hand digging or fitted with mechanical 

excavation system s opera ted  by personnel p ro tec ted  w ith in  the shield. The choice of 

techn ique  will often come down to the type of g round th a t  m ust  be excavated, the general 

classifications for the purposes  of equ ipm en t selection being soft soil, hard  soil /sof t  rock 

and hard  rock. Rem ote-controlled microtunnelling  ten d s  to be p re fe rred  for longer lengths 

of pipeline and the m ore  challenging, i.e. very  soft or very  hard, types  of soil. A conceptual 

example of a project utilising a hard  rock microtunnelling m achine to install pipes on a 

curved a lignm ent u n d e r  the seabed is show n in Figure 1.2.
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Separation plant Power
packSlurry discharge line
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panel
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Slurry charyie p u m p j 
Magnetic flow m eter 
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Jacking |
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S U ^ d t s c h ^ e  pump

Figure 1.1 - Schematic of slurry microtunnelling operation (Source; Iseki Microtunnelling)

Figure 1.2 - Installation of subsea pipeline or outfall using curved microtunnelling technique

(Source: Herrenknecht AG)

A large force, the jacking force, is req u ired  to advance the microtunnelling  m achine o r  pipe 

jacking shield and the  s tring  of p ro d u c t  p ipes behind  it from the  s tarting  shaft th rough  the 

g round  to the reception shaft. The force requ ired  m ust be developed by  the  jacking

2
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ap p a ra tu s  and resisted  by a th ru s t  s t ruc tu re  in the s tart ing  shaft, usually a th ru s t  wall tha t  

t ran sfe rs  the force to the ground. The p roduc t  pipes chosen for the pipe jacking operation, 

w h e th e r  concrete, steel, ceramic or g lass-reinforced plastic, m ust  be capable of sustaining 

the m axim um  expected force w ithou t  dam age to the  pipe. Therefore it is essential th a t  the 

likely jacking forces for given conditions can be es tim ated  in advance of a project. The total 

jacking force m ust  overcom e the resistances at the face of the shield and also skin frictional 

res is tance developed over the surface of the shield and  the pipeline, as show n in Figure 1.3.

Face resistance
Total jacking force

Shield

Skin frictional resistance 

Figure 1.3 - Face resistance, skin frictional resistance and  total jacking forces

The m icrotunnelling  machine or pipe jacking shield typically excavates an opening with a 

slightly larger d iam eter  than  the d iam eter  of the p roduc t  pipe to be installed. This "overcut” 

or "overb reak” helps to reduce the skin frictional resistance acting on the pipeline and 

facilitates the  s teer ing  of the m icrotunnelling machine. Bentonite- o r  po lym er-based 

lubrican t s lu rries  may be injected into this overcut th rough  ports  set in the  pipes, as show n 

in Figure 1.4, to  fu r the r reduce the skin frictional resistance. This thesis is concerned with 

the influence of these  lubrican t s lurries  in reducing the  skin frictional resistance, and hence 

the total jacking force, in pipe jacking.

Lubrican t in jection  p o r ts

Figure 1.4 -  Typical a r ran g em en t of lubrication ports  (Pipe Jacking Association, 2007)
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1.2 Motivation for the research & research objectives

The mechanisms of skin friction reduction due to the injection of lubricant slurries into the 

overbreak during pipe jacking are not well documented or understood. Three main 

mechanisms have been suggested for the reduction in skin frictional resistance due to the 

injection of bentonite- or polymer-based slurries, as follows:

1. Conventional boundary lubrication reducing the sliding resistance of the interface 

between the soil and the pipe.

2. Rendering of the pipeline fully or partially buoyant in the viscous slurry.

3. Reduction of the radial effective stress acting on the pipeline.

The present research seeks to clarify the extent of the contribution of each of these 

mechanisms to the measured jacking force reductions observed in the field through the 

collation and analysis of field case history data and the physical modelling of the phenomena 

in the laboratory. It was sought to investigate in particular whether the lubricant slurries 

actually "lubricated” the interface, or if some other mechanism, such as radial effective 

stress reduction, was more significant. This was considered important as the conventional 

approaches to pipe jacking lubrication in the field focus on the control of the volume of 

lubricant injected, while it was considered that the control of lubricant injection pressure 

might have more merit.

This research is topical, since due to increasing environmental concern, ever more complex 

microtunnelling projects are conceived in fields such as long sea outfalls, seawater 

abstraction intakes and ambitious undersea oil and gas pipelines. These demands are 

broadening the remit of microtunnelling from the traditional urban setting towards deeper 

and longer drives. Such extremely long distance pipe jacking is still very challenging, and a 

thorough understanding of the mechanism of skin friction reduction due to the injection of 

lubricant slurries is vital to solving the problems that will be faced.

1.3 Scope of dissertation

The thesis layout is as follows:

Chapter 2: A general introduction to jacking force in pipe jacking and microtunnelling is

given, along with an introduction to the use of lubricants to reduce skin 

frictional resistances. Previous research in the area is introduced and 

reviewed, focussing on empirical, analytical and physical models used to 

analyse and predict the skin frictional resistance component of jacking force
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Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Chapter 7:

Chapter 8:

with and w ithout lubrication. Field studies carried out by others are appraised, 

with an em phasis on studies outlining the impact of lubrication on jacking 

forces.

Field case histories for three m icrotunnelling projects in soft soil collated and 

analysed by the author are presented and discussed. The jacking forces are 

analysed for each drive and the impact of soil properties, operational factors 

and lubrication on the measured jacking forces is reviewed. The results 

obtained through back analysis of the field case history data are compared to 

results found in the literature.

The use of the direct shear soil testing apparatus to investigate the skin 

frictional resistance betw een a number of different soils and a rough concrete 

interface, which was similar in roughness to a concrete jacking pipe, is 

described. The influence of unpressurised pipe jacking lubricants applied to 

the interface w as examined, and the lubrication m echanism s that occurred  

w ere identified.

The developm ent of a novel triaxial testing procedure that allowed for the 

carrying out of interface friction testing is described. Furthermore, it is 

explained how  the apparatus allowed for the injection of pipe jacking 

lubricants under pressure into the interface betw een a soil and a rough 

concrete test specim en.

The results obtained from experim ental testing using the novel triaxial testing  

apparatus incorporating a soil specim en and a concrete specim en are 

presented and analysed. Testing was carried out to sim ulate the injection of 

lubricants under pressure during pipe jacking and the resulting effects and 

m echanism s of lubrication are identified and examined.

Recent case histories of two m icrotunnelled pipelines in hard rock are 

presented, along with an analysis of the jacking forces, advance rates and 

operational factors encountered in each. The effectiveness of lubrication in 

hard rock pipe jacking situations is discussed.

Finally, the main findings and conclusions of the field and experim ental work  

are summarised, highlighting the practical applications of the research and 

suggesting areas where further work may be recom m ended.
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Chapter 2 Literature review

2 Literature review

2.1 Introduction

The research described in this thesis concerns the skin friction resistance generated during 

the installation of pipe-jacked underground pipelines and how this skin fric tion resistance 

may be reduced through the injection of lubricant slurries into the ground around the 

pipeline during pipe jacking. In this chapter, the background to this research is set out. The 

concept o f jacking force is described and a distinction between total jacking force and skin 

fric tion resistance is made [§2.2). The theory o f friction is discussed and its relevance to soil 

mechanics is explained (§2.3), while the undrained shear strength and interface shear 

strength of fine-grained soils is also introduced (§2.4). Lubrication mechanisms and the use 

of slurries as lubricants in pipe jacking are described and the manner in which pipe jacking 

lubricants are applied in the field is set out (§2.5). The analytical models commonly used for 

predicting or back analysing the skin friction component of jacking force are examined 

(§2.6). Some of the field research carried out to date into jacking forces in pipe jacking is 

reviewed (§2.7), while w ork done to physically model the skin frictional resistance is 

discussed (§2.8). Finally, the chapter is summarised (§2.9).

2.2 Jacking force in pipe jacking 

2.2.1 Jacking force

The jacking force is that force which must be applied to the rear o f the pipe string to 

advance the product pipes through the ground. The prediction of jacking forces in advance 

of a project is d ifficu lt but important. It is d ifficu lt due to the complex soil-structure 

interactions present, and im portant because it must be ensured that the specified materials 

and equipment are appropriate to safely complete the required drive distance. According to 

Stein & Beckmann (2011), there are three sources of resistance like ly to act on the pipe 

jacking shield or m icrotunnelling machine and jacking pipes as they are advanced through 

the ground:

1. Face resistance (force: P f and stress: pp), which is the resistance that the face o f the 

pipe jacking shield or m icrotunnelling machine must overcome as the soil at the face 

is excavated.
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2. Skin frictional resistance [force: Ps and  stress: ps), which is due to the  skin friction 

developed over the ex ternal surface area  of the  pipe jacking shield o r  

microtunnelling  machine and  jacking pipes as they  are pushed  into the  ground, it is 

useful to note  at this s tage th a t  this resistance is alm ost always frictional in nature , 

ra th e r  than  adhesive [Norris, 1992).

3. Any extra res is tance caused by unin ten tional m isalignm ents and correc tions th e re  

of, or intentional cu rva tu re  in troduced  during the pipe jacking process  [force:

P M i s a l i g g n m e n t  a n d  S t r e S S :  P M is a l ig n m e n t ) .

Once the soil type and  the  operational p a ram e te rs  rem ain  the  same, the face resistance 

should  rem ain  uniform  th ro u g h o u t the  drive, bu t as the length of pipeline increases, so too 

will the  skin friction res is tance and m isalignm ent resistance. This is show n in Figure 2.1. 

While it is relatively easy to m athem atica lly  model the face res is tance and  skin friction 

resistance, m isalignm ent resistance is much h a rd e r  to p redic t  and model [Sugimoto and  

Asanprakit, 2010], varying greatly  depend ing  on the specific pa ram e te rs  of a par ticu lar 

drive. For these  reasons, m isalignm ent resistance will not be s tud ied  in detail here. As m ost 

of the  case histories  p resen ted  th ro u g h o u t  this research  are of s tra igh t d rives and it is 

universally  the case th a t  a t tem p ts  a re  m ade by the con trac to rs  to m aintain  t ru en ess  in these  

drives, it is considered  ap p ro p r ia te  to allow for m isalignm ent res is tance within the  analysis 

of face and skin frictional resistance.

Face resistance

Drive length (m)

Figure 2.1 - Illustrative jacking force plot against length driven, showing hypothetical 

contributions from each type of resistance

if it is assum ed th a t  m isalignm ent res is tance  m ay be accounted  for w ithin the  face and the 

skin frictional resistance, the  total res is tance  to be overcom e by the jacking force can be
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expressed as the sum of the face resistance force, Pf and skin friction resistance force, Ps:

Ptotal =  P f + P s Equation 2-1

2.2.2 Face Resistance

The resistance to advance of the face of a pipe jacking shield or microtunnelling machine 

through the ground is a function of the ground strength in front of the face and the speed at 

which the microtunnelling machine is advanced. While with open face pipe jacking the 

greatest risk will be the collapse of the face inwards, with microtunnelling machines there is 

also the possibility of exerting excess force on the ground in front of the machine. As 

microtunnelling machines are designed and operated so as to achieve a pressure balance at 

the face, the face resistance will vary between the active and passive earth pressure acting 

on the face of the machine. Ideally the microtunnelling machine will be driven as fast as 

possible without stalling due to lack of torque. If rate of advance is too slow, there is 

increasing the risk of material sloughing into the excavation and subsequent surface 

settlement, while too fast a rate may cause heave (Staheli, 2006). The solids and liquids 

[groundwater and slurry) present must be also controlled so as to avoid both soil uplift and 

surface settlement, as shown in Figure 2.2 and Figure 2.3.

Terrain Top 
A

I Ground W aler Level

Fluid p ressu re  in 
suspension  (slurry) 
cham ber

^  ^  I
Soil P re ssu re  W aler 

P ressure
Conlacl 

ressu re  ol 
□ring head

Figure 2.2 -  Forces acting on the face of a 

microtunnelling machine (Stein, 1989)

\ 
\

- P a> f V —  P n < F  L i < F < Pp

Figure 2.3 -  Possible deformations caused by 

face pressures in pipe jacking (Stein, 1989)

2.2.3 Frictional Resistance

As shown in Figure 2.1 the skin frictional resistance force generally makes up the larger part  

of the total resistance to jacking force. As the length of drive gets longer, so does the overall 

frictional resistance, and it is ultimately the frictional resistance that determines the 

practical lengths of individual drives. Several factors affect the skin frictional resistances 

during pipe jacking including (Marshall, 1998; Chapman and Ichioka, 1999):
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• Type of soil and variation along the pipeline

• Normal stresses acting on pipeline

• Roughness of pipeline surface

• Rate of strain

• Contact conditions between pipe and soil

• Overcut during excavation

• Position of w ater  table

• Lubrication

• Duration of stoppages, for example breakdowns, overnight or weekends

• Pipeline misalignment a n d /o r  intentional curvature.

• Changes to soil characteristics due to dynamic loading and vibrations.

This list of factors is widely accepted in the literature to hold true for the modelling of 

frictional resistance and will be used later in this thesis to provide a framework for 

investigations into skin friction resistance.

2 .3  Friction

2.3.1 Friction in geotechnical engineering

Since this research is primarily concerned with the effects of frictional resistances to 

movement, it is useful to review the theory of friction between solid bodies, and to discuss 

frictional contact in soils. By way of comparison, cohesion or adhesion in soils will be briefly 

commented upon. Since a great many textbooks expand on these topics in detail, this section 

will be brief.

2.3.2 Friction theory

"Friction” is intuitively the force that exists between two objects in contact that resists 

relative movement between them. Leonardo da Vinci [1452-1519] experimentally verified 

the two basic laws of friction, that the frictional resistance is proportional to the load 

applied and independent of the area of contact of the sliding surfaces. In 1699, Amontons 

found similarly, and incorrectly proposed that friction was due to interlocking asperities on 

the surfaces in contact and the frictional force was always equal to one-third of the normal 

load. Coulomb in 1781 made a distinction between static and dynamic friction and showed 

that dynamic friction was lower than static friction. Coulomb was unsure whether friction
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was due to adhesion between molecules on each surface or the interlocking of surface 

asperities [Bowden and Tabor, 1958], however the Coulomb model o f fric tion  has persisted:

F =  f iN  Equation 2-2

where F is the force resisting sliding on a plane, N is the normal force acting perpendicularly 

to the plane and n is the coefficient o f friction, or the ratio o f the resisting force to the 

normal force acting n the plane. It is convenient to let n = tan (|), where (}) is termed the angle 

of friction, and to express the forces N and T as the stresses a and t  acting over the area of 

contact:

T =  (T tariip Equation 2-3

A common representation o f friction, the frictional slip of a block on a plane, is shown in 

Figure 2.4.

Solid object  

Slip plane

Figure 2.4 - Frictional slip of a block on a plane

Much o f our modern understanding of frictional processes comes from Bowden and Tabor’s 

classic w o rk  in fric tion  theory (1958) which deals in the main w ith  metals. Frictional 

stresses are generated by chemical bonding or "welding” in and around areas o f real contact, 

i.e. areas where tin y  asperities on the surface of materials come into contact, areas that are 

many times smaller than the geometric area of contact. This area o f true contact is found to 

be roughly proportional to the applied load, which fits in w ith  the previously mentioned 

observations made by Da Vinci and Coulomb many centuries ago.

2.3.3 Friction in soils and granular materials 

2.3.3.1 Friction mechanisms

)ust as adhesive bonding prevents relative movement between tw o flat surfaces, the 

movement o f two soil grains against one another is sim ilarly resisted at points o f real 

contact, as is the movement o f assemblies of soil grains, as illustrated in Figure 2.5. Equation 

2-3 equally holds fo r the resistance to movement in all o f these situations.

Displacement
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s - S - - - - S - — s

N

Figure 2.5 - Friction between sliding bodies (Bolton, 1979)

While metals can flow plastically and "weld” together at the areas of real contact, crystalline 

solids like many soils cannot and hence form junctions which are weaker. Minerals and 

rocks that  normally form granular soil particles have distinct inter-particle sliding friction 

angles, depending on factors such as surface micro roughness, durability, texture and 

hardness of the surface and by the crystal structure and bonding characteristics of the 

mineral crystals. Values of inter-particle sliding friction range from 20° to 40°, with more 

common materials having values in the range 25° to 35° (Terzaghi et al., 1996).

2.3.3.2 Effective stress

The presence of w ater within a soil does not affect the coefficient of friction between the 

grains of a soil, but the pressures tha t  exist in the w ater will have profound effect on the soil 

behaviour. This behaviour was described by the Principal of Effective Stress [Terzaghi, 

1943], w here the total normal s tress on a plane, a, is equal to the sum of the pore w ater 

pressure, u, and the effective stress acting through the soil skeleton only [a ’). Thus, Equation 

2-3 becomes:

T =  (ct — u)tan(p' = a' tancp' Equation 2-4

where x' and (()' are the effective shear stress and effective angle of shearing resistance 

respectively.

2.3.3.3 Shear strength and failure in soils

The strength of a soil is not a unique value but rather depends very much on the conditions 

under which the soil is loaded. A num ber of failure criteria exist, that  allow for the 

prediction of the strength of a soil under  certain specified conditions once strength tests 

have been carried out on a representative sample of the soil under known conditions. For 

drained conditions, where excess pore w ater pressure is not developed, the Coulomb failure 

criterion applies for non-cemented soils. It is similar in formulation to Equation 2-4, but
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using the param eters that correspond to a state of shear failure, i.e. slippage along the plane 

S-S in Figure 2.5, Tf’ and at':

Tf  =  oy' t a n 0 '  Equation 2-5

This condition may be visualised using the results of a series of triaxial tests on the same 

soil, w here  the major and minor principal stresses at failure are used to plot Mohr circles of 

stress and a line through the origin and produced tangential to these circles represents the 

soil strength envelope, as illustrated in Figure 2.6. The soil cannot attain a stress condition 

above this envelope. The compressive sense of the Mohr circles is of interest only, and so the 

tensile region is removed in the presentation of Mohr circles of stress for soils.

Figure 2.6 - Coulomb shear strength envelope

The Coulomb failure criterion is suitable for coarse-grained soils where the behaviour is 

purely frictional. In some soils, particularly fine-grained soils, a drained "cohesion” intercept 

is present, w here the shear stress is positive when the normal stress is zero. Various 

explanations exist for this phenomenon, including real cohesion and cementing, but these 

will not be dealt with here. The Mohr-Coulomb criterion may be used to define the failure 

conditions of such a soil and Equation 2-5 may be re-written to take account of a drained 

cohesion intercept c’:

Tf = c' + Of' tancf)' Equation 2-6

Using hypothetical test results again, the Mohr-Coulomb failure criterion may be illustrated 

as shown in Figure 2.7.
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Figure 2.7 - Mohr-Coulomb shear strength envelope

The shear strength of frictional soils under drained loading conditions may be partially 

described by these two models. In order to more fully model the shearing behaviour of 

certain soils, o ther concepts m ust be taken into account, for example dilation and peak 

strength. These will be briefly introduced in the following section.

2.3.3.4 Peak strength and dilatancy

Critical state theory (Muir Wood, 1990) inextricably links shearing and volume change in 

soils. When a loose sand shears it tends to contract, whereas a dense sand will dilate, or 

expand in volume until it reaches a critical state of constant volume shearing. This 

phenomenon may be dem onstrated quite simply in the shear box. When a dense sand 

dilates, the lid of the shear box moves upwards at the angle of dilation ij; . There are a 

num ber of explanations for this behaviour. This occurs as the interlocking particles of sand 

rearrange themselves as they move past each other. The conventional approach commonly 

seen in text books is that of the saw tooth (Bolton, 1979), where the particles must rise up 

microscopic shear planes inclined at an angle of ijj to the horizontal in order to make 

progress. This saw tooth analogy, as shown in Figure 2.8 below, can only be relevant for 

very small strains, as when one tooth crosses the opposite tooth and interlocks again, the 

net volume change is zero, or for very fast strain rates where the saw tooth surfaces slide so 

quickly that  only the tips touch.

Relative m otion

current

Resultant force on 
m icro plane is a t

current)
to  the verticalcurren t

Macro
plane

Micro plane

Figure 2.8 - Saw tooth analogy for dilation (Powrie, 2002)
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More recen tly  it has been  suggested  th a t  dilatancy and  critical s ta te  in g ran u la r  m ateria ls  

could be explained by an evolving frequency of microscopic topological even ts  (flips) and 

elastic re laxation of the g ranu la r  particles (Mesarovic e t al., 2012), each giving rise to ne t  

vo lum e increases  until a s tra in  of approxim ate ly  5% is reached. Figure 2.9 show s a 

par ticu la r  "cell” undergoing  a volum e increase (dilation), followed by contraction.

An*

Figure 2.9 -  Generic flipping mechanism (Mesarovic et al., 2012).

From left to right, as th e  cluster is vertically com pressed , the  s ta tus  of neighbouring  

partic les changes. Solid lines indicate particles in contact, w h ereas  dashed  lines indicate 

n ea re s t  neighbours  not touching. The volume occupied by the c luster first increases  by Ae+ 

then  d ecreases  by Ae-. It was found th a t  a t each tim e increm ent,  only a small fraction of cells 

in a sam ple  a re  undergo ing  flipping, and in the next in c rem en t a completely  d iffe ren t se t  of 

cells a re  topologically translating , allowing for the n e t  volum e increase observed  during  the 

shearing  of dense  sands.

This p ro p e r ty  of dilatancy allows dense  sands undergo ing  shearing to exhibit a h igher  peak 

angle of shearing  resis tance before reaching a lower, critical state, angle of shearing  

resistance. The peak  angle of resistance, c |) ’peak , is a t ran s ien t  quan tity  w h e reas  th e  critical 

s ta te  angle of shearing res is tance cj)’«  is a fundam ental  p a ram e te r  of a m ater ia l  (Powrie, 

2002). For sands, this critical s ta te  angle of friction is generally  te rm e d  the  co n s tan t  volum e 

angle of shearing  resistance, while in fine-grained m ateria ls , an o th e r  s trength , the  residual 

s trength , m ay  often be quo ted  as the m in im um  s tren g th  of the  m ateria l af te r  relative 

m o v em en t has  caused clay partic les to becom e aligned along a p re fe rred  failure plane 

(Lupini e t al., 1981). The concept of critical s ta te  shearing  is i l lustra ted  in Figure 2.10, w h e re  

the typical shearing  re sp o n se  of th ree  different classifications of soil a re  show n (Budhu, 

2011). Type I soils are loose sands, normally consolidated  and  lightly overconso lida ted  

clays. Type 11 soils are d en se  sands and heavily overconsolida ted  clays and Type 11-A soils 

a re  clays in which the partic les  m ay becom e aligned along a p re fe rred  failure plane, which 

allows for a low er residual shea r  strength.
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Peak

Type II— dense sands and overconsolidated clays

in(/)
O)
(/I

reo>
JZ
i / ) ^  Critical state

Type ll-A  soils
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Figure 2.10 - Shearing behaviour of soils in terms of (a) shear stress (b) vertical strain and

(c) void ratio (Budhu, 2011)

2.3.4 Friction in soil-structure interfaces 

2.3.4.1 Interface friction shearing mechanism

There has been much research on the shearing mechanism between soil and construction 

materials [Potyondy, 1961; Uesugi and Kishida, 1986b; Uesugi and Kishida, 1986a; Uesugi et 

al., 1988; Uesugi et al., 1989; Uesugi et al., 1990; Gomez et al., 1999; O'Kelly and Naughton, 

2008]. While shearing behaviour may be modelled using the Coulomb or Mohr Coulomb 

failure criteria  introduced in section 2.3.3.3, in general the angle of internal frictional 

resistance 4>’ is substituted for by an angle o f interface fric tion  resistance which w ill vary 

up to a maximum value o f cf)’ depending on interface contact conditions. An illustra tion of 

frictional contact between a soil and an interface, in this case a concrete jacking pipe, is 

shown in Figure 2.11.
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N

Concrete pipe

In -s itu  soil

Figure 2.11 - Frictional forces (T,N) and stresses (t ,o ) acting on a jacking pipe in contact with

in-situ soil

The main factors shown to effect interface friction behaviour under direct loading are 

interface roughness, soil density, particle angularity and normal stress across the interface. 

A variety o f test methods are used in these works and elsewhere to assess the interface 

behaviour, including direct shear [Potyondy, 1961; Zong-Ze et al., 1995; Iscimen, 2004; Liu 

et al., 2005; O'Kelly and Naughton, 2008J, simple shear [Uesugi and Kishida, 1986b; IJesugi 

and Kishida, 1986a; Kishida and Uesugi, 1987; Uesugi et al., 1988; Uesugi et al., 1989; Uesugi 

et al., 1990], ring shear (Tan et al., 1998; Hungr and Morgenstern, 1984) and annular shear 

apparatus (Kishida and Uesugi, 1987].

2.3.4.2 Roughness

While a surface may look flat and smooth and feel smooth to the touch, under a microscope 

all surfaces have a complex structure w ith  irregularities introduced by material structure, 

coatings applied or the manufacturing processes. Surface roughness or texture often affects 

the functionality of a surface. In geotechnical engineering, the surface roughness o f an 

interface w ill have a significant effect on the resistance to shearing between a soil and an 

interface (Potyondy, 1961; Uesugi and Kishida, 1986b].

There are two classes o f parameters commonly used for the measurement of surface 

roughness, profile and area. Profile parameters are parameters based on measurements 

made over a line of a certain length, the gauge length, while area parameters are derived 

from measurements made over a certain area (British Standards Institute, 2010]. Line 

measurements are typically made using a moving mechanical stylus that physically makes 

contact w ith  the surface, while  area measurements may be made using more modern optical 

instruments, which do not make contact w ith  the surface. In common, these measurements 

are used to produce a surface topography resulting from the intersection o f the real surface 

w ith  a specified plane, usually the plane that lies nominally parallel to the real surface. 

Linear profiles may be extracted from area profiles i f  necessary.
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In geotechnical eng ineering  practice, hne profile surface roughness  m e asu rem en ts  are 

com m on (Uesugi and  Kishida, 1986b; Iscimen, 2004; Knapett and Craig, 2012]. The m ost 

com m only  quo ted  profile surface roughness  p a ram e te rs  in the l i te ra tu re  a re  Ra and  Rmax 

(also v^ritten R z). Ra is th e  a r ithm etic  m ean deviation of the absolute  of the  o rd ina te  values 

over an eva luation length  L;

Rmax is the  m axim um  heigh t difference reco rded  over the  profile, i.e. the d is tance be tw een  

the m axim um  peak  he igh t  and the  m inim um  valley depth  from the plane of m easu rem en t  

over the  eva luation length.

Uesegi et al. (1990] p e r fo rm ed  sim ple sh ea r  te s ts  on air-dry  sand and  concrete  and  found 

th a t  peak  angle of in terface  friction mobilised be tw een  the soil and  the  concrete  is highly 

d e p e n d en t  on the  ro u g h n ess  of the  concrete  and  the m ean  particle size (Dso] of th e  sand. 

The no rm alised  roughness  p aram eter ,  R„, w as  introduced, which re la tes  the  ro u g h n ess  of 

the in terface surface to the  partic le size d istr ibu tion  of the soils shearing  against  it as 

follows;

w h e re  Rmax(L=:D5o] is th e  height difference be tw een  the h ighest peak and the low est valley 

taken  along a surface profile w ith  a length L equal to the D so  value of the  soil u n d e r  

investigation. A re la tion b e tw een  the coefficient of friction, |i, which is the  tan g en t  to the 

angle of in terface friction 6, is show n  in Figure 2.12.

It is seen  th a t  as the  no rm alised  roughness  increases, a “critical” roughness  is reached  after 

which the  coefficient of friction increases no more. This critical roughness  is th e  roughness  

value a t w hich  th e  limiting in terface sh ea r  resis tance changes from being a function of the 

in terface angle of  friction, 6’, to the  angle of shearing  res is tance of the  sand  itself, (()’, i.e. the  

surface of sh ea r  failure m oves aw ay  from the in terface and  into the soil body. In practice, the  

ro u g h e r  th e  in terface a n d / o r  th e  smaller the  average partic le size of a soil, th e  g rea te r  the 

interface shea ring  res is tance  becom es until the  limiting value is reached.

Equation 2-7

L

Equation 2-8
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Figure 2.12 - "Critical" roughness on the sand-concrete interface (Uesugi & Kishida, 1990)

Based on a review of a number o f other studies, Knapett and Craig [2012) present a, 

perhaps more practical, graph o f the interface friction ratio against normahsed average 

surface roughness [Figure 2.13), showing sim ilar behaviour w ith  increasing surface 

roughness and /or reducing average particle size.
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Figure 2.13 - Friction angle ratio against average roughness normalised by soil mean particle

size Dso (Knapett & Craig, 2012)

2.4 Undrained shear strength

While field studies have shown that the soil around advancing jacking pipes generally 

behaves in a drained manner [Norris, 1992), Anagnostou and Kovari [1996) give a range of 

conditions at which it  is predicted soil around a tunnel w ill behave in the manner of an 

undrained soil. It is suggested that when the soil affected has a permeability low er than
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roughly lO ^to lO-® m /s  and when the penetration rate is faster than roughly 1.67 or 16.7 

m m /m in, then the soil around the tunnel w ill behave as an undrained soil. It is useful then to 

consider the undrained shear strength o f a soil, i.e. the resistance to shearing while 

significant excess pore pressures are allowed to build up w ith in  the soil. The undrained 

shear strength of a soil is denoted Cu, which is a total stress parameter, and is described by 

the Tresca failure criterion:

T f  =  Equation 2-9

The Mohr circles o f stress at failure o f three hypothetical samples of an identical fully 

saturated soil are shown in Figure 2.14, and illustrate that the shear stress at failure w ill 

remain uniform  despite changes in tota l normal stress.

I—

Strength envelope

a

Figure 2.14 - Tresca (undrained) shear strength envelope

In undrained soil structure interaction problems, the mobilised shear stress resisting 

movement along the interface, Tint, is related to the undrained shear strength through an 

adhesion factor a [Knapett and Craig, 2012):

Tint =  Equation 2-10

The adhesion factor a may range from zero to unity, w ith  a perfectly rough interface having 

an adhesion factor of unity.

2.5 Use of lubricants in pipe jacking 

2.5.1 Definition of lubrication

The skin fric tion  resistance between a moving pipe and the surrounding soil depends on the 

effective normal stress acting on the pipe and the angle o f effective interface shearing 

resistance between the pipe and the soil, as shown in Figure 2.11. If  the fric tional stress is to 

be reduced, a reduction in the effective normal stress acting on the pipeline or the angle o f
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interface shearing resistance is required. Lubrication, from the Latin luhricus, "slippery", is 

the common term  for the action of minimising friction and allowing smooth movement, and 

the m anner in which lubrication may be applied to pipe jacking is discussed in this section.

2.5.2 Lubrication th eo ry

In ideal fluid lubrication, surfaces moving relative to each other are entirely separated by a 

layer of lubricant of appreciable thickness and the resistance to motion is due only to the 

viscosity of the lubricant layer. In practice, and particularly where speeds of motion are low 

and loads are high, this situation is unlikely and instead lubrication will be of the film or 

boundary type [for the purposes of this research, film lubrication and boundary lubrication 

may be considered as synonymous). Here, lubricant films of molecular thickness separate 

the surfaces, and the efficiency of lubrication will have little to do with the bulk viscosity of 

the lubricant and more to do with the properties of the sliding surfaces themselves (Bowden 

and Tabor, 1958]. As for unlubricated friction, the frictional resistance is proportional to 

normal stress except for extremely low stresses w here frictional resistance is found to 

increase with reducing stress, and the efficiency of film lubrication is generally independent 

of speed of movement for sensible speeds [Bowden and Tabor, 1958].

2.5.3 Slurries in geotechnical engineering

Mineral slurry, chiefly based on bentonite clay, has been used during construction to 

stabilise drilled shafts in coarse-grained soils since the late 1940s [Majano et al., 1994], with 

polymer slurries popular recently due to environmental constraints affecting the use of 

mineral slurries. One of the primary requirements of a slurry is the effective formation of a 

filter cake or mud cake, which is a relatively impermeable region of gelled slurry particles 

that forms, under the influence of a pressure gradient, on the surface of and to a certain 

depth within a permeable soil [Figure 2.15). This filter cake of solid particles enables the 

transfer of positive effective stress to the soil particles and hence helps to maintain the 

stability of, for example, a borehole.

21



Chapter 2 Literature review

Soil v o ld i 
f illed  w ith  
g d h d

Soil 
P»rtlcfe$

W ater ti lle d  
soil voids

C o n so lid a ted  g e lltd  
J lu rry

-  /
F lu id isc )
tiurry

r\V,/tA /  ^
Figure 2.15 - Filter cake formation in soil (Washbourne, 1986)

The most typical material used as a slurry base is bentonite, which is the common name for 

a group of montmorillonite clay minerals including sodium, calcium and potassium 

montmorillonites. These minerals, because of their chemistry and microstructure, are very 

effective at absorbing water, swelling in the process and capable of absorbing several times 

their dry mass. Their structure is that  of very thin flat crystalline sheets of negatively 

charged particles held together in stacks by positive cations in a layer of adsorbed water 

(Milligan, 2000). Bentonite, once hydrated, remains strongly dispersed in w ater  with a good 

resistance to bleeding, i.e. settling out of suspension. Bentonite is very effective at filter cake 

formation, with the creation of regions of permeability as low as of 10-i°m/s in coarse

grained soils possible. There are two classes of bentonite useful for construction, natural 

sodium bentonite and modified sodium bentonite. Wyoming bentonite is an example of a 

natural sodium bentonite, with other regions around the world producing potassium and 

calcium bentonite, which are less useful in construction. Calcium bentonite may be modified 

through ion exchange and transform ed into sodium bentonite. These ion-exchanged 

bentonites typically have the benefit of higher gel strength and viscosity than natural 

bentonite (Jefferis, 1992).

Polymers are large, long-chain molecules formed by the linking together of smaller 

monom er molecules. Water-soluble polymers such as starch, guar gum, xanthan gum, 

carboxymethyl cellulose or HPAM are becoming popular for ground engineering and have 

some advantages when used alone or mixed with bentonite. They are useful at much lower 

concentrations than bentonite, e.g. a Ikg/m ^ polymer slurry may have similar viscosity as a
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40 -  50kg/m3 bentonite slurry, and, since the long-chain polymer molecules effectively 

"encapsulate” the soil particles, polymers inhibit the swelling of active clay minerals 

(Jefferis, 2013). Other advantages offered by certain polymers include a greater resistance 

to salt and cement contamination and the ability to be broken down into less viscous liquids 

by the addition of simple chemicals like bleach (Jefferis, 1992), which may aid in waste 

disposal. Polymers may be added to bentonite slurries to improve their properties, and 

certain synergies may be formed with bentonite or other mineral clays. Polymers on their 

own or as foam mixtures may be introduced in relatively small proportions to ease the 

m ovement and transport of coarser soils, and are often used in this application in earth 

pressure balance tunnelling. However, polymers do not form filter cakes in the same 

m anner as bentonite-based slurries, but rather rely on their high viscosity at low shear 

stress to suspend soil particles (Jefferis, 2013]. Some filter cake may form with polymers, 

but it is typically a semi-permeable, membrane-like region of interwoven polymer chains 

enclosing soil particles, ra ther than a region of incrementally-built aligned clay platelets as 

is the case for bentonite (Majano et al., 1994].

Slurries may exist in three states: dispersed, flocculated or gelled, as illustrated for the case 

of bentonite in Figure 2.16. When particles in the slurry carry an electrical charge, which 

depends greatly on the chemistry of the slurry, polar w ater molecules may become 

adsorbed onto the particle surface, forming a bound layer of w ater surrounding the particle. 

The repulsive force between the slurry particles are somewhat balanced by attractive Van 

der Waal’s forces, but not fully. So, the slurry particles are separated in suspension, in the 

dispersed state [Figure 2.16a]. If the platy clay particles have different charges on the face 

and edge, they may be able to accumulate together in a clumped flocculated structure, as in 

Figure 2.16b. Certain additive may also facilitate this behaviour. These clumps, or floes, 

settle out of suspension much more quickly than individual particles. Finally, certain types 

of slurry including bentonite-based slurry exhibit a time-dependent behaviour known as 

thixotropy. Here, the shear strength of the fluid depends on the shearing rate; if the fluid is 

left undisturbed, it "sets” to a certain gel-strength while it reverts to a viscous fluid when 

sheared (Milligan, 2000). The particle arrangement for this situation is shown in Figure 

2.16c. The gel strength will depend on the particle concentration within the slurry, with 

higher concentrations of particles giving rise to higher gel strengths.
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Figure 2.16 - Bentonite slurry structures: (a) dispersed (b) flocculated (c) gel (Milligan, 2000)

The study of these non-Newtonian fluids is complex, involving the study of soil mechanics, 

environmental engineering, chemistry and materials science. Since there is a such a wide 

range of s lurry types, and slight differences in water chemistry may have such a large effect 

on the ir behaviour (fo r example magnesium ion concentrations of 50mg/L have been shown 

to cause problems in m ixing o f bentonite s lu rry (Jefferis, 1992)), this section is necessarily 

brief, however the properties presented and discussed should be sufficient to aid the reader 

w ith  the understanding o f the present research.

2.5.4 Pipe jacking lubricants

2.5.4.1 Reported mechanisms of action

The term "lubricant" is perhaps a misnomer in pipe jacking, as "lubricants" are held to 

perform  many functions [Norris, 1992; Schoesser et al., 2011), including:

1. Lubrication of the pipe string, so that the friction between the surface of the jacking 

pipes and the surrounding ground is reduced

2. Provision o f buoyancy to the pipeline, so that the pipeline "floats” in a stable overcut

3. Stabilisation of the bore so that the surrounding soil does not transfer earth 

pressures to the entire circumference o f the pipeline

4. Transport o f soil o r fractured rock particles, so that cuttings do not gather at the 

bottom of the overcut and cause the pipe string to stick.

It has been shown that lubricants substantially reduce the force needed to drive a string of 

jacking pipes in the ground (Norris, 1992; Pellet-Beaucour and Kastner, 2002; Staheli, 2006;
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Curran, 2010; Shou et al., 2010; ^etin et al., 2011], w ith  reductions in skin frictional 

resistance o f between 10% and 90% being attributed to the injection of lubricants. Four 

possible friction-reducing mechanisms are (Milligan, 2000; McGillivray, 2009; Schoesser et 

al., 2011):

1. The lubricant forms a lubricating boundary layer between the soil and the pipe.

2. The lubricant mixes w ith  the soil to form a layer of material w ith  a lower angle of 

friction.

3. The lubricant fills up the overcut, stabilising it  and making the pipeline partia lly or 

fully buoyant.

4. The lubricant permeates into the soil until such time as a filte r cake forms in the soil 

thereby reducing the effective stress on the pipeline.

These possible mechanisms w ill be examined at in detail in the fo llow ing sections.

2.5.4.2 Film or boundary lubrication

The ability  of pipe jacking lubricants to provide "lubrication" during the driving of a pipe 

string through the ground is open to question. For comparison, the presence of water 

doesn't "lubricate" soils, but instead the generation of excess pore pressures reduce the 

effective stress w ith in  the soil, and it  is certainly the case that interface shearing resistance 

is not fundamentally affected by the presence of water [Dietz, 2000). It is felt that given the 

particulate nature of most soils, lubricants may not be able to form a sufficiently durable 

film  or boundary to ease the movement of particles over each other.

2.5.4.3 Lubricant-soil mixtures

The effect of bentonite s lurry penetration into soil on the shear strength of the soil was 

investigated by Filz et al. (2004). Test results were presented for standard drained triaxia l 

tests on coarse sand [Dis= 3.0mm) w ith  water as a pore flu id and for sim ilar sand samples, 

where the pore water has been replaced w ith  6% bentonite s lurry through application of a 

pressure gradient. It was found that there was no significant difference in the strength of the 

consolidated coarse sand w ith  water as pore fluid, or the same coarse sand w ith  6% 

bentonite slurry as the pore fluid, as shown in Figure 2.17.
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Figure 2.17 - Shear strength of coarse sand with & without slurry penetration (Filz et al., 2004)

2.5.4.4 Buoyancy and contact conditions between the pipe and the soil

Loganathan and Poulos (1998) base their elastic settlement analysis on the assertion that 

the pipe string settles to the bottom of the overcut gap, and hence the distance between the 

crown of the tunnel lining and the crown of the excavated space becomes twice the designed 

overcut. Norris [1992) and Marshall [1998) have observed pipelines both settling to the 

bottom of the overcut and undergoing buoyant uplift due to the action of w ater  or slurry in 

the excavation. Here, the pipes were forced to the top of the overcut space and resistance to 

jacking was greatly reduced. Simple calculations carried out based on data provided by a 

concrete jacking pipe manufacturer [FP McCann, 2011) show that from nominal diameter 

(diametre nominal) DN 900 upwards, concrete jacking pipes, if water-tight, are buoyant in 

water.

2.5.4.5 Filter cake formation

As mentioned in Section 2.5.3, the ability of slurry to form a filter cake in the soil is of 

interest in pipe jacking and microtunnelling, as the formation of such a filter cake may be 

vital to one mechanism of skin friction reduction [§2.5.4.1). The formation of a filter cake 

depends on the relative grain sizes present in the soil and lubricating fluid, the pressure 

gradient between the pore water pressure  in the soil and the injection pressure  of the 

lubricating fluid, and time [Majano et al., 1994; Filz et al., 2004). It was found, for example, 

that at a pressure differential of 2kPa and after 4 hours, an unspecified bentonite slurry mix 

formed an effectively impermeable filter cake [Majano et al., 1994). Filz et al. [2004) 

indicate that a filter cake will form from bentonite-water slurry if the Dis size of the sand is 

0.4mm or less and otherwise the bentonite-water slurry will penetrate  into the soil. 

Schoesser et al. [2011) differentiate between an outer filter cake, inner filter cake and slurry 

penetration into the soil, as shown in Figure 2.18.
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Figure 2.18 - Outer filter cake (left), inner filter cake (centre) and slurry penetration (right)

(Schoesser at al., 2011)

it is suggested  that, for b en to n ite  slurry, an ou te r  filter cake forms w h en  Dio is less than 

1mm, an in n e r  cake forms w h en  Dio is be tw een  1mm and 6m m  and free p ene tra t ion  into the 

soil will occur w hen Dio is g re a te r  than 6mm.

2.5.5 Guidelines  for lubricat ing pipe jacks and  usage in t h e  field 

2.5.5.1 Field observations on the use of lubricants

A search  of the l i te ra tu re  and  discussions with pipe jacking con trac to rs  and drilling mud 

supp lie rs  revealed tha t  th e re  w ere  no explicit guidelines o r  com m only-applied  ru les as to 

what, w hen  and  how  much to lubricate with. That lubricants  should  be mixed "to suit the 

g ro u n d ” and  applied "when n ecessa ry ” w as as far as could be established. The UK-based 

Pipe Jacking Association (2007] give the following guidance on the use of lubrican ts  in pipe 

jacking:

"Frictional forces on the pipeline may be reduced by applying a suitable lubricant,

under a nominal pressure above that o f the ground water pressure present."

Bentonite is the  pre ferred  choice of lubricant for m ost conditions w ith in  Ireland and  the  UK, 

norm ally  in the  form of CETCO Hydraul-EZ, a modified ben ton ite  contain ing p ro p r ie ta ry  

po lym er additives. Some con trac to rs  mix bentonite  with  o th e r  po lym er o r  su rfac tan t 

p roduc ts  to com bat swelling clays w hen  necessary. Many co n trac to r  personnel in terv iew ed  

had rules of thum b, for exam ple to inject lubricant after every  p ipe or every  o th e r  pipe a t a 

set p re ssu re  above an a ssu m ed  hydrosta tic  pressure.  Others aim ed to keep the  annu lus  

open, w ith o u t  stating exactly how  this w as achieved or checked for. O ther re sea rch e rs  

re p o r t  s imilar difficulties in quantifying field lubricant use. Staheli (2006] indicated  th a t  the 

m ethods  and  lubrication schem es used by tunnelling con trac to rs  w e re  based  on experience 

in s imilar g round  conditions, while Borghi (2006) stated:
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“In spite o f  its importance, so il conditioning, or research thereon, is som etim es 

regarded  with distrust and the ‘common sense and experience  ’ approach has tended  

to be preferred  in the field . This attitude is perfectly  reasonable fo r  less demanding  

projects o r in cases where only a low standard  o f  perform ance is required. However, 

as the efficiency and control o f  the machine operation becomes critical or when the 

p ro jec t conditions grow  in complexity, a deeper understanding o f  the fundam ental 

mechanics becom es crucial to com plem ent the experience-driven approach to soil 

conditioning. ”

Figure 2.19 -  Automatic lubricant dosing system  (Herrenknecht AG)

Recently, th e re  have been a t tem p ts  to m anage and control the lubrication of p ipe jacking 

operations. The H errenknech t "Volume Controlled Bentonite System”, show n in Figure 2.19, 

is a new  system  th a t  can autom atically  provide a dosage of a p red e te rm in ed  volum e of 

lubrican t along a pipe-jacked pipeline [Ulkan, 2013). Prior to the com m encem en t of pipe 

jacking, the project designer p rep a re s  a lubrican t dosage plan based on the geotechnical 

conditions expected, so th a t  the  optimal am o u n t of lubrican t is delivered. The plan is 

executed during the works, with  all data  reco rded  for la te r  analysis. Meanwhile, the "Cojack” 

system  allows the acquisition of jacking force data  in real t im e and the processing of this 

data  off site (Beckmann et al., 2007). In future, system s like these  may m ake m ore  da ta  on 

lubrication practice in pipe jacking available for analysis.

2.5.5.2 Quantities of lubricant injected

Pellet-Beacour and Kastner (2002) and the French Society for Trenchless Technology 

(2006) rep o r ted  on the re la tionship  be tw een  the  volume of lubricant injected and  the 

corresponding  reduction in skin friction s tress  from a n u m b er  of m onitored  drives. Volumes 

injected ranged  from 25 litres p e r  linear m e tre  in m arl and sandy-gravelly marl to 170 litres 

p er  linear m e tre  in clean sand. In sandy  soils, it is show n th a t  volume of lubricant injected
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and the percentage reduction in skin friction stress are closely related. It is also shown that 

continuous injection all along the pipe is the more effective strategy than reactive injections 

made when increases in jacking force w ere observed, as it may be too late, once the skin 

friction stress has increased, to have any effect with lubricant. A link between permeability 

of sandy soil, the volume of lubricant injected and the percentage reduction in skin friction 

resistance was also noted, showing that the quantity of lubricant injected must compensate 

for the more permeable sandy soils. Pellet-Beacour and Kastner (2002) present a graph of 

friction reduction percentage against the volume (litres) of lubricant injected per linear 

metre, which is reproduced in Figure 2.20, showing the beneficial effect of injecting large 

volumes of lubricant, particularly in sands.
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Figure 2.20 - Percentage reduction in skin friction stress against volume of injected lubricant 

per linear metre (ml = linear metre) (Pellet-Beaucour and Kastner, 2002)

For one site at Bouliac where the dominant soil type was "clean sand", careful attention paid 

to lubrication allowed skin friction stress to remain at a very low value, approximately 

O.SkPa, for the drive. Following this and other observations, the following factors were 

judged to have assisted in maintaining this low stress (French Society for Trenchless 

Technology, 2006):

• The provision of an adequate overcut, taking account of the possibility of swelling 

clay and settlement effects.

• The addition of polymers and microbeads, which are small rigid spheres often added 

to reduce drag in drilling fluids, to bentonite slurry.

• Continuous lubricant injection at several points along the pipeline, not just at the 

rear of the shield.
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• A large injection volume [average injection rate o f 5.6 times the volume of the 

overcut in the case of Bouliac, but in any case at least equal to the volume of the 

overcut].

• Continuous jacking w ithout long stoppages.

• Careful measurement and m onitoring o f lubricant volume and pressure.

2.6 Modelling the skin friction component of jacking force

2.6.1 Approaches to modelling the skin friction stress in pipe jacking

Many models have been proposed for modelling the skin fric tion component o f jacking force 

in pipe jacking [McGillivray, 2009), ranging for simple empirical models to advanced 

analytical and numerical models, in common, almost all take account of the normal stress 

imposed by the ground onto the pipeline [§2.6.2]. This w ill also depend on the stability of 

the ground, due to the overcut and arching, which may also be taken account of in 

modelling. A num ber o f empirical models are reviewed, followed by the review of several 

theoretically based models o f skin fric tional resistance. For the theoretically based models, a 

distinction is made between coarse-grained soils and fine-grained soils, as models 

applicable to one may not be applicable to the other, while for empirical models the soil type 

is norm ally taken account o f w ith in  the model itse lf

2.6.2 Normal stress on underground pipelines 

2.6.2.1 Overcut

Normally, the pipe-jacking shield or m icrotunnelling machine is a slightly larger diameter 

than the product pipes, and the annular gap behind the shield or m icrotunnelling machine is 

termed the overcut or overbreak. The overcut reduces the normal stress on the pipeline. 

One of the fo llow ing three conceptual mechanisms, or a combination, may influence the 

normal stress development follow ing creation of the overcut:

1. The overcut may remain open, m inim ising the contact area and contact pressure 

between the pipe and the ground.

2. The overcut may yield, allowing for the development o f arching mechanisms that 

reduce the normal effective stress on the pipe barrel.

3. The overcut may elastically unload onto the pipeline, or the swelling of clays may 

generate high stresses on the pipe barrel.

These mechanisms are shown in Figure 2.21, while a probable physical scenario is also 

shown.
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Figure 2.21 - Conceptual mechanisms for overcut behaviour around a pipeline -  open overcut 

(left), closed overcut due to collapse, swelling or elastic unloading (centre) and a possible

physical scenario (right)

The overcut ratio (R] is the ratio of the shield diameter (Ds) to the product pipe diameter 

(Dp):

(D5 — D p )  Equation 2-11

From a series of small scale tank tests using a model m icrotunnelling machine and coarse

grained soil it  was found that providing an overcut causes large reductions in jacking forces, 

reducing jacking forces on the model m icrotunnelling machine by a factor of up to 8 or 10 

[Phelipot et al., 2003). Rogers and Yonan (1992) found that an overcut ratio of 

approximately 0.04 was optimal, w ith  forces remaining low  i f  the overcut ratio was 

increased beyond this. A factor of 3 to 5 reduction in frictional resistance between steel and 

two types of sand was observed using an overcut ratio of 0.0308.

2.6.2.2 Stability

Once the overcut has been formed, its stability is of concern. The stability of the overcut is 

examined separately for the case o f coarse-grained and fine-grained soils, but firs t the 

concept o f arching in soils is introduced.

2.1.1.1.1 Arching

Since the effect o f arching was firs t identified by French m ilita ry  engineers in the design of 

silos, where it was noted that the base of the silo supported only a fraction of the total mass 

above it and that the side walls carried a much greater load than expected, there has been 

much research into the phenomena (Lochaden, 2012). The active trapdoor problem, where 

movement takes places away from the soil mass, has long been used as a simple method to 

model the stress d istribution occurring around tunnels. The classical active trapdoor 

problem defined by Terzaghi [1943) is reproduced in Figure 2.22.
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i  4 M
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c^tru-hanr

d W ^  2 B rdz

Figure 2.22 - Sliding surfaces in Terzaghi's trapdoor model (Terzaghi, 1943)

Once the  overcut allow^s for enough resu lt ing  soil m ovem en t to initiate th e  arching 

m echanism , the  vertical s tresses  acting on the crov\/n of an un d erg ro u n d  pipeline m ay be 

calculated as follows:

av =
y B

K • tan  4> ( 1 -
~k ■ tan (p ■H/B) Equation 2-12

fffj =  0.3y(0.5Dp +  DpOy) Equation 2-13

B = Dp 1-1-2 tan !̂)) Equation 2-14

w h e re  the  sym bols are as defined in Figure 2.23 below. Although it is possible to calculate 

the theore tica l  s tress  d is tr ibu tion  a ro u n d  the  pipeline, Staheli (2006] suggests it m ay be 

ap p ro p r ia te  to assum e th a t  a uniform  norm al s tress  on of the  sam e m agnitude as Ov acts 

p erpend icu larly  to the  pipeline for the  full pipeline diam eter.
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Figure 2.23 - Silo pipe loading model after Terzaghi (Norris, 1992)

2.1.1.1.2 Coarse-grained soils

Excavations in coarse-grained soils will generally become unstable unless the soil around 

the excavation is partially saturated and negative pore w ater pressure can generate a 

supporting suction. Stability may be recovered by filling the overcut with a pressurised 

bentonite lubricant in sufficient quantity and at the correct consistency to form a "filter 

cake”, as shown in Figure 2.24 below, which will allow the pressure exerted by the lubricant 

to keep the soil off the pipe body [Phelipot et al., 2003; Schoesser et al., 2011).

external cake

internal cake 
lubricated zone

Figure 2.24 - Filter cake formation (Phelipot et al, 2003)

It is considered that the lubricant pressure needed to support the overcut may be found in a 

m anner similar to the pressure required for face stability in slurry-shield TBM tunnelling. 

The support pressure that must be provided by the lubricant, ot, for a soil above the w ater 

table is calculated as follows:

ffj. = yDsTy Equation 2-15
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w here Tyis the tunnel face stability num ber (obtained from Figure 2.25), y is the unit weight 

of soil and Ds is the outside diameter of the shield. The tunnel face stability num ber depends 

only on the effective angle of friction of the soil, 4)’, and is independent of depth. In the 

presence of ground water, the w ater p ressure m ust be added to o t  and the unsaturated unit 

weight used for the soil below the water table (Norris, 1992).

2.0

1 0 * 2 0 ' 30'0
'P '

Figure 2 .25  -  Tunnel face stab ility  num ber for coarse-grained so ils (Norris, 1992)

2.1.1.1.3 Fine-grained soils

The stability of a tunnel bore in fine-grained soil is checked using the method of Broms and 

Bennermark (1967) by calculating the stability ratio, N, as follows:

^  _  y ^0  ~  <̂ T Equation 2-16

w here Cu is the undrained shear strength of the soil and zo is the depth to tunnel axis. A 

stability ratio of six or above is generally accept as the value beyond which the tunnel 

opening becomes unstable (ITA/AITES, 2007; Thomson, 1993). Klein (1991) states that pipe 

jacking operations can be carried out without difficulties in stability numbers in the range 

four to five, and that stability ratios of one to two indicate elastic response in generally firm 

ground conditions.

If stability is proven, it m ust then be established if the elastic unloading of the soil around 

the pipe is of lesser or greater magnitude than the width of the overcut (French Society for 

Trenchless Technology, 2006). The vertical convergence due to elastic unloading of the 

overcut, Av, is given by:
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I — V? Equation 2-17
A i ^ =  -  Dp(3ay—afj)

Es

w hile  the horizontal con vergence  due to elastic unloading, Ah, is given by:

1 — Equation 2-18
A h =  -  Dp( 3a f j —ay)

Es

w h ere  Es and Vs are the elastic m odulus and P o isson ’s ratio o f  soil. Dp is the product pipe  

diameter, a n  is the horizontal stress  and o v  is the vertical stress. The horizontal s tress  may  

be se t  equal to the vertical s tress  to simplify the problem, as m en tion ed  in 2.1.1.1.1. If the  

convergence  is less  than the overcut distance m easured  on the  radius this indicates that the  

overcut will remain open. In this case Condition 1 given in Section 2.6.2.1 will hold, while  

o th erw ise  if the convergence is greater than the overcut distance, full contact will be  m ade  

onto the pipe barrel and Condition 3 will apply. Typically finite e lem en t  codes  are used  for 

a ssessm en ts  like this in m odern practice.

2.6.3 Skin friction resistance models  

2.6.3.1 Simple empirical m odels

A num ber o f  sim ple empirical m odels  m ay be used in practice to estim ate  likely jacking  

forces in advance o f a project. Indeed, it w ould  probably be correct to sim ply cite empirical  

ev idence  w hich su ggests  that skin frictional s tresses  rarely exceed lOkPa (Thomson, 1993),  

although relying on this m ay be over-conservative. One approach to predicting the frictional 

com ponent o f  jacking forces is to a ssu m e that frictional resistance acts over  the entire pipe  

area. This can be an over simplification as studies have sh o w n  that contact is irregular and  

variable around the jacking pipe circumference (Norris, 1992; Marshall, 1998) ,  as sh o w n  in 

Figure 2.21, but is an assum ption w id e ly  made in practice (Curran and McCabe, 2011; Reilly 

et al., 2 0 1 2 ) .  Stein et al. (1 9 8 9 )  suggest an empirical m ethod  for evaluating mean frictional 

stress  in an unstable bore w hich has been w id e ly  applied:

=  M • nDpL  Equation 2 -19

w h ere  M is the skin frictional stress, L the length o f  p ipeline and Dp the  external d iam eter  o f  

the product pipes. Some values of  M from the literature are quoted in Table 2.1 and Table  

2.2, w h ere  unfortunately no further information is available on soil types  m entioned .  

Limitations to this m ethod  of skin friction resistance prediction are a lack of theoretical  

basis  and the highly variable range o f values quoted by literature.

35



Chapter 2 Literature review

Soil Type

Skin friction resistance (kPa)
French

Microtunnels
project

INSA/PN
microtunnel

Japanese  Society for 
Trenchless Tech.

US Army 
Corp Eng.

Norwegian 
Geotech Inst

Silt/Marl 2 - 3 . 2

Clay 2.8 0 . 5 - 3 . 2  (2.2) 2.1-3.5 0.8-13
Sand 0 . 5 - 2 . 8 2.8-4 2,7-12 (6.1) 2-11 (5.7)
Sand & gravel 3 - 9 3.6-4.B 12-30(15.9)

Table 2.1 -  Skin friction resistance from various international studies (averages in bold)

(Pellet-Beaucour & Kastner, 2002)

Soil type
Skin friction resistance (kPa)

France UK Australia Germany
Rock 2 - 3 1
Boulder clay 5 - 1 8 2 . 8 - 1 8 . 4
Firm clay 8 - 1 0 5 - 2 0 5 - 7 . 5 5 . 3 - 9 . 3
Wet sand 1 0 - 1 5 13 2 . 2 - 1 6 . 1
Silt 17 5 - 2 0 4 . 9 - 8 . 5
Dry dense sand 1 . 1 - 6 . 7
Dry loose sand 2 0 - 3 0 2 5 - 4 5
Fill up to  45
Dense gravel 50 2 . 3 - 6 . 4

Table 2.2 - Skin friction resistance from various international studies (Thomson, 1993)

2.63.2 Advanced empirical models

Staheh (2006) summarised fifteen prediction models for unlubricated skin friction 

resistance in pipe-jacking, which are reproduced in Table 2.3. These models are all 

empirical, some taking more account of the principals of soil mechanics than others, while 

Chapman and Ichioka's model is derived from statistical analysis. Of these models, only 

Scherle’s and Bennett’s models differentiate between lubricated and unlubricated 

conditions, with Scherle reducing the coefficient of friction between the soil and the pipe 

based on the liquid limit of bentonite, while Bennett attributes the reduced frictional 

resistance to a loss of soil strength caused by the presence of the slurry (McGillivray, 2009).
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Author Predictive Model 
Frictional Component of Jacking Force

Symbols, Notes, Etc.

ATV-A 161E 
(1990)

Circular Cross Section:

j u-y- h- K{ b„+{K^- ^2h
K  =

tan(0.5(Z>)- ^

2d„

Hasan (1985)
tan(5 • K , - Y -----

2 V 2
+  -

/y

tan5 = Coefficient of friction 
Km= Reduction factor

Jackin
g
Metho
d

h/d. Overcut Non-
Cohesive

Cohesive

Open
Shield

< 2 With or 
Without

K m = l K m  = 1

> 2 With or 
Without

K „ = ( l + K ) /

2
K m = ( l + K ) '2

Closed
Shield

< 2 With K m = ( l + K ) '2
< 2 Without K m  = 1 K m = l

> 2 With K n , = ( l + K ) /
2

K m = ( l + K ) '2

Ebert (1990)
0 .5/ / •  a - y - h  + y. \h + -^\+P, ■K̂  + W, 10 y = Soil density

a = Active load coefficient
Po = Surface loads
Kj = Earth pressure coefficient at
rest
Lr = Pipe length_______________

Herzog ( 1996)
M -r 2

Note Similarities to Helm.

Paul
(as summarized 
in Stein 2005)

/ / • 7

Chapman
(1999)

a + 3.8d^

Details o f Method found in Section 2.4.3

Based on Statistical Evaluation of
198 Slurry Microtunneling
Projects.
a= 1.53 for clay
a= 2.43 for sand
a -  3.43 for sand/gravel__________

Bennett (1998) K  = C a 7  dp tar\{Cf(/)^)ApL

Details o f Method and Values for Friction 
Reduction Factor, Cf, and Arching Reduction 
Factor, Ĉ , found in Section 2.4.4.__________

y’ = Effective soil unit weight, 
dp= Pipe diameter;
(|), = Residual soil friction angle, 
Ap = Pipe circumference,
L = Length of tunnel.

Osumi (2000) fo = + m’)ju'+;tB^C

C’ = Adhesion of Pipe and Earth (8kN/m^ for 
N<10 and 5kN/m^ for N>l 0)
Details o f Method found in Section 2.4.5.

P= Jacking force reduction factor 
Be = Diameter of the pipe 
Q = Normal force 
W = Pipe weight

Table 2.3 -  Summary of predictive jacking force models (Staheli, 2006)
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Author Predictive Model 
Frictional Component of Jacking Force

Symboh,  Notes, Etc.

Waiendky / 
M oncke(!970) 1 K~  +1 

/  • /? • J — ^ ------tan  S
S = (p 3 /2
6= Wall friction angle

= Coefficient of lateral earth 
pressure at rest 
H = Cover depth

Helm (1964)
r ^ . + 1Circular Cross Section: U - Y - h -----------

2
Rectangular Cross Section:

b„ +a a

Ka = Active earth pressure 
coefficient

ba = External width of the 
microtunneling shield or machine

da External height or diameter of 
microtunneling shield or machine

Szentandrasi
(1981)
Scherle(1977)

/

p
\

1 ^  Sch ^K-\ ^  K2~̂  ^  So 1 ^ j
, “ 2 4 Ad, ]

H„ = Effective cover depth 
W s  = Dead weight o f pipe 
Fa = Buoyancy

Solomo (1979) Ci

r

Re

^cular Cross Section: 

ctangular Cross Section:

b a + d .

For a very dense compacted sand.

K m  =  Effective earth pressure 
coefficient

Weber (1981) Cii

Re

-cular Cross Section: JU ■ - J p ^ ,  ■ P /^  

Ctangular Cross Section:

( r - 4j + f c .

ba + d ,
\

Slurry Boring Method 
p = 0*46
P v  = Vertical earth pressure 

Ph = Horizontal eaith pressure

Weber (1981)

da

With Stiff ness Modulus from Ohde; 
/  N'"’

Auger Boring Method with Steel 
Pipes
(318, 508 and 711 mm diameter): 
v,w = Stiffness coefficients 
Ada =  Deformation dimension of 
the pipe string

Iseki
(as Summarized 
in Stein 2005)

M { q  +  W;)+C q = Loading vertical to pipe axis 
[kN/m^]

zy =  tan  —
2

Table 2.3 (continued) - Summary of predictive jacking force models (Staheli, 2006)
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2.1 .1 .1 .4  Staheli

Staheh [2006), based on laboratory interface friction testing and analysis o f field case 

histories, proposed a model for predicting the skin fric tion  resistance in pipe jacking based 

on Terzaghi’s active trapdoor model. Staheli’s predictive model for skin fric tion resistance 

fo r non-lubricated conditions is as follows:

y • r  ■ cos(45 +  0 ^ /2 )  Equation 2-20
Ps =  P -in t------------- ——7-------------- n - D p - Ltan (p-r

where Hintis the residual interface friction coefficient derived from laboratory data and 4>r is 

the residual internal fric tion  angle of the soil.

2.1 .1 .1 .5  McGlliivray

McGillivray [2009) modified Staheli's model to account fo r lubrication. Here, a separate 

relation is proposed for each of three separate phases of a drive, i.e. non-lubricated, partia lly 

lubricated and fu lly  lubricated. The non-lubricated length is m ultip lied by a factor o f unity, 

while  the partia lly lubricated length is m ultip lied by 0.5 to represent an intermediate state 

and the lubricated length is m ultip lied by 0.1 to account fo r the maximum reduction in skin 

fric tion resistance seen w ith  effective lubrication. The model is then w ritten:

P5 — /^int * ^  ' ^ P L  * ^ f l )  Equation 2-21

where non-lubricated drive length, Lpl is the partia lly

lubricated drive length and L fl is the fu lly  lubricated drive length. The total drive length, L  =  

L n l+ L pl+ L fl . More conservatively, the partia lly  lubricated length may be ignored, so that L  =  

L nl+pl +  L fl-

2.6.3.3 Theoretically-based models

W hile many o f the aforementioned models take the normal stress acting on the pipeline and 

the pipe-soil interaction into account, they do not account for the differing behaviour of 

coarse-grained and fine-grained soils or the stab ility  of the overcut. A more thorough 

framework-based approach based on measured soil properties, as suggested by the French 

Society for Trenchless Technology, [2006) is presented in Figure 2.26 and is described in 

detail in the follow ing sections.

39



Chapter 2 L itera ture review

Verify s tab ility  
o f excavation

U nstab le S table

Coarse soil
Ps=HN

M agn itude  of 
e lastic  un load ing

Closed an n u la r  sp ace O pen  an n u la r sp ace

Frictional co n tac t Cohesive co n tac t
P s= W tan6  Pj^aSub

Figure 2 .26  - Flow chart for prediction  o f jacking force in m icrotunnelling (after French Society

for T renchless T echnology, 2 0 0 6 )

2.1.1.1 .6 Stable ground,  op en  annular space

If the overcu t can rem ain  open, the p ipe will e i ther  shde  along the  base  of th e  excavation, or 

be force by buoyancy  to slide along the  top  of the  excavation (Norris, 1992). Two classes of 

contact m u s t  be considered, frictional and  cohesive, w ith  soft clays in par ticu la r  falling into 

th e  la tter  classification.

2.1.1.1.6.1 Frictional

For dra ined  soils charac te rised  by a friction angle c()' and  a cohesion in te rcep t  c’, frictional 

res is tance acting on pipe string sliding in a stable bo re  is a function of the  w eigh t or  buoyant 

w e igh t of the p ipes and the frictional p rope rt ie s  of the pipe-soil interface:

Ps =  WL  tan  S Equation 2-22

w h e re  W is the  self w eight of th e  p ipe string p e r  m etre ,  L is the  length of pipeline and  6 is 

th e  interface friction angle be tw een  th e  pipe and  the  soil. Interface friction angles have been 

suggested  by m any  au th o rs  [Potyondy, 1961; Milligan and  Marshall, 1998; Gomez et al., 

1999; Staheli, 2006], while som e in terface friction angles given by Milligan and  Marshall 

(1998) a re  quo ted  in Table 2.4 below. The interface friction angle is less than  or equal to the 

in terna l friction angle of soil, and  m ay be derived  from a suitable labora to ry  test.
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Soil type 6

London clay {high plasticity) 13°

Stiff glacial clay (low -m ediu m  plasticity) 19°

W e a th e re d  m udstone 17°

Loose to  m edium  dense sand and gravel 32°

Dense silty sand 38°

Table 2.4 - Interface friction values for concrete jacking pipe and some common soil types

(Milligan & Marshall, 1998)

If the pipehne is under the groundwater level or it is assured that the overcut is kept 

appropriately pressurised with bentonite lubricant of the correct consistency to keep the 

overcut open, then the following expression may be used to factor down the frictional 

stresses by the buoyancy of the pipeline:

fPs =  [W  — ny^ — I L tan S Equation 2-23

where Y w  is the unit weight of water or of bentonite slurry. With lubrication, values of tan 6  

from 0.1 to 0.3 have been suggested (Stein et al., 1989).

2.1.1.1.6.2 Cohesive

For soils capable of generating cohesive contact in a stable bore, where undrained 

conditions will most likely prevail, the frictional resistance is a function of contact force per 

unit length, W, and contact width, b, as shown in Figure 2.27 below. Haslem (1986) suggests 

that the width of contact, b, may be calculated based on the solution for elastic contact 

between two curved surfaces:

b =  1.6 (WkiiCe) Equation 2-24

where kd= (DsDp/(Ds-Dp) and Ce= (1- Vs^]/Es + (1- Vp2)/Ep where Vs, Vp, Es and Ep are the 

Poisson’s ratio and elastic modulis for the soil and product pipes respectively. Haslem 

suggested Ep = 34 Gpa and Vp = 0.2. Then, the frictional resistance force, Ps, is:

Ps =  a c^b  Equation 2-25

where a is an adhesion factor, common to pile skin-friction models, Cu is the undrained 

shear strength of the soil and b is the contact width. Clays can show significant "strain 

softening”, in that the residual shear strength of a specimen may be less than 50% of the
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peak shear strength. The adhesion factor, a, takes account of this "strain softening" and 

contact surface irregularities. Tomlinson (2001), based on studies by others, recommends 

taking a peak adhesion factor for ultimate load on piles driven into fine-grained soils as 

shown in Figure 2.28 below.

I

Figure 2.27 - Contact patch, b

1.6
a
k_
o
m 0.8«4—
c9
<D

^  0.4

fO
<uQ.

0.2

^(0.35, 1.0)

(0.8, 0.5)

0.2 0.4 0.8 1.6 3.2
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Figure 2.28 - Adhesion factor, after Tomlinson 

(2001)

The contact normal stress distribution is given by:

w  =
2W  .

na \ a?

0.5

Equation 2-26

where a = b /2  and x is the distance to either side of the centre line of the area of contact 

(Milligan and Norris, 1996).

2 .1 .1 .1 .7  U nstable overcut or c losed  annular sp ace

If the overcut has collapsed or elastic unloading allows full contact between the pipe and the 

soil, the models outlined in the following sections may be applied.

2.1.1.1.7.1 Coarse-grained

In coarse-grained soils, volume losses caused by any loss of material into the face, the effect 

of the overcut and contraction of the soil due to ongoing shearing will cause soil movement 

towards the pipeline (O'Reilly and New, 1982), and the moving soil will exert radial 

p ressure around the pipe circumference. Auld (1982), cited by Haslem (1986), proposed a 

skin friction depending on arching around the pipe in both the vertical and horizontal 

planes while an experimentally-derived soil-pipe interface friction angle, 5, may be 

introduced ra ther  than the empirical f. Then, the skin friction resistance force Ps is:
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(cTw +  CXu)
^  • nDpL ■ tan 6 Equation 2-27

where the symbols have their usual meaning, and cth and av are as defined in Equation 2-12 

and Equation 2-13 above. For simplicity, qh may be set equal to av.

2.1.1.1.7.2 Fine-grained

Similarly, soil movement will be towards the pipeline in fine-grained materials [O'Reilly and 

New, 1982), with the soil tending to close around the pipe, especially in the case of swelling 

clays. In this case, it is logical to assume that the soil in the vicinity of the soil-pipe interface 

will be extensively reworked by the passage of the pipe and the shearing stress between the 

fine-grained soil and the pipeline will be governed by this remoulded shear strength and 

some interface friction factor:

Ps =  P Cur TtDpL Equation 2-28

where (3 is a coefficient characterizing the soil-pipe interface behaviour in the very thin 

shear zone around the pipe, Cur is the remoulded undrained shear strength of the soil and all 

other symbols have their usual meaning. Studies have shown that p may be taken as 0.6 for 

pipe jacked concrete pipelines (French Society for Trenchless Technology, 2006], while 

Leroueil et al [1983] give an estimate for Cur based on the liquidity index II, given in Figure 

2.29 below. However, caution must be applied to this method, as it has been shown that 

frictional stresses are very sensitive to variations in consistency of the reworked clay 

interface shear band between pipe and soil due to changes in w ater  content due to lubricant 

or slurry entering the overcut space.

3.0

2.5

0.5

0.1 10 100

RESISTANCE OF THE ALTERED CLAY c„, (kPa)

Figure 2.29 - Remoulded shear strength of clay based on liquidity index (Leroueil et al, 1983)
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Based on the observations that the liquid limit [ w j  and plastic limit [wp) of remoulded 

clayey soil correspond with undrained shear strengths of 2kPa and 200kPa respectively, 

Muir Wood (1990) suggests an approximate relationship between liquidity index 11 and 

remoulded undrained shear strength as follows:

c-ur =  2 x  Equation 2-29

The liquidity index of a soil (11) allows the scaling in a standard way of the w ater contents of 

a soil between its liquid and plastic limits:

W - W p  w  - W p  Equation 2-30
‘ l  —  — ;

W l  —  W p  I p

2.6.3.4 Statistical models

Linear regression has been performed on jacking force data derived from observations 

made during 236 slurry shield drives by Chapman and Ichioka (1999), with the intention of 

developing statistical relationships between the classification of the soil and the expected 

jacking forces during microtunnelling. Nominal diameters included in the study ranged from 

250mm to 1000mm. The data w ere examined for trends, including trends of jacking force 

with Standard Penetration Test N, rate  of lubricant injection, curvature or misalignment of 

the drive, cover depth and ground conditions. Ground conditions were found to give the 

most acceptable relationships with jacking force. Ground conditions were broken down into 

three general categories: clay soil, sand and sand and gravel. The total jacking force was 

expressed as the sum of a primary resistance fo and a frictional resistance P:

Ptotai = fo + n  ■ D ■ P ■ L Equation 2-31

The primary resistance, fo, is given by:

fo =  (^s)^ Po ■ Equation 2-32

w here Ds is the shield diameter and Po represents the face resistance. A value of 90 

tonnes/m2 was found to represent 90% of the data collected, and will be used here. Finally, 

the frictional resistance param eter P is given by:

p  = A + 0.38Dp Equation 2-33
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where A is a constant related to the soil types chosen to sort the data by in the study, which 

are clay soil (A=0.153), sand [A=0.243] and sand and gravel (A=0.343). The equation was 

shown to produce good predictions of maximum jacking forces required in m icrotunnelling 

projects.

2.6.4 Discussion on approaches to modelling skin friction stress

A num ber of models to predict the skin friction stress during pipe jacking operations have 

been proposed. In itia lly, simple empirical models were described, followed by some more 

advanced empirical models. Models developed based on a combined back-analysis of 

laboratory and field results, which can be adapted to take account o f lubrication, were then 

presented. Finally, a fram ework approach based on an assessment of overcut behaviour 

followed by an assessment of the nature o f contact between the soil and pipes, frictional or 

cohesive has been reviewed. In common, these models only take account of the geotechnical 

aspects o f skin fric tion  resistance prediction, while other operational parameters such as 

the influence o f stoppages and misalignments in the product pipe string are dealt w ith  

separately. The final type of model presented, a statistically derived model, does take 

account o f operational parameters and for this reason is w orth  considering.

2.7 Field observations

2.7.1 Introduction to field studies carried out

Many field studies have been carried out w ith  the intention of increasing the understanding 

o f the practical problems and issues encountered during pipe jacking operations, and to 

reach conclusions that would be helpful for future projects. A number of these field studies 

carried out in the context of large research projects are brie fly presented and reviewed here. 

Of particular interest to this research are studies linking jacking force reductions to the 

injection o f lubricants around the pipe annulus. Many of the studies described below 

incorporated elements of both field w ork and physical modelling and there may be some 

overlap w ith in  this section and Section 2.8. One field case h istory for a project in a fine

grained soil is reviewed, and the experience gained to date from m icrotunnelling projects in 

Irish conditions is also brie fly introduced.

2.7.2 Microtunnelling field research projects 

2.7.2.1 Field research at Oxford

Norris [1992] and Marshall [1998] reported on nine instrumented pipe jacking drives in 

varying soil and operating conditions in the UK. In this research, contact stress and pore 

w ater pressure transducers embedded in the wall of an instrumented jacking pipe recorded
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normal and shear stresses and pore w ater pressures in situ as the pipe string was installed 

underground. Not all the monitored drives were lubricated, but it  was noted that during the 

drives that were lubricated, the injection o f lubricant resulted in a dramatic reduction in the 

jacking force. As injection started, erratic normal stresses and pore water pressure increases 

were recorded, along w ith  indications o f a pressure-wave effect. Once a steady state had 

been reached, in some cases contact between the pipe and the soil became negligible, 

indication a completely filled overbreak. Levelling carried out indicated that in some cases 

the pipes were fu lly  buoyant in the lubricant, and floated to the top of the excavation. The 

location o f lubrication sockets was found to have had an effect on lubrication efficiency, but 

the nature and properties of the lubricant were not commented upon. Milligan and Marshall 

(1998b) attributed the reductions in jacking force due to lubrication to either a decrease in 

effective stress acting on the pipe skin or the formation of a low  strength so il-s lurry m ixture 

at the interface.

2.7.2.2 Field research at Georgia Institute of Technology

Staheli (2006] presented 11 m icrotunnelling projects as case histories and commented 

upon the jacking forces required during construction, while McGillivray (2009) reported on 

the influence of lubrication during 5 o f those monitored fie ld projects. In one example, 

which benefitted from the application o f lubrication, the lubricated interface friction 

coefficient was found to be just 10% of the unlubricated interface friction coefficient. For 

this project, known as Eastside Interceptor Houser Way, lubrication did not begin until 120 

feet (37m) into the drive and was continued to the end o f the drive, however fric tion 

stresses remained relatively constant from 200 feet (61m) onwards, as shown in Figure 

2.30, which indicates that lubrication was very effective during th is project.
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Figure 2.30 - Length vs jacking force for the Eastside Interceptor Houser Way Drive (Staheli,

2006)

Staheh [2006) found that, over all the projects analysed, the average lubricated jacking 

forces were 90% lower than the unlubricated jacking forces, and assumed that the 

application of lubricants reduced the coefficient of fric tion by 90%. McGillivray [2009] 

subsequently carried out physical modelling [§2.8.3.3] which showed that the reduction in 

radial effective stress acting on the pipeline, due to the injection of lubricants, played a large 

part in reducing the jacking force required in coarse-grained soils.

2.7 .23  French national project "Microtunnels"

The French National Research Project "M icrotunnels” was in itiated soon after 

m icrotunnelling techniques began to see use in France and lasted from 1994 to 2004 

[French Society fo r Trenchless Technology, 2006). The research project encompassed both 

field and laboratory research work. A detailed description o f the main results from the fie ld 

monitoring was presented by Pellet-Beaucour and Kastner [2002]. Close attention was paid 

to the influence o f lubrication and the normal radial effective stress acting on the pipeline. 

For the non-lubricated sections o f the monitored drives, in various ground conditions and 

constructed using various m icrotunnelling shields, the skin frictional stresses measured 

ranged between 4.5 and 7.5kPa, w ith  an average of 5.5kPa. When lubrication was used, the 

skin frictional resistance stresses recorded were in the range of 0.5 to 3.2kPa, a significant 

reduction compared to the range of values for the unlubricated sections. The provision o f an 

adequate overcut was identified as being very im portant to reducing skin frictional 

resistance stresses, while the continuous injection o f lubricant brought a decrease o f 50 to 

90% in the skin frictional resistance, depending mainly on the volume o f lubricant injected.
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the regularity of injection and the type o f soil. Bentonite s lurry was found to lend stab ility  to 

the overcut and reduce the jacking forces required to restart jacking after a stoppage.

2.7.3 Field case study in a fine-grained soil

One large study confined specifically to fine-grained soils carried out by ^etin  et al. (2011) 

was identified. In this study, the jacking forces during 12 pipe jacks carried out during the 

installation of 1525m of 800mm diameter wastewater collection pipeline near Istanbul, 

Turkey, were analysed. Low-to-medium plasticity clayey s ilt was encountered, making 

adhesion, a, an appropriate parameter to base friction resistance analyses on. Drives were 

classified based on whether bentonite-based lubrication was used for the individual drive or 

not. Based on comparisons between the drives, it was established that the application of 

lubricants allowed fo r the reduction o f jacking force by up to 60%.

2.7.4 Field research in Ireland

A lim ited body o f lite ra ture exists documenting pipe jacking and m icrotunnelling experience 

on the island of Ireland. Bateman [2008) described procedures adopted to lim it damage due 

to settlements during a m icrotunnelling scheme in Drogheda, a medieval town in Co. Louth. 

Meanwhile, McCabe et al. (2012) have advised on the prediction of settlement trough v/idth 

and volume loss parameters for tunnelling and m icrotunnelling in Irish glacial tills, w ith  

estimates of these parameters dependent on whether the fine or coarse fractions of the t il l is 

dominant. Curran (2010) presented case histories from 63 separate m icrotunnelled pipe 

jacking drives completed by one contractor between 2007 and 2009 in Ireland. The jacking 

forces during 50 of these have been analysed, the findings o f this w ork is reviewed in more 

depth in Chapter 3 and Chapter 7.

2.8 Physical modelling

2.8.1 Advantages of physical modelling

The fact that full-scale modelling o f geotechnical problems tends to be expensive, 

troublesome, d ifficu lt to repeat and may give rise to unacceptable risk to research staff has 

led to the desire to model geotechnical problems at a smaller laboratory scale. While testing 

at small scales at normal gravity may fail to correctly account for the effects of self weight of 

the soil in the field, fo r example in p iling and slope stab ility  problems, the complexity o f the 

geotechnical centrifuge, introduced in 1970, must be appreciated (White, 2008). The 

applications and benefits of physical modelling in the context of geotechnical engineering 

have been comprehensively reviewed by W hite (2008) and others, and a great many useful
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tests have been executed at laboratory scale at IG [Standing and Potts, 2008; Lochaden et 

al., 2008).

2.8.2 The physical modelling of interface friction phenomena

Tests aimed at establishing interface friction parameters for the interface frictional 

resistance between soils and construction materials, for example concrete, steel, 

geomembranes and geogrids, are generally carried out in direct shear (Uesugi et al., 1990; 

Gomez et al., 1999; O'Kelly and Naughton, 2008). Failure o f a soil specimen in direct shear is 

generally confined to a relatively narrow shear band, particularly so in the case of interface 

tests. As frictional soils approach a critical state of constant volume shearing, particles are 

rearranged w ith in  the shear band. Evidence gathered from a study on interface shearing 

behaviour in a transparent simple shear device (Uesugi et al., 1988) shows a marked change 

of behaviour between a rough and a smooth surface. Seto sand [Dso= 1.82mm) was sheared 

against steel surfaces of differing roughness, at a normal stress of 98 kPa and to a total 

displacement o f around 40mm. Figure 2.31 shows how selected particles moved during a 

test against a re latively rough surface, indicating quite large displacements w ith in  the 

sample. Figure 2.32 shows the same experiment, except w ith  shearing being against a 

relatively smooth surface, and shows that when shearing against the smoother surface, the 

individual particles displacements were much smaller in magnitude. In the rough surface 

test, the particles were observed to ro ll as well as slide, whereas sliding predominated in the 

test w ith  the smooth interface. Volume change was larger in the rough interface test.
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Figure 2.31 - Displacement of selected particles of Seto sand when shearing over a rough

surface (R„ = 68) (Uesugi etal., 1988)
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Figure 2.32 -  Displacement of selected particles of Seto sand when shearing over a smooth

surface (Rn = 15) (Uesugi etal., 1988)

2.8.3 The physical modelling of pipe jacking operations 

2.8.3.1 Types of physical model

For the physical modelling o f pipe jacking processes, the modelling approaches used have 

generally been based either on interface friction testing in direct shear, or small-scale 3D 

models in tanks. The literature in each area is reviewed in the follow ing sections.

2.83.2  Interface friction-based modelling of the pipe jacking process

In the context of skin frictional resistance in pipe jacking, which is an interface shearing 

phenomena, studies have attempted to model the behaviour o f the thin zone of intensely 

shearing material at the contact between a jacked pipeline and the ground. Iscimen (2004] 

and Staheli (2006) describe tests carried out using a novel direct shear apparatus capable of 

accepting curved sections of pipe. This allowed the measurement of the interface frictional 

resistance between test soils and pieces of real pipe jacking pipes, which was very useful. 

Benefits were shown from the use o f smoother pipes in terms o f lower interface frictional 

resistance.

McGillivray (2009) extended this testing method to allow fo r the injection o f lubricants 

before or during shearing to residual conditions. One drawback identified was the inability  

to retain the injection pressure during shearing, as the relatively open shear box apparatus 

allowed the lubricant pressure to quickly dissipate. In testing w ith  Ottawa 20/30 sand and 

either 3.1% or 5.1% concentration BORE-GEL modified bentonite interface layers, the 

largest reduction in interface fric tion  stress o f 18% was achieved w ith  a smooth fibre 

reinforced plastic pipe specimen and almost negligible reductions were obtained w ith
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rougher concrete pipe specimens. An example test series is shown in Figure 2.33, where the 

Ottawa 2 0 /30  sand was sheared against a packerhead concrete pipe specimen in three 

conditions, unlubricated, lubricated with 3.1% bentonite slurry and lubricated with 5.1% 

bentonite slurry.

Packerhead concrete pipe  
Ottawa 20-30 sand

Pre-mix with 5.1% slurry

co
Dry sand4 -*o
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it
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Figure 2.33 - Coefficient of friction m easured during interface shear tests with and without 

slurry mixed in with sand (McGillivray, 2009)

It was suggested that the relative roughness of the surface played a part in determining how 

the residual coefficient of friction was affected by lubrication, with the smoother surfaces 

proving more sensitive to the influence of bentonite concentration. In conclusion, boundary 

or film lubrication was found not to explain the large decreases in interface friction seen in 

lubricated pipe jacking projects in the field.

Shou et al. (2010] used a large scale apparatus similar in nature to a shear box to test 

determine the impact of the application of different combinations of bentonite, plasticiser 

and polymer lubricants to the interface frictional resistance between a concrete block and a 

specimen of local sandy, laterite gravel. The concrete block was pulled across a lubricant 

film formed on the sand specimen. While lubricant was lost around the boundaries of the 

concrete block, this test allowed relative results to be compared. Test results showed that 

the bentonite and plasticiser lubricant layers helped to reduce the frictional resistance 

between the soil and the block by 20 to 25%, and that combining plasticiser with bentonite 

or polymer could reduce the frictional resistance by 65 to 75%. Large variances were 

reported between values determined experimental modelling and field results obtained

51



Chapter 2 Literature review

during pipe jacking in the same type o f soil. In common w ith  other researchers, Shou et al. 

(2010) found there was a high degree o f uncertainty concerning the contact area between 

soil and pipes.

2.8.3.3 Small-scale tank-based modelling of the pipe jacking process

Rogers and Yonan (1992] carried out model tests using a m iniature pipe jacking shield and 

m iniature concrete or steel jacking pipes w ith in  a strong steel enclosure filled w ith  a coarse

grained soil. Various combinations o f conditions were used, and some of the findings were 

as follows:

1. An overcut ratio (as defined in Equation 2-11) of approximately 0.04 was optimal, 

w ith  forces remaining low  if  the overcut ratio was increased beyond this.

2. jacking forces were found to increase approximately linearly w ith  increases in 

distance and vertical stress at the pipe crown.

3. jacking forces were 60% low er for the smooth steel model pipes than for the 

rougher concrete pipes.

Phelipot et al. (2003), as part of the French national research project "M icrotunnels”, used 

an apparatus sim ilar in nature to an annular shear device to measure the effects of overcut 

and lubrication on the advance o f a model m icrotunnelling machine and pipe string in sand. 

It was found that the presence o f an overcut played a critical role in reducing the skin 

frictional resistance in pipe jacking, and that lubrication was also very beneficial in this 

regard. Bentonite-based lubricants were found to be more efficient than polymer-based 

lubricants in the sand under test, and control over the lubricant injection volume was found 

to be very im portant. It was indicated that the injection volume should be at least equal to 

the volume o f the overcut. Scale effects were not accounted for during these studies.

Borghi (2006) devised and commissioned a novel apparatus intended to identify the key 

mechanisms governing the interactions between pipe jacking pipes, a clay soil (kaolin) and 

polymer-based pipe jacking lubricants. A cylindrical cavity was excavated, polymer-based 

lubricant was injected behind an oversized shield and an instrumented model pipe was 

subsequently jacked in behind the shield. It was found that the rate of radial effective stress 

build up, and hence shear stress build up, was much lower when polymer-based s lurry was 

injected in to the overcut than when it  was not. The injection of polymer-based lubricants 

reduced the long-term effective stress acting on the pipe by 65%. This effect was attributed 

to the reduction in perm eability o f the clay due to the polymer near the cavity boundary. 

This reduction o f permeability greatly reduced the rate of polymer ingress into the clay.
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which in turn  resulted in an increased lubricant pressure as the overcut contracted. While it 

was noted that the formation of a filter cake is required to prevent loss of lubricant into the 

ground if permeable soils were encountered, it was demonstrated that, in clay, polymer- 

based lubricants alone could effectively reduce the radial stresses between the pipe and the 

ground.

McGillivray [2009), based on the fact that lubricant p ressures could not be controlled during 

the direct shear experiments described in Section 2.8.3.2, developed an axisymmetric 

interface shear testing device, constructed of a movable metal rod fitted with lubricant 

injection ports along its surface, which was capable of being pushed into sand contained in a 

strong chamber. The drainage boundaries were restricted during testing, meaning the 

lubricant pressure could be controlled. Interface shear resistance between the steel rod and 

the sand was reduced by an average of 90% when appreciable quantities of either w ater or 

bentonite-based lubricant were injected through the ports in the rod at pressures just in 

excess of the in-situ applied lateral stress. It was concluded that  the friction reduction was 

more likely due to the reduction in normal effective stress acting on the metal rod due to the 

elevated pore fluid pressure at the interface ra ther  than a reduction in the frictional 

resistance of the soil itself, due to the presence of the lubricant, against the interface. As the 

fluid pressure increased, the normal stress acting on the metal rod was transferred from the 

soil skeleton to the fluid, but shear stress was not completely reduced to zero. While it was 

suggested that the injection of slurry could theoretically displace the sand at the interface, 

creating a layer of slurry in which shearing would occur controlled only by the shear 

resistance of the slurry itself, this situation was considered unlikely given the observed 

instability of the overcut in most real world pipe jacking situations. It was considered likely 

that pipe-soil contact would remain, and that the lower limit of interface shear resistance 

would be related to the frictional resistance of the slurry-penetrated sand.

2.9 Summary

The background to the present research has been reviewed in this chapter. The concept of 

the jacking force in pipe jacking has been explained and the components of the resistance to 

the jacking force in a typical pipe jacking situation have been outlined. The mechanisms by 

which soils mobilise shear stress in response to an applied shear force are reviewed, and it 

is noted that the same mechanisms, with some slight alterations, apply for soils in the 

interface with solid materials. As this thesis is concerned with pipe jacking in soft soil and 

hard rock, and does not comment upon the behaviour of cemented or chemically bonded 

soil or soft rock, the review of the mechanisms of shear strength resistance was limited to
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frictional resistance and undrained shear strength. The use of slurries in geotechnical 

engineering has been outlined, and in particular the use of slurries as lubricants in pipe 

jacking was explained. A num ber of methods used to in terpret and make predictions on 

jacking forces in pipe jacking have been reviewed, including mathematical modelling, 

physical modelling and the derivation of empirical param eters from field studies.
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3 Field case histories

3.1 Introduction

In this chapter, three case histories based on recent m icrotunnelling projects carried out in 

soft soil in Ireland and Northern Ireland are presented. First, a b rie f background is given on 

the experience o f pipe jacking and m icrotunnelling to date in Ireland and Northern Ireland 

(§3.2]. The selection process for the sites chosen for case history analysis is outlined (§3.3) 

and the methods of measurement and analysis of jacking forces are described (§3.4). 

Following this, the case histories are presented and analysed. The projects described in this 

chapter were carried out in soft soil; one project at Howth was constructed in coarse

grained soil (§3.5.2) while the other projects, Downpatrick (§3.5.3) and M ullingar (§3.5.4), 

were constructed in mainly fine-grained soils. Each project is introduced in terms o f scale 

and operational parameters, the geotechnical conditions present are given and the jacking 

forces observed are presented and analysed. Finally, the jacking force parameters for each 

project are summarised and compared (§3.6) and a new relationship between face 

resistance and skin frictional resistance is proposed. The chapter is then reviewed and 

summarised (§3.7).

3.2 Pipe jacking and microtunnelling in Ireland

3.2.1 Experience of utility tunnelling, pipe jacking and microtunnelling in Ireland

While pipe jacking and m icrotunnelling methods have been utilised regularly over past 

years in Ireland and Northern Ireland, the lite ra ture on these projects remains sparse. In 

order to understand the problems likely to arise due to the indigenous soil types, it  is useful 

to review small diameter u tility  tunnelling projects carried out in Ireland to date. A number 

o f water supply and sewerage schemes have employed segmental tunnelling methods, w ith  

or w ithou t the assistance o f tunnelling shields (Orr and Farrell, 1996). A number o f 

problems encountered in the varied glacial tills  and alluvial soils under Ireland’s cities are 

discussed. In Dublin the predominant sediment type is an overconsolidated glacial outwash 

deposit known as Dublin Boulder Clay (DBC). This material has presented challenges to 

tunnelling operations due to its strength (undrained shear strengths up to 580kPa have 

been recorded), boulder content and the presence o f permeable layers w ith in  the deposit.
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3.2.2 Segm ental utility tunnelling

Tunnels successfully constructed in DBC include the Patrick Street Sewer Tunnel under 

Christchurch Cathedral [1.5m diameter, 1991], Grand Canal Drainage Tunnel (3.66m 

diameter, 1974] and the first Liffey Tunnel [1926]. This utility tunnel under Dublin’s River 

Liffey was constructed from deep shafts using only hand excavation and proved difficult to 

complete [Nicholls, 1929), requiring the use of compressed air to exclude w ater from 

granular lenses in Dublin’s underlying stiff boulder clay deposits. Elsewhere in the city, 

alluvial deposits posed challenges during construction of the 3.8m diameter Grand Canal 

Sewer Tunnel during the 1980s. The highly permeable gravels encountered required 

extensive dewatering to facilitate the tunnelling operation. Similar issues were encountered 

during installation of a w astew ater pipeline along the quays in Cork city, w here the gravels 

required extensive ground trea tm ent to counter w ater ingress during the advance of an EPB 

machine. In Belfast, settlements during the construction of a 450m long, 2.44m diameter 

w astew ater tunnel were recorded and analysed by Glossop et al. [1979]. Using a hand shield 

and a compressed air working environment, this tunnel was constructed below the water 

table in soft alluvial silt known locally as "sleech".

3.2.3 Pipe jacking and  m icrotunnelling

Modern automated microtunnelling techniques began to see use from around 1990 

onwards. In 1999, a gas pipeline was constructed under the River Liffey in Dublin’s 

Docklands area using an Iseki Unkelmole microtunnelling machine with a soft soil cutter 

head and nominal diameter (diametre nominal) DN 1800mm pipes [O'Sullivan, 2010], while 

Dublin City Council completed the Liffey Services Tunnel nine years later in 2008. This pipe- 

jacked tunnel, 2.5m in internal diameter, was constructed with a Herrenknecht AVN2000D 

microtunnelling machine upsized to 3.03m. The microtunnelling machine was launched and 

retrieved from 18m deep shafts each side of the Liffey, near York Road in Ringsend on the 

south bank and North Wall Quay on the northern bank. Cover to the pipeline below the 

riverbed was between 7 and 10m. Lubrication systems served effectively to keep jacking 

forces in check, with a maximum jacking force of 6,340kN observed near the end of the 

drive, which was 268m long [Baggeridge, 2010].

However even with modern equipment, risks remain when pipe jacking or microtunnelling. 

Bateman [2008] discusses procedures adopted to limit damage due to settlements during a 

microtunnelling scheme in Drogheda, a medieval town in Co. Louth. Buildings located along 

the proposed tunnel route w ere  over 200 years old and in poor condition with limited 

foundations. The existence of lenses of sand in the predominantly clay overburden w ere a
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particular concern, along w ith  the possibility of remaining buried historical walls 

obstructing the progress o f the m icrotunnelling machine. A Herrenknecht AVN 800 w ith  a 

rock cutting head was proposed in order to reduce the risk of stoppage by buried walls. The 

pipe invert was located approximately 3.5m below ground level. A ground heave incident 

occurred during the firs t drive when the cutter head encountered heather that had been 

used in ancient times as a type of ground reinforcement, which blocked the s lu rry circuit. To 

give early warning o f future incidents, a system of electrolevels v/as installed on sensitive 

nearby buildings and above the tunnel axis. Very little  further movement was recorded, save 

for a 9.5mm heave when the m icrotunnelling machine encountered a boulder.

Case histories of 63 separate m icrotunnelled pipe jacking drives completed by one 

contractor between 2007 and 2009 in Ireland have been reported recently; of these, the 

jacking forces were analysed for 50 drives o f which 7 were in rock (Curran, 2010; Curran 

and McCabe, 2011). The results o f this study demonstrated links between jacking force 

parameters and soil type, and also between jacking force parameters and operational 

conditions. All reported drives were carried out using Herrenknecht AVN m icrotunnelling 

machines, and it is noted that these types of m icrotunnelling machines are very suitable for 

variable soil types on the island o f Ireland (Curran and McCabe, 2011]. The overwhelming 

preference for these machines shown by contractors in Ireland and Northern Ireland is 

logical because of the ab ility  to control fluids pressures and flows at the m icrotunnelling 

machine face and the interchangeable cutter heads to deal w ith  a variety of ground 

conditions,

3.3 Selection of sites

A number of field case studies o f m icrotunnelled pipe jacking projects have been chosen for 

inclusion in this research. Sites for study were selected based on the ir proxim ity to Dublin 

and a desire to present results from a wide range of soil types. All o f the projects chosen for 

study in this phase of the research were carried out in soft soil, while  two further case 

histories o f projects in rock are presented in Chapter 7. The locations o f the three field case 

history sites presented in this chapter are shown in Figure 3.1. The author is grateful to the 

contractors, engineers and clients involved for the ir cooperation and permission to publish 

the follow ing detail on these projects. All three projects examined were carried out as 

wastewater network improvement works, currently the most common field of application 

for m icrotunnelling technology in Ireland and Northern Ireland.
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Dow npatrick

Howth

Figure 3.1 - Locations of soft soil field case histories

3.4 Jacking force measurement and analysis 

3.4.1 Jacking force measurement

The field records presented later were obtained from a number of pipe jacking drives 

carried out using s lu rry shield m icrotunnelling equipment. In general, the age and 

complexity o f a particular set o f pipe jacking equipment dictates whether manual or 

automatic methods were used to record the operational parameters including jacking force, 

penetration rate, cutting head torque, deviations from line, steering angles, etc. A ll of the 

three projects chosen were carried out using equipment where the operational parameters 

were recorded manually. The operator was tasked w ith  recording the most im portant drive 

parameters by hand, using judgement and experience to record a representative average 

value from the varying indicators on the control panel during the driving of a particular 

length increment. Data acquired automatically are more desirable from an analysis point of 

view, as they contain more inform ation and are updated more often than manual records, 

however manually-recorded data may have the benefit of comments from the operator 

which can provide context to particularly interesting data points.
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3.4.2 Methods of analysis of jacking force 

3.4.2.1 Total jacking force

As noted previously (§2.2), the total jacking force is equal to the sum of the resistance to 

motion at the face o f the pipe-jacking shield or m icrotunnelling machine and the skin 

frictional resistance along the advancing pipes. In order to carry out a meaningful analysis of 

the magnitude of the jacking force along a particular drive, it  is im portant to distinguish 

between these two components. The follow ing sections describe how this was achieved in 

th is research.

3.4.2.2 Face resistance

Some m icrotunnelling machines are fitted w ith  a load sensing device fitted behind the 

cutting wheel of a m icrotunnelling machine that measures the force being transferred to the 

cutting face, and this provides a very convenient method o f separating the face resistance 

from the total resistance. A face resistance force measured this way is denoted Pp.measured and 

this measurement was available in one of the case histories discussed here, Mullingar. 

Otherwise, the components of the total jacking resistance must be distinguished by an 

alternative means. Two such methods are proposed, one termed the "intercept” method and 

one termed the "difference” method. Both are shown in Figure 3.2 and explained below.

TOTAL.max TOTAL.min
Max

TOTAL.max

Average

Min
c

u

TOTAL.min
F.dlfference

-  p,F.Intercept

In tercept o f slope o f average in itial jack ing  force with Y -a x is

Drive length (m)

Figure 3.2 - "Intercept" and "difference" methods of interpreting face resistance component of

total jacking force

The "difference” method, proposed by Fellet-Beaucour and Kastner (2002) and also utilised 

by Curran (2010] involves the summing of the average difference between the m inimum 

and maximum jacking force recorded for each increment o f length, usually taken as one pipe 

length, over the length of the drive, as follows:
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(difference)
0

{ P T O T A L , m a x - P T O T A L , m i n )  Equation 3-1

This provides the face resistance since the local variations of total jacking force are 

generally linked to the face resistance and the minima of the total jacking force correspond  

to very low  face resistance forces. Hence, the face resistance force estim ated this way is

d e n o t e d  P f ,difference-

The other method used, the "intercept" method, is a graphical method where, based on a 

plot of total jacking force against distance from the start of the pipe jack, the slope o f the 

initial part of the total jacking force envelope is extended back to a distance of zero metres. 

The jacking force intercept here is taken as the face resistance. This assum es that the total 

resistance to the jacking force at zero or negligible distance is due to the face resistance only 

because none or very little of the surface of the m icrotunnelling machine or pipe jacking 

shield or the pipe is surrounded by the ground to give skin frictional resistance. A face 

resistance force estim ated this w ay is denoted P f ,intercept.

Measuring the face resistance directly will clearly give the m ost realistic results, w hile the 

"difference" method is next m ost preferred as it has a good basis in theory and it involves 

m easurem ents made throughout the drive. The "intercept” method is least preferred, as it 

involves m easurem ents made over only a short section o f the drive, and further the 

operator may drive the m icrotunnelling machine cautiously at the start of the drive, 

reducing the load on the face below  normal levels. H owever the intercept method is the only 

m ethod possible when neither a face resistance sensor is fitted nor continuous 

m easurem ents of total jacking force are made.

3 .4 .23  Skin frictional resistance

Once the face resistance force is accounted for the skin frictional resistance force, Ps, may be 

estim ated by subtracting the face resistance force from the total jacking force. As the skin 

friction resistance force depends on the pipeline length and diameter, it is useful to calculate 

a skin friction resistance stress, ps, which will allow com parisons be made with other drives. 

W here no information is available on contact conditions betw een the soil and the pipe, an 

average skin friction resistance stress assum ed to act uniformly over the surface o f the 

pipeline, is calculated as follow s based on Equation 2-19:

Ps =  P s / n D p L Equation 3-2

60



Chapter 3 Field case histories

Observations made of the field behaviour of pipe-jacked pipelines do not support the 

assumption that a uniform  skin friction stress acts on the entire surface of the pipeline 

[Norris, 1992), however in the absence of observations of the actual stress conditions, the 

method above provides useful information.

3.5 Field case histories

3.5.1 Presentation of field case histories

The three field case histories analysed are presented in this section. For each, a general 

background is given along w ith  a description of the pipe jacking works carried out, followed 

by a description of the geotechnical conditions present. Features o f interest observed during 

the pipe jacking operation are discussed, before the jacking forces recorded are described. 

The jacking force parameters derived from each case are then summarised in Section 3.6.

3.5.2 Howth 

3.5.2.1 Dublin Bay Project -  Contract 5.1b

Dublin Bay Project Contract 5.1b involved the construction of new gravity sewers in Howth, 

Co. Dublin, some of which were to be trenchless. Between October 2009 and February 2010, 

Terra Solutions Ltd. carried out three separate m icrotunnelled pipe jacked drives as part of 

this project. A Herrenknecht AVN 1000 microtunnelling machine was utilised to install the 

DN 1000mm pipes required, at depths of cover which varied between 1.5m and 5m below 

ground level. The microtunnelled sections were in lengths of between 100m and 170m and 

are referred to by the numbers assigned to the starting and ending manhole for each drive, 

as shown in Table 3.1. The three drives discussed here are referred to as MH 3-4, MH 5-6 

and MH 6-8.

Drive Length (m) Cover depth(m ) Ground conditions

M H  3-4 164 3 . 9 - 3 . 2 Silty gravelly sand

M H  5 -6 109 2 . 5 - 3 . 5 Silty sand &  gravel

M H  6 -8 140 1 . 2 - 2 . 5 Silty sand &  gravel w ith  shells

Table 3.1 - Drive parameters for Howth

The drives MH 3-4 and MH 5-6 are shown in plan in Figure 3.3, while  the drive MH 6-8 is 

shown in Figure 3.4. The pipeline was constructed continuously from MH 6 to MH 8, w ith  

MH 7 being formed on the line later.
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3.5.2.2 Geotechnical conditions

The site of the project was located to the north of Dublin Bay. A detailed site investigation 

was carried out [RPS Consulting Engineers, 2008) to characterise the ground that the pipe 

jack would encounter. The soil types present were described as estuarine deposits, varying 

in nature  from silt to sandy gravel. Ground w ater  was found at least 1.4m below ground 

level, and as low as 10.6m below ground level in places. A range of drained angles of internal 

friction from 37° to 42.5° were determined in direct shear and standard penetration test 

(SPT) N s p t  values [i.e. the num ber of blows of specified force required to advance a 

specially-shaped cable percussion tool 300mm] were generally around 20 or less. Some 

more detail on the geotechnical conditions along each of the pipe jack alignments is given 

below. Three exploratory boreholes were driven to characterise the material expected 

between MH 3 and MH 4, which was very loose to loose fine to medium sand at MH 3 and 

gradually changed to medium dense sandy gravel at MH 4. No effective cohesion intercept 

was found in direct shear tests on samples of this material and N s p t  values ranged from 8 to 

13 blows/300m m .

[MHe

A MH 5

M H 4

Figure 3.3 -  Plan of Howth project showing drives MH 3-4 and MH 5-6
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MH 8
Reception Shaft

PROPOSED 1OOOmm0 TUNNEL

MH 6
Drive Shaft

For Continuation Refer 
lo DG2201

For Continuation Refer 
to DG2206

225m m 0 Foul Overflow 
from Existing MH 
(Details refer lo DG5201)

Figure 3.4 - Plan of Howth project showing drives MH 6 -  MH 8

The moisture content ranged from 25% to 27%, typical for saturated coarse-grained soils at 

medium relative density. Similar types of soil were found between MH 5 and MH 6, namely 

loose to medium dense silty sands w ith  shells. N s p t  values of 6 and 17 were recorded at the 

proposed level o f the microtunnel.

3.5.2.3 Pipe jacking operations

Trenchless installation was chosen for the Howth project both to m inim ise disturbance to 

the public and to facilitate construction in d ifficu lt ground conditions. The product pipes 

used were Macrete DN 1000mm steel banded jacking pipes, which had an outer diameter of 

1200mm. The Herrenknecht AVN 1000 m icrotunnelling machine had an outer diameter of 

1295mm, giving an overcut of 95mm on the diameter and (using Equation 2-11) an overcut 

ratio of 0.08, which was well in excess o f the recommended overcut ratio o f 0.04 proposed 

by Rogers and Yonan [1992], and so efficient progress would be indicated. Lubrication ports 

were installed at every th ird  pipe and lubricating flu id  in the form  o f CETCO Hydraul-EZ 

s lu rry was introduced throughout the drive on an "as-needed" basis. Measurements of 

injection volume were made, although measurements o f injection pressure were not.

3.5.2.4 Jacking forces

The jacking forces are plotted against distance for each of the three drives in Figure 3.5, 

Figure 3.6 and Figure 3.7. Since the soil type is sim ilar for each drive, the three drives w ill be 

presented and commented upon together. Although drive MH 3-4 was 160m long overall.
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only records for the first 60m were available, and so only this portion of the drive is 

considered here.
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Figure 3.5 - Plot of jacking force and fitted jacking force parameters for Howth MH 3-4
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Figure 3.6 - Plot of jacking force and fitted jacking force parameters for Howth MH 5-6
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Figure 3.7 - Plot of jacking force and fitted jacking force parameters for Howth MH 6-8
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Using the "intercept” method, as shown in the figures, the jacking force parameters were 

estabhshed and are summarised in Table 3.2.

Drive MH 3-4 MH 5-6 MH 6-8 Weighted average

Drive length (m) 164 109 140 -

Skin friction resistance stress ps (kPa) 2.3 1.3 2.1 1.96

Face resistance stress Pf (kPa) 111 117 107 111

Face resistance force Pp (kN) 146 154 141 146

Table 3.2 - Skin friction and face resistance stresses and face resistance force calculated using

the intercept method for Howth

Quite low  skin fric tion resistance stresses, in the range o f 1.3 to 2.3kPa were recorded in the 

loose to medium dense estuarine silty sands and gravels at Howth, while face resistance 

stress was sim ilar in each drive and ranged from 107 to 117kPa w ith  an average value of 

11 IkPa. These values are be commented upon later in Section 3.6.

3.5.3 Downpatrick

3.5.3.1 Market Street Sewer Improvement Scheme, Downpatrick

The same m icrotunnelling equipment as used in Howth was used in Downpatrick, Co. Down, 

to install 270m of DN 1000mm pipeline as part of a town centre wastewater network 

improvement scheme. This project was carried out by Northern Ireland Water to provide 

replacement gravity sewers through the Market Street area of Downpatrick. The busy urban 

nature of the project site is illustrated in Figure 3.8 where the benefits o f trenchless 

technology to this project can be appreciated. The m icrotunnelling works took place in April 

and May 2010.
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Figure 3.8 -  Plan extract showing of a section of the works at Downpatrick, the pipeline

between MH3 and MH4

Drive Length (m) Cover depth(m ) Ground conditions

M H  1 -2 77 2.5 Soft silty organic clay

M H  2 -3 50 2 . 5 - 3 . 7 Soft silty organic clay

M H  4 -5 76 3 . 7 - 4 . 1 Soft clay changing to  gravel

Table 3.3 - Drive parameters for Downpatrick 

3.5.3.2 Geotechnical conditions

As for the Howth project, one of the reasons for choosing a trenchless method for the 

Downpatrick scheme was because o f the challenging ground conditions along the pipeline 

route -  soft s ilty  and sandy alluvial clays w ith  some organic content. Undrained shear 

strengths o f 9 to 16 kN/m^ were typical while samples retrieved had natural moisture 

contents o f 68 to 78%. The site investigation results fo r each section o f pipeline are 

summarised below.

For the drive from MH 1 to MH 2, three borehole results were available, one at each shaft 

and one approximately half way between them. The site investigation showed that the soil 

at the m icrotunnel centreline was very soft brown silty, slightly sandy clay containing 

decayed organic matter and shell remnants. The bulk density of the clay was as low  as 

12kN/m3 and a typical SPT N s p t  value of only 1 was recorded in this clay layer. The water 

table was high, lying 1 to 3m below ground level. For the section MH 2 to MH 3, the only site
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investigation information available was that from the borehole at MH 2, as above. For the 

drive MH 4 to MH 5, the microtunnel centreline vi âs deeper, being 4.34m at MH 4 and 

dropping to 4.76m at MH 5. A borehole halfway between the two shafts showed the soil 

p resent was soft grey brown, slightly sandy clay with organic m atter  and shell remnants and 

a shear vane test indicated that the undrained shear strength in this layer was 12kN/m2. 

The natural w ater content of the soil was 68% with groundwater lying 1.5m below ground 

level. A borehole carried out at MH 5 found medium dense sandy, fine to medium gravel 

with occasional cobbles, although afterwards it was noted that shaft construction was 

slowed by the presence of quite large boulders. In the medium dense gravel, N s p t  values of 

10 to 16 w ere recorded, with the gravels present being well graded in composition.

3.5.3.3 Pipe jacking operations

Pipe jacking operations in Downpatrick were similar to those at Howth and very standard in 

nature. The same Herrenknecht AVN 1000 microtunnelling machine of outer diameter of 

1295mm was used with the same product pipes of 1200mm outside diameter, giving the 

same overcut of 95mm. Due to the cohesive properties of the clay, some problems were 

encountered with balling and clogging in the slurry circuit, which the addition of CETCO 

Drill-Terge non-ionic surfactant and CETCO Insta-Pac polymer helped to reduce. In addition, 

CETCO Hydraul-EZ lubricant was applied through lubricant ports in every third pipe on an 

"as needed” basis.

3.5.3.4 Jacl<ing forces

The jacking forces w ere recorded and analysed for each drive. For the first two drives, the 

jacking forces were unstable near the end, possibly due to caution on the part of the 

microtunnelling machine operator in the vicinity of the reception shaft. The anomalous end 

portion of each drive was not included in analysis, as it was felt that it was not 

representative of the conditions for the rest of each drive.

The m easured jacking forces during drive MH 1-2 along with details of the general soil type 

encountered and the interpreted jacking force param eters  are shown in Figure 3.9. It is seen 

that jacking forces are steady until a drop is observed around 50m. No reason for this was 

established.
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Figure 3.9 - Plot of jacking force and fitted jacking force parameters for Downpatrick MH 1-2

Drive MH 2-3 was in the same soil type but the face resistance stress mobilised was lower 

than MH 1-2, while the skin fric tion resistance was also slightly lower, as shown in Figure 

3.10. in the case of MH 2-3, the anomalous jacking force measurements near the end of the 

drive could be due to the operator increasing the driving speed beyond usual lim its or 

reducing the flow o f s lu rry from the face in response to fears over settlements observed 

near the reception shaft. The observations on settlements were noted as comments in the 

jacking records, however sufficient data on operational parameters were not available to 

substantiate either o f the two possible causes fo r the elevated jacking forces as the cutting 

head torque or s lurry flow measurements were not recorded during jacking.

7 5 0 Soft silty organic clay

Excluded from analysis

M easured average  
jack ing  force i

Best fit jacking force envelope 
assuming P j=1.2kPa5 00

2 5 0

Face resistance assuming pressure p,. =  87.3kPa.Intercept

4 0  45

Drive length (m)

Figure 3.10 - Plot of jacking force and fitted jacking force parameters for Downpatrick MH 2-3

The final drive, MH 4-5, began in soft clay but encountered some gravel at a chainage of 

40m. This was expected based on the site investigation and observations made during shaft
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sinking. The jacking force graph for this drive, shown in Figure 3.11, was spht in two 

sections for analysis, w ith  linear regression used to f it  a jacking force envelope to each 

section based on the same assumed face resistance pressure, pf,intercept. While using the same 

face resistance for each section may not be fu lly  representative, there was no method 

available to determine an updated face resistance pressure in the gravels. Comparing the 

Pf,in tercept value of 116kPa for the firs t 45m of this drive to the average pf,intercept fo r the Howth 

project in sandy gravel, which was l l l k P a  (Table 3.2), it  was felt that using that same value 

fo r clay and gravel was appropriate.

1000 Soft silty organic clay M edium  dense gravel

Best fit jacking force envelope 
assuming P j=2.7kPaBest fit jacking force envelope  

assuming P j= lk P a
7 5 0

M easured average  
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0
0 5 10 15 2 0  25  3 0  35 4 0  4 5  50  55 6 0  65  7 0  75

Drive length (m)

Figure 3.11 - Plot of jacking force and fitted jacking force parameters for Downpatrick MH 4-5

Finally, the jacking force parameters interpreted from the jacking force data from all three 

drives in Downpatrick are summarised in Table 3.4.

Drive MH 1-2 MH 3-4 MH 4-5 Weighted average

Drive length (m) 77 50 76* -

Friction resistance stress ps (kPa) 1.5 1.2
1.0 in clay 

2.7 in gravel

1.3 in clay 

2.7 in gravel

Face resistance stress pp (kPa) 133 87.3 116 115

Face resistance force Pf (kN) 175 115 153 152

Table 3.4 - Skin friction and face resistance stresses and face resistance force calculated using 

the intercept method for Downpatrick (* 45m in clay, 31m in gravel).
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3.5.4 Mullingar

3.5.4.1 Mullingar Sewerage Improvement Scheme

The M ullingar Sewerage Improvement Scheme was carried out on behalf o f Westmeath 

County Council to upgrade the wastewater network o f Mullingar town. As part o f this 

project Ward and Burke Construction Ltd. installed a DN 1800mm precast concrete pipeline 

through very soft ground in a greenfield site in an industria l area. A m icrotunnelled solution 

was chosen as it was found more economical than installing the same pipeline using 

traditiona l open cut techniques. The m icrotunnelling machine used was an Iseki 

Crunchingmole TCM 2160 fitted w ith  a mixed ground cutter head to excavate both the soft 

s ilty material and medium dense gravel expected efficiently, while the product pipes were 

DN 1800mm steel banded concrete jacking pipes w ith  an outer diameter o f 2140mm. The 

m icrotunnelling machine had an outer diameter of 2160mm. Further details on each drive 

are given in Table 3.5.

Drive Length(m ) Cover d ep th (m ) Ground conditions

MH 1 -2 88 3 .0 - 3 .5 Silty sand to sandy silt

MH 2 -3 125 3 .0 - 3 .5 Silty sand to sandy silt turning to dense gravel

Table 3.5 - Drive parameters for Mullingar 

3.S.4.2 Geotechnical conditions

The drives described here were located in a fluvial deposit associated w ith  the nearby River 

Brosna, characterised by large depths of very soft material locally known as "m arl" which is 

composed p rim arily  o f soft s ilty sands and sandy silts, w ith  shells and traces o f organic 

material. These deposits extend up to 17.5m below ground level, although dense sands and 

gravels were encountered during the la tte r stages o f the drive MH 2-3. The site investigation 

carried out for the project included at least one borehole in the v ic in ity  o f each shaft, the 

findings of which are reproduced in Figure 3.12, while  further details are given below.

Ground water was present in each borehole, ranging in depth from 1.3 to 3m below ground 

level, while shear vane tests carried out in boreholes near MH 1 and MH 2 at tunnel axis 

level indicated that the soil was able to resist shear stresses in the range o f 5 to 20kPa. Cone 

penetration testing showed penetration resistances less than 3MPa and frictional resistance 

less than lOkPa near MH 1 and MH 2, increasing to a penetration resistance o f 20MPa and 

frictional resistance o f lOOkPa near MH 3. Dense fine to medium gravel was found near MH 

3 as shown in Figure 3.12, but no strength parameters were recorded for the soil here.
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Figure 3.12 - Summary of site investigation borehole logs for drives in Mullingar 

3.5.4.3 Pipe jacking operations

Drives MH 1-2 and MH 2-3 were carried out in a green field site. Lubrication was provided 

to each drive through an automatic bentonite dosing system fitted to every fourth jacking 

pipe. CETCO Hydraul-EZ was used, although unfortunately no records were available of the 

volumes or pressures applied. One problem encountered during these drives was the 

tendency of the heavy microtunnelling machine to sink in the soft alluvial soils. This was 

particularly pronounced during the driving of MH 1-2, which was constructed during 12- 

hour shifts. The magnitude of the vertical deviation of the microtunnelling machine from the 

intended line is shown in Figure 2.2, along with an indication of the magnitude of the 

vertical steering corrections applied by the operator (this indication was recorded without 

units on a scale of 0 to 1.5, which was multiplied by 50 for graphing purposes). A downward 

vertical deviation of 250mm from the intended line was recorded at the half way in the 

drive, and this was only partly recovered by the time the drive reached the reception shaft. 

For drive MH 2-3 it was decided to work on a 24-hour basis using two 12-hour shifts so that 

the microtunnelling machine would not have the opportunity to sink during overnight 

stoppages, as was noticed in drive MH 1-2. This measure did have an impact on the 

magnitude of the deviations observed, with a reduced maximum deviation of 120mm being 

recorded, although the transition into the medium dense gravel would also have helped. The 

vertical deviation and indicative steering corrections applied during drive MH 2-3 are 

shown in Figure 2.3.
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In was considered that the fact that the pipeline followed a curved path may have had an 

impact on the jacking forces observed, so some analysis was carried out. Taking the worst 

section, the first half of drive MH 1-2, w here the total vertical deviation from the start at 

chainage Om to the w orst deviation recorded at chainage 37.5m, which was 278mm 

downwards. This 278mm deviation over a length of 37.5m meant that the pipes followed a 

curved path with a calculated radius of 2500m, which is not at all tight compared to some 

projects undertaken. For example, a numerical analysis carried out by Shou and Yen (2010) 

for curved pipe jacking in gravel showed a 7% increase in jacking force required to drive 

pipes on a 20m curve with only a 2.5% increase in jacking force when the radius was 

increased to 200m. In this context, it is not felt that the radius of 2500m that the pipes were 

driven on here had any major impact on the jacking forces observed.

3.5.4.4 Jacking forces

For the drives in Mullingar data concerning the jacking forces were recorded manually by 

the microtunnelling machine operator using information from the various sensors and 

measuring devices on-board the microtunnelling machine and relayed to the operator 

station. One interpreted value of each param eter was recorded every 625mm of advance, or 

four times per pipe length. The jacking force param eters were averaged over each pipe 

length, as the small num ber of data points, four per pipe, was not enough to give a 

meaningful range of values for the pipe, often being numerically the same. The m easured 

jacking force, indicative soil type and interpreted jacking force param eters for drive MH 1-2, 

which was entirely in the sandy silt, are plotted in Figure 3.15. Unusually, the direct 

m easurem ent of the face resistance force was possible during these drives, and a plot of the 

m easured face resistance force is also shown in Figure 3.15.
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Figure 3.15 - Plot of jacking forces and fitted jacking force parameters for Mullingar MH 1-2

It is interesting that a peak in jacking force occurred around the position where the vertical 

deviation, shown in Figure 2.2, was at a maximum, i.e. 37.5m, and that jacking forces 

reduced after this and remained lower than the values indicated by the trend line. The 

corresponding total jacking force, measured face resistance force, indicative soil type and 

interpreted jacking force parameters for drive MH 2-3 are shown in Figure 3.16.
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Figure 3.16 - Plot of jacking forces and fitted jacking force parameters for Mullingar MH 2-3

In the case of MH 2-3, the drive entered more gravelly ground at approximately 60m from 

the starting shaft. This was accompanied by a notable drop in the total jacking force while 

the measured face resistance pressure remained relatively constant, indicating that the skin 

fric tion resistance was lower in the gravel than in the sandy silt. The interpreted skin 

fric tion  stresses and face pressures for each drive are summarised in Table 3.6.
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Drive MH 1-2 MH 2-3 Weighted average

Length (m ) 88 1 2 5 * -

Friction resistance stress ps (kPa) 8
5 in sandy silt 

3.5  in gravel

6 .8  in sandy silt 

3 .5  in gravel

Face resistance stress Pf (kPa) 151 196 177

Face resistance force Pp (kN) 553 718 650

Table 3.6 - Skin friction and face resistance stresses and face resistance force calculated using 

the intercept method for Mullingar (* 60m in sandy silt, 65m in gravel)

3.6 Summary of case history jacking force parameters

3.6.1 Presentation of summary

The main characteristics of the case history projects and drives, the relevant geotechnical 

parameters available and the jacking force parameters interpreted are summarised in Table 

3.7. W hile some useful inform ation has been gained concerning the face and friction 

resistance forces and stresses encountered during typical pipe jacking projects in certain 

soil types and under the operational conditions typical in Irish and British pipe jacking 

practice, uncertainty regarding lubrication volumes and pressures remains. A number of 

factors that were found to influence the jacking force are discussed in the follow ing sections.

3.6.2 Effects of lubrication

While lubrication was used during all o f these drives to different extents, unfortunately it  is 

not possible to come to a defin itive conclusion concerning the effects o f applying the 

lubricant application, and whether or not it was beneficial. This is due to a lack o f recording 

of lubricant consistency, injection volume and injection pressure during pipe jacking.

3.6.3 Operator influence

While frictional resistance is clearly a function o f the soil-structure interaction on the 

interface between the soil and the jacking pipe, the face resistance stress can be said to be 

operator dependent [Staheli, 2006). For example, the same m icrotunnelling machine 

operator carried out all o f the w o rk  at Downpatrick and Howth and the face resistance 

stresses measured of between 87.8 and 116kPa were very consistent despite the different 

nature o f the soil at each location. In Mullingar, all of drive MH 1-2 was carried out by the 

same operator, while  fo r drive MH 2-3 there were two operators who took it  in turns to 

operative the m icrotunnelling machine on a sh ift basis. The two operators were employed 

by the same company and had sim ilar levels o f experience. Here, especially since direct 

measurement o f face resistance was available, it  is interesting to note the consistency o f the
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face resistance stress w ith  time, even as the drive progressed out of the soft marl into the 

medium dense gravel [Figure 3.16). Based on this, it may be said that the operator has an 

influence on the measured face resistance stress, and that operators from the same 

company or o f sim ilar experience w ill most like ly  adopt sim ilar operation styles leading to 

sim ilar face resistance stresses.

The influence o f the operator may be seen in cases where jacking force measurements are 

recorded manually, as was the case fo r all eight drives presented here. Where the jacking 

force data are recorded automatically, variation through the drive is more distinctly shown 

[Reilly et al., 2012], whereas the manually recorded entries have been interpreted by the 

m icrotunnelling machine operator and are therefore already "best f it ” lines.

3.6.4 Pipe surface roughness

It has been shown that the pipe surface roughness has an effect on the skin fric tion 

resistance in pipe jacking [§2.3.3.2), however all drives reported here were constructed 

w ith  sim ilar wet-cast concrete jacking pipes, manufactured to comply w ith  the same 

standard [British Standards Institute, 2002]. It is therefore assumed that the pipe surface 

roughness was the same for all the drives reported.

3.6.5 Curved drives and misalignments

The driving o f jacking pipes on intentional or unintentional curves can have an impact on 

jacking forces [Shou and Yen, 2010]. In Mullingar, drive MH 1-2 suffered a sustained 

deviation from line of more than 270mm, which the m icrotunnelling machine operator 

struggled to correct for the remaining duration o f the drive. This led to a calculated radius of 

curvature of 2500m over the firs t half of the drive. Possibly due to a decision to change to 

continuous 24-hour operation, the maximum deviation from line recorded during drive MH 

2-3 was approximately half as great, being 137mm. Although the numerical simulations 

carried out by Shou and Yen [2010] predict that the radius of the w orst case curvature 

during drive MH 1-2 should not have had a significant impact on the jacking forces 

[§3.5.4.4], it  was found that at 37.5m, the point where the deviation was greatest, the 

jacking force experienced a peak o f over 3000kN during drive MH 1-2 but was steady at 

around 2000kN for drive MH 2-3. It is probable that this deviation from line, or the efforts to 

correct it, may have contributed to an increase in the jacking force of over 50% relative to 

the jacking forces at a sim ilar distance during drive MH 2-3, which was in very sim ilar soil at 

that point. Clearly, efforts taken to m inim ise deviations, including moving to continuous 24 

hour working to avoid heavy m icrotunnelling machines settling in soft soils during 

stoppages, are very much worthwhile .

75



Location
Drive
Ref.

D ate
Shield

d iam e te r
(m m )

Pipe ext. 
d iam e te r  

(m m )

Cover
d e p th

(m)

Length
(m)

SPTN <t>
(Deg)

Ysat

(l<N/m*)
Cu

(kPa)
Soil descrip tion

Face 
resistan ce  
s tre ss , Pf 

(kPa)

Skin friction 
resistan ce  
s tre ss , ps 

(kPa)

Howth

MH 3-4 Feb 2010 1295 1200 3 .9 -3 .2 164 8-13 37-42 21.2 - Silty sand & gravel (estuarine) 111 2.3

MH 5-6 Nov 2009 1295 1200 2 ,5 -3 .5 109 6-17 37-42 21.2 - Silty sand & gravel (estuarine) 117 1.3

MH 6-8 Jan 2010 1295 1200 1 .2 -2 .5 140 13-17 37-42 21.2 - Silty sand & gravel (estuarine) 107 2.1

D 'patrick

MH 1-2 Apr 2010 1295 1200 2.5 77 1 - 12* 9-16 Soft silty organic clay 133 1.5

MH 2-3 May 2010 1295 1200 2.5 -4 .7 50 1 - 12* 9-16 Soft silty organic clay 87.8 1.2

M H 4-5 May 2010 1295 1200
3 .7 -3 .9 0-44 1 - 12* 9-16 Soft silty organic clay 116 1

3 .9 -4 .2 44-72 10-16 - - - M edium  den se  gravel 116 2.7

Mullingar

MH 1-2 Nov 2008 2160 2140 2 .7 -3 .8 88 - - - 5-20 Silty sand or sandy silt (alluvium) 151 8

MH 2-3 Jan 2009 2160 2140
3 .2 -3 .5 0-59.5 - <9 Silty sand or sandy silt (alluvium) 196 5

3 .5 -3 .8 59.5-127 - - - - M edium  den se  gravel 196 3.5

Table 3.7 - Summary of field case history data 

(*  as recorded in the site investigation report, not verified)
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Chapter 3 Field case histories

3.6.6 Influence of soil type

3.6.6.1 Face resistance stress

Examining Table 3.7, it  is seen that the face resistance stresses generated for all the 

reported drives were quite sim ilar even though the soil types were quite different. The face 

resistance stresses observed ranged from 87.8kPa in soft organic clay to 196kPa in alluvial 

silty sand and medium dense gravel. In particular, the face resistance stresses during the 

Howth and Downpatrick projects were all extremely sim ilar in magnitude despite the 

differing ground conditions. This may indicate that face resistance pressure is more 

sensitive to the characteristics of the m icrotunnelling machine and the operating style 

employed than the ground conditions. This point may be further shown by examining the 

case of M ullingar MH 2-3, where the m icrotunnelling machine started excavating in very soft 

silty sand and entered medium dense gravel w ith  very little  change in measured face 

resistance stress [Figure 3.16].

The values o f face resistance stress reported in this research, 87.8kPa to 196kPa, are low er 

than the values reported by Curran (2010] for a pipe jacking project in soft loose sandy, 

clayey silt in Skibbereen, Co. Cork, which were 112kPa to 567kPa, w ith  an average of 

223kPa. In stiffer soils, for example the glacial tills  common in Ireland, face resistances are 

generally much higher than those for the soft soils examined here. For example, face 

resistance stresses of between 129 and 617kPa have been reported in glacial tills  in 

Mullingar (Reilly et al., 2012], while in Kilcock, Co. Kildare, face resistance stresses o f 262 to 

694kPa have been reported (Curran and McCabe, 2011].

3.6.6.2 Skin friction resistance stress

The skin friction resistance stresses reported for the projects in Howth and Downpatrick 

were quite low, all less than 2.3kPa. Surprisingly high skin friction resistances were 

generated in the s ilty sand or sandy silt in Mullingar, where skin fric tion resistance stresses 

of 5 and 8kPa were interpreted from the data. Typically, skin fric tion resistances o f this 

magnitude are more commonly generated in much stiffer soils like glacial tills, where skin 

friction resistance stresses o f 4 to 5kPa are common (Reilly et al., 2012].

3.6.7 Relationship between face resistance and skin friction resistance stress

A combination o f face resistance and skin fric tion resistance act against the total jacking 

force to resist the forward movement of a pipe jacking assembly, in much the same way that 

the cone resistance and the sleeve fric tion  resistance act against the advance o f a cone 

penetrometer in a cone penetration test. Therefore, it  was anticipated that studying the 

relative magnitudes of the face resistance and skin fric tion resistance for a drive should
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enable observations to be made concerning the nature of the soil, and that conversely it 

should be possible to predict, v^^ithin a range, the like ly relative contribution o f each type of 

resistance to the jacking forces in a future project based on a description of the soil type. To 

this end, the skin fric tion  resistance stress for each of the projects presented here, along 

w ith  the same parameters from 27 o f the soft soil drives analysed by Curran (2010], were 

plotted against the face resistance stress for the same drive in Figure 3.17. It  is noted that 

lubricant slurries were used during all o f these drives to some extent, so the results are 

reported as "lubricated” results.

+  Glacial till

o  Sandy silt or silty sard

•  Sand & gravel

^  Soft clay

Sandy silt o r silty sand

G lacial till

S o ft c lay

200 300100 400 500 600 700 800 900 1000 1100

Face resistance (kPa)

Figure 3.17 - Skin friction resistance stress against face resistance stress for the 8 drives 

presented here and 27 drives analysed by Curran (2010)

While the scatter in the data is too great to enable a mathematical relationship to be 

identified, certain trends are visible from Figure 3.17, as follows:

1. Skin fric tional resistance and face resistance are both low  in soft clay.

2. For the drives in s ilty  sand or sandy silt, which tended to be softer soils, the face 

resistance stress was lower than for the drives in sand & gravel and glacial till, while 

the skin frictional resistance was re latively high.
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3. For the drives in sand and gravel, the face resistance stress was very variable and 

the maximum face resistance stress recorded was relatively high, while the skin 

frictional resistance was relatively low.

4. The widest scatter is found among the data for the drives in glacial till, which reflects 

the heterogeneity of Irish glacial tills. Both face resistance and skin friction 

resistance stresses ranged from relatively low to relatively high in the glacial till, 

with a proportionate increase in skin friction resistance stress with an increase in 

face resistance stress indicated.

5. In all cases, skin frictional resistances w ere less than lOkPa, which coincides with 

the empirically-derived guidance towards design given by Thomson [1993).

From Figure 3.17 it is possible to broadly estimate the likely range of face and friction stress 

expected during a lubricated microtunnelling drive in a soil of a similar nature to those that 

are plotted on the graph. This proposed framework for predicting the relative magnitudes of 

skin friction resistance and face resistance stress in pipe jacking could be extended in future, 

should more case history data on pipe jacking in Irish conditions become available.

Another comparison was made between the measured face and skin friction resistance 

stresses and the widely-used Robertson et al. (1986] chart for the interpretation of the 

corrected cone resistance, qt, and the sleeve friction resistance, fs, derived from cone 

penetration test [CPT) results. This chart is reproduced in Figure 3.18 with the key to the 

numbering system reproduced in Table 3.8. This comparison was carried out, as there  are 

similarities in nature between the cone resistance and the face resistance, and the sleeve 

friction resistance and the skin friction resistance.

100

Friction ratio {%)

Figure 3.18 - Chart for the interpretation of CPT results (Robertson et al., 1986)
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Zone Soil behaviour type

1 Sens it ive  f ine-gra ined 5 Clayey silt to  silty clay 9 Sand

2 Organic material 6 Sandy silt to  c layey silt 10 Gravelly sand to  sand

3 Clay 7 Silty sand to  san dy  silt 11 Very stiff f ine-grained *

4 Silty clay to  clay 8 Sand to  silty sand 12 Sand to  c layey sand*

Table 3.8 -  Key to the interpretation of soil behaviour based on CPT results (based on 

Robertson et al., 1986) (* overconsolidated or cemented)

In order to plot the jacking force param eters  from Figure 3.17 in the same m anner as for the 

CPT interpretation chart, the friction ratio, Rf, which is plotted on the horizontal axis of 

Figure 3.18, was calculated as follows:

Rf =  fs/Qt  Equation 3-3

The resulting graph of the jacking force data is presented in Figure 3.19.

100 r
+  G la c ia l  till 
o  S a n d y  s i l t  o r  s i l t y  s a n d
•  S a n d  & g r a v e l
♦  S o f t  c la y

10

03
D_

<Uuc
rO

0.1

0.01

+++0  +
•  + °  

. .

0 1 2 3 4 5 6 7 8

F r ic t io n  r a t io  (%)

Figure 3.19 - Skin friction resistance and face resistance stress for the 8 drives presented here 

and 27 drives analysed by Curran (2010) plotted as friction ratio (as for CPT data) against face 

resistance (which is taken as being similar to CPT tip resistance)

From Figure 3.19 it is seen that  the majority of the microtunnelling data plots in Zone 1, as 

defined in Figure 3.18, with one outlying point plotting in Zone 2. The fact that the majority 

of the data are in Zone 1 indicates the soil around the pipe jack may have behaved like a
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sensitive, fine-grained soil, which would imply that the lubricant had changed the behaviour 

of the soil around the pipes to become like the behaviour of a low strength, fine-grained soil 

in most cases. The outlying value on the right of the figure was from the project in Mullingar, 

where the pipe jack was constructed in very soft silty sand containing a significant amount 

of organic material. It may be suggested that the lubricant application was not very effective 

in this soil type, as the skin frictional resistance recorded here  was high (8kPa).

However, this comparison, while interesting, is not conclusive, as there is a significant 

difference in the way the soil at the face of a microtunnelling machine or at the tip of a cone 

penetration test is displaced. In microtunnelled pipe jacking, the soil at the face is excavated 

and is continuously transported  to the surface by the microtunnelling machine, whereas in 

cone penetration testing, the cone displaces the soil in situ. This difference may explain why 

the face resistance stresses encountered in pipe jacking w ere significantly lower than the 

cone resistances typically observed in the cone penetration test.

3.7 Summary & further remarks

A summary of the observations made with regard to the jacking forces during the 

construction of eight lubricated microtunnelled pipelines in four different soil types has 

been given. Jacking force param eters have been in terpreted  for each and are reviewed and 

discussed. It was found that face resistance stresses w ere quite low for all cases, and were at 

the lower end of observed values reported by other researchers. Skin friction resistances 

observed were generally low, and all were below the general guidance value of 10 kPa given 

by Thomson (1993]. It was not possible to differentiate between lubricated and 

unlubricated skin friction resistances, as records of lubrication procedures were not kept 

during the reported drives. This was unfortunate, as it has been shown that the application 

of lubricant can reduce jacking forces by up to 90% [Staheli, 2006], and it would have been 

beneficial to compare results in this regard with other results from the literature.

A method of estimating, within a broad range, the likely magnitude of the face resistance 

and the skin friction resistance stress during lubricated pipe jacking based on the type of 

soil expected during a drive is proposed in Section 3.6.7, w here the face resistance and skin 

frictional resistance from a num ber of projects carried out in Ireland and Northern Ireland 

have been plotted against each other and were grouped by a description of the dominant 

soil type during the drive. The data were subsequently plotted in a similar m anner to cone 

penetration test results and this plot was compared with a well-accepted chart for the 

interpretation of soil behaviour from CPT results. The comparison suggested that  the
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injection of bentonite-based lubricants during pipe jacking might alter the behaviour of the 

soil around the pipeline, with the soil-bentonite mixture near the interface behaving like a 

sensitive, fine-grained soil.

in order to gain insight into the beneficial effects of lubricants in pipe jacking, and 

investigate the probable contributions of the application of lubricant to keeping skin friction 

resistance stresses low in the projects described above, a series of laboratory tests were 

carried out which are described in the following chapters. Also, two further case histories 

based on projects constructed in rock are presented later in Chapter 7.
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4 Interface friction reduction with unpressurised lubricants

4.1 Introduction

The behaviour of the interface between rough concrete and soil has been w idely explored in 

the past. This w ork has been in the main carried out using direct shear, simple shear or ring 

shear devices. However, measurement of pore water pressure is not possible w ith  these 

devices. As the aims of this research require such measurement, it  was necessary to develop 

a novel interface shear test apparatus utilis ing a triaxia l cell and pore water pressure 

measurement. Direct shear tests were carried out to examine the function and effect of 

unpressurised pipe jacking lubricants present in an interface and to provide calibration data 

for experiments carried out w ith  the novel test apparatus. The background to the test 

programme is discussed [§4.2], followed by an outline o f the equipment and materials used 

(§4.3 and §4.4). The test procedures are outlined (§4.5), followed by a presentation of the 

results (§4.6). Finally, the testing programme is summarised and conclusions are drawn 

(§4.7).

4.2 Experimental considerations

The main factors influencing the frictional resistance observed during pipe jacking were 

listed earlier and are restated here:

• Type o f soil and variation along the pipeline

• Normal stresses acting on the pipeline including the influence of the overcut

• Roughness of pipeline surface

• Rate o f advance

• Contact conditions between pipe and soil

• Overcut during excavation

• Position of water table

• Type, consistency, volume and pressure o f lubricant ( if  any)

• Duration o f stoppages during driving

• Pipeline misalignment, jo in t effects and /o r curvature.
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The considerations given to each o f these factors in carrying out the physical modelling w ill 

be discussed in the fo llow ing subsections.

4.2.1 Type of soil and variation along the pipeline

The type o f soil encountered during a pipe jacking operation w ill influence the frictional 

resistance encountered. For example, empirical evidence shows that jacking forces are 

typ ically higher in coarse-grained soils (Craig, 1983; Stein et al., 1989; Pellet-Beaucour and 

Kastner, 2002), while some fine-grained soils that have a tendency to swell in the presence 

of free water may place extra load onto the advancing pipe string and drastically increase 

skin fric tion  resistance. Possible changes in soil characteristics due to dynamic loading and 

vibrations caused by the m icrotunnelling machine, for example densification of 

loose/medium sandy soils, could fu rthe r influence the resistance during driving.

For testing purposes, soils were divided into fine-grained soils and coarse-grained soils. 

Three different coarse-grained soils were used in testing, both naturally occurring and 

manufactured. A manufactured fine-grained soil, kaolin clay, and a natural glacial t i l l were 

also used for a series of qualitative tests intended to show the general influence of an 

unpressurised layer o f pipe jacking lubricant on the shearing behaviour o f fine-grained soils 

against concrete.

4.2.2 Normal stresses acting on the pipeline

To examine the effects o f the normal stress from the surrounding soil on jacking forces, a 

number of tests were carried out where the normal stress acting on the shear interface 

surface was varied. Analysis of case h istory data (Norris, 1992; Staheli, 2006) indicated that 

normal stresses typically ranging from lOkPa up to lOOkPa would commonly be 

encountered in pipe jacking. In order to explore this area further, Terzaghi’s arching model, 

which was introduced earlier, was used to predict the vertical stress (cTv) acting on a plane 

located at the roo f of a notional pipeline for a range o f pipeline diameters, cover depths and 

angles o f internal soil friction. Terzaghi’s arch model is shown schematically in Figure 4.1.
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0/2

Figure 4.1 - Silo pipe loading model after Terzaghi (Norris, 1992)

Although it is possible to calculate the  theoretical s tress  d istr ibu tion  a round  the pipeline 

arising from the arching model ou tpu ts  (French Society for Trenchless Technology, 2006), 

Staheli (2006) suggests it may be ap p ro p r ia te  to assum e th a t  a uniform norm al s tress  on of 

the sam e m agnitude as Ov acts perpendicu larly  to the pipeline for the full pipeline diam eter. 

To te s t  this assum ption  a simple numerical model w as created  of a typical pipe-jacking 

s ituation  in Plaxis 2D 2011. Soil param eters ,  cover dep th  and pipe d iam e te r  w e re  taken 

from the  Howth field study  described earlier. Once installed, a 5% contraction  w as applied 

to the  pipe to create  the ground m ovem ent requ ired  to set up the arching m echanism. This 

5% includes 3% contraction due to the overcut along w ith  a loss at the face due to over 

m ining of 2%, which is typical (McCabe et al., 2012). The o u tpu ts  of this simulation, in te rm s 

of the  vertical and horizontal effective s tress  in the g round  a round  the pipeline, are  shown 

in Figure 4.2.

The mobilised column of soil above the pipe is clearly seen in the vertical effective stress  

distribution, w h e re  a zone of very  low vertical s tress  ex tends all the w ay from the surface 

dow n  to and a round  the pipe. The horizontal s tress  d is tr ibu tion  show s areas  of very  low 

stress, less than  lOkPa, each side of the  pipe. There is an increase  in the vertical s tress  a t the 

bo ttom  of the pipe, how ever this may be offset by buoyancy if the overcu t is filled with 

lubrican t in typical pipe jacking situations. In any case the s tab le-bore  model for jacking 

force d iscussed in Chapter 3 takes  account of the increase  in contact s tress  be tw een  the  pipe 

and  the soil a t the bo ttom  of the pipe.
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Figure 4.2 - Vertical (top) and horizontal (bottom) effective stress around a pipe given 5% 

contraction (the dotted circle represents the interface between the soil and pipe)

Based on these findings, and in view of the magnitude of other uncertainties present such as 

the stability of the bore and the possible variations in soil properties along a pipeline route, 

it is deemed acceptable that the normal stress acting radially on the pipe is set equal to the 

vertical stress acting at pipe crown level for this research. This normal radial stress may be 

calculated analytically as follows for a given situation [Pellet-Beaucour and Kastner, 2002):

^_g-2Ktan<5  ̂ Equation 4-1
(^N= (^v= y x H x  „

2K t a n  S—
D

5 =  Dp ( l  2 tan g  -  ^ ) )  Equation 4-2

where, in Equation 4-1, the angle of friction along the shear planes formed in the soil 

through arching (Figure 2.23), 6’, is taken as cj)’, the coefficient of earth pressure K is taken 

as 1 and B is as shown in Equation 4-2. These values are taken following the work of Pellet- 

Beaucour and Kastner (2002). The above equations were used to produce plots of normal
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stresses over ranges o f cover depths [C ), pipe diameters (Dp), angles of fric tion  (cj)’) and unit 

weights of soil (y) to build up a picture of the typical normal stresses expected during pipe 

jacking. The variation in normal stress for a typical un it weight of 20kN/m^ and friction 

angle o f 30° is shown in Figure 2.3.
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Figure 4.3 -  Assumed normal 

stress distribution around a 

jacking pipe
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Figure 4.4 - Variation of norm al stress around a pipe 

jacking pipe w ith cover to crown and pipe diam eter

For all typical combinations o f pipe jacking pipe diameters, cover depths and soil parameter 

values, the range o f normal stresses calculated using Equation 4-1 was 9kPa to 93kPa, in 

agreement w ith  the observed values quoted from the literature earlier.

4.2.3 Roughness of the pipeline surface

The roughness o f the pipeline surface w ill have a profound effect on the interface friction 

behaviour. In this research, planar concrete specimens were manufactured in the 

laboratory, as the curvature of jacking pipes made the use o f samples retrieved from full- 

scale pipes impractical. In order to ensure the roughness of these specimens matched that of 

real jacking pipes as closely as possible, w ork was carried out to characterise the surface 

roughness of jacking pipes and the specimens manufactured for the research. The results of 

this w ork are discussed later (§4.4.2).

4.2.4 Rate of advance

In m icrotunnelling, rates o f advance o f between 5 and 30m m /m inute are often encountered 

(Curran, 2010). It was not possible to recreate in the laboratory the rates of strain 

corresponding to these rates o f advance, as the direct shear-testing device utilised was
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limited to a maximum rate of strain of 1.2mm/minute. Al-Mhaidib (2006) reported on the 

results of tests to investigate the increase in shearing resistance w îth strain rate in direct 

shear tests on a poorly graded sand and also vi^hen the same sand is sheared in the interface 

w^ith rough and smooth steel surfaces. An example of five direct shear tests utilising the 

same sand, all at ISOkPa, is given in Figure 4.5. Despite the increased resistance observed 

with increased rate of displacement, the ratio of the interface friction angle, 6, and the angle 

of internal shearing resistance of the sand, cf)’, remained fairly constant, being 0.464±0.051 

in the case of a smooth steel and 0.951±0.0095 in the case of a rough steel. Hungr and 

Morgenstern (1984] report on high velocity ring shear tests on sands and other materials. 

Circumferential velocities of up to 2 m /s  were achieved at a normal stress of 200kPa. Perfect 

frictional behaviour was observed, with results uninfluenced by shearing velocity. As an 

extreme example, a study carried out using a Kolsky bar apparatus to create very high strain 

rates in a triaxial test on a dry, fine sand showed little effect when changing the strain rate 

from 500/second to 1000/second (Kabir and Chen, 2010) as shown in Figure 4.6.

In testing fine-grained soils, care is needed in selecting rates of shearing such that the 

desired drainage conditions, i.e. drained or undrained, are maintained. It was assumed here 

that shearing of fine-grained soils at 1.2 m m /m in  gave rise to undrained behaviour while for 

drained testing a slower displacement rate was chosen. This slower displacement rate was 

selected based on the analysis of the consolidation behaviour of the fine-grained soils under 

test in the usual manner.

160
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♦  0.9 n»m/min. 

B  0.4 mm/mtn.

■0.0046 m m M n.

Horizontal D isplacement.m m

25 60 75 100 125 150 175

C o n fin em en t L evel (M Pa)

Figure 4.5 -  Rate effect in shearing of sand at 

ISOkPa (Al-Mhaidib, 2006)

Figure 4.6 - Deviator stress at 5% axial 

strain (Kabir & Chen, 2010)
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4.2.5 Contact conditions be tw een  pipe and soil

Shearing conditions between the soil and the pipe may be frictional (drained), adhesive 

(undrained) or a combination of these two modes (Milligan and Marshall, 1998; Milligan and 

Norris, 1999). The occurrence of these modes in the field and their contribution to pipe skin 

resistance will depend on the permeability of the soil and the rate of advance of the pipeline. 

It can be argued in the case of field pipe jacking situations with concrete pipes that drained 

or partially-drained conditions will prevail more often than not, due to the presence of 

fractions or lenses of sand and gravel in all but the most homogeneous fine-grained soils and 

the rough of the surface of most jacking pipes allowing the formation of local drainage paths 

(Potyondy, 1961; Norris, 1992). Combined with the fact that stops of durations from 30 

minutes to 12 hours are common during pipe jacking, it was decided to focus on the 

modelling of drained conditions and the corresponding linear frictional relationships (i.e. t  

= a  tan 6’), while giving lesser attention to undrained modes of shearing behaviour.

4.2.6 Overcutting during excavation

The effects of overcutting (i.e. using a pipe jacking shield of a slightly larger diameter than 

the driven pipes) have been discussed earlier, and it was shown that overcutting is 

beneficial in reducing the jacking force in pipe jacking. It was also suggested that a num ber 

of mechanisms might be at work:

1. The overcut may remain open, minimising the contact area between the pipe and the 

ground available to mobilise resistance to motion.

2. The overcut may allow the development of arching mechanisms that reduce the 

normal effective stress on the pipe barrel, thus reducing friction.

It is then arguable w hether the overcut remains open or collapses in pipe jacking situations, 

especially in coarse-grained soils. In the apparatus chosen for this research it was 

impossible to model the effects of overcutting but it was possible to control normal stress so 

that mechanism 2 above may be explored.

4.2.7 Level of the  w ater table

The level of the water table will affect the unit weight of soils and hence the normal stress 

applied to the pipeline. In the case histories reported earlier, it is generally the case that 

microtunnelling took place below the w ater table. It has been shown that once the 

contribution of pore w ater pressures are accounted for, the interface friction behaviour is 

independent of the presence of w ater at the interface (Lehane, 1992). Testing was carried 

out using either dry or fully saturated coarse-grained soils and fine-grained soils at the
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natural water content or at a specific defined water content convenient for laboratory work. 

The test results quote this inform ation where relevant.

4.2.8 Type and consistency of lubricant

As mentioned in Section 2.5.4, various bentonite- or polymer-based lubricants are used in 

pipe jacking to reduce the jacking force required to complete the drive. There are a number 

of mechanisms proposed by which the lubricants function, which were introduced in 

Section 2.5.4.1. The four main friction-reducing mechanisms are listed below and shown in 

Figure 4.7:

1. The lubricant forms a lubricating boundary layer between the soil and the pipe.

2. The lubricant mixes w ith  the soil to form a layer of material w ith  a low er angle of 

friction.

3. The lubricant fills up the overcut, stabilising it  and making the pipeline partia lly  or 

fu lly buoyant.

4. The lubricant permeates into the soil until such time as a filte r cake forms in the soil 

thereby reducing the effective stress on the pipeline.

The w ork that can be carried out in direct shear to evaluate the contribution of these four 

mechanisms is lim ited due to the inab ility  to control pore water pressure or the formation 

of an overcut in the direct shear apparatus. Physically, it  is not possible to simulate an 

overcut and while  a pressure gradient as low as 2kPa may be sufficient fo r the formation of 

a filte r cake (Majano et al., 1994), even this is impossible to re liably provide in a direct shear 

test. In the absence of pressurisation or overcut, the contribution o f the firs t tw o listed 

mechanisms o f friction reduction are investigated.
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Figure 4.7 - Mechanisms of friction reduction due to lubrication in pipe jacking

4.2.9 Duration of stoppages during driving

Stoppages during  pipe jacking, for example overnight, at w eekends  and holidays, have a 

significant effect on the  static jacking force requ ired  to re s ta r t  jacking as com pared  to the 

dynamic jacking force before the stoppage. Increases  of up to 70% have been observed 

(French Society for T renchless Technology, 2006). A n u m b er  of geotechnical phenom ena  

have been p ro p o sed  as explanations:

• Dissipation of excess pore  p re ssu res  g en e ra ted  by shearing, increasing the effective 

s tress  acting on the jacking pipes (Norris, 1992; Marshall, 1998).

• Dispersion of p ressu r ised  lubricant and loss of pipeline buoyancy (Marshall, 1998).

• Elastic unloading  or collapse of the overcu t (Curran and McCabe, 2011).

The a u th o r ’s d ra ined  direct sh ea r  tes ts  m ay be  v iew ed as s im ulations of the re s ta r t  of 

shearing  following a stoppage, in tha t  the excess po re  p re ssu res  have been  allowed to 

dissipate. The un d ra in ed  tests, w h e re  excess po re  p re ssu re  is perm itted , s im ulate ongoing 

shearing.

4.2.10 Pipeline misalignment and joint effects

The friction due to jo in ts  in pipes ought to be considered  (Thomson, 1993), a lthough for the 

p u rposes  of this research  it is considered  to be m inor  in view of the a rea  of the  concrete  pipe 

surface com pared  to  the area  of the joints. Fu rtherm ore ,  in all cases investigated, steel 

banded  jacking pipes w ere  used, fu r ther  dim inishing th e  possible extra  frictional resistance 

created  by joints. The effects of pipeline m isalignm ent or in tentionally  driving the pipes on a 

curved tra jec to ry  can be viewed as exposing the  o u te r  par ts  of the  misaligned or curved
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section of the pipeline to a higher-than-expected normal stress as the pipes negotiate the 

curve (Shimada et al., 2004; Sugimoto and Asanprakit, 2010).

4.2.11 Boundary effects in the direct shear apparatus

The shortcomings of direct shear testing were considered (Zong-Ze et al., 1995; Liu et al., 

2005), including the friction between the soil and the sides of the shear box and the uneven 

distribution of shear stress across the interface. However, improvements to the test were 

beyond the scope of this research, and the near-universal application of direct shear-type 

devices to interface friction testing allows useful comparisons to be drawn with the work of 

others.

4.3  Equipment

A standard Casagrande-type small shear box manufactured by Wykeham Farrance 

Engineering Ltd. and complying with the requirements of BS 1377 Part 7 (British Standards 

Institute, 1990a) was used for the direct shear testing in the Geotechnical Engineering 

Laboratory at TCD. It was fitted with an automated logging system for vertical movement 

and load cell response, while horizontal displacement was calculated based on the 

displacement rate selected and the elapsed time. The apparatus is shown in Figure 4.8.

Figure 4.8 - Small shear box apparatus -  general view (left) & carriage (right)
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4.4 Test materials

The m ateria ls  used for direct sh ea r  testing  are  discussed in this section.

4.4.1 Geomaterials

As m entioned  earlier, a n u m b er  of coarse- and fine-grained soil m ateria ls  w e re  used for 

testing, som e natura l  and som e m anufactured. The p rope rt ie s  of each of these  m ateria ls  are 

d iscussed in this section.

4.4.1.1 General properties o f the coarse-grairted materials

Tw o sands w e re  used for testing, a fine to m edium  silica sand  and a m edium  to coarse 

l im estone sand. The fine-to-medium sand  is re ferred  to as Irish Glass Bottling (IGB] sand, 

w hile  the m edium  to coarse sand is re ferred  to as Banagher sand. IGB sand  is a natura lly  

occurring silica sand  obtained from the  Irish Glass Bottle plant in Ringsend, Dublin, w h e re  it 

w as  used to m ake glass, it originated in Belgium. Banagher sand  is the 0.3 to 2m m  fraction 

of a crushed aggregate used for concrete  batching in the TCD labs. The particle size 

d is tr ibu tions  of these  sands are  show n in Figure 4.9.

G ravelSilt C o a rs e  S an dM edium  S an dF ine S an d
100

9 0 -

8 0 -

7 0 -

6 0 -

50 ■<u
o i
nj
ca>u

 Banagher 0 .3mm to 2mm
D,„= 0.72mm40 ■

ICB sand 
D,„= 0.23mm

30 •

2 0 -

1 0 "

0.02 0.1 1 10

Sieve Size (mm)

Figure 4.9 - Particle size distribution of sands used in testing

IGB sand  is com posed of sub ro u n d ed  to subangular grains, som e of which are show n in 

Figure 4.10. Banagher sand is well g raded  and contains grains from rounded  to angular, as 

sh o w n  in Figure 4.11. The p rope rt ie s  of th ese  sands are  su m m arised  in Table 4.1.
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Figure 4.10 - IGB sand at 16x magnification Figure 4.11 - Banagher sand at 7.5%

magnification

M a t e r i a l Or igin Class i f i ca t i on
Yd.min

( kN/m^)

Yd,max

(kN/m^)

Dio

( m m )

D50

( m m )
Gs Cu Cz

IGB
Nat ura l ,

Belgium
SPu 14.2 16.4 0.164 0.23 2.63 1.60 0.88

B a n a g h e r
C r u s h e d

l i m e s t o n e
S 14.1 17.3 0.16 0.72 2.66 1.33 0.49

Table 4.1 - General mechanical properties of the sands used for testing

As coeffic ient o f  u n i fo rm ity  (Cu) a n d  coeffic ien t o f  c u rv a tu re  (Cz) o f  th e  p a r t ic le  size 

d is t r ib u t io n  is less  th a n  6  a n d  less  th a n  1  respec tive ly ,  b o th  soils  a re  c lassif ied  a s  even- 

g ra d e d  [British  S ta n d a rd s  In s t i tu te ,  2 0 0 4 ] ,  w i th  th e  B a n a g h e r  s a n d  s ligh tly  m o re  even-  

g ra d e d  th a n  IGB sand . Given this , a n d  th e  l a rg e r  D50 va lue  o f  B a n a g h e r  san d ,  th e  B a n a g h e r  

s a n d  w o u ld  b e  ex p e c te d  to  b e  m o re  p e rm e a b le  th a n  th e  IGB sand . Soils w e r e  te s te d  d ry  o r  

fully s a tu ra te d ;  t e s t s  involv ing  lu b r ic a n t  so lu t io n s  w e r e  te s te d  in th e  fully s a tu r a te d  

cond it ion . F or  th e  t e s t s  on  d ry  1GB san d s ,  a c o n s i s te n t  d e n s i ty  w a s  ach iev ed  b y  a i r  p luv ia t ing  

th e  s a n d s  in to  th e  s h e a r  box, w h ile  s a tu r a t e d  s a n d s  w e re  p laced  carefu lly  u n d e r  th e  su rface  

o f  s ta n d in g  w a te r  u s ing  a te a sp o o n .  T es ting  co n d i t io n s  a re  s h o w n  in Tab le  4.2.

M a t e r i a l C o n d i t i o n
Yd, test

(kN/m^)

D,

(%)

IGB Dry 14.6 20,4

IGB S a t u r a t e d 14.6 70%

B a n a g h e r S a t u r a t e d 15.7 55,1

Table 4.2 - Test conditions for sands
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Relative densities were established as follows (Lambe and Whitman, 1969]:

_ Vd.max ^  Yd-Yd.min— q /q  Equation 4-3
Yd Y d,max~y d.min

It is seen that air pluviation led to low relative density, 20.4%, in the case of 1GB sand. The 

relative density of a soil can be described as shown in Table 4.3. It is considered that the 

relative density at which the soils were tested had little significance, since information is 

only sought on the constant volume shearing behaviour of the material, by which time the 

material will be at critical state density within the shear band. For tests involving saturated 

sands, samples were placed using a spoon and tam ped using the same level of force each 

time, however in some cases the relative density was recorded. In hindsight, records should 

have been kept, but this is not considered to have affected the results obtained.

R elative D ensity D escription

0 -  15% Very loose

15 -  35% Loose

35 -  65% M edium

65 -  85% D ense

85 -1 0 0 % Very d en se

Table 4.3 - Relative densities and descriptions (after Lamb & Whitman, 1969)

Normal stress was varied from the lowest level allowed by the apparatus (18.6kPa] to 

higher stresses, up to ISOkPa. It would have been preferable to test at normal stresses lower 

than 18.6kPa, however this was not possible.

4.4.1.2 Shear strength o f IGB sand

IGB sand was sheared in the direct shear box at normal stresses of 18.6, 50 and 100 kPa. 

Five dry tests w ere carried out, along with one test where the sand was saturated for 

comparison. The results of these tests in terms of shear stress and vertical movement are 

shown in Figure 4.12 and are summarised in Figure 4.13. It is seen from Figure 4.13 that a 

small apparent cohesion intercept resulted from a linear regression on graph of shear stress 

against normal stress. This is minor and is ignored for the sake of consistency. The sand 

behaved as is typical for a loose sand in direct shear.
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Figure 4.12 - Results for direct shear tests carried out on IGB sand; shear stress [top) and 

vertical movement of the top plate (bottom)
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Figure 4.13 - Constant volume shear stress against normal stress for IGB sand in direct shear
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The constant volume friction angle measured for 1GB sand, 31°, agrees w ith  the findings of 

Gavin (1999), who also quotes 31° as the constant volume angle of fric tion fo r this sand. 

Bolton [1986) fu rther states that the constant volume friction angle o f any sand chiefly 

composed of quartz grains may be taken as 33°±2°. The direct shear constant volume angle 

of friction o f 31° established above is w ith in  the range quoted and hence, this value may be 

used w ith some confidence.

4.4.1.3 Shear strength of Banagher sand

Three direct shear tests, at normal stresses of 50, 100 and ISOkPa were carried out to 

characterise the internal shearing behaviour of the 0.3 to 2mm fraction o f Banagher sand. 

The results are shown in Figure 4.14 and summarised in Figure 4.15
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Figure 4.14 - Results for direct shear tests carried out on Banagher sand; shear stress (top) 

and vertical movement of the top plate (bottom)
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Figure 4.15 - Constant volume shear stress against normal stress for Banagher sand in direct

shear

As shown in Figure 4.15 the constant volume friction angle of Banagher sand has been 

established as 36.2° in direct shear. As for the IGB sand, a small apparent cohesion intercept 

observed was ignored for consistency.

4.4.1.4 Properties of fine-grained test materials

Laboratory-grade Fluka kaolinite was used to prepare samples of kaolin clay for test 

purposes. Dry kaolinite was mixed with deionised w ater using a spatula in a m anner similar 

to that used for the preparation of fine-grained materials for liquid limit tests. Samples were 

batch mixed at 40% moisture content, which is just above the plastic limit of the material. 

While the presence of air within the samples cannot be excluded, it is felt that this would not 

adversely affect the experimental outcomes. The soil sample produced was an even-graded 

soil consisting of 100% fine material. The main index properties of the mixed kaolin are 

presented in Table 4.4.

PL (%) 39 .4

LL (%) 52.5
Fines fraction (%) 100

Table 4.4 - Properties of kaolin clay

Cloughfin clay is a naturally occurring glacial till from the Cloughfin area, north of 

Carrickfergus, Co. Down, which became available during this research. Block samples were 

taken from a depth of 2m below ground level, w here  the clay was above the w ater  table and 

would have been at an in-situ vertical effective stress level of approximately 40kPa. The
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material is a firm  to s tiff light brown slightly sandy slightly gravelly clay w ith  occasional 

cobbles and occasional boulders, w ith  the gravel fraction varying from sub-angular to sub

rounded. It is well-graded material w ith  a fines content of 25%. Some index properties of 

the soil are reported in Table 4.5 while a typical particle size d istribution for Cloughfin clay 

is shown in Figure 4.16.

PL (%) 23.9

LL (%) 58.2

Fines fraction (%) 25

Natural M C  (%) 25

Table 4.5 - Properties of Cloughfin clay
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Figure 4.16 - Particle size distribution for Cloughfin clay

4.4.2 Interface materials

Interface friction tests were carried out to replicate the shearing behaviour o f soils against 

pipe-jacking pipes as used in the field. As the curvature o f pipe-jacking pipes prevented the 

use o f samples taken from pipes in the direct shear device, some concrete samples were 

manufactured in the laboratory. The concrete specimens for the direct shear tests had 

dimensions o f 60mm x 60mm x 20mm. A strong micro concrete m ix was used, the details of 

which are included in Appendix A. Concrete jacking pipes used in Ireland are typically 

manufactured using the dry cast concrete process, where the pipes are formed by 

mechanically placing low-slump concrete between a v ibrating core former and a stationary 

outer form, or by the packerhead process, where a rotating tool presses dry concrete against 

a fixed outer former. The resulting pipes are strong and impermeable. The outer finish is
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generally quite rough, as illustrated in Figure 4.17 (a) & [b), but can vary to quite smooth in 

some cases due to variations in the manufacturing process [Figure 4.17 (c)). The main 

considerations in making the specimens were durability during repeated shearing and 

achieving a surface finish close to w hat would be expected in practice for jacking pipes. One 

such specimen is shown in Figure 4.18.

(a) Rough finish (b) Medium finish

(c) Smooth finish

Figure 4.17 (a) to (c) - Typical dry cast concrete jacking pipe finishes

Figure 4.18 - Concrete test surface
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4.4.2.1 Pipe surface roughness

The surface topographies of three concrete samples, two taken from jacking pipes and one 

microconcrete sample representative of the manufacturing process for the direct shear and 

triaxial specimens, were characterised using a white light interferometer. The resulting 

surface maps, taken over three distributed 0.68mm x 0.68mm sample areas per specimen 

for the jacking pipe samples and three distributed 1.2mm x 1.2mm areas on the 

microconcrete specimen, were interrogated for average roughness [ R a )  values by generating 

60 randomly distributed surface profiles per specimen. The average surface roughness and 

standard  deviation thus computed for each specimen are shown in Figure 4.19.
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Microconcrete Packerhead Dry cast 

Figure 4 .19  -  The average roughness of the concrete specim ens, w ith  the standard deviation  of 

the roughness m easu rem en t show n by error bars.

The average roughness values and standard deviation measured for each concrete specimen 

are presented in Table 4.6.

Interface Average roughness Ra(nm) Standard Deviation

Microconcrete 22.8 9.0

Packerhead 24.3 9.3

Dry cast 24.1 18.9
Table 4.6 - Average roughness (Ra) and standard deviation  o f each concrete specim en

The surfaces of the concrete specimens characterised are very uniform compared to the 

surfaces of concrete pipes characterised by Iscimen [2004], the average roughness and 

standard deviations of which are shown in Figure 4.20. Iscimen used a stylus profiler 

whereas a white light interferometer was used in the present research. Each of Iscimen’s 

surface profiles was much longer than those generated by the author, 50mm as against 

1.2mm or less in the present research, and it is likely that Iscimen’s profiles captured macro
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features of each surface that the present research was unable to, leading to a greater and 

possibly more realistic variability in roughness measurements. A typical vi^hite light 

interferometer profile is shown in Figure 4.21 while a profile m easured using a stylus 

profiler is shown in Figure 4.22 for comparison. This is difference in approach is 

unfortunate, however a stylus profiler was not available during the present research. It is 

considered probable that  similar results to Iscimen would have been obtained had it been 

possible to measure profiles over a greater length.
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Figure 4.20 - Average roughness for each pipe material and standard deviation of roughness

measurement (Iscimen, 2004)
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Figure 4.21 - Typical line roughness profile for microconcrete test specimen measured using 

white light interferometry, gauge length = 0.686mm
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Figure 4.22 - Packerhead concrete surface profile measured using a stylus profiler, gauge

length = 50mm (Iscimen, 2004)

4.4.3 Slurries

CETCO Hydraul-EZ is a polymer-modified sodium bentonite clay product commonly used in 

tunnelling, directional drilling and pipe jacking. In pipe jacking, it is often used to thicken the 

slurry in the spoil return circuit and also as a lubricant. Anecdotally, the author has 

observed that Hydraul-EZ is the most commonly used pipe jacking lubricant in Ireland and 

Northern Ireland. For this reason, it was selected as the main lubricant product to be used in 

this research. Following the supplier and m anufacturer’s recommendations, the Hydraul-EZ 

powder was mixed with potable w ater at concentrations of 4% and 8% by mass. The 4% 

slurry was relatively light and had a Marsh funnel time of approximately 43 seconds. In 

comparison, the 8% slurry was a very thick mixture that  did not readily flow and required 

handling with a spatula. The 4% slurry was mixed with a laboratory stirrer  while the 8% 

slurry was mixed with a hand blender.
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4.5 Testing programme and procedures

4.5.1 Testing programme

A programme of direct shear interface tests was carried out in three main stages:

1. Interface tests, where the bottom half of the shear box was filled with a rough 

concrete surface, and carried out to determine 6'cv or the undrained interface shear 

strength [insofar as maintaining the undrained condition was possible).

2. Interface tests, where the bottom half of the shear box was filled with a smooth 

Perspex surface, to provide confirmation that shearing was taking place along the 

interface if the interface were smooth.

3. Interface tests with lubricant, carried out to determine if the application of 

unpressurised lubricants affected the interface shear properties of the soils of 

interest.

The testing programme is summarised in Table 4.7.

S o i l / I n t e r f a c e  m a t e r i a l IGB s a n d B a n a g h e r  s a n d Kaolin c lay C lo u g h f in  c lay

Soil a lo n e • •

Soil -  P e r sp e x • •

Soil -  c o n c r e t e • • • •

Soil -  Hydraul-Ez -  c o n c r e t e • • • •

Table 4.7 -  Direct shear testing programme

4.5.2 Testing procedures

Shear strength tests on the sands and sand-concrete interfaces were carried out in the 

normal manner as specified in BS 1377 Part 7 [British Standards Institute, 1990a), with 

reference to ASTM D5321 for interface shear testing when appropriate [ASTM, 2002). For 

coarse-grained soils and undrained testing of fine-grained soils, the maximum available 

shearing rate of 1.2mm/minute was chosen. For drained testing of fine-grained soils, a 

standard log-time consolidation curve was plotted, a time to failure was calculated [Head, 

1998b) and a shearing rate of 0.00975 mm/minute was chosen to give the required 

displacement within 24 hours while ensuring excess pore pressures were not generated in 

the specimen. These rates were used for all tests, including interface tests, unless noted 

otherwise.
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For interface testing, the concrete  interface e lem ent w as  placed in the low er half of the 

shea r  box, ensuring th a t  the  interface w as inline with  the sh ea r  plane. The te s t  a r ran g em en t  

is show n schematically in Figure 4.23.

Soil

w -  Concrete

Figure 4.23 - Interface friction testing in direct shear (Zong-Ze et al., 1995)

Sufficient travel w as allowed for the sand  to reach constan t volum e shearing  conditions and 

cj)cv and 6cv. To ensu re  th a t  the set up enabled shearing  to take place along the interface, 

som e tes ts  w ere  carried  out w h ere  a sam ple of Perspex, or acrylic glass, w as used in the 

bo ttom  half of the sh ea r  box. It is expected tha t  the angle of interface friction would be low 

with such a material, and the results  of these  tes ts  are  show n later. The concrete  specim en 

installed in the low er part  of the sh ea r  box is show n in Figure 4.24 while a sam ple of 1GB 

sand  mixed with lubricant following shearing  and after d isassem bly of the sh ea r  box is 

show n in Figure 4.25.

Figure 4.24 -  Concrete interface in lower 

half of shear box

Figure 4.25 -  IGB sand mixed with lubricant 

following shearing

For the interface tes ts  with lubricant, a 2m m  thick layer of Hydraul-EZ modified ben ton ite  

w as placed be tw een  the concrete  surface and  the soil. The m anufac tu re r 's  recom m endations  

w ere  followed in mixing Hydraul-EZ for use as a pipe jacking lubricant. Two concentra tions
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were used - 4% or 8% by mass mixed with potable water. These concentrations were 

chosen as 4% concentration Hydraul-EZ is commonly used in industry, while doubling the 

concentration to 8% produced a noticeably different slurry to compare with. The 

consistency of the slurry determined how it was placed -  the 4% slurry was a very light 

liquid which could be poured onto the concrete and would find its own level while the 8% 

slurry was much more viscous and was smeared onto the concrete surface using a palette 

knife. Layer thickness was checked using a vernier caliper and adjusted if necessary.

in the case of tests on sand, the saturated sand was then gently placed on top of the layer of 

lubricant using a teaspoon. For tests on fine-grained materials, the soil specimen was 

extruded from a suitable mould into the top half of the shear box. Every effort was taken to 

ensure the layer of lubricant remained intact prior to applying the normal stress via a 

hanger and weights. The necessary weights were placed gradually to prevent disturbance to 

the specimen. For tests on sand, the specimens made with 4% Hydraul-EZ "consolidated" 

almost instantly, with vertical movement ceasing within seconds of applying the normal 

force. Specimens made with 8% Hydraul-EZ required a longer period for excess pore 

pressures to dissipate, identified by the cessation of vertical movement. For undrained tests 

on fine-grained materials, shearing was commenced immediately upon specimen placement 

while for drained tests consolidation behaviour was monitored over a 24 hour period to 

ensure excess pore w ater pressures had dissipated prior to shearing.

4.6 Results

Results of direct shear testing are presented graphically for each soil type in sequence. The 

results for the coarse-grained soils are presented first, followed by the results for the fine

grained soils. Results are presented as plots of shear stress and vertical movement against 

displacement and where testing was carried out at three different normal stress levels for 

the coarse-grained soils, a summary plot of normal stress against shear stress for the tests 

on coarse-grained material is shown. From this, friction and interface friction param eters 

(J)’cv and 6 ’cv were determined using linear regression in the normal manner. In some cases, a 

small apparent cohesion intercept was observed when the data was plotted, however as for 

the shear tests on sand (§4.4.1) this was ignored for consistency of approach.
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4.6.1 IGB sand

The results for tests carried out using IGB sand are outlined in the sections below.

4.6.1.1 Sand/concrete interface

Three interface shear tests were carried out using a rough concrete surface and 1GB sand. 

The sand was saturated and placed under w ater on to the surface. Results of these tests, 

carried out at normal stresses of 18.6, 50 and lOOkPa, and plotted as shear stress and 

vertical movement against horizontal displacement are shown in Figure 4.26. In each case a 

peak value of stress occurred after 1 or 2mm displacement; this is expected in the case of 

dense sand (Dr = 70%). The consequences of this in pipe jacking could be slightly higher 

starting skin friction resistance each time a coarse-grained soil is allowed to densify around 

a pipe, i.e. during stoppages. During stoppages there may still be vibration energy leaving 

the microtunnelling shield due to the continued operation of the cutting wheel, crusher, 

pumps or associated mechanical apparatus. This densification effect may explain the 

frequently observed increased restarting jacking forces after stoppages reported from field 

case histories.

When shear stress is plotted against normal stress in Figure 4.27, it is seen that the angle of 

constant volume shearing resistance is the same for shearing along the interface as it is for 

internal shearing of the sand. This indicates that the full internal angle of shearing 

resistance of the sand is mobilised when shearing against the rough concrete interface. A 

small cohesion intercept is present, however this was ignored for the purposes of 

consistency, as it was deemed not to affect the outcomes. With this in mind, it is possible to 

assume that the observed behaviour of 1GB sand shearing on the concrete interface is purely 

frictional, i.e. the shear stress is linearly related to the normal stress over the stress range of 

interest.
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80

=  62.0kPacv.lOOkPa

60

4 0
=  33.3kPacv.SOkPa

20 = 14.3kPa

4 m m  c h o s e n  as  s t a r t  o f  co n s t a n t  v o lum e sh ear in g

14

H or izonta l  d i s p l a c e m e n t  (m m)

0 .2 5

0.2 lOOkPa

0 .1 5
18.6kPa

50 kPa
3  0 .0 5

- 0 . 0 5
H orizonta l  d i s p la c e m e n t  (m m)

Figure 4.26 - Testing results for IGB sand sheared against a concrete test surface in direct 

shear; shear stress (top) and vertical movement of the top plate (bottom)

65

60  •

55  •

Sand/rough concrete
50  ■

«  25 ■

oi
- c  2 0  ■

Sand alone
LTl

15  -

20 30 4 0  50  60

Normal stress, a  (kPa)
90 100

Figure 4.27 - Constant volume shear stress plotted against normal stress for 1GB sand alone 

(solid line) and IGB sand sheared against rough concrete (dashed line) in direct shear
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4.6.1.2 Sand/Perspex interface

Interface shear tests against a smooth Perspex interface were carried out with 1GB sand at 

normal stresses of 18.6, 50 and 100 kPa. Three tests were carried out with the sand being 

air pluviated dry into the top half of the shear box. Plots of shear stress and vertical 

displacement against horizontal displacement are not shown, as the behaviour is similar to 

that shown for the concrete interface in section 4.6.1.1. Instead, results are simply plotted as 

constant volume shear stress against normal stress in Figure 4.28, with interpreted angles 

of friction resistance shown on the graphs.

60 ■

55 -

50 •

?  45 ■

40 ■ Sand alone
</T 35 • 
o;

4>'cv = 31.0'

?5 25
dj

20
= 19.3°

Sand/Perspex

40 50 60
Normal stress, a (kPa)

90 100

Figure 4.28 - Constant volume shear stress plotted against normal stress for 1GB sand alone 

(solid line) and IGB sand sheared against a smooth Perspex surface (dashed line) in direct

shear

As would be expected when shearing against a very smooth surface, the constant volume 

angle of interface shear resistance mobilised (19.3°) was significantly lower than the 

internal angle of shearing resistance (31.0°) of the sand, actually a 38% reduction. Of note is 

a small cohesion intercept, equal or less than 5kPa. As this intercept was present and of 

similar magnitude in all tests carried out using IGB sand it was ignored for the purposes of 

consistency and on consideration was deemed not to affect the experimental outcomes.

4.6.1.3 Sand/concrete interface with an unpressurised lubricant layer

Six direct shear tests were carried out in the shear box using IGB sand, a rough concrete 

surface and slurry made from CETCO Hydraul-EZ mixed at 4% and 8% by mass. The aim of 

these tests was to show the influence of a layer of unpressurised pipe jacking lubricant on 

the interface shearing behaviour of fine to medium sands. The first three tests were carried
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out by pouring a 2mm thick layer 4% Hydraul-EZ onto the concrete surface before gently 

placing the saturated 1GB sand to a relative density of 70% and applying the required 

normal stress in the usual m anner using the shear box hanger mechanism. Dial gauge 

readings showed that the sample finished settling vertically almost immediately on 

placement of the load. Shearing was carried out at a rate of displacement of 1.2mm/minute. 

The results of the first series of tests using 4% slurry are shown in Figure 4.29.

N o  l u b r i c a n t
70

1 0 0  kPa

■■o’60
,.0 ‘

4%  H y d r a u l - E Z  ;

50kPa

20
18.6kPa.o<r-

14

H o r izo n ta l  d i s p l a c e m e n t  (mm )

0.3
N o l u b r i c a n t

lOOkPa0.2

1 8 .6 k ^
0.1

SOkPa

18.6kPa

lOOkPaE -0 .3

- 0.4
4% H y d r a u l - E Z

> - 0.6

-0 .7

■•Q.-o.i

-0 .9 '

H o r izo n ta l  d i s p l a c e m e n t  (mm )

Figure 4.29 - Testing results for 1GB sand sheared against a concrete test surface to which a 

2mm layer of 4% Hydraul-EZ had been applied before shearing; shear stress (top) and vertical

movement of the top plate (bottom)

It is seen from these results the shear resistance of the interface was not altered by the 

presence of the slurry, i.e. the full internal angle of shearing resistance of the sand was
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mobilised to resist movement along the interface. It is noted, however, that the shearing 

behaviour of the sand changed from the dilative behaviour typical of dense sand to the 

contractive behaviour typical o f loose sand. So, while a lubricant slurry mixed at 4% 

concentration by mass had no beneficial effects on constant volume shearing resistance in 

the interface, it  is seen that the peak stress was reduced by the presence of the lubricant. As 

mentioned, the development o f a peak stress could make restarting a pipe jack more d ifficult 

after a stoppage, and this effect of bentonite-based unpressurised lubricants may be 

beneficial in reducing the restarting force required.

The second series o f tests was carried out by smearing a 2mm layer of 8% Hydraul-EZ onto 

the concrete interface, before placing saturated 1GB sand in the top half o f the shear box to a 

relative density o f 70%. When the required normal stress was applied it was found that the 

specimens continued to settle vertically for a significant time, so specimens were left loaded 

over night so that the bentonite clay s lurry layer could reach its full state of prim ary 

consolidation before shearing was commenced. This was necessary as it  was not possible to 

measure pore water pressure in the shear box and hence shearing the sample undrained 

would have produced results which were not capable of being accurately analysed. Plots of 

vertical movement against the square root o f time, in the normal manner for the 

consolidation of a fine-grained material in the shear box, are shown in Figure 4.30, and from 

these it was concluded that each specimen had reached a level o f settlement which indicated 

that no excess pore water pressures were present before shearing was commenced.

20 26 28 30 32

- 0.1

- 0.2

18.6kPa

- 0 .6 SOkPa

lOOkPa- 0 . 7 '

- C . i

Figure 4.30 - Consolidation curves for tests with IGB sand, a rough concrete interface and a

2mm layer of 8% Hydraul-EZ
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Shearing took place without removal of the normal stress and at a rate of strain of 1.2 

mm/min. After disassembling the shear box after the tests, it was found that the Hydraul-EZ 

slurry had filtered to the top of the sand layer, but also that a continuous layer of lubricant 

remained in place on the concrete (Figure 4.31).

Figure 4.31 -  Layer of Hydraul-EZ after shearing

The results, in terms of shear stress and vertical movement of the top cap, are plotted in 

Figure 4.32. Here, it is seen that a 2mm layer of 8% Hydraul-EZ slurry, even in the absence 

of excess pore water pressure generated through a change in the vertical stress, has a 

beneficial impact on the shearing resistance of the interface.

The reductions in interface shearing resistance illustrated in Figure 4.32 are tabulated in 

Table 4.8. It is seen that reductions of up to 29% in shear stress, shearing resistance, were 

obtained when a layer of 8% Hydraul-EZ was placed on the concrete interface before 

shearing. The percentage reduction in mobilised shear stress on the interface decreased as 

normal stress increased. These results show much more significant reductions in shear 

stress than the results obtained by McGillivray (2009] in testing with 3.1% and 5.1% BORE- 

GEL modified bentonite interface layers, who found the largest reduction in mobilised stress 

of 18% was achieved only with a smooth FRP pipeline and almost negligible reductions 

were obtained with concrete pipe specimens.
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Figure 4.32 - Testing results for IGB sand sheared against a concrete test surface to which a 

2mm layer of 8% Hydraul-EZ had been applied and allowed to consolidate before shearing; 

shear stress (top) and vertical movement of the top plate (bottom)

Normal stress (kPa)
Unlubricated shear 

stress (kPa)
Lubricated shear stress 

(kPa) with 8% slurry

Reduction in 
shearing 

resistance (%)

18.6kPa 14.3 10.2 28.7

50kPa 33.3 25.5 23.4

lOOkPa 62.0 51.8 16.5
Table 4.8 - Summary of test results where IGB sand was sheared against concrete in the

presence of 8% Hydraul-EZ slurry

The author’s results indicated, although it needs to be verified, that the effects seen here 

relate to filter cake formation and a certain "locking in” of excess pore pressure at the
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interface. The greater reductions in shearing resistance at lower normal stress levels, in 

spite of indications that primary consolidation had taken place in all cases [Figure 4.30), 

may be indicating that the slurry is behaving as a boundary lubricant. However sufficient 

information on pore pressure conditions at the interface does not exist to verify this. Plots of 

constant volume shear stress against normal stress are presented in Figure 4.33 for the 1GB 

sand shearing against concrete and the 1GB sand shearing against concrete with a 2mm 8% 

Hydraul-EZ layer, along with interpreted angles of shearing resistance.

65
S a n d / r o u g h  c o n c r e t e
S a n d / r o u g h  c o n c r e t e  & 4% Hydrau l -EZ

60 •

55 ■
= 31.050 ■

= 27.1°

S a n d / r o u g h  c o n c r e t e  & 
8% Hydrau l-EZ

20 40 50 60
Normal  s t r es s ,  a  (kPa)

90 10070

Figure 4.33 - Constant volume shear stress plotted against normal stress for the 1GB 

sand/concrete interface unlubricated and with 4% Hydraul-EZ (dashed line) and the 1GB 

sand/concrete interface with 8% Hydraul-EZ (dashed line) in direct shear

4.6.1.4 Summary

All of the tests carried out using 1GB sand are summarised in Table 4.9, w here the constant 

volume friction angle derived from each test is shown, along with the ratio of interface 

friction to internal friction, 6 ’c v / ( | ) ’cv, where appropriate. The two param eters  are commonly 

used in the analysis of pipe jacking design situations and offer a convenient means to show 

the differences in behaviour between the tests.
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Soil/In terface m aterial
Constant 

volum e angle 
of friction <{)'„

Constant 
volum e angle 
of friction 5 ’ n

Friction 

angle ratio

IGB sand alone 31.0° - -

IGB sand -  concrete 31.0° 31.0° 1

IGB sand -  Perspex 31.0° 19.3° 0.62

IGB sand -  4% Hydraul-Ez layer -  concrete 31.0° 31.0° 1

IGB sand -  8% Hydraul-Ez layer -  concrete 31.0° 27.1° 0.87

Table 4.9 -  Summary of results in terms of friction angle for IGB sand

From these results it can be seen that the application o f unpressurised 4% Hydraul-EZ 

s lu rry  has no beneficial effect on the constant volume shearing resistance in a simulated 

pipe jacking situation, however as mentioned above application of 4% slurry appears to be 

effective in reducing the occurrence of peak stresses in dense sands. Unpressurised 8% 

Hydraul-EZ slurry, on the other hand, does have a significant beneficial effect in reducing 

interface shear resistance, whether by behaving as a boundary lubricant or through another 

mechanism. Considering the results obtained when shearing on the Perspex interface, w ith  a 

fric tion angle ratio of 0.62, it  is evident that utilis ing smoother material fo r jacking pipes 

may have significant benefit in reducing the shearing resistance during pipe jacking.

4.6.2 Banagher sand

The results of direct shear interface tests w ith  Banagher sand are presented below. The 

same series o f tests were carried out as for IGB sand, w ith  the exception o f the tests 

involving slurry, where only the more viscous of the two s lurry mixes was used. A ll tests 

were carried out at three normal stress levels, 50, 100 and 150kPa. For each test, the sand 

specimen was saturated and was placed under water at a target relative density o f 70%.

4.6.2.1 Sand/concrete interface

These tests were carried out as for the tests on the 1GB sand, using the same rough concrete 

surface set flush w ith  the bottom half of the shear box. The sand specimens were placed 

under water to the appropriate height before the normal stress was applied through the 

loading cap in the usual manner. The results are presented Figure 4.34 as graphs o f shear 

stress and vertical movement o f the top platen against displacement.
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Figure 4.34 - Testing results for Banagher sand sheared against the rough concrete test 

surface in direct shear; shear stress (top) and vertical movement of the top plate (bottom)

It is seen from Figure 4.34 that the interface shearing behaviour is almost identical to the 

shearing behaviour of the sand itself [Figure 4.14), indicating that due to the roughness of 

the concrete the shear band has moved into the sand itself This similarity is further shown 

in Figure 4.35 where the shear stress and vertical movement are plotted against volume 

change for both cases. A peak stress is visible in both cases due to the density of the sands 

under test  [ D r  = 70%], and in the case of pipe jacking this peak stress may make restarting 

m ore difficult after a stoppage. It is seen, however, that the sand mobilises a lower peak 

shear stress when shearing against the rough concrete interface and generates less vertical 

m ovement than when sheared itself These minor differences may have slight beneficial 

effects in pipe jacking.
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Figure 4.35 - Shear stress (left) and vertical movement (right) plotted against horizontal 

displacement for tests on Banagher sand alone (grey) and with the rough concrete interface

(black)

Finally, the constant volume shear stress is plotted against normal stress for each direct 

shear test in Figure 4.36, where interpreted constant volume angles of friction are also 

shovyn.
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Figure 4.36 - Constant volume friction angles for the shearing of Banagher sand alone (solid 

line) and interface shearing of Banagher sand and rough concrete (dashed line)

It is seen that unlike the 1GB sand, the Banagher sand does not mobilise its full internal angle 

of shear resistance w^hen sheared against rough concrete, but ra ther  mobilises an interface 

angle of friction of 0.9 times the interface angle of shear resistance. This may be explained 

by reference to the critical roughness model of Uesugi & Kishida (1986b) and illustrated in 

Figure 2.13, where a strong linear correlation exists between the normalised roughness.
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which is the roughness o f the surface normahsed by D50 of the soil, and the friction angle 

ratio up to a certain "critica l” normalised roughness. A fter this point, as D50 decreases the 

friction angle ratio remains unity. In effect, the model predicts that smaller soil particles w ill 

mobilise a greater shearing resistance when shearing on the same interface material.
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Figure 4.37 - Friction angle ratio against average roughness normalised by soil mean particle

size Dso (Knapett & Craig, 2012)

Given that the average surface roughness [R a ) of the concrete specimen used here was 

22.8|im, the normalised roughness in the case o f the IGB sand and the Banagher sand are 0.1 

and 0.03 respectively, as shown in Table 4.10. By reference back to Figure 2.13, it  is clear 

that the critical roughness model o f Uesugi & Kishida [1986b] correctly predicts a friction 

angle ratio o f unity for the IGB sand and approximately 0.9 for the Banagher sand concrete 

when shearing against precast concrete, i.e. the D50 of the Banagher sand is sufficiently large 

that the normalised roughness value falls below the "critical value".

Sand D so  (mm) R a /D s o

IGB 0.23 0.1

Banagher 0.72 0.03

Table 4.10 -  Mean particle size and average roughness normalised by mean particle size for

sands under study

4.6.2,2 Sand/Perspex interface

Similarly to the procedure fo r the IGB sand, a Perspex surface was set flush w ith  the bottom 

half o f the shear box before saturated sand was placed under water in the top half. The 

results o f these tests are plotted as constant volume shear stress against normal stress, w ith  

interpreted angles of fric tion  resistance shown in Figure 4.38. Shear stress against
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horizontal displacement and vertical displacement against horizontal displacement are not 

shown, as the behaviour is similar to that for the concrete interface.
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Figure 4.38 - Constant volume shear stress plotted against normal stress for Banagher sand 

alone (solid line) and IGB sand sheared against a smooth Perspex surface (dashed line] in

direct shear

As would be expected when shearing against a very smooth surface, a constant volume 

angle of interface shear resistance (24.9°) significantly lower than the internal angle of 

shearing resistance (36.2°] of the sand resulted. Here, the smooth surface is responsible for 

a 31% reduction in the angle of shearing resistance.

4.6.2.3 Sand/concrete interface with unpressurised lubricating layer

A series of tests were carried out to investigate the influence of unpressurised lubricants on 

the Banagher sand/rough concrete interface. Tests were initially with the same 8% 

concentration Hydraul-EZ slurry introduced earlier, as it was felt that the most significant 

effect would be seen with this material, and lower viscosity slurry could then be used to 

draw comparisons if necessary. The same procedure was followed as for the 1GB sand, i.e. a 

2mm layer of 8% Hydraul-EZ sodium bentonite-based slurry was smeared onto the concrete 

surface before saturated Banagher sand was placed gently onto this layer. The sand was 

compacted to 70% relative density and sufficient time was allowed for the consolidation of 

the Hydraul-EZ layer before shearing commenced. In this case, consolidation was achieved 

very quickly, within a few minutes of applying the vertical load, and no measurem ents of 

vertical movement were made prior to the s tart of shearing. The results of this series of tests 

are shown in Figure 4.39.
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Figure 4.39 - Testing results for Banagher sand sheared against a concrete test surface 

smeared with a 4mm layer of 8% Hydraul-EZ slurry; shear stress (top) and vertical movement

of the top plate (bottom)

When the interpreted angle of interface friction is plotted alongside the results from testing 

without lubricant in Figure 4.40, a very small beneficial effect is seen. The interpreted angle 

of constant volume shearing resistance falls from 32.6° to 30.7° degrees, or 6%, vi^hich is 

quite small and very much short of the 60% to 90% reductions in shear stress reported 

from field studies on pipe jacking w^ith lubricant [Pellet-Beaucour and Kastner, 2002; 

Staheli, 2006).
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Figure 4.41 shows that the shearing behaviour and accompanying volume change is now 

quite different from the previous situations w ith  Banagher sand in that the evolution o f 

shear stress and the vertical movement of the top cap behave as for a loose sand, not a dense 

sand at 70% relative density. While very sim ilar constant volume shear stress is reached, 

the behaviour of the sand is quite different. Of particular note is the absence o f a peak value, 

which may offer some beneficial assistance during pipe jacking, fo r example restarting after 

a break or pipe change if  vibrations originating from the pipe jacking shield have densified 

the soil surrounding the pipe.
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Figure 4.41 - Shear stress and vertical movement for tests on Banagher sand alone (light grey 

dashed), with a plain rough concrete interface (grey) and with a lubricated rough concrete

interface (black)
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Based on the m inimal beneficial effects obtained w ith  8% Hydraul-EZ, it  was decided not to 

conduct testing w ith  4% Hydraul-EZ slurry, as the effects w ith  this less viscous material 

would be less beneficial still.

4.6.2.4 Summary

The series of twelve direct shear tests carried out using Banagher sand and a rough concrete 

and smooth Perspex interface are summarised in Table 4.11. The constant volume internal 

friction angles and interface fric tion  angles obtained from perform ing linear regression 

analysis on direct shear results are shown along w ith  the friction angle ratio, which 

compares the angle o f friction of the interface w ith  that of the soil under test on its own.

Soil/Interface material
Constant 

volume angle 
of friction <{>'„

Constant 
volume angle 
of friction 6 '„

Friction 
angle ratio

6 ' „ / c | ) ' c v

Banagher sand alone 36.2° - -

Banagher sand -  concrete 36.2° 32.6° 0.9

Banagher sand -  Perspex 36.2° 24.9° 0.69

Banagher sand -  8% Hydraul-Ez layer -  concrete 36.2° 30.7° 0.85

Table 4.11 -  Summary of results in terms of friction angle for Banagher sand

These results indicate the beneficial effects that would be obtained when applying 

unpressurised lubricants to the outside of pipe jacking pipes in this particular sand, which is 

a medium to coarse calcareous sand. The angle of interface shearing resistance is reduced 

by 3.3% to 30.7° and the occurrence of peak stresses are avoided in dense sands. These 

results correspond w ith  the results obtained by McGillivray (2009) in direct shear interface 

tests using unpressurised lubricants, where reductions in shear stress of the order of a few 

per cent were seen. However, a greater beneficial reduction in interface angle of friction 

occurs w ith  a smoother interface material. Perspex in this case, and the hence utilisation of 

smoother jacking pipes may be w orth  investigating i f  skin fric tion stresses are to be reduced 

to the ir absolute lowest level.

4.6.3 Kaolin clay

Laboratory-grade Fluka kaolinite, the properties o f which are described earlier (§4.4.1.4], 

was used to prepare normally consolidated clay samples for direct shear testing. The clay 

was prepared by m ixing dry kaolinite powder w ith  deionised water in the same manner as 

which liqu id  lim it specimens are commonly prepared. The aim of the direct shear testing 

carried out was to investigate qualitatively the behaviour of unpressurised Hydraul-EZ 

lubricant in the interface between the kaolin clay and concrete jacking pipes in "undrained" 

direct shear. The condition o f constant volume im p lic it in "undrained” behaviour is
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im possible  to  replicate in the  direct sh ea r  device, bu t  tes ting  w^as carried  ou t as fast as 

possible to m inim ise the  m ovem en t of m o is tu re  in or  out of the  kaolin specimen. All of the 

te s ts  w e re  carried  out at a low norm al s tress  of 25kPa and  a ra te  of shearing  of 1.2 

m m /m in u te ,  in o rd e r  to replicate field conditions as closely as possible.

Three  direct sh ea r  tes ts  w e re  carried  out:

1. A te s t  w ith clay alone, carried  out to establish  the  u n d ra in ed  shearing  behaviour of 

the  clay.

2. An interface test, w h e re  the bo ttom  half of the  sh ea r  box w as  filled with a rough 

concrete  surface and  the top w as  filled with  the  kaolin clay, and  carried  ou t to 

de te rm ine  the  undra ined  interface sh ea r  strength.

3. An interface test, w h e re  4%  Hydraul-EZ slurry  w as p oured  onto the  concrete  surface 

before the  kaolin clay was placed in the  top half of the sh ea r  box, and  carried  out to 

de te rm in e  if the application of u n p re ssu r ised  lubrican ts  affected the  interface sh ea r  

p rope rt ie s  of kaolin clay and rough concrete.

The resu lts  of these  th ree  direct sh ea r  tes ts  are  p lo tted  in Figure 4.42 as sh ea r  s tress  and 

vertical m ovem en t against d isplacement. It can be seen from Figure 4.42 th a t  behav iour in 

te rm s  of vertical m ovem en t was consis ten t be tw een  all th ree  tests, in th a t  volum e change 

did indeed occur despite  the high ra te  of s tra in  employed. It is show n th a t  the  undra ined  

sh ea r  s treng th  of the  kaolin clay itself is h igher  than  its s treng th  on the pipe interface, while 

the  unp re ssu r ised  Hydraul-EZ lubrican t has  no notab le  effect on the  interface sh ea r  

s trength . The average undra ined  sh ea r  s treng th  for each tes t  w as  calculated from 9mm 

onw ards, as the sh ea r  s tress  has reached  a s teady  s ta te  by then, and the  resu lts  are 

p re sen ted  in te rm s  of undra ined  sh ea r  s tren g th  Cu and  adhesion  factor a  in Table 4.12.

The observed  adhesion  factor, a ,  of 0.75 is h igher than  w ould  be expected for a driven pile in 

sim ilar conditions. Given the high u n d ra in ed  sh ea r  s treng th  m easu red  [112kPa) and the low 

vertical effective s tress  [25kPa), Tom linson [2001) quo tes  an a  value of 0.5 (Figure 2.28), 

w hile a low er value of 0.3 to 0.4 is suggested  for driven  piles by Knapett and  Craig [2012). 

^e tin  et al. (2011) re p o r t  on adhesion factors derived  from pipe jacking reco rds  obtained 

from a large pro jec t in soft low plasticity silts [14kPa < Cu < 91kPa) in Istanbul. Adhesion 

factors w e re  universally  below 0.4 and  averaged  0.23, al though no m easu rem en ts  w ere  

m ade  of the  norm al s tress  acting on the  pipeline. Bentonite lubrican t w as  injected into the 

g round  a round  the  pipeline u n d e r  p re ssu re  and  reductions  in jacking force of up to 60% 

w ere  a t t r ibu ted  to lubrican t injection. Here, how ever,  it can be concluded from the results
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recorded that the presence of unpressurised lubricant has not demonstrably altered 

adhesion in the interface between kaolin clay and rough concrete.
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Figure 4.42 -  Shear stress and vertical movement against horizontal displacement for direct 

shear tests with kaolin, a rough concrete interface and 4% Hydraul-EZ lubricant

S oil/In terface m aterial
Undrained  

shear strength, 
c„ (kPa)

Undrained  
interface shear 

strength, 6u(kPa)

Adhesion 

factor, a

Kaolin 112 - -

Kaolin -  concrete - 84 0.75

Kaolin -  4% Hydraul-Ez layer -  concrete - 86 0.77

Table 4.12 -  Summary of test results for kaolin clay
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4.6.4 Cloughfin clay

Two drained direct shear tests were carried out on specimens taken from undisturbed 

samples of Cloughfin clay, rough concrete and 4% Hydraul-EZ slurry. Cloughfin clay is an 

overconsolidated glacial till, the relevant properties o f which are given in more detail earlier 

(§4.4.1.4). Sim ilarly to the tests carried out using kaolin clay, these tests are largely 

qualitative in nature and are intended to show the general behaviour rather than derive 

quantitative parameter values. All tests were carried out at a normal stress o f 60kPa as it 

was necessary to confine the overconsolidated Cloughfin clay at a pressure equal to or in 

excess o f the stress it had experienced in the field [estimated at 40kPa) to prevent swelling. 

Consolidation curves for the in itia l loading phase o f each test are shown in Figure 4.43. 

Using the methods outlined in BS 1377 Part 7 (British Standards Institute, 1990a) the time 

to failure, tf, was determined, and based on this a shearing rate of 0.00975mm/m inute was 

deemed appropriate so that each individual shearing phase (horizontal displacement of 

14mm) took approximately 24 hours. The lubricant was applied to the concrete as a layer 

approximately 2mm thick. It is noted that the specimen w ith  a layer of lubricant compressed 

slightly more that the specimen w ithout such a layer in the in itia l loading phase, although 

this could be due to natural variation in the clay material used.

Following the in itia l consolidation phase, the specimens were sheared through a horizontal 

displacement of 14mm before the shear box carriage was returned to its starting position, 

where the specimen was allowed consolidate for 24 hours before the next shearing phase 

was commenced. Sometimes the consolidation phase was longer than 24 hours due to 

weekends and holiday periods, but it is not thought that this affected the outcomes o f the 

test programme.
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Figure 4.43 - Consolidation curves for initial loading of each test to 60 kPa
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The results of the direct interface shear tests where shearing took place on the Cloughfin 

clay/concrete interface are shown in Figure 4.44. In all there were sixteen shearing phases, 

eight with lubricant present and eight without.
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Figure 4.44 - Shear stress plotted against cumulative displacement for drained direct shear 

tests on Cloughfin clay/rough concrete interface with and without a lubricant layer

The plot above shows that the shearing behaviour was quite variable with local peaks. This 

has been attributed to the variable nature of this glacial till, which contains 20% by mass of 

particles greater than 1mm in size. In particular it should be noted that the increase in 

stress at the end of Day 29 of the test involving the lubricant layer has been disregarded in 

calculating a residual shear stress as it may be due to movement of coarse grains within the 

sample. It is clear from the graphs in Figure 4.34 that, for drained shearing conditions, the 

presence of an unpressurised lubricant layer has no beneficial respect in terms of reducing 

the shear resistance along the interface between the Cloughfin clay and the concrete.

4.6.5 Summary of results 

4.6.5.1 Coarse-grained soils

The averaged results for the tests carried out on the coarse-grained soils are collated in 

Table 4.13 and Figure 4.45. It is seen, as expected, that the angle of interface friction in each 

case is equal to or less than the angle of friction of the sand. The presence of unpressurised 

lubricants on the interface leads to a small reduction in the interface angle of friction in
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testing with both types of sand. A smooth Perspex surface presents significantly less 

shearing resistance than any other surface.

Sand/Interface m aterial IGB sand Banagher sand

Sand 31.0° 36.2°

Sand -  concrete 31.0° (1-0) 32.6° (0.9)

Sand -  4% Hydraul-Ez layer -  concrete 31.0° (1.0) Not tested

Sand -  8% Hydraul-Ez layer -  concrete 27.1° (0.87) 30.7° (0.85)

Sand -  Perspex 19.3° (0.62) 24.9° (0.69)

Table 4.13 - Comparison of constant volume angles of friction and friction angle ratio (in

brackets) for sands and interfaces tested

The differences in behaviour between fine to medium IGB sand and medium to coarse 

Banagher sand is quite clearly visible in Figure 4.45.
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Figure 4.45 - Summary of results from direct shear testing with sands

4,6.5.2 Fine-grained soils

Qualitative testing has been carried out using two fine-grained soils, one under drained 

conditions and one under undrained conditions. No beneficial effect has been found to arise 

in the case of these soils due to the presence of an unpressurised lubricant in the interface 

zone. The shear stress mobilised during testing is almost identical in all cases, with and 

without the presence of the lubricant, as shown in Table 4.14.
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S a n d / I n te r f a c e  m ate r ia l
Kaolin clay, 

u n d ra in e d  (kPa)
Cloughfin clay, 
d ra in e d  (kPa)

C la y - c o n c r e t e 84 25

Clay -  4% Hydraul-Ez layer -  c o n c re te 86 25

Table 4.14 - Comparison of shear stress mobilised on the interface for the clays and interfaces

tested.

One possible explanation for this is that the lubricant used (CETCO Hydraul-EZ) has a 

particle size that is too large to efficiently penetrate into the fine soils under test and clog 

the pores. This effect has been suggested by Schoesser et al. (2011) but further work in this 

area is recommended to investigate this effect fully.

4.7 Summary & further remarks

In this chapter, the results of a series of unlubricated and lubricated direct shear interface 

tests on a selection of coarse-grained and fine-grained soils and a general "rough concrete" 

surface have been presented. The materials used have been described, along w^ith the test 

procedures employed. The results have been presented and discussed and the conclusions 

reached are as follov^s:

1. The interface shearing behaviour between a num ber of soils and a general rough 

concrete interface, which closely matched the surface roughness of commonly used 

concrete pipe jacking pipes, has been examined. This observed behaviour is used to 

calibrate the results obtained from a novel interface shear testing apparatus, which 

are summarised below.

2. The normalised roughness of the concrete interface investigated was greater than 

the "critical roughness" required to mobilise the entire internal shearing resistance 

of the fine to medium 1GB sand, and so that the shear failure band moved into the 

sand body. However, it was found that  as the sand particle size increases the 

normalised roughness falls below the "critical roughness” and the shear band moves 

towards the interface, mobilising a lower angle of shearing resistance in the case of 

the medium to coarse Banagher sand.

3. It has been found that the presence of an unpressurised layer of a commonly used 

bentonite-based lubricant has a small beneficial effect in reducing the shear 

resistance on the coarse-grained soil/concrete interface. However, no measureable 

beneficial effect with regard to reducing the shearing resistance was observed in the 

case of fine-grained soils in either drained or undrained conditions. It is thought that 

this difference is due to the grain size differences of the soils, in that the lubricant
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slurry may permeate the coarse-grained soils and form a filter cake, whereas the 

void sizes present in the fine-grained soils do not allow this.

4. The interface friction resistance between rough concrete and Banagher sand is 

reduced by 6% when the concrete interface is coated in a 2mm layer of 8% Hydraul- 

EZ, while peak stresses are avoided during shearing. In the case of 1GB sand, a 2mm 

layer of 8% Hydraul-EZ lowers the shear resistance of the interface by 12.5%, while 

no reduction is seen with 4% Hydraul-EZ. A clear peak in shear stress is absent 

during shearing of 1GB sand against the rough concrete interface when 4% Hydraul- 

EZ is applied to the interface, but a peak shear stress is apparent in shearing 

following consolidation of the 8% Hydraul-EZ.

5. For the coarse-grained soils under test, the beneficial effect of shearing against a 

smoother interface outweighs the beneficial effect of coating a rough interface with 

unpressurised lubricant. In the case of a very smooth interface, which was a Perspex 

sheet, the mobilised angle of shearing resistance was around two thirds of the angle 

of internal resistance of each sand under test.

The results obtained in this chapter will be used in the next chapter, which discusses the 

development of a novel apparatus for establishing the interface shear param eters for soil 

shearing in the interface with rough concrete while allowing for the control of pore w ater 

pressure near the interface.
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Chapter 5 Pressurised lubricants - experimental procedure

5 Interface friction reduction with pressurised lubricants -  
experimental apparatus and procedures

5.1 Introduction

The interface friction behaviour of a number of soils shearing against a rough concrete 

interface in the presence of an unpressurised lubricant was examined in Chapter 4. It was 

concluded that unpressurised lubricants have beneficial effects in reducing the shearing 

resistance between soils and a rough concrete interface sim ilar to a jacking pipe, but the 

effects observed were too m inor to account fo r the reductions o f up to 90% in jacking force 

reported in field studies o f lubricated pipe jacking projects. Since lubricants are by necessity 

delivered under pressure to the lubrication ports in the pipe jacking pipes, it was then 

considered that this pressurisation had a beneficial effect in reducing the shearing 

resistance on the interface. The present chapter describes the development of a novel 

triaxia l compression test procedure that allows the control and measurement of pore fluid 

pressures in a specimen composed of both a soil and a solid interface material while 

allowing for the controlled introduction o f lubricant fluid. This procedure w ill allow for the 

simulation of the effects o f pressurised of lubricants in pipe jacking. The experimental 

considerations taken into account when designing the apparatus are detailed (§5.2), 

followed by a description o f the apparatus and the materials used in testing (§5.3]. The 

testing procedures are outlined (§5.4] and the corrections applied to the results are 

described (§5.5). Finally, the chapter is summarised (§5.6).

5.2 Experimental considerations

5.2.1 Requirements for the design of a pliysical model

A laboratory-scale testing apparatus was developed to model as far as possible the 

operations during the advancement of a lubricated pipe jacked pipeline. It was necessary to 

simulate the relative movement between the pipe and the ground while  also allowing for the 

injection o f lubricating slurries from ports in the pipeline into the soil surrounding the pipe. 

While interface friction tests are norm ally carried out in direct shear, and direct shear 

testing devices have been used to simulate lubricated pipe jacking (Shou et al., 2010; 

McGillivray, 2009], a number of advantages to carrying out interface friction tests under
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triaxial conditions were identified, including the ability to monitor the pore pressure in the 

specimen during tests. It was decided to develop a design based on a conventional triaxial 

testing set up, with careful consideration given to issues that are outlined in the following 

sections.

5.2.2 Replicating field conditions in a physical m odel

Physical models have become very im portant in the study of geotechnical problems (White, 

2008) and many complex design situations can be replicated at laboratory scale for quite 

low costs compared to field scale trials. In constructing physical models, it is important to 

correctly identify the geotechnical phenom ena that control the problem and model these 

with care while ensuring that no artificial and unwanted extra conditions are imposed by 

the modelling efforts themselves. The principal geotechnical factors affecting the skin 

friction resistance in pipe jacking have been discussed in detail previously [§4.2), and 

attention has been given to the effects of lubricant injection [§4.2.8, §4.7). It was deduced 

that the main mechanism of lubrication is the formation of an impermeable filter cake in the 

layer of soil nearest the pipe, that facilitates the transfer of radial effective stress from the 

lubricant into the soil to reduce the net effective radial pressure acting on the pipe. It was 

therefore essential that the apparatus under development would allow for the injection of 

lubricant slurries and the m easurem ent of lubricant pressure. Given the large displacements 

involved in pipe jacking, it was considered that the majority or all of the soil in contact with 

the pipeline would be shearing at constant volume or residual shear strength conditions, in 

the case of coarse-grained and fine-grained soils respectively. Therefore, it was necessary 

that the soil under test would reach constant volume or residual shearing conditions during 

the operation of the proposed physical model.

5.2.3 Im plem enting  a physical m odel in th e  labora to ry

5.2.3.1 Considerations towards the physical model

For this research it was found more suitable, in term s of economy and repeatability, to make 

modifications to s tandard laboratory equipment than to design and build an entirely novel 

testing apparatus. Other issues, including scale, self-weight and boundary effects, were 

considered before the physical model was developed.

5.2.3.2 Scale

Scale was an important consideration, as it has been for many researchers who have 

physically modelled tunnelling or pipe jacking processes [Borghi, 2006; McGillivray, 2009; 

Lochaden, 2012). It is easy to downscale the dimensions of structural mem bers for reduced- 

scale physical models but more difficult to scale the grain sizes of the soils to be tested.
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Kirsch [2010) describes this issue as follows, to show the difficulties of normalising the 

performance of a small scale geotechnical model to match the behaviour of the field or 

prototype situation:

w here D represents the dimensions of the structural member. In this research, scale effects 

w ere avoided by utilising a test specimen of small dimension but manufactured to replicate

way, the test specimen will interact as realistically as possible with the natural soils under 

test. This simplification was considered appropriate  as the mechanism under study, skin 

frictional resistance between the pipe and the soil, scales linearly with pipe surface area.

5.2.3.3 Self-weight effects

just as the ratio of particle size to structural m em ber size will have an effect on downscaled 

physical models, so too will the scaling down of in-situ stresses in the ground. It would be 

difficult to simulate the self-weight stresses at the base of, for example, a 30m deep column 

of soil in a laboratory-scale model under normal gravity. A geotechnical centrifuge would be 

much more suitable for this situation. The foregoing does not, however, preclude the use of 

normal gravity models in tunnelling research [Standing and Potts, 2008). Considering the 

present research, it has been shown that the stresses acting on a pipe-jacked pipeline are 

generally low due to the effects of the overcut and arching [§2.7) and are of the order of 10 

to SOkPa. It was concluded that the field-scale behaviour at these stresses would be reliably 

modelled in standard geotechnical testing equipment at normal gravity.

5.2.3.4 Boundary effects

The influence of boundary effects on the behaviour of soil specimens in the triaxial test  are 

well documented [Sheng et al., 1997) and it is well known that conventional triaxial tests 

using unlubricated end platens and a 2:1 slenderness ratio can lead to unwanted 

heterogeneity within the specimen (Colliat-Dangus et al., 1988). End restraint, in particular, 

has long been recognised as contributing to heterogeneous responses such as barrelling (i.e. 

bulging in the middle) and localisation of failure planes within a specimen which ideally 

should deform as a cylinder [Bishop and Henkel, 1962). Nonetheless, conventional triaxial 

tests are normally carried out at slenderness ratios of 2:1 and with unlubricated end platens 

[Head, 1998b), and the results of these tests are valuable. Freedom of drainage is also 

identified as an issue that can lead to heterogeneity, with restricted drainage allowing for 

the existence of partially drained conditions at the centre of a specimen and hence a weaker

m o de l p r o t o t y p e

Equation 5-1

as closely as possible the actual surface finish of the jacking pipes used in the field. In this
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stress-strain response and less volume change there than elsewhere in the specimen (Sheng 

et al., 1997].

5.3 Testing apparatus and materials

5.3.1 Development of the test apparatus

In this research, an apparatus and procedure for carrying out interface shear tests in a 

standard 38mm diameter triaxia l cell was developed. Modified triaxia l cells have been used 

in the past to carry out novel experiments on precut failure planes in clay (Skempton, 1964; 

Chandler, 1966; Meehan et al., 2011; Muir, 1971) and on composite specimens, including 

soil specimens formed around an expandable grout balloon [Wang et al., 2010]. Before 

detailing the modifications carried out in this research, it was considered helpful firs tly  to 

review the standard triaxia l testing apparatus and procedures for the compression testing 

of standard soil specimens.

5.3.2 Triaxial testing in geotechnical engineering

The classical triaxia l test was developed to determine soil strength and perm eability 

parameters while a soil specimen is subjected to stress conditions that closely match those 

expected in the field. From the publication o f the firs t results from triaxia l tests on b rittle  

rocks in Heidelberg in 1910 [Van and Vasarhelyi, 2010] and the development of a triaxia l 

machine in Britain in 1934 [Head, 1998a], the test method quickly matured to become 

almost certainly the most common test carried out today to measure soil strength and 

stress-strain properties (Sheng et al., 1997]. The triaxia l test and accompanying theoretical 

models, including the Cam-clay model, are especially useful in that they bring together the 

concepts o f friction, cohesion, volume change, critical state theory, elasticity and drainage in 

one logical fram ework [Bolton, 1979].

In typical triaxia l tests, a cylindrical specimen of soil, usually w ith  a height-to-diameter ratio 

of 2:1, is subjected to an equal all-round pressure, called cell pressure, as well as an axial 

stress that can be adjusted independently o f the cell pressure. The specimen is enclosed in a 

rubber membrane and tigh tly  sealed by rubber 0-rings to a fixed pedestal at the bottom and 

a movable cap at the top. The cell pressure is provided by flu id admitted to the test chamber 

at a user-specified pressure and acts radially to the cylindrical surface o f the specimen as 

well as axially through the top cap. An additional axial stress, called the deviator stress, may 

be applied to the top cap by a piston passing through the top o f the cell. The deviator stress 

applied deforms the specimen axially and laterally. Routine tests are commonly focussed on
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measuring the axial deformation of the specimen, however measurements of lateral 

displacement may also be made.

The axial load may be applied at a specified rate o f stress or strain; rate o f strain control is 

more common. In undrained tests, used to determine the response of soils to loads applied 

quickly, no drainage is allowed in or out of the specimen. In order to model the behaviour of 

fine-grained soils loaded slowly or for general tests on coarse-grained soils, drained tests 

are norm ally carried out, where drainage is perm itted through porous plates at the top and 

bottom of the specimen. Typically tubing and fittings are provided to the cell base to enable 

access to the top and bottom porous discs w ith  narrow-diameter plastic tubing, w ithout 

in te rrup ting  sealing to the cell. Here, flu id pressures and volume changes can be measured 

and controlled. The triaxia l cell may be utilised to carry out a very wide variety of tests on 

rocks and soils, and further details are provided in many well-known textbooks [Bishop and 

Henkel, 1962; Bolton, 1979; Terzaghi et al., 1996; Head, 1998a; Head, 1998b).

5.3.3 Shear stress in triaxial testing

Conventionally, an element of soil undergoing compression is viewed as being subjected to 

stresses acting in three orthogonal directions. These stresses are known as the major [a i), 

intermediate (0 2 ) and m inor (as] principal stresses, and act on the three principal planes, as 

shown in Figure 5.1 (Head, 1998a]. In plane strain or axisymmetrical compression, the 

intermediate and m inor principal stresses are equal or are considered equal, w ith  the 

principal stress always being the greatest of the three. Shear stress is introduced into a soil 

element through the application o f a principal stress difference.

Major 
o , I principal 

I stress

Minor
principal
stress

Intermediate
principal
stress

Figure 5.1 - Principal stresses and principal planes (Head, 1998a)

As mentioned in the previous section, in triaxia l testing the principal stress difference is 

introduced by applying an extra axial stress to the specimen while keeping the radial stress
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fixed, w ith  the difference in the stresses being termed the deviator stress [q]:

g  — (T i — U3 Equation 5-2

W hile the m inor principal stress as may be calculated directly at any time, it  is not possible 

to measure the major principal stress, oi, directly. Instead, the deviator stress q is calculated 

from  the axial force acting on the specimen, F, divided by the current cross-sectional area of 

the specimen, Ac, at the time o f interest:

From this equation and Equation 5-2 it  is possible to determine the major principal stress 

a i. As pore pressure is also measured, the effective stress, a', on a plane at any time can be 

established using the equation for effective stress as follows:

In the interpretation of the result o f conventional triaxia l tests, the deviator stress is 

generally plotted against axial strain so that the major and m inor principal stresses may be 

evaluated at the a strain o f interest and used to plot Mohr circles o f stress (Head, 1998a].

5.3.4 Geomaterials 

5.3.4.1 Coarse-grained soils

The author’s series of tests was lim ited to coarse-grained soils. The coarse-grained soils 

used were the same two sands described in Chapter 4, IGB sand and Banagher sand. These 

sands were extensively described in Chapter 4 and the ir properties in direct shear explored. 

In order to establish the shear strength parameters of the sands in triaxia l compression, a 

series o f drained triaxia l tests was carried out on each sand type at cell pressures o f 50, 100 

and 150kPa. Testing was carried out in the usual manner using a standard 38mm triaxia l 

cell set up. Specimens were prepared by p luviating the sand under water w ith in  a standard 

latex membrane tem porarily supported by a split mould, which is a metal form er that 

supports the specimen during set up but may be disassembled for removal once the 

specimen and top cap have been placed and all drainage lines connected. Specimens were 

prepared at 38mm diameter and 76mm height, and were placed at 70% relative density. 

Drainage was from the bottom o f the specimen, through a porous disc, w hile  the top o f the

Equation 5-3

a ' =  o — u Equation 5-4
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specimen was capped w ith  an impermeable top cap. A fixed back pressure of lOkPa was 

applied for each test.

The specimens were compressed at a rate o f 0.25m m /m in and strain controlled up to 20% 

axial strain, at which point all tests, apart from one on Banagher sand, were terminated. 

While it  is common practice to take 20% axial strain as corresponding to a critical state once 

measurements of strength, pore pressure or volume change have reached a plateau [Bolton, 

1979], here it  was noticed that strength continued to decrease and volume change 

continued to increase up to and beyond 20%. The consequences of this are discussed in 

Section 5.3.4.4. The results for both sands are presented in the follow ing two sections.

5.3.4.2 Shear strength of IGB sand in triaxial compression

In yielding, the IGB sand firs t barrelled slightly before a single slip plane formed at 

approximately 60° from the horizontal. The deviator stress measured w ith  strain is 

presented in Figure 5.2 for each test, while  the volume change observed during testing is 

shown in Figure 5.3. Taking principal stresses at 20% axial strain, the relevant Mohr circles 

of effective stress are shown in Figure 5.4, where a failure envelope has been fitted to the 

data at an angle of 34.0°. This envelope intersects the origin, as expected.
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Figure 5.2 -  Deviator stress against axial Figure 5.3 -  Volume change against axial

strain for drained triaxial compression of strain for drained triaxial compression of IGB 

IGB sand sand
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Figure 5.4 - Mohr circles for drained triaxial compression of IGB sand

5.3 .43  Shear strength of Banagher sand in triaxial compression

Banagher sand proved to be significantly stronger than IGB sand in triaxia l compression. 

The failure type was barrelling, w ith  the widest circumference appearing at the centre of the 

specimen. It was noted that the deviator stress was still reducing considerably w ith  strain 

beyond 20% axial strain. One test, at a cell pressure of 50kPa, was carried on to 25% axial 

strain and the deviator stress against axial strain plot for this test is shown in Figure 5.5.

200

ro
^  150 5 0kP a

 ̂100

20
A xia l  strain (%)

Figure 5.5 - Deviator stress against axial strain for one drained triaxial compression test on 

Banagher sand to 25%  axial strain and at a cell pressure of 50kPa

It was decided for consistency to take principal stresses at 20% strain, as the difference in 

the deviator stress between 20% and 25% shown in Figure 5.5 is quite small. The deviator 

stress and volume change observed during each test are illustrated in Figure 5.6 and Figure 

5.7, w hile  the corresponding Mohr circles of effective stress at 20% axial strain are plotted 

in Figure 5.8. An effective strength envelope at an angle of 38° has been fitted. The envelope 

intersects w ith  the origin, indicating linear and purely frictional behaviour as expected.
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Figure 5.8 - Mohr circles for drained triaxial compression of Banagher sand

53.4 .4  Sand shear strength summary

The shear strength o f the two sands used for interface shear testing has been characterised 

in drained triaxia l compression. As the proposed interface shear tests were intended to 

replicate constant volume shearing conditions (§5.2.2], the present triaxia l tests were 

carried out to establish the constant volume internal friction angle in triaxia l compression, 

4>’c v ,t x „  of the soils to be used to enable comparisons to be made between interface shearing 

resistance and internal shearing resistance. However it  was found from these tests that 

constant volume conditions did not fu lly  develop w ith in  the range of axial strain employed
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and the angle of shearing resistance measured at 20% axial strain was chosen as the 

constant volume angle of shearing resistance in triaxial compression of the sand. Differences 

were found between the constant volume friction angle that was determined from the direct 

shear tests [ c | ) ’ c v , d s ) ,  and the constant volume friction angle determined from triaxial 

compression tests ((1) ’c v ,t x )  on each sand type, as shown in Table 5.1.

Test type IGB sand Banagher sand

Direct shear (drained, strength taken at constant volume) (tt> 'cv ,D s) 31.0° 36.2°

Triaxial compression (drained, strength taken at 20% strain) (cJj'cv.tx) 34.0° 38.0°

Table 5.1 - Comparison of constant volume angle of friction for sands tested in direct shear

and triaxial compression

The angles of friction m easured in triaxial compression testing are significantly higher than 

those m easured in direct shear. This is unusual, because the difference is usually the other 

way around, i.e. the constant volume friction angle is usually higher when m easured in 

direct shear than in triaxial conditions [Bolton, 1986). For example, the Dansk 

Ingeni0rforening (1984] provide the following correction for sand and gravel:

(p'cv,DS =  1 -1  <P'cv,TX Equation 5-5

While the results presented above were checked and were repeatable, it was not possible to 

provide a definitive explanation for this phenomenon. Two possible explanations were 

considered as follows:

1. The au thor’s tests were carried out on 38mm diameter specimens, while testing 

done elsewhere to establish the constant volume angle of friction of coarse-grained 

soils was often on specimens 50mm or larger in diameter (Sadrekarimi and Olson, 

2011), and perhaps scale effects had an impact on the m easured friction angle.

2. Lubricated end platens were not used during the author’s tests and perhaps should 

have been employed, as evidence exists to suggest that end platen restra in t may 

have an impact on m easured constant volume friction angles (Sheng et al., 1997).

For consistency it is proposed to adopt the triaxial compression angles of internal friction, 

(j)'cv,Tx, reported in Table 5.1 for the analysis of the work presented from this point onwards, 

bearing in mind the discrepancy described.
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5.3.5 Development of preformed failure plane triaxial testing apparatus 

5.3.5.1 Preformed failure plane

Shearing on an interface implies the formation o f a singular rupture surface in the form o f a 

shear band either coinciding w ith  the interface or w ith in  the soil specimen but near to the 

interface [Zong-Ze et al., 1995). While the direct shear apparatus w ith  its enforced failure 

plane is very suited to this, the triaxia l compression test by its nature promotes uniform  and 

homogeneous behaviour w ith in  a soil specimen p rio r to failure. Here, a singular rupture 

surface must be artific ia lly  introduced to induce failure along a particular plane. A review of 

methods for inducing failure along a precut failure surfaces in clay soil was carried out and 

the principles from these tests were applied to the present research.

5.3.5.2 Testing of clays with pre-cut failure planes

Other researchers have reported on drained triax ia l compression tests on clay specimens 

which had been pre-cut so that failure would develop along a chosen plane and carried out 

to investigate the residual shear strength of clay, fo r example, along a pre-existing slip 

surface in the ground [Skempton, 1964; Chandler, 1966; Muir, 1971; Meehan et al., 2011). 

Following the w ork of Skempton [1964), the angle o f the precut failure plane to the 

horizontal, 9, chosen in these studies was:

(b' l, Equation 5-6
0 =  45° + - ^

2

An example o f the configuration of such a test specimen is shown in Figure 5.9, where P is 

the axial force applied normal to the specimen axis, D is the specimen diameter, AL/L is the 

axial strain, x is the lateral displacement of the upper portion o f the specimen and 0, the 

inclination o f the slip plane w ith  respect to the plane on which the major principal stress 

acts, is as per Equation 5-6.

P

AL

 D  -

Figure 5.9 - Illustration of a clay triaxial specimen precut at an angle 0
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It was hypothesised by Chandler (1966), M uir (1971) and Meehan et al. (2011) that the 

stress-strain curves obtained would reach a maximum deviator stress corresponding to the 

residual strength of the clay and that this deviator stress would remain stable fo r the 

duration o f the test. Largely, this behaviour was observed in the testing carried out. This 

demonstrated that the clay particles became preferentially orientated on the surface of 

failure, or "polished", as the test progressed. Some deviator stress plots from the studies 

referred to above are reproduced in Figure 5.10 and Figure 5.11. The effect of a precut 

failure plane on the apparent cohesion is demonstrated in Figure 5.12, where the apparent 

cohesion intercept is much lower in tests on precut specimens (bottom line) than on intact 

specimens (top line).
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Figure 5.10 - Typical deviator stress and volume change against strain plots for triaxial tests 

on San Francisco Bay Mud (left) and Rancho Solano Clay (right) (Meehan etal., 2011).
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Figure 5.11 - Deviator stress-axial strain plots for specimens of Keuper Marl with preformed 

failure planes, after corrections have been made (Chandler, 1966).
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Figure 5.12 - Summary of triaxial tests carried out on lacustrine clay, with results from intact 

clay specim ens (top line) and precut clay specim ens (bottom line) (Muir, 1971)

53 .5 .3  Application to interface friction tests and coarse-grained soils

While clay specimens have been pre-cut before testing in the triaxial cell, the author has not 

been able to identify any similar tests carried out on preformed slip planes in coarse

grained soils. However, fine- and coarse-grained materials behave identically in terms of 

friction and it is proposed that the drained behaviour of clays reported above ŵ ill translate 

equally v̂ /ell to the coarse-grained materials under study here. The two coarse-grained 

materials under investigation, 1GB sand and Banagher sand, had constant volume effective 

angles of shearing resistance determined in direct shear of 31.0° and 36.2° respectively. In 

direct shear tests, the IGB sand fully mobilised its angle of internal shear resistance when 

shearing against rough concrete (§4.6.5.1), while the Banagher sand mobilised 90% of its 

internal resistance angle. The 1GB sand dictated the choice of an angle of inclination for the 

precut failure plane and this choice was carried over to the Banagher sand for consistency of 

approach. This was justified by reports in the literature (Chandler, 1966; Muir, 1971) that 

the results from precut failure plane tests in clays are not significantly influenced by small 

inaccuracies in the choice of angle of the preformed failure plane. According to Equation 5-6, 

an angle of inclination, 0, of 60.5° should have been selected for 1GB sand and 63.1° for 

Banagher sand, however it was decided to set 0 = 60° to make the manufacture of the
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concrete specimens easier as cutting equipm ent employed for the fabrication of the moulds 

used to cast specimens could be pre-set accurately at 60°.

5.3.5.4 Boundary conditions

Following consideration of the boundary effects in triaxial testing [§5.2.3.4], the boundary 

conditions that could affect the outcome of the proposed test apparatus were considered. 

Reviewing the concept shown in Figure 5.9, it was essential that the soil portion of the 

specimen be allowed to laterally translate as it slipped along the failure surface, tha t  the top 

cap remained level and that no undesirable force couples were set up by eccentric loading. 

For this reason, a laterally translating top cap, incorporating a layer of ball bearings, was 

designed to replace the traditional ball-and-socket triaxial test top cap so that the upper 

portion of the specimen could slip freely along the failure surface. In contrast, the concrete 

preformed failure plane was required to remain stationary, and this was achieved by 

passing a tightly fitting plastic tube, which was the lubricant injection line, from the cell 

pedestal to the top surface of the preformed failure plane as shown in Figure 5.13. This tube 

acted as a pin to restrain the movement of the concrete preformed failure plane while also 

allowing for injection of lubricant slurries into the specimen. The proposed test was 

intended to replicate an element of a pipeline surface, and so any boundary effects at the 

edges of a small specimen were unwanted. For practical reasons, it was unavoidable that the 

specimen was enclosed in a latex membrane. However the smallest thickness practical (0.2 

to 0.25mm thickness) was used and appropriate  m em brane corrections w ere carefully 

applied.

5.3.5.5 Arrangement of triaxial apparatus

The final arrangement of the test specimen within the triaxial apparatus, including all 

connections to fluid lines etc. is shown schematically in Figure 5.13. A Wykeham Farrance 

Engineering Ltd. Tritech 50kN digitally-controlled loading frame, a Wykeham Farrance 

38mm banded triaxial cell with a maximum working pressure of 1700kPa and a GDS 

Instruments logging system were employed for the triaxial testing. The concrete specimen 

with the preformed failure plane was set on the cell's lower pedestal, the thin latex 

m em brane was stretched over it and the split mould former was set up. The test soil was 

w ater pluviated and compacted into place before the top cap was fixed in position. The cell 

was set in place and filled with w ater  before the bearing plate was brought into contact with 

the laterally translating top cap. The sample preparation procedure is described in detail in 

Appendix D.

The cell pressure and back pressure w ere applied using two GDS Instruments 

vo lum e/pressure  controllers and the axial force and axial displacement transducers were
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set to zero at this time. Tests were programmed, executed and the results recorded using 

version 2 of GDS Instruments GDSLAB software running on a standard W indows XP-based 

desktop PC. The testing procedure after this point is outlined in Section 5.4.

Fixed beam

Air bleed valve

Piston

Axial load transducer

Top cap Top cap bearing plate 

Ball bearingsPorous disc

Flexible drainage lineSoil

- Concrete specimenPreformed failure plane 

Filter Triaxial cell

Tightly-fitting plastic tube Thin latex membrane

O-ring seals
Lubricant injection 
via 60ml syringe Cell volume and 

pressure controller

Pore fluid volume 
and pressure 

controller
Injection
pressure

transducer

Motor
drive

Figure 5.13 - Test set up for preformed failure plane triaxial compression tests 

5.3.5.6 Injection of lubricants

Injection pressure was monitored using an ESI Technologies Ltd. GENSPEC GS4200 pressure 

transducer connected to the injection port on the triaxia l cell. On the upstream side o f the 

transducer, a plastic 60ml disposable syringe was used to supply pressurised lubricant at a 

known volume. A simple syringe was chosen over a pneumatically-pressurised interface 

chamber delivery system or an electro-mechanical volume and pressure controller due to 

the ability  to achieve finer control w ith  a syringe than w ith  an interface chamber and to 

obtain a quicker turn  around for experimental setups than w ith  an electro-mechanical 

volume and pressure controller. In itia l tria ls showed that the proposed type of syringe could
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be used to deliver fluids at up to 200kPa, but for ease of operation pressures w ere kept 

below this level. Since the volume of the permeable sand portion of the triaxial specimen 

was 45ml, 60ml injection capacity syringe was more than sufficient for the purposes of this 

series of tests.

The GDSLAB software continuously m onitored the injection pressure, cell pressure and pore 

fluid pressure, and was set to create a record every ten seconds. The change in volume of the 

non-injection side pore fluid through the top cap (right side of Figure 5.13) and around the 

sample in the triaxial cell were also continuously monitored and recorded every ten seconds 

by GDSLAB. The operator monitored the volume of lubricant injected manually, depending 

on the type of test being carried out. For example in a "static injection” test, the injection 

took place before shearing, and the valve between the syringe and injection pressure 

transducer was closed prior to shearing commencing and so no further volume changes of 

interest occurred on the injection side. The procedure for the other types of lubricated test 

carried out will be outlined in Section 5.4.

5.3.5.7 Manufacture of interface specimens

The roughness of the typical pipe jacking pipes available on the market in Ireland was 

measured [§4.4.2.1] and it was a ttempted to replicate this roughness when manufacturing 

the interface specimens for testing. Several 38mm diameter microconcrete test specimens 

were manufactured. The mix design (included in Appendix A] was 2 parts IGB sand, 1 part 

Ordinary Portland Cement and 0.7 parts potable w ater by mass. A mould to form the 

concrete specimens with a preformed failure surface was fabricated from PVC drainage pipe 

of suitable diameter cut off at 60°. The mould was coated in release oil and each specimen 

was cast in a single piece. When the concrete had reached an initial set, a rough surface 

finish was created on the preformed failure plane using a steel trowel. This process was 

guided by visual inspection of the failure surfaces and a uniform finish was achieved 

between specimens. The roughness of an identically prepared flat specimen was 

characterised in a white light interferom eter and an average surface roughness (R a] of 

22.8nm was measured. This was close to the average roughness of the pipe jacking pipes 

that were m easured (§4.4.2.1), which w as 24.2 ^m. Specimens were cured for at least 7 days 

before an opening, to allow lubricant injection, was bored using a pillar drill and jig. This 

opening was positioned with respect to the opening in the pedestal of the triaxial cell. Views 

of one finished specimen are shown in Figure 5.14 while the main dimensions of the 

specimens are shown in Figure 5.15.

146



Chapter 5 Pressurised lubricants - experimental procedure

Figure 5.14 -  Precut failure plane specimen -  front (left) and three-quarter view (right)
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Figure 5.15 - Dimensions (in millimetres) of concrete preformed failure plane specimens

For setting up in the triaxial cell, the opening in the specimen was lined up with the opening 

in the pedestal of the triaxial cell, as mentioned in Section 5.3.5.4, and a tight-fitting piece of 

plastic pipe was inserted through both openings to act as both a slurry conduit and locating 

pin. No leakage of w ater was observed during initial testing of the entire assembly, 

consisting of the sand specimen, the concrete specimen and the tightly-fitting plastic tube, at 

pressures up to 200kPa, so the arrangem ent was deemed acceptable for the tests proposed.

5.3.6 Lubricant slurries

5.3.6.1 Choice of lubricant studies

The two most common types of slurry used in pipe jacking practice are bentonite-based 

slurries and polymer-based slurries [§2.5.2), and so it was decided to utilise one of each

147



Chapter 5 Pressurised lubricants - experimental procedure

type in the series of tests described here. The slurries used were chosen based on popularity 

in the Irish and UK marketplace, ease of use and availability.

5.3.6.2 Bentonite-based lubricant slurry

One bentonite-based pipe jacking lubricant slurry, CETCO Hydraul-EZ, was used for testing. 

It is anecdotally the most common bentonite-based lubricant fluid used in pipe jacking in 

the UK and Ireland and was used for the testing described in Chapter 4. Its properties were 

described previously in Section 4.4.3, and more information on the product is given in 

Appendix B. Hydraul-EZ slurry at 4% concentration was used so that the slurry would flow 

easily through the injection system. The 4% slurry had an average Marsh funnel time of 50 

seconds. As well as ease of injection, a 4% concentration was chosen because previous 

testing, reported in Chapter 4, showed only minor beneficial effects on interface shearing 

resistance between sand and rough concrete due to the application of unpressurised 4% 

Hydraul-EZ slurry onto the interface. It was sought here to clarify the difference that 

pressurisation of the lubricant slurry makes to the interface shearing behaviour between 

sand and rough concrete, and so using a lubricant product which had minimal beneficial 

effect when it was unpressurised was deemed preferable.

5.3.6.3 Polymer-based lubricant slurry

In addition to CETCO Hydraul-EZ, one polymer-based lubricant was used for testing. This 

product was MX Liquid Polymer produced by Mudtech Ltd. and was chosen based on its 

ease of use, as it is a very high yielding product that mixes quickly. MX Liquid Polymer is a 

thick, tan coloured liquid designed as a sand and gravel stabiliser for horizontal drilling. 

Although the mix ingredients are proprietary, its light tan colouring, like milky tea, may 

indicate that it contains an active polymer suspended in an o il/water emulsion. It is 

marketed as having a high gel strength and cuttings carrying capacity. A concentration of 

between 0.5% and 0.6% was recommended for use as a pipe jacking lubricant. For testing, a 

concentration of 0.5% was chosen and when mixed the resulting slurry was a clear in colour 

with a Marsh funnel time of 40 seconds. More information on the product is given in 

Appendix C.

5.4 Test procedures 

5.4.1 General procedures

Testing was carried out generally as for routine drained triaxial compression tests on 

saturated sands and followed procedures specified in BS 1377 Part 8 (British Standards 

Institute, 1990b) and the guidance of Head (1998b]. Apart from the inclusion of a rigid
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preformed failure plane within the test specimen, another departure  from standard triaxial 

testing was that a saturation phase was not carried out in the usual m anner in advance of 

each compression test. Saturation trials were carried out early in the test programme by the 

normal means of calculating the B value as increments of cell pressure and back pressure 

were applied before shearing [Head, 1998b):

g  _  ^  Equation 5-7
Ao-3

A B-value of 0.95 was desired and was achieved during tests with sand in the novel 

apparatus, however two major difficulties were noted:

1. A lengthy time period was required to achieve saturation to a B value of 0.95 and 

this was deemed too onerous for the num ber of tests planned.

2. Cell and back pressures in the region of 400 to 500 kPa were required to achieve a B 

value of 0.95 in trials, while the lubricant metering system chosen was not capable 

of delivering lubricants at pressures greater than 200 kPa.

For these reasons, it was decided to rely on careful handling and specimen preparation to 

ensure the triaxial test specimen was adequately saturated, ra ther  than the m easurem ent of 

a certain B-value. Careful attention was paid to specimen preparation, ensuring all 

apparatus were de-aired before use, and that granular materials were de-aired before 

placing in the specimen. A full description of the sample preparation procedure is given in 

Appendix D. The initial relative density of each specimen was calculated using its 

dimensions, mass and specific gravity. Since the specimens w ere of small size, and the 

calculation of relative density is highly influenced by inaccuracies in dimensional 

measurements, it is not expected that the calculated relative densities are fully 

representative.

Testing was carried out at cell pressures of 50, 100 and 150kPa, with a uniform back 

pressure  of lOkPa applied to maintain continuity in the drainage lines. Testing was carried 

out using rate of strain control, with the majority of tests carried out at Im m /m inu te . Some 

of the earlier tests were carried out at slightly different rates of strain, however no 

differences were observed in the results, as would be expected. Despite precautions being 

taken to ensure the edges of the concrete prism w ere free of sharp protrusions, early tests 

found that the latex membranes used would tear  if testing was carried on much past 10% 

axial strain. Control of pore w ater pressure would be then lost. Also, it was observed that the 

interesting features of the s tress/s tra in  curve for the tests were found to occur before 10%. 

For these reasons, it was decided to terminate the preformed-failure plane triaxial tests at 

10% axial strain.
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The com m ents made so far w ere com mon for both unlubricated and lubricated testing, 

how ever there w ere differences in certain aspects of the test procedure for each case. The 

detailed procedure for unlubricated tests is described in Section 5.4.2, w hile the procedure 

for lubricated testing is described in Section 5.4.3.

5.4.2 Unlubricated tests

For unlubricated tests, the injection pressure line (shown on the left side of Figure 5.13) was 

simply filled with w ater and closed off prior to placing the cell in position. Once the test had 

been set up, w ith the cell pressure and back pressure set to the required value and the axial 

force and displacem ent transducers set to zero, the test w as com m enced in strain-rate 

controlled m ode until the selected axial strain had been achieved. The cell w as dismantled  

and the results downloaded in the form of a spreadsheet from the W indows PC. The results 

from unlubricated tests w ere corrected as outlined in Section 5.5 and are presented in 

Chapter 6.

5.4.3 Lubricated tests

5.4.3.1 Lubrication strategies

Lubricated tests w ere carried out in a similar manner to unlubricated tests, except for the 

injection of lubricating slurry into the preformed failure plane specim en under certain 

conditions. These conditions w ere dictated by one of three lubrication strategies, as follows:

1. Static injection, w here the lubricant slurry w as injected prior to the com m encem ent 

of shearing, and carried out to sim ulate the injection of lubricant before restarting a 

pipe jack following a stoppage.

2. Dynamic injection, w here the lubricant slurry w as injected w hile shearing was 

ongoing, and carried out to simulate the injection of lubricant w hile a pipe jack is 

being advanced.

3. Constant pressure injection, w here the lubricant slurry was injected prior to the 

com m encem ent of shearing and w as maintained at a constant pressure by 

increasing the injected volum e over time. This type of test w as carried out to 

simulate continuous lubrication during a pipe jack.

5.4.3.2 Static injection procedure

Tests w ere carried out w here lubricants w ere injected into the triaxial specim en to a 

predeterm ined maximum pressure prior to shearing. This w as intended to simulate the 

injection of lubricants when the jacking pipe string is static, for exam ple when restarting 

after a stoppage. The procedure follow ed for these tests was:
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1. The injection pressure line was pre-filled with lubricant and the valve between the 

injection pressure transducer and the syringe was closed off before the sand was 

placed to make up the specimen.

2. The triaxial cell was filled as normal and the cell pressure and back pressure were 

applied.

3. The valve between the injection pressure transducer and the syringe was opened 

and pressure was applied to the syringe to commence lubricant injection. Pressure 

was applied steadily so as not to disturb the specimen beyond tolerable limits. This 

was checked visually and judgement was applied to determine the tolerable limits.

4. The injection pressure was monitored until the preselected injection pressure was 

reached, when the valve between the injection pressure transducer and the syringe 

was again closed.

5. The volume injected was read from the syringe graduations and noted.

6. Since the injection of the lubricant raised the general pore w ater pressure within the 

specimen and the cell pressure, time was allowed for the pressure and volume 

controllers to equilibrate to the altered pressure, i.e. cell pressure and back pressure 

were allowed subside to their original values.

7. Shearing was commenced.

For static injection tests, measurements of the lubricant pressure in the injection line were 

recorded at the following three stages:

1. The highest pressure achieved during the injection phase (which is the quantity that 

is sometimes measured on site) -  denoted as the highest injection pressure.

2. The pressure at the injection port at the start of shearing, when the pore pressure at 

the top of the specimen has dissipated to 10 kPa -  i.e. the initial injection pressure.

3. The pressure at the injection port at 4% axial strain, when the strength of the 

interface is actually measured -  i.e. the 4% strain injection pressure.

S.4.3.3 Dynamic injection procedure

To simulate the injection of lubricant slurries while a pipe string was in motion, a num ber of 

tests were carried out where lubricant slurry was injected into the triaxial specimen while 

shearing was ongoing. In this case, the injection pressure line was filled with lubricant under 

hydrostatic pressure before the cell was filled, as for static injection tests, and the line closed 

off. Once the chosen axial strain had been reached, the valve between the injection pressure 

transducer and the syringe was opened and pressure was applied to the syringe to inject the 

lubricant into the specimen, while the strain was continuously applied. The injection
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pressure was monitored until the preselected pressure was achieved, and the valve was 

closed off. The test continued as normal after this, with the injection pressure being 

monitored until the test  concluded.

S.4.3.4 Constant pressure injection procedure

Constant pressure lubricant injection tests were carried out to simulate the continuous, 

constant pressure injection of lubricant during a pipe jack, which is the recommended 

practice (French Society for Trenchless Technology, 2006). Here, the test procedure was as 

for the static tests, except that as soon as the preselected injection pressure was reached, 

shearing was started without closing the valve between the injection pressure transducer 

and the syringe. The selected injected pressure was maintained throughout the test until the 

test was terminated, while the injection pressure was recorded.

5 .43 .5  Injection volumes

It is useful at this stage to consider the volume of lubricant injected into preformed failure 

plane triaxial specimens. In order to predict the volume of lubricant that would be injected 

into test specimens, a review of the available field case history data was carried out. 

Lubricant injection volumes in pipe jacking are usually reported in units of litres per linear 

metre of drive, however for comparison with the test programme reported here, units of 

litres per m^ would be more appropriate. Case history data was converted accordingly. The 

field case history reported in Chapter 3, in Howth, Co. Dublin, involved three microtunnelled 

drives of 60 to 110m in length carried out in slightly silty estuarine sand and sandy gravel. 

For operational reasons a 10m section at the s tart of each drive was unlubricated, while the 

rem ainder of each drive was lubricated with an average of 60 litres of CETCO Hydraul-EZ 

lubricant per linear metre. The jacking pipes installed had an outer diameter of 1200mm, 

giving a surface area of 3.77m^ per linear metre, and hence an injection rate  of 15.9 litre/m^. 

Research carried out by the French Society for Trenchless Technology [2006) showed good 

results when injecting bentonite lubricants in the range of 25 to 170 litre per linear metre, 

where dynamic friction was reduced by 45 to 90%. When pipe diameters are taken into 

account, injection volumes reported were in the range of 10 to 85 litre/m^.

So, rates of injection of bentonite-based lubricants in the range 10 to 85 litres/m^ are 

reported from field observations. For the work reported here, the initial contact area is 

1134mm2, or l.lSxlO-^m^. The volume of bentonite lubricant that could be injected in early 

trials without distorting the latex m em brane or otherwise greatly disturbing the specimen 

was lOml per specimen, corresponding to 8.8 litres/m^, which is on the low end of the 

quantities quoted by the literature. Some reasons for this observed low lubricant capacity 

are that mixing was not allowed to take place, as it would be around a moving pipeline, and
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th a t  very little sp read  of lubricant along the  pipe surface w as possible. In a real pipe jacking 

situation, the lubricant would be able to sp read  aw ay  from the  injection points, following the 

overcu t to o ther  areas  of the pipe. In th is  regard, 8.8 li tres /m ^ w as considered  an 

ap p ro p r ia te  injection volume to aim for in testing.

5.5 Corrections

5.5.1 The need for corrections to the measured axial force

A n u m b er  of corrections are requ ired  w hen  converting  the  axial force applied to a specim en 

in a triaxial com pression tes t  to the s tress  within the specimen. This is because the aids to 

spec im en prepara tion  and the ap p a ra tu s  used  in triaxial testing in troduce bo u n d ary  effects 

not p re sen t  in the deform ation of a free soil e lem ent in th e  field. Head [1998b) d raw s  on the 

w ork  of o thers  to p re sen t  a com prehensive  overview of the ap p ro p r ia te  correc tions to be 

applied  to the results  of s tan d a rd  triaxial tests, including correc tions for the change of area  

of th e  specim en during testing  and the res tra in ing  effects of enclosing m em branes .  While 

m any of the sam e correc tions apply to p re fo rm ed  failure plane triaxial tests, som e 

correc tions deem ed m inor for s tan d a rd  triaxial testing  becom e m ore significant w hen  

shearing  is along a pre fo rm ed  failure plane.

A typical p reform ed failure plane specim en after the im position of 10% axial s tra in  is show n 

in Figure 5.16. It can be seen how the sand  m ass  slides as a unit along the inclined surface of 

the concrete  pre fo rm ed  failure plane, leading to a reduction in contact a rea  be tw een  the 

sand  and the concrete. Hence it becom es im p o rtan t  to use a correc ted  area w hen  converting 

the m easu red  axial force to s tress. Also, the  confining m em b ran e  is s tre tched  considerably  

n ea r  the sh ea r  band, and is clearly contribu ting  res is tance to loading. A nother correc tion  to 

reduce the m easured  axial force is requ ired  to take account of this effect. These tw o types  of 

correction are considered fu r ther  in the following sections.
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Figure 5.16 -  Precut failure plane triaxial testing specimen following com pression to 10% 

axial strain -  front view (left) and three-quarter view (right)

5.5.2 Area corrections 

5.5.2.1 Types o f area correction

Two factors m ay affect the contac t area  be tw een  the soil and the rigid pre fo rm ed  failure 

plane as the tes t  proceeds, barrelling  and  sliding. These tw o factors are  dealt with here  in 

the following sections.

5.5.2.2 Barrelling

As sliding takes  place a lm ost im m edia tely  once the tes t  s ta rts  and as the  tes ts  w ere  

te rm in a ted  a t 10% axial s train, which is much low er than  the s tan d a rd  20% strain  

com m only im posed in triaxial tests, the  effects of barrelling on the a rea  over which failure 

takes  place in the spec im en are considered  negligible.

5.5.2.3 Sliding

W hen failure occurs be sliding along a pre fo rm ed  failure surface at an angle 9 to the 

horizontal, as show n in Figure 5.17, the  initial contact a rea  be tw een  the soil and  the 

interface m ateria l is in the  form of an ellipse, show n in Figure 5.18.
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Figure 5.17 - Slipping taking place along a Figure 5 .18  - Area of contact betw een  soil

precut p lane (after Head, 1998) and interface m aterial (Head, 1998)

As the specimen compresses, the two initial elliptical surfaces move relative to each other 

and the contact area gets smaller. While Head (1998b) gives a geometrically-based 

correction to account for this in the case of sliding failures, it was observed that the 

idealisation of elliptical surfaces remaining elliptical and the same size did not hold in the 

case of the author’s tests as some bulging was observed in the plane perpendicular to the 

direction of sliding. It was thought more appropriate  to follow the suggestion of La Rochelle 

et al. (1988) and to measure the final contact area at the end of testing. By fixing the loading 

ram in place while the cell pressure was lowered and the cell emptied, the final deformed 

shape of the specimen was retained and dimensions of the final contact area could be 

determined using a vernier caliper. Assuming the final shear plane formed an elliptical 

shape, the lengths of the major and minor axes, da and db, were measured as shown in Figure 

5.19 and the corrected area, Ac, was calculated as follows:

A c = ^ d a d b  Equation 5-8

From an initial circular cross section of diameter 38mm and area 1134.Im m ^ the lengths of 

the major and minor axes of typical failure surfaces at 10% axial strain were measured as da 

= 39mm and db = 34mm, giving a final area of 1071.7mm2, i.e. a 5.5% reduction in contact 

area. This correction was applied linearly across the range of axial strain from the start  to 

the end of the test, so that the contact area steadily decreases from the known original 

starting area to the measured final area.
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Figure 5.19 - Correction of cross section for shear plane failure (La Rochelle et. al, 1988)

5.5.3 Membrane corrections

5.5.3.1 Types of membrane corrections

As explained in Section 5.3.5.4, th inner than normal 38mm diameter triaxia l testing latex 

membranes were employed and were on average 0.2 to 0.25mm in thickness and o f a 

generous length so that a good seal could be formed at the top and bottom o f the specimen.
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As noted previously, the deformations resulting from the sliding of the soil along the rigid 

preformed failure plane led to distortions in the confining membrane, and subsequent 

transfer of load to the membrane. The corrections considered, and applied where relevant, 

to take account of this effect are outlined in the following sections.

5 .5 3 .2  Barrelling

In conventional triaxial testing, it is generally accepted that m embrane confinement may 

lead to an overestimation of 1.25kPa in the deviator s tress in a 38mm diameter specimen at 

10% strain [Head, 1998b), assuming an increase in the area of the specimen at the plane of 

failure occurs due to barrelling. However, observations in the case of the au thor’s preformed 

failure plane tests indicate that in fact the area of contact at failure is smaller than the initial 

contact area, so correcting for membrane resistance due to barrelling was neglected.

5.5.3.3 Sliding

As the soil slides on the preformed failure plane, the confining m em brane was stretched 

significantly (as shown in Figure 5.16], and in effect took up some of the load transmitted to 

the specimen by the loading ram. Therefore, it was necessary to correct for the lateral 

restraint offered by the m em brane as sliding took place. While analytical methods are 

available for estimating the extra resistance offered by the stretching membrane, this is 

made difficult by uncertainties to do with the deformed shape of the soil as sliding 

progresses and complexities introduced by the difference in stiffness between the 

m em brane and the soil. Typically, researchers have carried out tests on "dummy" specimens 

to establish test-based m em brane corrections for single plane shear failure (Chandler, 1966; 

La Rochelle et al., 1988; Meehan et al., 2011), and this approach was followed here.

Dummy tests were performed on a 38mm diameter specimen made up of a rigid plaster 

base cut at 60° to the horizontal with soft Plasticine moulded to shape and used to make the 

specimen up to the correct height. Plasticine was chosen as it was found to distort in a 

similar m anner to the sands being used in the tests. To minimise friction along the 

preformed failure plane two sheets of thin polythene, each coated with a thick film of 

petroleum jelly, were used to separate the materials as shown in Figure 5.20. It was 

observed that by taking these measures, the friction between the plaster base and the 

Plasticine was reduced to negligible levels. One such specimen is shown in Figure 5.21.
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Figure 5.20 -  Arrangement for establishing 

membrane corrections for preformed 

failure plane triaxial tests

Figure 5.21 -  Specimen set up for 

determining membrane corrections for 

preformed failure plane triaxial tests

Dummy tests were carried out at a rate of strain o f Im m /m inu te , the same rate utilised by 

Chandler (1966) and Meehan et al. [2011), and the rate proposed for the author’s interface 

shear tests using coarse-grained soils and a concrete specimen w ith  a preformed failure 

plane. Deviator stress plots were produced w ith  strain, and it was assumed that all the 

shearing resistance present in the system was due to membrane restraint. A single curve 

was then fitted to all the experimental data, as shown in Figure 5.22, to give the follow ing 

membrane correction, O m , fo r use w ith  the type and thickness o f membrane planned fo r use 

in future tests and fo r the cell pressure range SOkPa to ISOkPa:

a m  =  12.5 -  12.5x0.825^ Equation 5-9
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Figure 5.22 -  Results of dummy tests and proposed membrane correction curve
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5.5.4 Corrections applied to  test results

Based on the consideration of the corrections discussed in the previous sections that can be 

made to obtain the actual stress applied to triaxial specim ens, it was decided that significant 

corrections would be applied to the results of the author’s tests involving a preformed  

failure plane to take account of:

1. The altered area of contact betw een the sand and the concrete due to sliding

2. The confining effect of the membrane as it stretches during the test.

These test-based corrections have been applied uniformly to all test results presented in the 

following chapter.

5.6 Sum m ary

The developm ent of a novel triaxial testing procedure that allows for the physical modelling 

of the shearing of a soil against a solid material at constant volum e conditions is described. 

Further, the apparatus developed allow s for the injection of fluids into the soil portion of the 

specim en and the m easurem ent of pore fluid pressures in the injection line and at the top of 

the soil portion of the specim en. The application of the novel triaxial testing procedure to 

sim ulate lubrication in pipe jacking is discussed. Finally, the corrections deem ed necessary  

to account for boundary effects during the test are presented. The physical model developed  

sim ulates the behaviour of the soil near an advancing jacked pipe in a more com plete way 

than is possible using traditional direct shear testing apparatus. The results obtained from 

an experim ental programme carried out using this model are presented in the next chapter.
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6 Interface friction reduction with pressurised lubricants -  
results

6.1 Introduction

Chapter 5 discussed the development o f a novel triax ia l testing apparatus designed to 

establish interface shear parameters for the sand/concrete interface while allowing fo r the 

injection of lubricant slurries commonly used in pipe jacking to reduce the frictional 

resistance to forward movement o f the pipe string. The present chapter describes the steps 

taken to in terpret the results and presents the results o f unlubricated testing carried out 

(§6.2). Then, the results obtained from tests where lubricant slurries were injected are 

presented (§6.3). Various lubrication scenarios are explored, including static injection of 

lubricant before shearing (§6.3.1), dynamic injection o f lubricant while  shearing at constant 

volume (§6.3.2) and constant pressure lubrication (§6.3.3), where the injection pressure is 

maintained during the entire shearing cycle. The results are then commented upon and 

discussed in the context of the previous w ork reported in Chapter 2 and the field case 

histories introduced in Chapter 3 (§6.4). Finally, the chapter is summarised (§6.5).

6.2 Behaviour of the novel triaxial interface test apparatus

6.2.1 Interpretation of the model behaviour & interface strength

As the results of the novel triaxia l tests carried out were recorded as fo r a standard triaxia l 

test, the firs t step in interpreting the behaviour o f the model was to plot deviator stress, 

volume change and pore flu id pressure against axial strain. However, the deviator stress 

response for the sand/concrete interface was found to be non-linear w ith  strain fo r the 

range of cell pressures at which testing was carried out, as shown by examples o f this 

behaviour plotted in Figure 6.1. A number of tests were carried out to 25% axial strain, and 

the deviator stress continued to increase up to that strain at a s im ilar slope to that shown in 

Figure 6.1.

Variations in in itia l stiffness can also be seen in Figure 6.1, the effects of which become 

negligible after 2 or 3% axial strain. This variab ility  may be due to differences in relative 

density, which was unfortunately not carefully controlled during these in itia l tests. Due to

161



Chapter 6 Pressurised lubricants - results

500

450

400

350

250

200

150

100

A x i a l  s t r a i n  (% )

Figure 6.1 - Examples of corrected deviator stress response for the sand/rough concrete 

interface in compression in the novel triaxial testing apparatus

the geometry of the experimental set up [§5.5.1.1), it w^as intended that shearing u'ould 

quickly revert to constant volume conditions w here soil density would not play a major part 

in determining soil strength. Although constant volume shearing conditions were sought, 

volume change was not a useful indicator of soil behaviour in this testing program me as the 

geometry of the specimen was changing rapidly. In addition to this, quantities of lubricant 

slurries were admitted into the test specimen. Hence, volume change was not considered as 

a reliable indicator of soil behaviour.

The non-linear deviator stress/axial strain behaviour observed, even after reasonable test- 

based corrections (§5.6) have been applied to the measured stress-strain curves, was 

surprising. Attempts were made to artificially increase the magnitude of the corrections 

applied, by further decreasing the contact area and increasing the m em brane restraint, in 

order to force the response towards a linear "residual” stress-strain behaviour. However 

even very unreasonable corrections were not enough to produce typical "residual” stress 

behaviour, as obtained from direct shear testing of the same materials. Certainly, no 

defensible correction-based approach could be found to linearise the data. Hence, an 

alternative method of analysis was required.

Other approaches to strength interpretation used in standard triaxial testing w here non

linear behaviour is observed were investigated. While it is common practice to take 20% 

axial strain, typically the limit of apparatus travel, as corresponding to critical state 

conditions at which shear strength, pore pressure  and volume change have reached 

constant values, (Bolton, 1979), in the au thor’s tests strength continued to increase up to
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20% axial strain and volume change was not a reliable indicator of having reached the 

critical state, because the geometry of the specimen was changing.

Looking again at Figure 6.1 it is seen that the slope of the deviator stress curve begins to 

stabilise between 3% and 5% axial strain, with the rate of increase remaining relatively 

constant thereafter. In order to choose a point at which it can be said that the sand/concrete  

interface is deforming at the constant volume angle of interface friction (6cv), comparisons 

were made of the friction angle in the axial strain range of 3% to 5% with the direct shear 

constant volume angle of friction of the sand/concrete  interface obtained in Chapter 4 

[Table 4.9]. It was found that the IGB sand mobilised the full shear strength of the sand 

when shearing against concrete in direct shear and at constant volume, i.e. 6’cv/4)’cv = 1, 

while the Banagher sand mobilised 9% of its internal angle of friction, i.e. 6 'c v /c j ) ’cv = 0.9. 

Using this information, and given that the angles of friction derived from direct shear and 

triaxial compression tests for sand vary (§5.4.1.3), the ratios of the mobilised interface 

friction angles to the internal friction angles of the soils tested in the triaxial test were set 

equal to the same ratio in direct shear, and expected angles of interface friction for the novel 

triaxial testing procedure were calculated as shown in Table 6.1.

IGB sa n d B a na g h er  sa n d

Direct sh ea r  (drained, s trength  taken  at c o n s ta n t  v o lu m e )  ( 4 > ' c v , d s ) 31 .0° 3 6 .2 ”

Triaxial c o m p r ess io n  (drained, 20% strain) ( 4 > ' c v ,t x ) 34 .0° 38.0°

M obilised  in terface  s trength  ration ( 6 ' c v /  4 > ' c v ) 1 0.9

Expected ang le  o f  in terface  friction in triaxial co m p r ess io n  ( 6 ' c v ) 34 .0° 34.2°

Table 6.1 -  Expected angles of interface friction for unlubricated interface shearing

To achieve this, a series of triaxial compression interface tests were undertaken using the 

au thor’s novel test procedure with a rough concrete surface and 1GB and Banagher sand.

For coarse-grained soils it is assumed that the interface zone between the soil and the rough 

concrete behaves purely frictionally and in accordance with the Mohr-Coulomb failure 

criteria. A range of cell pressures was chosen to enable the determination of the interface 

strength envelope. Cell pressures of 50, 100 and ISOkPa were chosen, with a fixed lOkPa 

back pressure being applied to maintain continuity in the pore pressure circuit and help 

ensure the sample remained saturated. The tests carried out using each type of sand are 

discussed separately.
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6.2.2 Interface friction with IGB sand

Six triaxial tests w ere carried out with specimens of 1GB sand and a rough concrete 

preformed failure plane, two tests at each of 50, 100 and ISOkPa cell pressure. The 

measured and corrected deviator stresses were plotted against the axial strain for each test, 

and these graphs are shown in Figure 6.2. The deviator stress was determined for each test 

at axial strains of 3, 4 and 5% and hence the corresponding principal stresses were 

calculated.

500
150 kPa

450

400

2 350 

300
100 kPa

250

200
50kPa

150

100

10
Axial strain (%)

Figure 6.2 - Deviator stress against axial strain for IGB sand shearing against rough concrete in

triaxial compression

The resulting Mohr circles of principal stress are shown in Figure 6.3, where a best-fit 

strength envelope was produced for each strain level, and the angles of interface friction 

measured assuming that the strength envelope passes through the origin.
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-33.7°200  -

TO 100

100 200 300 500400 600
Principal stresses (kPa)

Figure 6.3 -  Mohr circles for triaxial tests with IGB sand and rough concrete showing stress

conditions at 3 ,4  and 5% axial strain

164



Chapter 6 Pressurised lubricants - results

It was found that at 4% axial strain the interpreted angle of interface friction of 34.2° 

provided the best match with the expected constant volume angle of interface friction of 1GB 

sand based on the shear strength ratio determined in direct shear of 34.0°. Therefore, the 

principal stresses recorded at 4% axial strain are used to calculate the constant volume 

angle of interface friction for 1GB sand in the novel triaxial test apparatus.

This approach was carefully considered to enable meaningful analysis of the results 

produced from the novel triaxial test arrangement. The choice of an arguably arbitrary 

strain level such as 4% was considered alongside the similar convention of choosing 20% as 

an arbitrary point at which to determine failure strength param eters in triaxial compression 

tests where a clear peak in deviator stress does not become apparent, as for the case of peat 

soils discussed in Section 6.2.1.

6.2.3 In terface friction w ith  Banagher sand

A similar procedure was replicated for Banagher sand, however the behaviour of Banagher 

sand was markedly different, with far lower resistance to shearing along the pipe-soil 

interface than in the case of the IGB sand. Figure 6.4 shows very much lower deviator stress 

being developed against the same concrete test specimen than for 1GB sand (Figure 6.2). 

Figure 6.5 shows a plot of Mohr circles of stress taken at 3%, 4% and 5% axial strain for the 

Banagher, as w ere plotted for the 1GB sand.

350
ISO kP a

300

« 250
Q .
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o 150 
> o;
Q 100

lOOkPa

5 0 k P a

A xia l  s tra in  (%)

Figure 6.4 - Deviator stress against axial strain for Banagher sand shearing against rough

concrete in triaxial compression
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 £a = 3% (20.2°)

 £a = 4% (20.1°)

 Ea = 5% (19°)
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600

Figure 6.5 - Mohr circles for triaxial tests with Banagher sand and rough concrete showing 

stress conditions at 3 ,4  and 5% axial strain

Very low  interface friction angles of shearing resistance were measured, along w ith  an 

unexplained apparent cohesion intercept. This was clearly a cause for concern given the 

sim ilar behaviour observed in the testing o f both sand types in direct shear and further 

investigations were carried out using numerical techniques.

6.2.4 Numerical modelling of preformed failure plane behaviour 

6.2.4.1 Implementation of the model

A number o f simulations were carried out in Plaxis 2D 2011 (Plaxis bv, 2011) to further 

investigate the behaviour o f the triaxia l specimen containing a preformed failure plane. This 

w ork was intended to ve rily  the assumptions made regarding the angle the plane should be 

set at to reach constant volume conditions, to verify  the use of stress measurements at 4% 

axial strain to define constant volume shearing, and to further investigate the interface 

shearing behaviour of the Banagher sand. A plane strain simulation was used, w ith  the 

model represented at 1:1 scale in the X- and Y- planes and extending one metre in the Z- 

direction. The geometry was defined using one soil block and one linear elastic block to 

model the concrete specimen incorporating a preformed failure plane. A d istributed load 

was applied to the the three free edges o f the soil block to represent the cell pressure, while 

the confining membrane was neglected as i t ’s influence was already corrected for in the 

experimental results. Fixities in the X- and Y-direction were employed to restrain the base of 

the concrete block, while a prescribed displacement was applied to the top edge of the soil 

block to simulate the application of a deviator stress, as shown in Figure 6.6.

166



Chapter 6 Pressurised lubricants - results

Concrete

Distributed load

Prescribed displacement

Interface

Vertical & horizontal 
fix ities

Figure 6.6 -  Plaxis model showing soil and concrete blocks, interface, cell pressure applied as 

distributed load and prescribed displacement

The properties used to represent the concrete surface are listed in Table 6.2.

Param eter Value

E 30,000,000 kPa

V 0

Y unsat 25 kN /m ^

Table 6.2 -  Concrete material model parameters

The sands were modelled as Mohr-Coulomb materials w ith  the soil parameters chosen 

based on triaxia l testing results. The main soil parameters used for the model are shown in 

Table 6.3. Standard groundwater flow  parameters based on a coarse-grained soil were 

selected.

\P aram eter IGB sand Banagher sand

Eso 41,000kPa 32,500kPa

V 0.3 0.3

c 0.2kPa 0.2kPa

<)> 34° 38°

4* 2° 2°

D r .in it 70% 70%

Vd 15.7kN /m ^ 16.2kN/m ^

Ysat 19.6kN /m ^ 19.5kN/m ^

e in it  {sat,w=24%) 0.631 0.624

R in te r 1 0.9

Table 6.3 - Soil material model parameters
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C h a p te r  6 P re s s u r i s e d  lu b r ic a n ts  - re su l ts

Rinter is th e  S treng th  r e d u c t io n  fac to r  a p p l ie d  to  th e  in te r faces  b e tw e e n  soil and  solid  

m a te r ia ls  in Plaxis, a n d  is u se d  in co n ju n c t io n  w ith  th e  C oulom b c r i te r io n  to  p re d ic t  th e  

b e h a v io u r  of th e  soil a g a in s t  th e  in te rface . Rmter h a s  a se lec tab le  value, eq u a l  o r  less th a n  

unity , a n d  for c o a r s e -g ra in e d  soils  is ap p l ie d  to  th e  in te rn a l  o r  in te r face  fr ic tion  angle  as 

follows:

t a n  5 ' = R in ter  ta n  0 '  <  t a n  0  ' E qua tion  6-1

The va lu es  o f  Rmter u se d  in an a ly s is  w e r e  th e  s a m e  as  th e  ra t io  of  th e  m o b il ised  in te rface  

s t r e n g th  ra t io  fo r  th e  s a n d s  a n d  th e  ro u g h  co n cre te ,  5'cv/cj)’cv , as  g iven  in T ab le  4 .1 3 . For 

efficiency, a s t a n d a r d  p las t ic  an a ly s is  w a s  used . A c o a rse  m e sh  w a s  u til ised , re f ined  a long  

th e  in te r face  b e tw e e n  th e  soil a n d  th e  c o n c re te  b lock  a n d  on th e  r ig h t  h a n d  s ide  of  th e  soil 

block, w h e r e  s t r e s s  c o n c e n t r a t io n s  w e r e  s e e n  to  bu ild  up.

T he  m ode l w a s  ru n  a t  an g les  o f  inc l ina t ion  o f  55°, 60°, 65° a n d  70° for  each  soil type . A 

p re sc r ib e d  d i s p la c e m e n t  c o r r e s p o n d in g  to  4 %  axial s t ra in  w a s  im p o s e d  on  th e  soil block. 

T he  p re s c r ib e d  d is p la c e m e n t  w a s  im p o se d  in th e  neg a t iv e  Y -direc tion  w h ile  th e  affec ted  

n o d e s  w e r e  free  in th e  X -direction . T he  d e fo rm e d  s h a p e  of  th e  soil for th e  case  of a 60° s lo p e  

a n d  4 %  axial s t ra in  is s h o w n  in F igure  6.7 w h ile  th e  m a g n i tu d e s  o f  th e  to ta l  d is p la c e m e n ts  

a re  s h o w n  in F igure  6.8, w h e r e  th e  sh a d in g s  ind ica te  th e  re la t iv e  m a g n i tu d e s  of  

d isp la c e m e n t  w ith in  th e  soil. In F igure  6.8, th e  u p p e r  p a r t  o f  th e  soil sp e c im e n  e x p e r ie n c ed  

th e  la rg es t  d is p la c e m e n t  w h ile  th e  soil close to  th e  p re fo rm e d  failure  p lan e  e x p e r ie n c e d  th e  

sm a l le s t  d isp la c e m e n t ,  a n d  it m ay  be s e e n  th a t  a s h e a r  zo n e  o f  n a r r o w  w id th  h a s  fo rm e d  

n e a r  th e  p re fo rm e d  fa i lu re  p lane .

Figure 6.7 -  D efo rm ed  m e sh  Figure 6.8 -  Tota l d isp la c e m e n ts

168



Chapter 6 Pressurised lubricants - results

The vertical forces mobilised in order to cause 4% axial displacement of the 1GB sand and 

the Banagher sand blocks with respect to the rough concrete interface was plotted for a 

range of angles of inclination, 0, and are shown in Figure 6.9.

Banagher sand^  5.2 ■

-  4.8 ■
ICB sand

4.6 ■

4.4 ■

4.2
60 65

Angle of inclination, 0 (degrees)
70

Figure 6.9 - Maximum axial force against angle of inclination for two angles of friction

The axial force required to displace the top of the specimen by 4% was at a minimum when 

the angle of inclination was between approximately 60° for the 1GB sand and 62° for the 

Banagher sand. Since the results of precut failure plane testing in clay was not sensitive to 

small changes in the angle of inclination [§5.3.5.3), it was concluded that 60° is an 

appropriate angle of inclination for testing so that the interface frictional resistance is 

minimised.

6.2.4.2 Numerical modelling results for IGB sand

In the numerical model described, the minimum axial force required to reach 4% axial 

strain for the 1GB sand was 4.61kN. From this, the major principal effective stress from the 

numerical model, ai.num’, can be established as follows:

Cross sectional area of modelled specimen = 0.038m x Im  = 0.038m2 

Deviator stress = F/A = 4.61kN/0.038m2 = 121.3kPa at 4% axial strain 

Minor principal effective stress, as’ was set at 40kPa,

Since q= a i ’+ as', ai.num' = q + as' = 121.3 + 40 = 161.3kPa

The results of two experiment runs at a cell pressure  of SOkPa using the rough concrete 

interface and the 1GB sand were examined similarly to obtain the experimental major 

principal effective stress ai.exp':

169



Chapter 6 P ressurised  lubrican ts  - results

Average devia tor stress, q, a t 4%  axial s tra in  = 107.8kPa

Average 0 3  = 44kPa [slight r ises  in a s ’ w e re  observed  during  experim ents)

Hence, oi.exp’ = 107.8 + 44  = 151.8kPa

Since ai.num' = 161.3kPa is quite close in value to ai.exp’ = 151.8kPa, it is concluded tha t  the  

num erical s imulation of the  novel triaxial testing ap p a ra tu s  using 1GB sand  are  in ag reem en t 

w ith  the  resu lts  from physical tes ting  with  IGB sand  a t an axial s tra in  of 4%. Further, since

the num erical simulation carried  ou t used  Rmter = 1, taken  from d irec t sh ea r  testing, as the

controlling variable for the in terface behaviour, it is concluded th a t  the  physical model 

rep lica ted  the interface shearing  res is tance  of the  IGB sand  against rough concrete  as 

observed  in direct shear. Overall, it is concluded th a t  a t 4% axial strain , the  novel triaxial 

in terface friction testing ap p a ra tu s  allowed for the  satisfactory m easu rem en t  o f the  constan t 

volum e angle of in terface shearing  res is tance be tw een  the  1GB sand  and the  rough  concrete, 

as w ould  traditionally  be m easu red  in direct shear.

6 .2 .43  Numerical modelling results for Banagher sand

The m inim um  axial force requ ired  to  reach 4%  axial s tra in  for the  B anagher sand  in the  

num erical model w as 5.06kN. As for th e  IGB sand, the m ajor principal effective s tress  from 

the  num erical model, ai.num’, can be es tab lished  as follows:

Cross sectional a rea  of modelled  spec im en = 0 .038m  x Im  = O.OSBm^

Deviator s tress  = F/A = 5 .06kN/0.038m 2 = 133.2kPa at 4%  axial s train  

Minor principal effective stress, as ' w as se t  a t 40kPa,

Since q= a i ’+ as’, ai.num’ = q + as ’ = 133.2 + 40 = 173.2kPa 

For the  physical model, again a cell p re ssu re  of SOkPa and a back p re ssu re  of lOkPa w ere  

employed, giving a n e t  effective s tre ss  of 40kPa. However, slight changes in cell p re ssu re  

and back p ressu re  w ere  observed  during  experim ents ,  such th a t  the  average m inor 

principal effective s tress  m easu red  w as  43kPa. The average of tw o  experim en ts  w as  used  to 

calculate the  m ajor principal effective s tress  ai.exp’ = 160.0kPa. This is h igher than  for the  

1GB sand, as w ould  be expected  given th e  h igher in terna l angle of shearing  res is tance of the 

B anagher sand, bu t is low er than  the  value of the  m ajor principal effective s tress  p red ic ted  

by the num erical model (173.2kPa].

6.2.4.4 Summary of numerical modelling results

A num erical  m odel w as  construc ted  using Plaxis 2011 to s im ula te  the  in terface shearing 

behav iou r  of the  tw o  te s t  sands, IGB sand  and B anagher sand, w h en  shearing  against  rough 

concrete  in a novel triaxial tes ting  ap p a ra tu s  incorpora ting  a p re fo rm ed  failure plane. It w as
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shown that an angle of inclination, 0, o f 60° gave rise to the m inimum shearing resistance 

for both sand types, validating the choice of this angle of inclination fo r the preformed 

failure plane in the physical model. The principal effective stress deduced numerically was 

quite close to the principal effective stress measured in physical modelling for both sand 

types at cell pressures of SOkPa, as shown in Table 6.4.

IGB sand B anagher sand

M a jo r principal effective stress from  physical m odel, Oi,exp' (kPa) 151.8 160 .0

M a jo r principal effective stress from  num erical m odel, Oi.num’ (kPa) 161.3 173.2

D ifference (%) 6.3 8.3

Table 6.4 -  Major principal effective stress derived from physical and numerical modelling 

using !GB and Banagher sand at a cell pressure of SOkPa

The numerical model over-predicted the major principal effective stress by 6.3% and 8.3% 

for 1GB sand and Banagher sand respectively, and considering the complexities o f the 

experimental apparatus discussed in Chapter 5, it  was concluded that the numerical model 

satisfactorily predicted the performance o f the physical model. However, the findings from 

the numerical modelling carried out do not explain the low angle of interface shearing 

resistance and the apparent cohesion intercept observed during physical modelling using 

Banagher sand. Hence, the results o f tests on the Banagher sand carried out in the novel 

triaxia l testing apparatus were treated w ith  caution.

6.3 Effects of lubricant injection

Tests where lubricant slurries were admitted to the sample in the triaxia l cell were carried 

out as described in Section 5.4.3 and summarised as follows:

1. Static injection of lubricant at a prescribed pressure before shearing (§6.3.1).

2. Dynamic injection at a particular stage during shearing (§6.3.2].

3. Injection intended to maintain a constant lubricant pressure during shearing 

(§6.3.3).

Results are given only in terms of deviator stress, as it  has been shown in Chapter 4 that 

pipe jacking lubricants may alter both the angle o f interface friction between the soil and the 

rough concrete as well as the normal effective stress acting on the rough concrete, i.e. 

lubrications may alter both the a and tanS terms o f the Coulomb fric tion  relationship:

T =  a tanS  Equation 6-2
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In each case, the deviator stress graph for the case of lubricant injection is compared to the 

deviator stress graphs for the same sand without any lubricant injection. These unlubricated 

tests were reported on in Section 6.2.2 for 1GB sand and Section 6.2.3 in the case of 

Banagher sand. The reporting of results in term s of the deviator stress at 4% axial strain and 

not the angle of interface friction minimises the impact of the uncertainty over the 

behaviour of the Banagher sand. The results are presented in terms of no lubricant injection, 

injection of water and lubricant injection in each case. The injection pressure is reported as 

the net injection pressure, i.e. the gross injection pressure read from the transducer outside 

the triaxial cell less the applied back pressure of lOkPa.

Results are presented in accordance with a referencing system chosen for this series of 

experiments, for example a test may be referenced as lW-0-1, w here I indicates 1GB sand, W 

indicates w ater injection, 0 indicates injection at 0% axial strain and 1 indicates that this 

test  was the first in that  series of tests. Similarly, test reference BM-0-3 indicates a test with 

Banagher sand (B) with MX Polymer lubricant [M) injected at 0% axial strain (0), and test 

being the third test in the series of similar tests (3]. For the tests involving CETCO Hydraul- 

EZ, the lubricant concentration is indicated for the case of 4% [H4] and 6% [H6) slurries. A 

complete table of tests and results is presented in Appendix E.

6.3.1 Static injection

Tests were carried out where lubricants were injected into the triaxial sample at a 

predeterm ined highest injection pressure prior to shearing are reported here. In order to 

make clear the contribution of lubricant injection to reducing the shearing resistance, when 

more than one lubricated test was carried out the results are expressed in terms of the 

"deviator stress ratio", which is the deviator stress under lubricated conditions divided by 

the average deviator stress reached at the same strain under unlubricated conditions. The 

contribution of lubricant pressure  was normalised by the minor principle effective stress, 

Ob’, in order to account for any variations in cell pressure during testing, and the lubricant 

injection pressures at the injection port at the different stages of the tests are identified as 

follows:

1. The highest pressure  achieved during the injection phase -  denoted as the highest 

injection pressure.

2. The pressure  at the injection port at the s tart of shearing, when the pore pressure at 

the top of the specimen has dissipated to 10 kPa -  i.e. the initial injection pressure.

3. The pressure at the injection port at 4% axial strain, when the strength of the 

interface is actually m easured -  i.e. the 4% strain injection pressure.
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6.3.1.1 W ater

Two tests were carried where w ater was injected to a predetermined highest injection 

pressure prior to shearing, and the results are presented below as graphs of deviator stress 

against axial strain for the IGB sand in Figure 6.10 and the Banagher sand in Figure 6.11. In 

each case, the graph for the deviator stress when w ater was injected is shown along side the 

deviator stress for two tests where no injection took place, and which were presented in 

Sections 6.2.2 and 6.2.3.
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Figure 6.10 - Deviator stress against axial strain for 1GB sand with water injection prior to

shearing
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Figure 6.11 - Deviator stress against axial strain for Banagher sand with water injection prior

to shearing

The graphs in Figure 6.10 and Figure 6.11 show that  the deviator stress during shearing was 

actually higher rather than lower following the injection of w ater into the specimen. A
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summary of the injection volume and the injection pressures for each test where water was 

injected is given in Table 6.5.

Test Ref.
Injection 

volume (ml)
Highest injection 

pressure (kPa)
Initial injection 
pressure (kPa)

4% strain injection 
pressure (kPa)

IW-0-1 3 80 12 8

BW-O-l 3.5 100 7 10

Table 6.5 - Injection volume and pressures for tests where water was injected into IGB and

Banagher sand

From Table 6.5 it  is seen that the pressure at the injection post had returned to close to the 

pressure set by the back pressure contro ller (lOkPa) p rio r to the start o f the test, and 

remained close to this pressure throughout the test.

6.3.1.2 CETCO Hydraul-EZ 4% slurry

6.3.1.2.1 IGB sand

A number o f tests were carried out where CETCO Hydraul-EZ s lu rry mixed at 4% 

concentration was injected into IGB sand specimens p rio r to shearing. The deviator stress 

response for a number o f these static injection tests using 4% Hydraul-EZ are plotted 

against axial strain in Figure 6.12, while the injection volumes and pressures for each test 

are summarised in Table 6.6.
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Figure 6.12 - Deviator stress plot for testing where 4%  Hydraul-EZ was injected into IGB sand

prior to shearing
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Test Ref.
Injection 

volume (ml)
Highest injection 

pressure (kPa)
Initial injection 
pressure (kPa)

4% strain injection 
pressure (kPa)

IH4-0-1 5 120 35.5 23.3
IH4-0-2 8 220 25.6 22.39
IH4-0-3 9.5 133 54 52.94
IH4-0-4 13.5 190 56.3 51.58

Table 6.6 - Injection volume and pressures for tests where 4% Hydraul-EZ was injected into

IGB sand

The lubricant pressure normalised by the m inor principal effective stress is plotted against 

the deviator stress ratio for 1GB sand in Figure 6.13, where the deviator stress ratio is the 

ratio at 4% axial strain of the deviator stress [lubricated] to the deviator stress 

[unlubricated]. Here, lubricant pressure is plotted at three stages:

1. Highest injection pressure, before shearing commenced.

2. In itia l injection pressure, as shearing commenced.

3. 4% strain injection pressure.
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Figure 6.13 -  Deviator stress ratio against normalised lubricant pressure for tests where 4%

Hydraul-EZ was injected into IGB sand

From Figure 6.13 a clear trend in reducing deviator stress ratio w ith  increasing normalised 

lubricant pressure is visible. The strongest correlation between reduced deviator stress 

ratio and normalised lubricant pressure is for the case o f injection at 4% strain, where the 

linear regression performed resulted in an value o f 0.948. This indicates that the higher 

the lubricant pressure is above the in situ effective stress, the low er the resulting interface 

friction resistance w ill be in pipe jacking.
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6.3 .1 .2 .2  Banagher sand

For the Banagher sand and the injection of 4% Hydraul-EZ, the deviator stress for lubricated 

tests is plotted against axial strain, while show^ing the deviator stress plots for unlubricated 

tests for comparison, in Figure 6.14. It is shown that some very low deviator stress strength 

responses were obtained with the injection of Hydraul-EZ, particularly in the case of tests 

BH4-0-6 and BH4-0-1. The injection pressures and volumes corresponding to the graphed 

test results are shown in Table 6.7.
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Figure 6.14 - Deviator stress plot for testing where 4% Hydraul-EZ was injected into Banagher

sand prior to shearing

Test Ref.
Injection 

volume (ml)
Highest injection 

pressure (kPa)
Initial injection 
pressure (kPa)

4% strain injection 
pressure (kPa)

BH4-0-1 8.5 150 72.4 69 .68

BH4-0-2 6 75 52.5 38 .07

BH4-0-3 1 50 46.2 23 .75

BH4-0-4 7.5 150 10.4 7.91

BH4-0-5 6.5 230 190 166 .74

BH4-0-6 12 146 50.5 50
Table 6.7 - Injection volume and pressures for tests where 4% Hydraul-EZ was injected into

Banagher sand

The lubricant pressure normalised by the minor principal effective stress is plotted against 

the deviator stress ratio for Banagher sand in Figure 6.15, w here the deviator stress ratio is 

the ratio at 4% axial strain of the deviator stress [lubricated] to the deviator stress 

[unlubricated), as was plotted for the IGB sand.
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Figure 6.15 - Deviator stress ratio against normalised lubricant pressure for tests where 4%

Hydraul-EZ was injected into Banagher sand

6.3.1.3 CETCO Hydraul-EZ 6% slurry

One test was carried out where 6% concentration Hydraul-EZ s lurry was injected into 1GB 

sand. This test was carried out to check i f  the results obtained so far were sensitive to the 

concentration of the lubricant slurry. The deviator stress response against axial strain for 

the tests using 4% and 6% Hydraul-EZ slurry w ith  1GB sand are shown in Figure 6.16, while 

the injection volume and pressures are presented in Table 6.8. Comparing to Table 6.6, the 

pressure retention behaviour of the specimen was fa irly  sim ilar w ith  4% and 6% slurry, 

except that a low volume o f the 6% slurry was injected into the specimen before signs of 

bulging were observed and injection terminated. The results in terms of deviator stress ratio 

against normalised lubricant pressure are shown in Figure 6.17.

From Figure 6.17, no beneficial effect is seen from the injection a stronger 6% mix of 

Hydraul-EZ slurry at pressures comparable to 4% slurry, as the deviator stress ratios fo r the 

tests conducted using 6% slurry are very close to the trend lines established from the tests 

carried out w ith  4% slurry.
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Figure 6.16 - Deviator stress plot for testing where 4% and 6% Hydraul-EZ were injected into

IGB sand prior to shearing

Test Ref.
Injection 

volume (ml)
Highest injection 

pressure (kPa)
Initial injection 
pressure (kPa)

4% strain injection 
pressure (kPa)

IH6-0-1 3 130 50 40
Table 6.8 - Injection volume and pressures for tests where 6% Hydraul-EZ was injected into

IGB sand
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Figure 6.17 - Deviator stress ratio against normalised lubricant pressure for tests where 4%  

and 6%  Hydraul-EZ was injected into IGB sand, with the 6% results within the outlined shape
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6.3.1.4 0.5% Mudtech M X  Liquid Polymer

6.3 .1 .4 .1  IGBsand

Two tests were carried out where MX Liquid Polymer s lu rry mixed at 0.5% concentration 

was injected into 1GB sand specimens p rio r to shearing. The deviator stress response for 

both of these static injection tests are plotted against axial strain in Figure 6.18, while the 

injection volumes and pressures for each test are summarised in Table 6.9.
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IM -0 -2

IM -0 -1  '

o No lubricant 
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4 5 6 7
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10 11

Figure 6.18 - Deviator stress against axial strain for testing where 0.5% MX Polymer was

injected into IGB sand prior to shearing

Test Ref.
Injection 

volume (ml)
Highest Injection 

pressure (kPa)
Initial injection 
pressure (kPa)

4% strain Injection 
pressure (kPa)

IM -0-1 8 157 42.5 20.6

IM -0-2 4 101 18.1 13.1
Table 6.9 - Injection volume and pressures for tests where 0.5% MX Polymer was injected into

IGB sand

The deviator stress ratio for the tests w ith  MX Polymer and IGB sand were plotted against 

the normalised injection pressures in the usual manner, and these graphs are shown in 

Figure 6.19.
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Figure 6.19 - Deviator stress ratio against normalised lubricant pressure for tests where 0.5%  

MX Polymer was injected into IGB sand specimens

It is seen from Figure 6.19 that a only a very slight beneficial effect in reducing the deviator 

stress ratio was seen w ith  the injection o f MX Polymer into IGB sand, w ith  a maximum of 

10% reduction in deviator stress ratio being achieved w ith  an in itia l injection pressure of 

nearly four times the in situ normal effective stress. This was unexpected, given the 

comparable viscosity of the 0.5% MX Polymer, which had a Marsh funnel tim e o f 40 seconds, 

to the 4% Hydraul-EZ which had a Marsh funnel time o f 50 seconds), and the comparable 

volumes and pressures of injection o f the two pipe jacking lubricants.

6.3.1.4.2 Banaghersand

For the Banagher sand and the injection o f 0.5% MX Polymer, the deviator stress for 

lubricated tests is plotted against axial strain in Figure 6.20, where the deviator stress for 

unlubricated tests is also shown. MX Polymer was more efficient at reducing the deviator 

stress w ith  Banagher sand that 1GB sand. The injection pressures and volumes 

corresponding to the test results graphed are shown in Table 6.10.
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Figure 6.20 - Deviator stress plot for testing where 0.5% MX Polymer was injected into

Banagher sand prior to shearing

Test Ref.
Injection 

volume (ml)
Highest injection 

pressure (kPa)
Initial injection 
pressure (kPa)

4% strain injection 
pressure (kPa)

BM -0-1 1 60 50.0 33.3

BM -0-2 4.5 120 51.6 37.8

BM -0-3 8 180 52.0 43.9
Table 6.10 - Injection volume and pressures for tests where 0.5% MX Polymer was injected

into Banagher sand specimens

A much more beneficial effect in reducing the deviator stress ratio resulted from the 

injection of MX Polymer into the Banagher sand than into the 1GB sand, as shown in Figure 

6.21 where the deviator stress ratio is plotted against the normalised lubricant pressure.
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Figure 6.21 - Deviator stress ratio against normalised lubricant pressure for tests where 0.5%  

MX Polymer was injected into Banagher sand specimens
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Since polymers do not form filter cakes in the same m anner that bentonite-based slurries 

do, but instead encapsulate the soil particles in a viscous gel (Jefferis, 2013), some property 

of the Banagher sand particles may have been more favourable than the 1GB sand in terms 

of the ability of the polymer slurry to suspend the sand particles. Without knowing more 

about the nature of the MX Polymer, it is impossible to state exactly why this occurred, but 

perhaps it is an effect related to the larger soil particles present in the Banagher sand than 

the 1GB sand.

6.3.2 Dynamic injection at a specified point in time

From previous findings, it was concluded that at a strain of 4% a shearing resistance had 

been mobilised on the interface between the test sands and rough concrete tha t  was 

consistent with constant volume shearing in direct shear tests. With this in mind, the effects 

of lubricant injection while jacking pipes were in motion were examined by injecting 4% 

Hydraul-EZ slurry into the interface in the preformed failure plane triaxial specimen at the 

stage when 4% axial strain was attained.

Two such tests were carried out with Banagher sand, and the deviator stress response is 

plotted against axial strain in Figure 6.22, where the deviator stress response for two 

unlubricated tests is shown for comparison. The injection volume and pressure for each test 

are shown in Table 6.11. The highest injection pressure is highest pressure measured at the 

injection port when the lubricant was injected at 4% axial strain, while the initial pressure is 

by definition the same value. The 4% strain pressure corresponds to the pressure m easured 

at the injection port once the pore pressure at the top cap had returned to the pre-set back 

pressure value of lOkPa.

200r
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Figure 6.22 - Deviator stress plot for testing where 4% Hydraul-EZ was injected into Banagher 

sand during shearing at 4% axial strain, and comparison the unlubricated deviator stress

182



Chapter 6 Pressurised lubricants - results

Test Ref.
Injection 

volume (ml)
Highest injection 

pressure (kPa)
Initial injection 
pressure (kPa)

4% strain injection 
pressure (kPa)

BH4-4-1 1.5 54 54 50

BH4-4-2 1 103 103 83
Table 6.11 - Injection volume and pressures for tests where 4%  Hydraul-EZ was injected into

Banagher sand specimens at 4%  axial strain.

Tests where 4% Hydraul-EZ was injected onto the interface at 4% axial strain showed that it 

was possible to reduce the deviator stress to almost zero in this manner, even w ith  quite 

low  injection volumes, i.e. 1 or 1.5ml. This result shows that the pressure that lubricants are 

injected in pipe jacking at is more im portant than the volume of lubricant injected. The slow 

rate of increase in deviator stress w ith  fu rther shearing follow ing the cessation of injection 

shows the "filte r cake” effect present w ith  bentonite-based lubricants, in that a pressure 

gradient was maintained w ith in  the specimen between the injection port and the drainage 

lines to the top cap.

6.3.3 Constant pressure lubricant injection

Two triaxia l compression interface tests were carried out where water and Hydraul-EZ 

slurry were injected and maintained at a predetermined pressure equal to the cell pressure 

from the start until the end o f shearing. These tests were carried out w ith  Banagher sand 

and the rough concrete specimen w ith  a preformed failure plane. The deviator stress 

response is plotted against axial strain in Figure 6.23, where the deviator stress response for 

two unlubricated tests is also shown for comparison.
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Figure 6.23 -  Constant pressure water and lubricant injection with Banagher sand
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It is seen from Figure 6.23 that a very low deviator stress response was generated in 

response to shearing when the injection pressure was kept constantly at the same value as 

the cell pressure. This is expected, since the pore w ater pressure at the interface is elevated, 

reducing the normal effective stress from the soil acting on the rough concrete. While 

apparently lower deviator stresses were recorded with the injection w ater than Hydraul-EZ, 

it is taken that this difference is due to experimental variation at the very low stress levels 

encountered. Like the results shown in Section 6.3.2, these results emphasise the 

importance of the injection pressure to the effectiveness of lubrication in pipe jacking.

6.4  Discussion

6.4.1 Commentary on lubricated test results

6.4.1.1 General comments on specimen behaviour during testing

A summary of the results obtained using the three lubrication strategies discussed in 

Section 6.3 is presented in Table 6.12. All tests were carried out at a cell pressure of 50kPa 

and a pre-set back pressure  of lOkPa, while the normalised lubricant pressure was the net 

injection port pressure, i.e. the injection port pressure less the pre-set back pressure 

[lOkPa], divided by the normal effective stress acting on the specimen.
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Test
reference

Lubricant
Injected 

at (strain)

In jection
volum e

(ml)

Gross in jection  pressure (kPa) Deviator 
stress at 4%, 

q (kPa)

D eviator 
stress ra tio  

q (lub )/q

Normalised lub rican t pressure

Highest In itia l 4% strain Highest In itia l 4% strain

IGB sand

IW-0-1 W ater 0% 3 80.0 12.0 8.0 134 1.25 1.64 0.09 0.00

IH4-0-1 4% Hydraul-EZ 0% 5 120 35.5 23.3 102 0.95 2.66 0.60 0.30

IH4-0-2 4% Hydraul-EZ 0% 8 220 25.6 22.4 92 0.85 5.00 0,37 0.30

IH4-0-3 4% Hydraul-EZ 0% 9.5 133 54.0 52.9 65 0.60 3.05 1,08 1.05

IH4-0-4 4% Hydraul-EZ 0% 13.5 190 56.3 51.6 57 0.53 4.48 1.13 1.01

IH6-0-1 6% Hydraul-EZ 0% 3 130 50.0 40.0 86 0.80 2.83 0.93 0.69

IM-0-1 0.5% MX Polymer 0% 8 157 42.5 20.6 100 0.93 3.65 0,79 0.24

IM-0-2 0.5% MX Polymer 0% 4 101 18.1 13.1 102 0.94 2.19 0.22 0,10

IH4-4-1 4% Hydraul-EZ 4% 5 130 10.0 128 39 0.36 2,98 -0.03 2,93

IH4-4-2 4% Hydraul-EZ 4% 9 200 10.0 193 7 0.06 5.47 -0.12 5,26

IM-4-1 0.5% MX Polymer 4% 8 143 10.0 143 0 0.00 3,94 -0.35 3,94

Banagher sand

BW-0-1 W ater 0% 3.5 100 7.0 10.0 172 1.31 2,20 -0.07 0,00

BH4-0-1 4% Hydraul-EZ 0% 8.5 150 72.4 69.7 8.1 0.06 3.48 1.54 1,47

BH4-0-2 4% Hydraul-EZ 0% 6 75 52.5 38.1 61.4 0.47 1.60 1.04 0.68

BH4-0-3 4% Hydraul-EZ 0% 1 50 46.2 23.8 93.7 0.71 0.95 0.87 0,36

BH4-0-4 4% Hydraul-EZ 0% 7.5 150 10.4 7.9 85.8 0.65 3.23 0.05 0.00

BH4-0-5 4% Hydraul-EZ 0% 6.5 230 190 167 37.9 0.29 5,62 4.59 3.99

BH4-0-6 4% Hydraul-EZ 0% 12 146 50.5 50.0 9.1 0.07 3,38 0.99 0.98

BM-0-1 0.5% MX Polymer 0% 1 60 50.0 33.3 50.2 0.38 1,23 0.98 0.56

BM-0-2 0.5% MX Polymer 0% 4.5 120 51.6 37.8 44.8 0.34 2,79 1.04 0.69

BM-0-3 0.5% MX Polymer 0% 8 180 52.0 43.9 29.1 0.22 4,02 0.98 0.78

BH4-4-1 4% Hydraul-EZ 4% 1.5 54 54.0 50.0 3.0 0.02 1,07 1.07 0.98

BH4-4-2 4% Hydraul-EZ 4% 1 103 103 83.0 5.1 0.04 2.27 2.27 1.78

BW-C-1 W ater Constant - 50 51.0 49.1 6.5 0.05 0.95 0.98 0.93

BH-C-1 4% Hydraul-EZ Constant - 50 49,6 49.1 19.4 0.15 0.95 0.94 0.93

Table 6.12 - Summary of tests carried out using the novel triaxial apparatus
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It was found that pressure at the injection port remained quite high for the duration of 

shearing, seen by comparing the highest gross injection pressure to the 4% strain injection 

pressure in Table 6.12, when injections w ere of bentonite-based Hydraul-EZ lubricant, while 

the pressure dropped more quickly in the case of the injection of w ater or MX Polymer. As 

the pore pressure at the top cap was maintained at lOkPa, this difference implied the 

existence of a pressure gradient through the specimen and indicated that, in the case of the 

injection of the Hydraul-EZ, a filter cake had been formed in the soil. Since the Dis size of 

both of the test soils, which was 0.17mm for the IGB sand and 0.36mm for the Banagher 

sand, were less than 0.4mm, it should have been possible to form a good outer filter cake of 

bentonite particles in these soils (Filz et al., 2004; Schoesser et al., 2011), and this is 

confirmed by the presence of a pressure gradient within the specimen during static injection 

tests with Hydraul-EZ bentonite-based slurry.

Injection pressures between SOkPa to 200kPa were utilised during the au thor’s tests, while 

the pore w ater pressure within the specimen was maintained at lOkPa. These injection 

pressures correspond well to those observed in the field, which are typically 100 to 300kPa 

(McGillivray, 2009; Schoesser et al., 2011). In an attempt to show the depth of penetration of 

the lubricant slurries into the test specimens, specimens into which lubricants had been 

injected were removed from the test apparatus following shearing and were placed in an 

oven overnight. Two examples of oven-dried specimens, into which 4% Hydraul-EZ or 0.5% 

MX Polymer had been injected, are shown in Figure 6.24. it is seen that the specimen into 

which Hydraul-EZ was injected shows signs of deeper lubricant penetration than the 

specimen into which MX Polymer had been injected, but this comparison doesn’t take 

account of the differences in behaviour between bentonite- and polymer-based lubricants 

upon dehydration.

Figure 6.24 - Oven dried IGB sand specim ens following injected of 4% Hydraul-EZ (left) and 

0.5% MX Polymer (right), following shearing to 10% axial strain

f
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In order to further investigate the shearing behaviour of the test specimen, the moisture 

contents of the sand near the interface and the sand far away from the interface after 

shearing to 10% axial strain were m easured after three tests using 1GB sand and where no 

lubricant was injected. The average difference recorded between the moisture content of 

the sand near the interface and the sand away from the interface was 0.8%, i.e. the sand 

near the interface had a moisture content which was an average of 0.8% higher following 

shearing. This implied that the sand here had dilated in reaching a critical state, which is 

what would be expected for sand placed at 70% relative density.

6.4.1.2 Interface shear stress reduction

Examining again Table 6.12 and results of the static injection tests presented, the deviator 

stress ratio was reduced to a minimum of 0.53 by injection of Hydraul-EZ lubricant into 1GB 

sand to a minimum of 0.06 by the injection of Hydraul-EZ into Banagher sand. In this case, 

the Hydraul-EZ was much more efficient at reducing the shear resistance of Banagher sand 

than 1GB sand. The same pattern was noted for the injection of MX Polymer, with a 

minimum deviator stress ratio of 0.93 achieved with 1GB sand, whereas a deviator stress 

ratio of 0.22 was measured following the static injection of MX Polymer into Banagher sand. 

These results, along with the results in term s of the reductions observed in deviator stress 

ratio observed when lubricants were injected at 4% axial strain and also at constant 

pressure for the duration of the shearing stage are summarised in Table 6.13.

Injection type Lubricant Sand

Deviator

stress

ratio

Percentage

stress

reduction

Static injection

4% Hydraul-EZ
IGB sand 0.53 47%

Banagher sand 0.06 94%

0.5% MX Polymer
IGB sand 0.93 7%

Banagher sand 0.22 78%

4% strain

4% Hydraul-EZ
IGB sand 0.06 94%

Banagher sand 0.02 98%

0.5% MX Polymer
IGB 0 100%

Banagher sand -

Constant

pressure

Water
Banagher sand

0.05 95%

4% Hydraul-EZ 0.15 85%

Table 6.13 - Summary of minimum deviator stress ratios and maximum percentage frictional 

stress reductions with lubricant injection with novel triaxial apparatus
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Based on observations follov^^ing oven drying, bo th  slurries  p en e tra ted  both  san d s  to similar 

extents. Further, s im ilar static injection p re ssu re s  requ ired  similar lubrican t injection 

volum es p rio r  to shearing, as show^n in Figure 6.25, w h e re  t ren d  lines to te s t  series are 

show n to indicate the  similarity. The difference re sp o n ses  of the  different sands  in the case 

of static  injection, seen from Table 6.13, w e re  surprising. Unfortunately  it w as not possible 

to  fully investigate th is  effect, h ow ever  the  effect is less p ronounced  during  tes ts  w here  

injections w ere  m ade a t 4%  axial strain, show ing  th a t  po re  fluid p re ssu re  at th e  interface 

has  a m ore  significant influence on the  dev ia to r  s tress  ratio  than  any effect which may 

explain the  differences observed  during  static  tests.

0)
L -3
1/1
(V

c
nju

T3
OI

r8
E
oc

<u
j:
oi

6

5

4

3

•  ICB, 4% Hydraul-EZ 
o IGB, 6% Hydraul-EZ

  A ICB, MX Polymer
■ Banagher,  4% Hydraul-EZ 
+  Banagher ,  MX Polymer

2

1

0
0 1 2 3 64 5 7 8 9 10 11 12 13

V o lu m e  o f  lu b r i c a n t  in j ec t ion  (ml)

Figure 6.2 5 - Highest normalised lubricant pressure against volume injected for all static

injection triaxial com pression tests

The interface sh ea r  s tress  reductions  achieved in the  te s t  p ro g ram m e described  m ay be 

explained by reference to  the  equation  for effective stress. Equation 2-4, modified for 

in terface friction and  rep ro d u ced  as Equation 6-3 below:

T =  (a  — u )tanS ' =  a' tanS' Equation 6-3

w h e re  x is the  sh ea r  s tre ss  in the  interface, a  and  a ’ a re  the  total and effective norm al

s tre sse s  acting on the  in terface respectively, u is the  po re  fluid p re ssu re  and  6' is the

effective angle of interface friction. At failure, re p re sen te d  as follows:

Tf =  (oy — U f)tanS '  =  a /  tanS' Equation 6-4
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it is clear th a t  an increase  in Uf will decrease  o t by the  sam e am ount,  and while 5' may or 

may no t be a ltered  by th e  p resence  of lubricant in th e  interface, as explained in Section 

4.6.5.1, in e i ther  case Xf will be reduced  in p rop o r tio n  to the  reduction  in at'. The low er limit 

of this reduction  is the full reduction of Tf to zero, and  this low er limit w as reached  in the 

testing described  above.

6.4.2 Com parison of resu lts  w ith o th e r  physical modelling p rog ram m es

During lubrica ted  interface friction tes ts  be tw een  the  te s t  sands  and the  rough concrete 

described in Chapter 4, it w as  possible to obtain a m axim um  reduction  in interface friction 

res is tance of 12.5%. This is similar to the  experience of McGillivray (2009], w ho  obtained a 

m axim um  reduction  in interface res is tance of 18% th rough  lubricating the  interface 

be tw een  sand  and a spec im en of jacking pipe w ith  a ben ton ite -based  slurry  in direct shear. 

In both cases, the tes t  p ro g ram m es  w ere  unable  to duplicate the  m agnitude of the  friction 

reductions  observed  in th e  field. Elsewhere, Shou e t al. [2010) ob ta ined  a reduction in 

interface shearing  res is tance  of up to 75% in a s imple te s t  s imilar in n a tu re  to a direct sh ea r  

tes t  using u n p re ssu r ised  lubricant. While this is quite a significant reduction, it still does no t 

replicate the  reductions  of up to 90%  com m only re p o r ted  from field monitoring.

Using an axisym m etric  interface sh ea r  device designed to s im ula te  a microtunnelling  

m achine passing th rough  sand, McGillivray (2009) achieved interface friction s tress  

reductions  of g rea te r  than  89%. The device w as  a r ranged  so th a t  an overcu t w as provided to 

the advancing metal shaft, while bentonite  s lu rry  w as injected th rough  openings in the shaft 

to sim ulate  the  injection of lubrican ts  in pipe jacking. Closed b oundar ie s  w e re  m ain ta ined  so 

th a t  the  control of po re  p re ssu re  within the  sand  spec im en w as  possible. McGillivray’s 

tes ting  m ethod  differed from tha t  em ployed by the  a u th o r  in th a t  d ry  sand  w as  utilised and  

constan t volum e shearing  conditions w ere  no t achieved, bu t McGillivray's research  provides 

a useful com parison  w ith  the  results  p re sen ted  here. All the  te s ts  described  in Section 6.3 

w e re  carried  out using sa tu ra ted  sand, which is m ore  likely to  be en coun te red  in the  field, 

and  shearing  w as u n d e r  constan t volume conditions, which again are  the  conditions m ost 

likely to be en coun te red  in real pipe jacking situations.

Similar m agn itudes  of in terface friction reduction  w e re  achieved during  the au tho r 's  static 

injection tes ts  as w ere  achieved by McGillivray (2009), while a h igher  degree  of interface 

friction reduction  w as achieved during the  a u th o r ’s tes ts  w h e re  lubrican t w as  injected 

dynamically during shearing, i.e. at 4%  axial s tra in  or a t  constan t p ressure .
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6.4.3 Comparison of results with the findings from field studies

Unfortunately it  was not possible to quantify the influence of lubrication on the jacking 

forces in the field case histories presented in Chapter 3 due to the absence of inform ation on 

lubrication during the drives. It was noted that the skin frictional resistance in each case 

was quite low, less than lOkPa, and the presence o f lubricant in the overcut appeared to 

have caused behaviour sim ilar to that of a sensitive, fine-grained soil when the jacking force 

parameters were plotted in the same manner as cone penetration test results [§3.6.7]. 

Several field studies carried out by other authors, introduced in Section 2.7, were examined 

and the results obtained, in terms o f skin fric tion  reduction, when lubricant was introduced 

during pipe jacking in sandy soil are presented in Table 6.14.

Project G round conditions
Skin fric tio n  

stress reduction
R eference

Schem e 4 Dense silty fine sand 59%

M arshall, 1998Schem e 5 G ravelly sand 90%

Schem e 7 Dense silty fine sand 93%

C hatenay-M alab ry Fine clean sand 77%
Pellet-B eaucour 

& Kastner, 2002
M o n tm o ren cy  2 Slightly clayey, fine  sand 63%

Bouliac * Clean sand 89%

South Tahoe Hw y 50  

Crossing
Very dense, w ell graded sand 91%

Staheli, 2 006
C learview  Snohom ish  

River Crossing 2002
Dense, silty sand w ith  gravel 91%

Eastside In tercep to r  

Houser W ay
Loose sand 90%

Table 6.14 - Skin friction stress reduction due to the injection of bentonite-absed lubricants 

from field case histories report in the literature (after McGillivray, 2009) ( *  lubricant was a 

mixture of bentonite, polymer and microspheres)

From Table 6.14 it  is seen that the skin fric tion stress was reduced by up to 93% through the 

injection o f lubricant, w ith  reductions above 90% being typical. Because o f the consistency 

in this reduction percentage seen across authors, this scale o f reduction is considered an 

upper lim it to what is achievable in practice. Soil-to-pipe contact w ill inevitably remain in 

real pipe jacking situations, a fact that has been shown by the instrumented field m onitoring 

carried out by Norris (1992] and Marshall [1998]. As the pipe rests against e ither the 

bottom or the top of the overcut, the fric tional resistance to movement w ill be a function of 

both the contact force and the angle of interface shearing resistance between the pipe and 

the soil (§2.6.3.3] and, because o f misalignments and variations in soil conditions etc., it  is 

considered that the frictional stress would never reach zero in practical situations. In the 

case of the experimental results reported in this chapter, it  is thought that the very small self 

weight o f the sand specimen combined w ith  the freedom of movement o f the sand specimen
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relative to the concrete specimen w^ithin the triaxial cell allowed for the injected lubricant to 

hold the sand in a fully buoyant state such that the deviator stress reached zero during 

shearing, and it is considered that this behaviour would be very difficult to replicate in the 

field.

6.4.4 Recommendations towards practice

A num ber of observations arising from the present research and that may be of benefit to 

the pipe jacking industry if considered during the application of lubricants are outlined 

below;

1. As it has been shown that interface friction reduction is mainly dependent on 

lubricant pressure ra ther than lubricant volume, it is advised that priority should be 

given to the control of lubricant pressure rather than the control of lubricant volume 

during pipe jacking works.

2. The continuous monitoring of lubricant pressure is strongly advised during works.

3. At the end of a shift, it is recommended that lubricant be injected all the way along 

the pipeline to the highest pressure achievable or allowable, taking into account the 

risk of damage to the pipeline or to the overlying ground due to high injection 

pressures, so that an elevated state of pore fluid pressure may be maintained around 

the jacking pipes for as long a period as possible.

4. A bentonite-based lubricant was found to maintain an elevated pore fluid pressure 

near the interface for a longer period than a polymer-based lubricant in this study, 

although further research is needed to clarify the differences in effect between the 

two lubricant types.

5. If high jacking forces are encountered, it is recommended that they be mitigated by 

the continuous injection of lubricant rather than once-off lubricant injections in 

large volumes or at high pressures, as constant pressure lubrication led to the most 

sustained beneficial effect in the physical model, with an injection pressure just 

greater than the in-situ pore fluid pressure proving very effective.

6,5 Sum m ary

In this chapter, the results of testing carried out using a novel triaxial testing apparatus with 

a preformed failure plane have been presented and the considerations taken into account 

when interpreting the results have been explained. The test method has been employed to 

evaluate the interface friction behaviour of two sands against a rough concrete interface 

intended to replicate the surface of a jacking pipe and to investigate the effects of pipe 

jacking lubricants introduced under pressure in the interface. The primary conclusions 

reached are as follows:
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1. The novel apparatus accurately simulated the constant volume shearing of IGB sand 

in the interface with rough concrete, however the behaviour of the Banagher sand 

within the test procedure was not fully clarified.

2. The magnitudes of reductions in the interface friction stress attributed to the 

injection of lubricants in the field have been replicated in the novel triaxial 

apparatus for interface shear testing.

3. The raising of the pore fluid pressure at the pipe-soil interface due to lubricant 

pressure reduces the normal effective stress acting on the pipeline and, through the 

Coulomb friction relationship, proportionally lowers the interface shearing 

resistance.

4. It has been shown that classical boundary or film lubrication may be responsible for 

up to 20% of the reduction in interface shearing resistance due to lubrication in pipe 

jacking, with the remaining majority of the interface shearing resistance reduction 

due to effective stress reduction at the pipe-soil interface.

5. Pressure was shown to be the best indicator of successful lubricant application, 

while volume was not seen as a very useful indicative parameter.

6. Polymer- and bentonite-based lubricants were both effective in clogging the pores in 

coarse-grained soils and facilitating the transfer of fluid pressures from the lubricant 

to the soil skeleton.

7. This clogging effect of the slurries tested allowed for the retention of lubricant 

pressure at the interface when pressure in the lubricant system had been reduced.

The novel triaxial testing apparatus described provides a convenient means of modelling the 

influence of pipe jacking lubricants in the interface between a soil and a concrete jacking 

pipe, and has allowed some useful observations to be made on the behaviour of lubricants in 

the pipe-soil interface during pipe jacking. The testing programme has also identified a 

num ber of opportunities for further research, which are outlined in Chapter 8.
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7 Pipe jacking and  microtunneUing in ha rd  rock 

7.1 Introduction

The ability to install pipe jacked pipelines in hard  rock is a relatively recen t developm ent 

(Maidl et al., 2008] facilitated by m anufac tu rers  downsizing traditional tunnel boring 

m achine (TBM) technology and upgrading  microtunneUing m achines to enable operation  in 

hard  rock strata. For example, H errenknech t’s range of AVN microtunneUing m achines are 

now  com m only fitted with  rock cutting heads (a com parison  with o th e r  types of cutting 

heads is show n in Figure 7.1] to bo re  th rough  hard  rock alignments, while o ther  

m anufac tu re rs  of eq u ip m en t offer s imilar facilities. Smaller units [800m m  d iam ete r  or less] 

may lack the  requ ired  to rque  to ensure  sm ooth  opera tion  of the cutterhead , while upsizing 

to 1200m m  d iam ete r  or  larger gives the  added  advan tage th a t  cu tters  m ay be changed 

during a drive (Maidl et al., 2008]. There  are  various sys tem s which enable the changing of 

cutters, including airlock doors  located behind the cutting head  and back-loading cu tte r  

discs (H errenknech t AG, 2013].

Figure 7.1 - Herrenknecht AVN machines fitted with soft ground (left), mixed ground (centre) 

and rock (right) cutting heads (Herrenknecht AG, 2013)
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Section 7.2 in troduces  som e general considerations relating to microtunnelling  in hard  rock 

including jacking force and ra te  of advance, and show s how  these  diverge from those 

relating to soft g round  microtunnelling. Two recen t hard  rock m icrotunnelling  case histories 

are p re sen ted  and  analysed in te rm s  of jacking force and advance ra te  (§7.3), the results  are 

d iscussed (§7.4) and a su m m ary  of the chap te r  is given (§7.5).

7.2 Jacking fo rces  an d  ra te s  of a d v an c e  during  m icro tunnelling  in hard  rock

7.2.1 Hard rock microtunnelling compared to  soft soil microtunnelling

As with m icro tunnelled  pipe jacking in soft g round, the jacking force req u irem en ts  during a 

drive in hard  rock will be of concern to designers  and contractors.  As for soft ground, the 

resistances th a t  con tribu te  to the  total jacking force in hard  rock m ay be conveniently 

sep a ra ted  into face resis tance and  skin friction res is tance for analysis. It is intuitive th a t  the 

skin friction res is tance should be low er in hard  rock as it is unlikely th a t  the bore  will 

collapse on to the pipe, except in the  case of swelling due to s tre ss  relief in soft rock or hard 

soil, while it can be envisaged th a t  significantly h igher face res is tance may be generated  

w hen  the  cu tte rs  are  forced against the  rock m ass  a t a sufficient p ressu re  to enable efficient 

cutting of the  rock mass.

Before discussing these  com ponen ts  of jacking force in m ore  detail, it is useful to consider 

the p rope rt ie s  of the  rock m ateria ls  com m only encoun te red  and to explore how  well 

established concepts in large-scale TBM tunnelling can be tran sfe rred  to small-scale pipe 

jacking.

7.2.2 Rock materials and classifications as applied to  TBM tunnelling

Geomaterials w ith  a uniaxial com pressive s treng th  of IM Pa o r  m ore  are  generally  t rea ted  as 

rock ra th e r  than  hard  soil (Bieniawski, 1989). Despite m any  efforts m ade to obtain a 

rigorous rock m ass classification system w idely applicable to design situations, including 

Rock Quality Designation (RQD) (Deere e t al., 1967), Rock Mass Rating (RMR) (Bieniawski, 

1973) and  the Q t b m  system  (Barton, 2000), it has been found th a t  no one p a ram e te r  or index 

can fully describe a rock m ass for engineering  purposes.  For illustrative p u rposes  only, 

som e of the  consti tuen ts  and  weightings of the RMR system  and  the QTBM system  are  given 

in Table 7.1, show ing  som e of the  a t tr ibu tes  of a rock m ass th a t  de te rm ine  its engineering 

behaviour.
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Curran [2010] identified the pa ram ete rs  th a t  affect th e  efficiency of operation  of a large 

scale TBM in te rm s  of speed of advance and divides them  into th ree  categories: rock m ass 

properties ,  TBM specifications and TBM operational pa ram ete rs ,  as show n in Table 7.2.

RMR system Qtbm system
Uniaxial  c o m p r e s s i v e  s t r e n g t h  (UCS) 

Rock Qua l i t y  D e s i gn a t i o n  (RQD) 

Sp a c i ng  of  d i sc on t i nu i t i e s  

C o nd i t i o n  o f  d i sc o n t in u i t i e s  

G r o u n d w a t e r  c o n d i t i o n s  

O r i e n t a t i o n  o f  d i s c on t i n u i t i e s

N u m b e r  of  j o i n t  s e t s

Rock Qua l i t y  D e s i g n a t i o n  (RQD)

R o u g h n e s s  of  t h e  m o s t  u n f a v o u r a b l e  j o in t  o r  d i sc o n t in u i t y  

D e g r e e  of  a l t e r a t i o n  o f  filling a l o n g  t h e  w e a k e s t  jo in t  

W a t e r  inf low 

S t r es s  c o nd i t i o n

Table 7.1 -  Elements of RMR and Q t b m  scoring systems 

(after Bieniawski, 1989 and Barton, 2000)

Rock m ass properties TBM specifications TBM operational param eters

Uniaxial  C o m p r e s s i v e  S t r e n g t h  

Rock b r i t t l e n e s s  

Jo i nt  o r i e n t a t i o n  

Jo i nt  sp a c i ng  

M in e r a l o g y  

Abrasivi ty 

Por os i t y

N u m b e r  of  c u t t e r s  

C u t t e r  s pa c in g  

C u t t e r  t ip  w i d t h  

C u t t e r  d i a m e t e r  

C u t t e r  g e o m e t r i c a l  a r r a n g e m e n t

T h r u s t  f o r c e  ava i lab l e  

T o r q u e  avai l able  

R o t a t i on a l  s p e e d

Table 7.2 - Factors affecting TBM advance rate in hard rock

Since skin friction resistance is a factor in pipe jacking th a t  is not of relevance to large scale 

TBM tunnelling, Table 7.2 does not indicate how  it could affect the  advance ra te  of a 

microtunneiling  machine. Skin friction resistance is low in m icro tunnelled  pipe jacking in 

hard  rock w here  an overcut is formed in advance of th e  pipes unless the bore  has become 

clogged with pieces of cut rock or collapsed rock which have broken  away from the  bore 

wall and  fallen onto  the pipeline. Skin friction res is tance will also be purely  frictional in 

nature , as it involves the relative m ovem ent of tw o incom pressib le  materials. The tw o main 

factors controlling the skin friction resistance are the angle of interface friction be tw een  the 

pipe and  the rock (n) and the self-weight contact force gene ra ted  by the pipe (W]. The 

factors th a t  give rise to face resistance and skin friction res is tance in a typical 

m icrotunnelled  pipe jack are  sum m arised  in Figure 7.2, while the following sections look at 

each factor in m ore  detail.
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F r ic t iona l  c o n t a c t  w ith  b o r e  s id ew a l ls ;  in f lu en c e  o f  
l o o s e  o r  fa l len  ro c k  p a r t ic le s ;  m i s a l i g n m e n t s

Rock m a s s  p r o p e r t i e s  
( s t r e n g t h ,  qua l i ty ,  a b ra ss iv i ty )

C u t t e r  p r o p e r t i e s  ( n u m b e r ,  
s p a c i n g , g e o m e t r i c a l  layou t)

TBM o p e r a t io n a l  p a r a m e t e r s  
( t h r u s t ,  t o r q u e ,  ro t a t i o n  ra te )

Figure 7.2 - Schematic diagram showing principal factors which affect face and skin friction

resistances in rock microtunneUing

TOTAL

7.2.3 Face resistance

The face resistance experienced by an advancing microtunnelling  m achine is prim arily  

gene ra ted  by the loading on the cu tte rs  as they  b reak  up the rock face, while th e re  will also 

be a small contribu tion  due to the s lu rry  p re ssu re  applied by the m icrotunnelling  machine 

o p e ra to r  to stabilise the  face. Curran (2010) analysed eight m icro tunnelled  drives in varying 

rock types  (Figure 7.3) and show ed th a t  th e re  is a general increase in face res is tance  force 

with increase in the uniaxial com pressive  s treng th  of the rock. This would be expected, as a 

g re a te r  force is requ ired  to cut h a rd e r  rock efficiently.
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Figure 7.3 - Variation in UCS with average face resistance force for microtunnelling drives in 

hard rock (Curran, 2010). Microtunnelling machine had face diameter = 1.460mm.

Arising from this, it is no ted  th a t  th e re  is a certain  cu tte r  force which causes a "critical 

p re s su re ” on a rock face and  above which th e  pene tra t ion  p e r  revolution is m aximised, as 

d em o n s tra ted  qualitatively in Figure 7.4 (Maidl et al., 2008).
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Figure 7.4 - Qualitative relationship between penetration per revolution and cutter loading

(Robbins, 1970 cited by Maidl et al., 2008)

Estabhshing this "critical pressure" requires careful back analysis of case history data, and 

may be more appropriate to large scale IBM tunnelling w here the resources may be 

available to carefully log the required parameters. In o rder to maintain a satisfactory 

penetration rate, cutter load must be kept high, and so high face resistances are expected 

and desired during microtunnelling in hard rock. In contrast to soft soils, high forces exerted 

on the ground in front of the face will not likely give rise to heave on the ground surface 

above. In practice, and in common with soft ground tunnelling, it seems reasonable that a 

microtunnelling machine operator should advance the microtunnelling machine as fast as 

possible without stalling due to lack of torque, aiming to exceed the "critical pressure”, 

bearing in mind that slow advance may allow collapse of the rock face onto the cutting 

wheel and lead to uneven resistances.

7.2 .4  Friction resistance

It is intuitive that when an overcut is provided which is larger in diameter than the 

advancing jacking pipes, skin frictional resistance, Ps, should be low, governed by the 

coefficient of friction between the rock and the pipe (n=ton6) and the contact force due to 

the self-weight of the pipe, W, accounting for buoyancy if the bore is filled with groundwater 

or lubricant, and is given by:

Ps = f i - W Equation 7-1

o r :
Equation 7-2
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Of course, this ideahsation will be affected by the inevitable misalignments arising during 

pipe jacking (Norris, 1992) which will induce additional normal force in addition to W, and 

local instabilities in the rock (Barla et al., 2006]. By way of example, empirical values for the 

unit skin friction resistance stress in rock of 2 to 3kPa have been reported based on UK 

experience (Craig, 1983), while Australian experience suggests a lower value of IkPa 

(Thomson, 1993).

7.2.5 Advance rate and penetration rate

Two term s for describing tunnelling progress arising from large-scale TBM tunnelling 

projects that have appeared in the hard rock microtunneUing literature are Advance Rate 

(AR) and Penetration Rate (PR). Advance rate  refers to the forward movement of the 

tunnelling machine and lining divided by the working hours on site, whereas penetration 

rate refers to the distance moved by the tunnelling machine while it is in operation. Advance 

rate takes account of stoppages and operational problems, while penetration rate is only 

concerned with progress m ade while the tunnelling machine is operational.

For the case histories presented here, data on penetration rate is unavailable since it was 

not possible to maintain a presence on site to record the status (cutting or not) of the 

microtunneUing machine at all material times. Information on advance rate is available from 

automatically recorded data retained by the microtunneUing machine’s control systems. It is 

not expected that the differences between advance and penetration rates on a 

microtunneUing project will be very significant as much of each workday is spent driving the 

microtunneUing machine forward, and pipe changes and similar operations take relatively 

little time. Curran (2010) quotes advance rates of 0.366 to 1 .5m /hour and penetration rates 

of 0.462 to 1 .96m /hour for microtunnels constructed in hard rock in Ireland, implying a 21 

to 23% difference between advance and penetration rates.

Of note from Curran’s study is the relationship between penetration rate and the uniaxial 

compressive strength (UCS) of the rock, given that the same type of microtunneUing 

machine and control equipm ent was used throughout. This relationship is presented in 

Figure 7.5 and shows that the penetration rate decreases as the unconfined compressive 

strength increases. This is what would be expected intuitively.
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Figure 7.5 - R elationship betw een  penetration  rate and UCS o f rock (Curran, 2010)

7.3  Field case histories in hard rock 

7.3.1 Selection of sites

Two field case histories are  p resen ted  in this section, both  single-drive hard  rock pipe 

jacking projects carried out for w a te r  au thorities .  The first project was carried  out in 

limestone rock in Tullamore in the Republic of Ireland, while the second project was carried 

out in sandstone  and shale in Gilford, N orthern  Ireland. The locations of these  projects, 

along with the soft ground projects p resen ted  earlier, are  show n in Figure 7.6.

Figure 7.6 - Locations of rock m icrotunnelling field  case  h istories (soft ground sites  in italic)

Mullingar^ Downpatrick

Howth
T u l l a m o r e
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7.3.2 Tullamore

7.3.2.1 Tullamore Waste Water Treatment Plant

Tullamore is located in County Offaly in the midlands of Ireland. As part o f a project to 

provide a new  ̂ w^astewater treatment plant, Terra Solutions Ltd. installed a DN 1200mm 

sewer pipeline using a m icrotunneiling techniques under the Dublin-Galway railway line 

near the town. The pipe jack was over a distance of 32m and the m icrotunneiling machine 

used was a Herrenknecht AVN 1200 [shown in Figure 4.5] fitted w ith  a hard rock cutting 

head, as shown in Figure 4.6. The project was completed in May 2011.

Figure 7.7 -  Herrenknecht AVN 1200 prior to Figure 7.8 -  Microtunneiling shield on

launch breakthrough showing rock cutting head

Cover to the crown of the pipe tunnel axis varied from 3.5m at the starting shaft to 9m under 

the railway line and finally 4.7m at the reception shaft. A plan and section o f the works are 

shown in Figure 7.9 and Figure 7.10 respectively. The maximum diameter o f the cutting 

wheel was 1445mm while the jacking pipes were 1430mm outside diameter.

Reception shaft
M icrotunnelled section

Starting shaft

NORTH

Figure 7.9 - Plan layout of works at Tullamore
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Figure 7.10 - Section showing pipe jacking works at Tullamore (starting shaft is on the left) 

73.2.2 Geotechnical conditions

Rotary core boreholes carried out close to the planned access shaft locations each side of the 

proposed railway crossing confirmed rock at the level o f the proposed microtunnel, w ith 

competent rock being found at approximately 3m below ground level. Figure 7.11 

summarises the findings o f the exploratory boreholes.

Starting Reception
shaft shaft
BH 1 BH 2

m

1

3

6

Figure 7.11 - Summary of borehole data, Tullamore
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Very
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m edium
grey
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No
recovery

Lim estone
gravel
w ith
cobbles

Very
strong,
m edium
grey
lim estone

- Pipeline

Topsoil and made ground extended to Im  below ground level, below which lay medium to 

coarse limestone gravel, the product o f weathering o f the limestone bedrock. This extended 

to depths of 3m below ground level. Below this lay very strong limestone, identified as 

medium grey, th in ly  bedded, fine-grained carboniferous limestone (Irish D rilling Ltd., 2011; 

Sevastopulo, 2011). The joints were close- to medium-spaced, dipping 20° and smeared 

w ith  brown clay. Some photographs of the exposed rock at the starting shaft are shown

201



Chapter 7 Pipe jacking & m icrotunnelling in hard  rock

Figure 7.12. G roundw ater  w as not no ted  during  the site investigation, bu t  w a te r  w as freely 

flowing from the rock joints while pipe jacking w orks  w e re  ongoing.

Figure 7.12 - Photographs taken at tunnel axis level at starting shaft in Tullamore showing

limestone with joint sets

Prior to the s ta r t  of the contract, Irish Drilling Ltd. (IDL) carried  out a series of tes ts  on 

sam ples re tr ieved  from boreholes  adjacent to each shaft (Irish Drilling Ltd., 2011). The 

au th o r  also re tr ieved  hand  sam ples  from the  tunnel horizon level in the s tarting  and 

reception pits and, in addition  to confirming the classification of the  rock material, carried 

out som e s treng th  tes ts  on the  rock sam ples  at the TCD Geotechnical Engineering 

laboratory.

Of the  rock m ass p rope rt ie s  re la ted  to tunnelling efficiency listed in Table 7.2, UCS was 

chosen as the m ost convenient p a ra m e te r  to utilise in this research  as UCS tes t  resu lts  from 

sam ples  of Tullam ore l im estone w ere  available and it w as convenien t to carry  out fu r ther 

testing in the absence of site investigation data  for the o th e r  case h istory  in Gilford th a t  is 

p resen ted  in Section 7.3.3. In addition  to the testing  carried  out by Irish Drilling Ltd., a 

n u m b er  of point load tes ts  (PLT) and UCS tes ts  w e re  carried  ou t by the au th o r  to enable 

com parisons be m ade w ith  sam ples  recovered  from the  Gilford project. Testing w as carried 

out in accordance w ith  the  usual s tan d a rd s  for po int load tes ting  (In ternational Society for 

Rock Mechanics, 1985] and  uniaxial com pressive  s treng th  tes ts  (ASTM, 2007].

The UCS results  obtained, bo th  from the  IDL site investigation and the a u th o r’s own tests, 

are  p resen ted  in Table 7.3. A relatively good m atch  is observed  be tw een  IDL’s resu lts  and 

the au thor 's  for the tes ts  on n o r th  shaft material,  while the  au th o r  did no t carry  ou t UCS 

testing on sou th  shaft material.
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Location Tests at No. UCS tests Average UCS (M Pa)

North shaft
TCD 6 132

IDL 2 110

South shaft
TCD 0 -

IDL 2 94.4

Table 7.3 -  Results of UCS testing on limestone rock samples from Tullamore

Point load tests resulted in a point load index [Is(5o]) value for each test. A number of 

published works giving correlations of Is(so) v^ith UCS were reviewed in order to derive UCS 

values from point load test results. IDL employed the Hoek & Bray [1981) correlation for a 

63mm diameter cylindrical core:

UCS a: 25.4 Is(50) Equation 7-3

This correlation would have been unsuitable for the irregular hand samples that were 

retrieved from site. Rusnak and Mark (2000) suggest suitable correlation factors for a 

irregular specimens of a range of rock types, among which the correlation for limestone is:

UCS a: 21.9 Is(so) Equation 7-4

However, a better agreement with Irish Drilling Ltd.’s results was obtained when a 

correlation proposed by Akram and Bakar (2007) was employed:

UCS a: 22.792 ls(50) + 13.295 Equation 7-5

The point load test results obtained by IDL and the author, along w ith the correlations used, 

are presented in Table 7.4. Extreme values have been excluded in the usual manner for the 

tests where more than four data points were available.

Location
Tests

at

No. PLT 

tests

•s(50)

(M Pa)
Correlation factor (K)

Interpreted  

UCS (M Pa)

North TCD 21 3.79 22.792 ls(50)+ 13.295 99.7

shaft IDL 4 5.7 25.4 145

South TCD 7 3.58 22.792 Is,50)+ 13.295 94.9

shaft IDL 4 4.93 25.4 125

Table 7.4 -  Results of point load testing on limestone rock samples from Tullamore
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There is some inconsistency between IDL’s results and the author's, however the overall 

average range of UCS values for all direct DCS and correlated PLT results is 94.4MPa to 

145MPa indicating a strong to very strong rock material. The average of all seven UCS 

values, tabulated in Table 7.3 and Table 7.4, is 114MPa, and this value will be used in 

analyses later.

Further results obtained from the IDL site investigation include permeability values from 

packer tests at each borehole, the results of which are displayed in Table 7.5 showing a 

relatively permeable rock mass. An inconclusive series of Cerchar abrasivity tests w ere also 

carried out, finding a wide range of abrasivity values with most lying in the "slightly 

abrasive" range.

Location P eam eability  (m /s)

North shaft 9.6 X  10'^

South shaft 1.56 X 10'^

Table 7.5 -  Results of packer tests in boreholes near shafts in Tullamore 

7.3.2.3 Pipe jacking operations

Pipe jacking operations were typical of what has been described in Chapter 3 with the 

exception of the microtunnelling machine being fitted with a rock head with seven disc 

cutters. The drive was composed of a string of DN 1200mm pipes behind a Herrenknecht 

AVN 1200 microtunnelling machine using a suitable jacking frame, a computerised control 

cabin and a standard slurry circuit. The slurry trea tm ent system utilised a desander and a 

hydrocyclone for removing the fine rock particles and rock flour expected. The geometry 

and layout of the drive was given earlier.

Due to slow early progress in the drive it was thought that rock fragments w ere becoming 

lodged in the overcut annulus and obstructing progress. A mix of approximately 4% 

concentration CETCO Hydraul-EZ was injected into the overcut to act as a lubricant to ease 

the forward progress of the pipe string and this injection was maintained for the duration of 

the pipe jack on an "as-needed" basis. Unfortunately dosage records were not maintained, 

although it was noted tha t  the  injection of lubricant did not have a beneficial effect in 

speeding up early progress, bu t may have helped in keeping the skin friction resistance low 

for the rem ainder of the drive.
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73.2.4 Jacking force

Jacking forces were analysed as per the methods outlined in Chapter 3, w ith  no 

differentiation made for the nature of the ground. As jacking forces were automatically 

recorded, it  was possible to back-calculate the face resistance force using the "difference" 

method (§3.4.2.2), where the variations in the maximum and m inimum jacking force 

recorded per pipe are taken as being due to variations in the face resistance from zero when 

driving is paused to full face resistance when driving is ongoing. The difference between the 

average m inim um and average maximum jacking forces during the driving o f each pipe was 

calculated and an average taken over the pipeline length to give the face resistance force, 

PF.difference. This method was preferred over the "intercept" method because, as explained in 

Section 3.4.2.2, it  takes account of ground conditions and operational parameters 

throughout the drive, not just at the starting shaft. The minimum, maximum and average 

jacking forces per pipe are shown graphically in Figure 7.13, overlaid w ith  interpreted 

jacking force parameters.
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Figure 7.13 -  Plot of per pipe interpreted jacking forces with length driven for pipe jacking

project in Tullamore

Jacking forces were significant for such a short drive, peaking at approximately 2000kN on 

23'''* May, approximately 20m into the drive, after which time the jacking force reduced. This 

peak may have been due to the clogging o f the overcut w ith  rock chips or particles, as all 

other operational factors were normal during this period. For example, the penetration rate, 

cutting wheel torque, slurry flow, deviation from line and roll, yaw and pitch of the 

m icrotunnelling machine were not at exceptional levels at this time, while the occurrence of 

a peak in maximum and m inimum total jacking forces together indicates that the face
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resistance was not unusually high for this period, either. It is most likely that the peak in 

total jacking force was due to a period of high skin frictional resistance, which returned to 

normal levels after the rock chips had become displaced in the overcut. The back-calculated 

face resistance force ( P f)  and stress (pp) and skin friction resistance stress (ps] for the entire 

drive are presented in Table 7.6.

Analysis m ethod Ps(kPa) PfikPa) Pf(kN)

P f(d iffe re n c e ) 1.5 553.9 908.4

Table 7.6 - Skin friction and face resistance stress and face resistance force for Tullamore

The peak in jacking force of 2000kN reached at 20m into the drive may have been because 

of changing rock type. Perhaps a harder  section of rock was encountered, or the limestone 

contained hard inclusions. For comparison, a drive in softer limestone near Bari, Italy (UCS = 

30.6MPa with inclusions of UCS = 43.3MPa) was abandoned after 57m when the Lovat mts 

1000 microtunnelling machine fitted with scrapers and conical picks failed to make 

progress at jacking forces of 2000kN. Subsequently a Herrenknecht AVN 800 machine fitted 

out with six rock-cutting wheels was employed to complete the remaining section of the 

drive. The Herrenknecht machine required a m omentary peak jacking force of 2400kN at 

28m to make progress and it finished the drive with a jacking force of 2700kN at 115m 

(Barla et al., 2006]. It was estimated afterwards that the average face resistance stresses 

were 654.7kPa for the Lovat mts 1000 microtunnelling machine and 558.3kPa for the 

Herrenknecht AVN, values which even though the rock was softer than that  in Tullamore, 

are in line with those back calculated here and shown in Table 7.6.

The low skin friction resistance stress [1.5kPa] calculated implies that the bore remained 

open here, and as shall be shown later [§7.4.2), it is likely that the pipeline was buoyant in 

the injected lubricant. The skin friction stresses recorded in Bari w ere complicated by 

instability of the bore during the drive [Barla et al., 2006), and are not comparable to those 

encountered during the Tullamore project, w here the bore remained open.

7.3.2.5 Advance rate & influence of stoppages

Tunnelling operations proceeded slowly due to the high strength of rock encountered. 

However progress was steady and breakthrough occurred on 26* May 2011 after ten days 

of driving. An average advance rate of 0 .31m /hour or 2.79m per 9-hour day was achieved, 

and progress each day is shown in Figure 7.14.
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5 3 0  _

Figure 7.14 -  Advance rate (left axis, bars) and completed distance (right axis, grey line) for

Tullamore railway crossing

C urran  (2 0 1 0 ]  q u o te s  p e n e t r a t io n  ra te s  d u r in g  five h m e s to n e  d r iv e s  of  0 .558  to  0 .822  

m /h o u r ,  w h ile  no t in g  th a t  th e s e  r a te s  w e r e  su b s ta n t ia l ly  lo w e r  th a n  th e  p e n e t r a t io n  ra te s  of 

b e tw e e n  1 .44 to  2 .88 m m / m i n  o b se rv e d  e ls e w h e re  in a l im e s to n e  w i th  a UCS b e tw e e n  133 

to  200M P a (Gong an d  Zhao, 2 007) .  In T u llam ore ,  a d v a n c e  r a te s  ra n g e d  from  0 .2 3 m / h o u r  to  

0 .5 4 m /h o u r ,  v e ry  m uch  a t  th e  lo w e r  en d  of  C u rra n 's  findings.

T h e re  is little  ev id en ce  o f  th e  in f luence  of o v e rn ig h t  s to p p a g e s  on th e  jack ing  forces  

r e q u i r e d  to  a d v a n c e  th e  p ipe  jack  in rock. This is s h o w n  c lear ly  by  F igure  7 .15 in w h ich  th e  

to ta l  jack ing  force  r e c o rd e d  in th e  c o n tro l  cab in  o v e r  each  2 0 0 m m  drive  s e q u e n c e  is s h o w n  

s e p a ra te d  by  w o rk d a y .  A lte rn a t in g  solid  a n d  h o llow  m a r k e r s  s e p a r a te  th e  r e c o rd e d  va lu es  

p e r  day. T he  w o rk in g  d ay  w a s  g en e ra l ly  8 .3 0 am  to  5 .3 0 p m , leav ing  a 15 h o u r  s to p p a g e  

b e tw e e n  each  shift. In fact, w o r k  f in ished  ea r ly  on 21®‘ a n d  22 ' ' ^  May d u e  to  e q u ip m e n t  

issues. In each  o f th e s e  cases, no a p p re c ia b le  in c rea se  in jack ing  lo ad  can be  s e e n  a t  th e  s t a r t  

o f  each  d a y ’s p ro d u c t io n  c o m p a re d  to  th e  e n d  of th e  p re v io u s  day.

This lack of  t im e  d e p e n d e n c e  w o u ld  be  ex p e c te d  from  th e  n a tu r e  o f  ro ck  m ic ro tu n n e l l in g  -  it 

w o u ld  n o t  b e  e x p ec ted  t h a t  th e  rock  m a ss  w o u ld  se t t le  o n to  th e  p ip e  o v e r  a s h o r t  t im e  

in terval.  W hile  no  e las tic  p a r a m e te r s  w e r e  ava ilab le  for  th e  ro c k  m a ss  in T u llam ore , 

ca lcu la t ions  c a r r ie d  o u t  for a lo w e r - s t r e n g th  l im e s to n e  con f irm  th a t  a typ ica l p ipe  jack ing  

o v e rc u t  will n o t  close o n to  th e  p ipe line  (B arla  e t  al., 2 0 0 6 ) ,  a n d  in fact co n v e rg e n c e  will be 

m inim al.
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Figure 7.15 - Jacking force recorded every 200nini of pipe advance separated by each day of

production (vertical lines)

7.3.3 Gilford

In August 2011 F&B Trenchless Solutions Ltd. carried out an 87m long, DN 1200mm pipe 

jack under the River Bann in Gilford, Co. Down, Northern Ireland. The rive r crossing was 

part o f a project in itiated by Northern Ireland Water to upgrade the water supply in the 

area. The m icrotunneiiing machine used was the same machine as for Tullamore, a 

Herrenknecht AVN 1200 fitted w ith  a hard rock head. A view of the starting shaft at Gilford 

after a number of pipes have been advanced is shown in Figure 7.16. The jacking pipes used 

were DN 1200mm steel banded pipes manufactured by Tracey Concrete Ltd.

Figure 7.16 - View of starting shaft and jacking frame in Gilford
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7.3.3.1 Geotechnical conditions

Unfortunately site investigation  information w a s  not m ade available for this project, 

h o w ev er  observations  w e r e  m ade of the rock m ass uncovered  at the starting shaft and a 

num ber of  hand sam p les  o f  the rock material w ere  retrieved for further examination. Based  

on observations o f  screened-out spoil from the slurry circuit and reports from F&B 

Trenchless Solutions Ltd. staff, the rock type rem ained con sisten t  throughout the drive.

Upon exam ination o f  the site and hand sam ples  retrieved, the rock m ass is com posed  of  

tilted interbedded san d ston e  and shale and is o f  the Longford-Down formation. The 

sandstone  is coarse, d en se  greyw acke sandstone  stained red through oxidation at the joints. 

It has a hardness  o f  6 to 7 on the Mohs scale, harder than stee l and equivalent to glass. The

sandstone  uncovered  at the starting shaft is sh ow n  in Figure 7.17, w h ere  it is seen  that

sandstone  is the predom inant constituent of  the rock m ass at this location. The other rock  

type observed  is fine-grained, soft, light grey shale. It is considered  that the sandstone  will  

have a m ore significant influence on the efficiency o f  the m icrotunnelling operation than the  

shale, although the sw e ll in g  tendency  o f  the shale  w a s  not established. The exposed  rock  

face at the starting shaft is show n in Figure 7 .18  and so m e  of the crushed separated spoil  

retrieved from the slurry circuit is show n in Figure 7.19. Here, it can be seen  that the  

m icrotunnelling m achine is capable of  breaking the rock d ow n  into particle s izes  that can be  

efficiently transported to the surface and separated from the return slurry.

Point load tests  (PLT) w e r e  carried out on sam p les  retrieved from Gilford as for Tullamore  

(§7.3.2.2), a lthough the num ber w a s  smaller. Akram and Bakar (2 0 0 7 ] ,  the source for 

correlations used for the tests  carried out on the Tullamore l im estone, do not report on  

correlations with UCS for shale and sandstone  so the correlation factors proposed by  

Rusnak and Mark ( 2 0 0 0 )  w ere  chosen:

Sandstone: UCS =: 20 .4  Is(so) Equation 7-6

Shale: UCS == 21.5 Is(50] Equation 7-7
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Figure 7.17 - Photographs taken at tunnel axis level at starting shaft in Gilford showing 

sandstone with several vertical and inclined joint sets

Figure 7.18 - Exposed rock face near starting Figure 7.19 - Separated tunnelling spoil 

shaft at Gilford showing crushed sandstone at Gilford

As m e n t io n e d ,  th e  n u m b e r  o f  t e s t s  c a r r ie d  o u t  w a s  sm a l le r  th a n  for T u llam ore .  In pa r t icu la r ,  

th e  b r i t t l e  n a tu re  o f  th e  sh a le  s a m p le s  r e t r ie v e d  m a d e  sp e c im e n  p r e p a r a t io n  difficult. Only 

t h r e e  s a m p le s  of  su i tab le  d im e n s io n s  w e re  av a ilab le  for tes t ing , a n d  so it w a s  n o t  po ss ib le  to 

d i s c o u n t  th e  e x t re m e  u p p e r  an d  lo w e r  v a lu e s  in ca lcu la ting  an  a v e ra g e  ls(50] va lue . The 

r e s u l t s  of p o in t  load  te s t in g  a re  s u m m a r i s e d  in T ab le  7.7.

Rock type No. PIT tests
Average ls,50) 

(MPa)

Correlation 

factor (K)

Interpreted UCS 

(MPa)

Sandstone 17 3.19 20.4 65.1

Shale 3 1.42 21.5 30.5

Table 7.7 -  Results of point load testing on rock samples retrieved from Gilford

B oth ro ck  ty p e s  w e r e  lo w e r  in un iax ia l c o m p re s s iv e  s t r e n g th  th a n  th e  l im e s to n e  in 

T u l lam o re ,  a n d  so  lo w e r  jack ing  fo rces  w o u ld  be  e x p ec ted  in th is  ro ck  m a ss  if all o th e r  

fac to rs  w e r e  equal.
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73.3.2 Pipe Jacking operations

Pipe jacking operations progressed w ithout incident. W ork was organised in one 10-hour 

shift per day w ith  w ork continuing at the weekends. The contractor planned on advancing 

three 2.5m long pipes or 7.5m per shift. Lubricating s lurry was introduced in the usual "as 

needed" fashion from the th ird  pipe until the end of the pipe jack and lubricant ports were 

provided every th ird  pipe. The lubricant used was CETCO Hydraul-EZ mixed to a relatively 

s tiff consistency, although unfortunately no records were kept of this part of the operation.

7.3.3.3 Jacking force

The jacking forces observed at Guildford were lower than those observed in Tullamore, as 

shown along w ith  interpreted jacking force parameters in Figure 7.20. Jacking forces 

increased steadily to peak at just below 3000kN at approximately 75m, which was well 

below the 6900kN jacking force lim it of the DN 1200mm jacking pipes (Tracey Concrete 

Ltd., 2013).

From Figure 7.20 it can be seen that two peaks in jacking force occurred, at 15m and at 48m. 

Sim ilarly to the case of Tullamore, it is most like ly that these peaks correspond w ith  periods 

of increased skin friction resistance rather than face resistance, as both the maximum and 

the m inim um total jacking forces reached a peak together. The back-calculated skin friction 

resistance stress and face resistance stress and force, again using the difference method, are 

presented in Table 7.8.
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Figure 7.20 -  Plot of per pipe interpreted jacking forces with length driven for pipe jacking

project in Gilford
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Analysis method Ps(kPa) Ps (kPa) P F ( k N )

Pf(difference) 4 .3 4 0 5 .6 6 6 6

Table 7.8 - Skin friction and face resistance stresses and face resistance force for Gilford

As well as the occurrence of a peak in jacking forces, most like ly  due to locally high skin 

fric tional resistance, it  was observed that relatively high overall skin fric tion  resistance 

stresses were recorded, compared to those observed at Tullamore or reported by Thomson 

[1993). The face resistance stress observed at Gilford was s im ilar to that observed by 

Curran [2010) in strong sandstone [UCS = 70.9MPa) in Fermoy, Co. Cork, although the skin 

fric tion  resistance stress in Gilford was twice as large. It could be the case tha t the shale 

present displayed a tendency to swell which was not controlled by the water-based slurry 

used as a lubricant, however no testing for this tendency was carried out.

7.3.3.4 Advance rate & influence of stoppages

Data on penetration rate is not available fo r this project, while the advance rate for each 

day’s production is shown in Figure 7.21. The firs t and last day have been elim inated as the 

w orking time during these days varied greatly from the average. The advance rates quoted 

are derived on the assumption o f a ten-hour shift, and the average advance rate was 

0.62m /hour. By way o f comparison, Curran [2010) quotes a range o f typical advance rates 

fo r m icrotunnelling in hard rock in Ireland o f 0.366 to 1.5m/hour, so the advance rate for 

this project was at the lower end o f that seen elsewhere.

50 Q

40 c

10 E

Figure 7.21 -  Advance rate (left axis, bars) and completed distance (right axis, grey line) for

Gilford project
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From in Figure 7.21, it is seen that advance rates varied from day to day, but overall the 

progress was consistent over the ten-day production period. The suggestion that  swelling of 

the shale generated the high skin frictional resistance at Gilford put forward in the previous 

section is not evidenced in a plot of average jacking forces per 200mm advance separated by 

days of production, shown in Figure 7.22.
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Figure 7.22 - Jacking force recorded every 200mm of pipe advance separated by day of 

production (vertical lines separate work days)

In Figure 7.22, no discernable increase in the total jacking force is apparent between the end 

of one day’s production and the start of the next. On some occasions after an overnight 

break, the jacking force required to res tart  operations was lower the following morning, for 

example between 9 /8  and 10 /8  and between 1 0 /8  and 11/8, while sometimes the 

restarting force was slightly higher, for example between 3 /8  and 4/8. If the shale were 

expanding due to stress relief and exerting a normal stress on the pipeline, it would be 

expected that the jacking force required to res ta rt  after a break would be higher.

7.4  Discussion

7.4.1 General comments on results

A high degree of scatter in measured jacking forces is common to both case histories, as it is 

to many pipe jacking or microtunnelhng case histories mentioned in this thesis and in the 

literature in general. Here, the effects of scatter due to operator differences have been 

minimised as the same operator drove the microtunnelhng machine for the duration of both 

projects and the microtunnelhng machine and control equipment were the same. Variations
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in jacking force throughout the project are likely due to changing rock properties or 

technical issues with the equipment, which are all too common. Variations in advance rate 

may be attributed to the same causes. In order to draw some useful conclusions from these 

case histories, predictions are proposed based on rock properties established for each 

project (§7.3.2.2 and §7.3.3.1] and the respective geometries. Finally, some comparisons 

with published results mentioned earlier have been made.

7.4.2 Jacking force predictions in hard rock

In the absence of more detailed site investigation information, including the angle of 

interface friction between the rock and the pipe material, it is difficult to offer precise 

predictions of expected jacking forces for these projects. However, reasonable estimates 

may be made based on work reported elsewhere. Face resistance values may be estimated 

within a broad range based on the data shown in Figure 7.3 which plots face resistance force 

against UCS for a set of microtunnelhng projects undertaken in Ireland using the same type 

of microtunnelhng machine utilised here, a Herrenknecht AVN 1200 (Curran, 2010]. In each 

case the maximum UCS reported for the rock mass was used for determining the face 

resistance. The predicted face resistance stresses are shown in Table 7.9. The skin friction 

resistance may be predicted using Equation 7-1 and Equation 7-2. The pipe m anufacturer’s 

data was consulted to calculate W, the self-weight of the pipe per metre. A DN 1200mm pipe 

has a mass of l ,320kg/m  (Tracey Concrete Ltd., 2013), giving a weight in air of 12.9kN/m, 

and so a contact force in an open bore, W, of 12.9kN/m. In w ater or 4% CETCO Hydraul-EZ 

slurry (the densities of these fluids are very similar, 9.81 and lOkN/m^ respectively, and 

lOkN/m^ was chosen for convenience] the pipeline, having a weight density of 8.06kN/m3, 

will be buoyant. It will have a net "negative" density of 1.94kN/m3, giving a negative 

upwards contact force (W] of 3.14kN/m, based on a volume of 4.01m3 and a length of 2.5m. 

Barla et al. (2006) suggest the full angle of internal shear resistance of the rock may have 

been mobilized along the interface with the concrete pipes in the drives they analysed. This 

information, along with a typical assumed angle of internal friction for rock of, say, 30°, 

leads to a choice of ^ = tan(30°) = 0.577 for predictions. Using Equation 7-1 and adopting 

the values for the contact force W and coefficient of friction n mentioned above, the 

predicted dry and buoyant skin friction stresses for each case are identical because the same 

pipes were used and are shown in Table 7.9. The predictions are superimposed on the 

measured jacking force envelope for Tullamore in Figure 7.23 and Gilford in Figure 7.24.
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Project ucs

(M Pa)

Predicted face 

resistance force 

(kN )*

Predicted face 

resistance stress 

{!<Pa)*

Predicted sl<in 

friction stress (no 

buoyancy) (kPa)

Predicted skin 

friction stress (full 

buoyancy) (kPa)

Tullamore 145 550 335 7.44 1.80

Gilford 65.1 200 123 7.44 1.80

* Based on Figure 7.3, all AVN 1200 microtunnelling machine

Table 7.9 - Predicted face resistance force and face and skin friction stresses

Quite good agreement is seen in Figure 7.23 and Figure 7.24 between the predicted and 

measured jacking forces, w ith  the graphs showing that the "no buoyancy" prediction quite 

well matched the m id-point of the jacking force envelope for the early part o f the drive in 

Tullamore [Figure 7.23) and gave a reasonable prediction for the maximum jacking forces 

measured in Gilford [Figure 7.24]. Similarly, the "fu ll buoyancy" predictions matched quite 

closely to the m inimum jacking forces fo r each project. Even given the small database of 

results and amount of inform ation on geotechnical conditions available, these prediction 

methods may be are useful in practice, especially i f  more inform ation were available.
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Figure 7.23 -  Jacking force predictions for 

Tullamore
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Figure 7.24 - Jacking force predictions for 

Gilford

7.4.3 Comparisons to published results

The measured average face and skin fric tion stresses fo r the two case h istory projects along 

w ith  a selection of values from literature are shown in Table 7.10.
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Project/Reference Rock type
Face resistance  

stress (kPa)

Skin friction stress  

(kPa)

Tullamore L im estone 553 .9 1.5

Gilford S a n d sto n e /sh a le 4 05 .6 4 .3

Curran (2010) -  H'knecht AVN 1200 Limestone 285.7 6.2

Curran (2010) -  H'knecht AVN 1200 Sandstone 183.5 2.1

Barla et al. (2006) -  Lovat 1000 Limestone 654.7 Very high (>10)

Barla e t  al. (2006) -  H'knecht AVN 1000 Limestone 558.3 Very high (>10)

Thomson (1993) -  UK practice Varies - 2 to  3

Thomson (1993) -  Australian practice Limestone - 1

Table 7.10 - Observed face and skin friction stresses for the projects in Tullamore and Gilford

(in italics) and values from literature

It is seen from the Table 7.10 that the face and skin friction resistance stresses measured at 

Tullamore and Gilford are broadly in line with expected values quoted in the literature. Of 

particular note is the discrepancy between the guidance on expected skin friction resistance 

stresses for pipe jacking in the UK and Australia given by Thomson (1993] and those 

observed in the field. It may be that this guidance needs updating. Also of note is the 

experience documented by Barla et al. (2006], w here heavily jointed limestone of relatively 

low rock material strength but with strong micrite inclusions gave rise to very high face 

resistance stresses, which were high enough that one drive which was started using a 

microtunnelhng machine with a pick-and-scraper head had to be abandoned with the 

machine being retrieved by open cut. The limestone also collapsed onto the pipeline 

generating very high skin frictional stresses.

While the two case histories documented here were unremarkable, the information gained 

will be valuable to future microtunnelled pipe jacking works in hard rock. There remains an 

unfortunate lack of published case histories relating to this topic, but with the application of 

hard rock microtunnelhng machines becoming m ore common it is hoped tha t  further 

publications will arise in due course.

Finally, neither in the two case histories described by the author nor in any of the case 

histories reported in the literature was the performance of the lubricants injected during 

the pipe jacking process measured or assessed. While it is probable that the Hydraul-EZ 

lubricant used in the projects at Tullamore and Gilford provided a contribution in keeping 

the pipeline buoyant and suspending unstable pieces of cut rock, it is impossible to verify 

this. Looking at the predictions made in Section 7.4.2, it is seen that the skin frictional
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resistance stresses recorded in the field w ere closest to the "full buoyancy" predictions than 

the "no buoyancy” predictions, which may indicate that the jacking pipes w ere buoyant in 

the lubricant to an extent. Given the cost and time involved in applying lubricants, it is 

suggested that some research be carried out in future to assess their effectiveness.

7.5 Summary

The jacking forces recorded during two drives in rock have been back analysed. The total 

jacking forces were separated into face resistance and skin frictional resistance components. 

It is seen tha t  skin friction resistance plays a minor role in the resistance to advance of pipe 

jacking pipes in rock compared to soft soil, while face resistance is higher.

The skin friction resistance measured during the Tullamore project was close to the value of 

skin friction resistance predicted by assuming that the pipeline was fully buoyant in 

lubricant. This may indicate that the lubrication applied in Tullamore was effective in 

keeping the pipeline suspended within the overcut. For Gilford, the m easured skin friction 

resistance stress lay between the predicted values for full and no buoyancy, perhaps 

indicating that the lubrication regime at Gilford was not as effective as that in Tullamore.

It is seen that UCS serves as a useful basis for predicting the expected face resistance before 

a drive is started. An investigation of more advanced rock mass rating systems [RMR, RQD, 

Q t b m , RSR) and their application to microtunnelHng w ork is considered worthwhile, but was 

outside the scope of this research. It would also be worthwhile to undertake research to 

quantify the effect of lubricants in pipe jacking on hard rock.

The availability of microtunnelling machines, such as the Herrenknecht AVN range fitted out 

with appropriate  roller cutting wheels and cutting wheel changing facilities, has greatly 

improved the prospects for microtunnelling in hard rock. It is the au thor’s opinion that the 

availability of such machines should discourage attempts to excavate rock using traditional 

pick-and-scraper-based microtunnelling machines.
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8 Conclusion 

8.1 Introduction

As urban populations around the world grow and sensitivity to the disruption and 

environmental damage caused by traditional construction methods increases, trenchless 

technologies, including pipe jacking and microtunnelling, must continue to improve and 

adapt to meet the new challenges imposed. Ever more complex microtunnelling solutions 

are being conceived for projects such as long sea outfalls, seaw ater abstraction intakes and 

ambitious undersea oil and gas pipelines. These projects are increasingly demanding 

deeper, longer and more sharply curved pipe jacking drives, all factors which increase the 

jacking forces required. A thorough understanding of the mechanism of skin friction 

reduction due to the injection of lubricant slurries is important in solving the problems that 

will be faced.

This thesis described a field, experimental and analytical study carried out to further the 

understanding of the mechanisms of skin friction reduction due to the injection of lubricant 

slurries into the overbreak during pipe jacking. From a review of the literature in the area, 

three main mechanisms have been determined which may give rise to the desired beneficial 

effect:

1. Boundary lubrication reducing the sliding resistance of the interface between the 

soil and the pipeline.

2. Reduction of the radial effective stress acting on the pipeline.

3. Rendering of the pipeline fully or partially buoyant in the lubricant slurry.

The present research sought to clarify the extent of the contribution of each of these 

mechanisms to the measured skin friction stress reductions observed in the field through 

the analysis of field case history data and the physical modelling of the phenomena in the 

laboratory. In this chapter, the main findings and conclusions of the field and experimental 

work are summarised, the practical applications of the research are highlighted and areas 

where further work may be worthwhile are recommended.
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8.2  Conclusions 

8.2.1 Field case histories

Observations on eight lubricated microtunnelled pipelines in soft soil and two lubricated 

microtunnelled pipelines in hard rock have been presented. The jacking forces during the 

construction of these pipelines have been analysed, and the factors and operational 

param eters  that may have affected the jacking forces have been described.

For the soft soil drives, which were all lubricated, it was found that the skin friction 

resistances observed w ere generally low, and all were below lOkPa, which is a rule-of- 

thumb established for estimating the skin frictional resistance in pipe jacking. Unfortunately 

it was not possible to differentiate between lubricated and unlubricated skin friction 

resistances, as records of lubrication procedures were not kept during the reported drives. 

Face resistance stresses were quite low for all cases, and were at the lower end of observed 

values reported by other researchers. It was concluded that the face resistance stress was 

dependent on the driving style of the microtunnelling machine operator, as well as soil 

conditions, with consistencies being established between operators of similar experience. 

The examination of field case histories in soft soils analysed by other authors indicated that, 

in ideal conditions, reductions of up to 93% in the skin frictional resistance were achievable 

with the injection of bentonite-based lubricants, with reductions up to and including 90% 

being commonplace.

A method of estimating, within a broad range, the likely magnitude of the face resistance 

and the skin friction resistance stress during lubricated pipe jacking based on the type of 

soil expected during a drive was proposed, w here the face resistance and skin frictional 

resistance from a num ber of projects carried out in Ireland and Northern Ireland were 

plotted against each other and grouped by a description of the dominant soil type during the 

drive. The data were subsequently plotted in a similar m anner to cone penetration test 

results and this plot was compared with a well-known chart for the interpretation of soil 

behaviour from CPT results. The comparison suggested that the injection of bentonite-based 

lubricants during pipe jacking altered the behaviour of the soil around the pipeline, with the 

soil-bentonite mixture near the interface behaving like a sensitive, fine-grained soil.

The jacking forces recorded during two drives in rock were back analysed. The total jacking 

forces w ere separated into face resistance and skin frictional resistance components, as for 

the soft soil sites. It was seen that  skin friction resistance played only a minor role in the 

resistance to advance of the jacked pipeline in hard rock compared to soft soil, while face
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resistance was higher. It was shown that the uniaxial compressive strength of rock served as 

a useful basis for predicting the expected face resistance during a drive.

The beneficial effects of lubrication in hard rock were shown in so far as the skin frictional 

resistance for one project was very close to that value predicted based on the assumption 

that the pipeline was buoyant in the lubricant w ith in  the bore. For the other project, the 

measured skin frictional resistance was between predictions made for the case o f full 

pipeline buoyancy in lubricant and for the case o f no lubrication, indicating that the 

lubricant had a significant beneficial effect in reducing the skin frictional resistance. It was 

concluded that Mechanism 3 quoted in Section 2.1, which was the rending o f the pipeline 

partia lly  or completely buoyant in the lubricant slurry, was the dominant mechanism of skin 

fric tion reduction due to the application o f lubricants in hard rock pipe jacking.

It was shown that modern m icrotunnelling machines, such as the Herrenknecht AVN range 

fitted w ith  ro lle r cutting wheels and cutting wheel changing facilities, were very effective in 

advancing pipe jacks through very hard rock. It was suggested, based on the examination of 

case history data presented by other authors, that the availability of such machines should 

discourage attempts to excavate even soft rock using traditiona l pick-and-scraper-based 

m icrotunnelling machines.

8.2.2 Physical modelling 

8.2.2.1 Unpressurised lubricants

In Chapter 4, the results of a series o f unlubricated and lubricated direct shear interface 

tests on a number of coarse-grained and fine-grained soils and a rough concrete surface, 

sim ilar in roughness to a typical concrete jacking pipe, were presented.

It was found that for a fine to medium, silica sand, known as IGB sand, the roughness o f the 

concrete interface used in testing was great enough that the fu ll angle o f internal shearing 

resistance of the sand was mobilised in the interface. In the case o f the medium to coarse, 

calcareous sand, known as Banagher sand, the full angle of internal fric tion resistance o f the 

sand was not mobilised because the particle size o f the sand was larger. This was explained 

in the context of Uesugi and Kishida’s "critical roughness” model (1986a).

The presence of an unpressurised layer of a bentonite-based lubricant was found to have a 

modest beneficial effect in reducing the shearing resistance between the test sands and the 

concrete interface. However, no measureable beneficial effect w ith  regard to reducing the 

shearing resistance was observed in the case o f fine-grained soils in either drained or
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undrained conditions. It was thought that this difference in behaviour was due to the 

particle size differences of the soils, in that the lubricant slurry could permeate the coarse

grained soils and form a filter cake, whereas the void sizes present in the fine-grained soils 

did not allow this.

The interface friction resistance between the concrete interface and the Banagher sand, 

placed at a relative density of 70%, was reduced by 6% when the concrete interface was 

coated in a 2mm layer of 8% Hydraul-EZ, while peak shear stresses were eliminated during 

shearing. In the case of 1GB sand placed at a relative density of 70%, a 2mm layer of 8% 

Hydraul-EZ lowered the shearing resistance of the interface by 12.5%, while no reduction 

was seen with 4% Hydraul-EZ. Peak shear stresses were also eliminated during shearing of 

1GB sand against the rough concrete interface when 4% Hydraul-EZ was applied to the 

interface, but peak shear stresses are present in shearing following consolidation of the 8% 

Hydraul-EZ.

For the coarse-grained soils under test, it was shown that the beneficial effect of shearing 

against a smoother interface outweighed the beneficial effect of coating a rough interface 

with unpressurised lubricant. In the case of a very smooth interface, which was a Perspex 

sheet, the mobilised angle of shearing resistance was around two thirds of the angle of 

internal resistance of each sand under test.

In summary, the results obtained using unpressurised lubricants were not satisfactory in 

explaining the reductions in interface shearing resistance obtained in the field, in the case of 

either coarse-grained or fine-grained soils.

8.2.2.2 Pressurised lubricants

In order to investigate the effects of pressurised lubricants on the shearing resistance of the 

pipe-soil interface, a novel triaxial testing procedure was developed that allowed for the 

injection of pipe jacking lubricants under pressure into the interface between a soil 

specimen and a concrete specimen, while shearing was ongoing between them under 

constant volume conditions. The development and commissioning of the apparatus and the 

development of the associated testing procedure w ere described in Chapter 5. The 

establishment of constant volume shearing conditions in the novel apparatus was 

considered important, as the soil around an advancing jacked pipeline was considered to be 

shearing at constant volume conditions, given the very large displacements involved. The 

results obtained from direct shear testing carried out under  constant volume conditions, 

which were presented in Chapter 4, were used in calibrating the results of the initial.
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unlubricated, testing carried out with the novel apparatus. The application of the novel 

triaxial testing procedure to the simulation of lubrication in pipe jacking was then described, 

and the th ree  lubrication strategies implemented were explained. These included static 

injection, w here  the lubricant was injected prior to shearing; injection at 4% axial strain, 

where the lubricant was injected during shearing at constant volume; and constant pressure 

injection, w here  a constant lubricant injection pressure was maintained throughout the 

shearing stage of the test.

In Chapter 6, the  results of testing carried out using the novel triaxial testing apparatus with 

a preformed failure plane were presented and the considerations taken into account when 

interpreting the results were explained. It was concluded that the novel apparatus 

accurately simulated the constant volume shearing of 1GB sand in the interface with rough 

concrete, however the behaviour of the Banagher sand within the test procedure was not 

fully clarified.

The magnitudes of reductions in the interface friction stress attributed to the injection of 

lubricants in the field were successfully replicated, and it was shown that the primary 

mechanism responsible for these reductions was Mechanism 2 given in Section 8.1, the 

reduction of the radial effective stress acting on the surface of the concrete interface. This 

was a ttr ibuted the general increase in the pore fluid pressure near the interface due to the 

injection of either w ater or lubricant.

Longer lasting interface friction reduction effects were seen when using viscous lubricant 

slurries than water, due to the lubricant s lurries’ ability to clog the pores in the soil near the 

interface and hence allow for the retention of the lubricant pressure at the interface, even 

when the p ressure  in the lubricant system had been reduced. Polymer- and bentonite-based 

lubricants, mixed at viscosities which resulted in Marsh funnel times of between 40 and 100 

seconds, w ere  both shown to be effective in clogging the pores in coarse-grained soils and 

facilitating the transfer of fluid pressures from the lubricant to the soil skeleton. The effect 

of differences in viscosity within this range was minor.

The deviator stress ratio, which was the ratio of the lubricated deviator stress at 4% axial 

strain to the  unlubricated deviator stress at that same strain, was the param eter by which 

the effectiveness of the lubricants during testing were compared. In static injection tests 

using 1GB sand, reductions in the deviator stress ratio of 47% and 7% were observed when 

Hydraul-EZ and MX Polymer lubricants, respectively, were injected prior to shearing. In the 

case of Banagher sand, the reductions of the deviator stress ratio obtained during static
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injection tests were 94% and 78% for Hydraul-EZ and MX Polymer respectively. This 

showed that the lubrication process worked more effectively w ith in  the Banagher sand, and 

that the bentonite-based Hydraul-EZ was the more effective lubricant in the case of both 

sand types. For tests where lubricants were injected at 4% axial strain while the soil 

specimen was shearing under constant volume conditions, reductions in the deviator stress 

ratio of at least 94% were observed in all cases. Constant volume lubricant injection was 

only carried out w ith  Banagher sand and in this case a 95% reduction in deviator stress 

ratio was achieved w ith  Hydraul-EZ, while  an 85% reduction was achieved w ith  MX 

Polymer. Again, the Hydraul-EZ was more effective in reducing the interface friction stress 

in the case o f Banagher sand, however both lubricant types produced results that were 

broadly in line w ith  the reductions obtained in the field.

8.3 Summary

This thesis has presented the results of a field and experimental study into the influence of 

lubricants in reducing the skin fric tion resistance in pipe jacking. The mechanisms of 

lubrication in soft soil m icrotunnelling have been shown to be both the boundary 

lubrication o f the pipeline surface and the reduction o f the radial effective stress acting on 

the pipeline due to the increase in the pore flu id pressure near the pipeline surface, it  was 

shown that boundary lubrication was responsible for up to 20% of the obtainable reduction 

in interface shearing resistance due to lubrication in pipe jacking, w ith  the remaining 

m ajority of the reduction being due to effective stress reduction at the pipe-soil interface. In 

hard rock m icrotunnelling, it  was concluded that the buoyancy imparted to the pipeline due 

to the filling  o f the overcut w ith  lubricant was the dominant mechanism for the reduction of 

the skin fric tional resistance.

The novel triax ia l interface friction testing apparatus presented has provided a more 

comprehensive picture o f the mechanisms of lubrication than previous research, involving 

constant volume shearing and the testing of two lubricants, one bentonite-based and the 

other polymer-based. The physical model developed simulates the behaviour of the soil near 

an advancing pipe jack in a more complete way than is possible using direct shear-based 

testing methods, allowing for the control and measurement o f pore flu id pressures near the 

interface.

A number o f recommendations towards practice have been made, in particular that the 

m onitoring o f lubricant pressure during jacking should be made a routine part o f the 

management of pipe jacking operations, and that lubricant strategies employed should be
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based on the maintenance of a constant lubricant pressure around the pipeline, ra ther than 

the injection of a prescribed quantity of lubricant. The traditional absence of documented 

procedures in practice for this very important aspect of pipe jacking is unfortunate, as 

lubrication, correctly applied, has the potential to reduce the frictional component of the 

jacking force by greater than 90%.

8.4 Recommendations for future research

Although the research presented in this thesis has contributed to the knowledge of the effect 

of lubricants on interface friction in pipe jacking, more research is required to enable the full 

exploitation of the advances in pipe jacking and microtunnelling technology that have been 

made in recent decades. Opportunities for further investigation have been identified in the 

following areas;

• While the mechanisms of action of pipe jacking lubricants in coarse-grained soils

have been clarified, the suitability of different lubricant types for different soil

conditions has not been fully evaluated. Hence, further research is needed into

matching the lubricant properties with the soil conditions.

• Further investigations into the influence of lubricants on the behaviour of fine

grained soils in the interface with jacking pipes are recommended.

• The clogging effect of bentonite-based lubricant in particular is likely to be time 

dependent. It is recommended that consolidometer tests be carried out on bentonite 

lubricants and mixtures of lubricants and soils using low normal stresses to 

investigate t ime-dependent effects in pipe jacking lubrication.

• Further field observation and back analysis is suggested, where lubricant pressure is 

continuously monitored at the injection port and at specific intervals along the 

pipeline, so the pressure dependency of the lubrication mechanisms may be 

validated. This would also allow a pressure profile to be built up along the pipeline 

so that the zone of influence of an individual lubricant port may be obtained.

• Expansion of the triaxial interface shear testing programme may be worthwhile, 

using a larger test specimen incorporating a one or more extra pressure transducers 

to obtain further information on the behaviour of lubricant within the specimen.

• The ability of a proprietary polymer product to clog the pores of a coarse-grained 

soil has been shown, however it is advised that further research look at the 

manufacture of an experimental polymer for use in physical modelling, such that its 

ingredients are known.
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Appendix A -  Micro concrete mix design 

Micro Concrete Mix Desien

• Recommended Micro Concrete Mix

2:1 Sand:Cement ratio with the following mix proportions

Cement
Sand—Fine sharp washed. Zone 3 to 4 
Water (m ixing water.cement ra tio  0.7, 

varies to suit sand grading)

Typical Strength Range 30— 40 N/mni

• Recommended Sand

556 kg/ m 
1,112 kg/ m 

387 kg/ m

Proserve Ltd.
80 Priory Road, 
Kenilworth,
Warwickshire, CV8 1LQ, 
England

UK: 01926 512222
Int: 00 44 1926 512222 
office@proserveltd.co.uk 
www.proserveitd.co.uk

Fabritorm

Washed river or sea sand that is well graded within B.S. 822 Zone F. The sand grading line 
should fall inside the green zone on the graph below.

100%

90%  

_ 80%  

70%
CJ)
E  60 %

«  50%  

®P40%

30%

W 20̂ 5 
CL

-«  -1%"MW
H w
r - ” . <■ XV'%!

>

: \ s ;

* V  -  5fc' • ' ■y/

KSsS k:jA
3 1 ta r ■V mm

Flow Cone

0,15 mm 0.3 mm

Sieve Size (mm)

The waterxement ratio varies with the exact granulometry o f the 
sand used and should be detemiined on site using the Proserve 
Flow Cone.

The water: cement ratio is adjusted to give a discharge time o f 27- 
33 seconds

• Free Water Bleed & Strength

^  41.4

Proserve Flow Cone 
Volume 1.75 litres

ob

27.6

Fabric Form work

Conventional 
Form work

Days

The porous fabric allows the concrete to 
bleed, giving o ff its free water and thus 
reduces the pressures acting upon it. This 
allows the strength o f the concrete to be 
higher than normal for a given concrete 
mix whilst retaining fluidity during 
placement

B65
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Appendix B -  Hydraul-EZ technical data slieet

d r i l l i n g  f l u i d s • gr ou t s & s ea l an t s • po l y me r s  & a d d i t i v es  •  we l l  r e h a b i l i t a t i o n  chemicals

T E C H N I C A L  DATA

8 R I L L I N G  P R O D U C T S

Hydraul-EZ
Horizontal Directional Drilling Fluid

Description:

Recommended
Use:

Characteristics:

Mixing and 
Applications:

Bulk Density: 

Packaging:

Cartiflsdto
NSF/i^Sl80

hydraul

Hydraul-EZ® is a liigh yield, 200-mesh sodium bentonite clay with a 
special dry polymer additive. I t  is designed to maintain borehole 
integrity in horizontally drilled boreholes. Hydraul-EZ is certified to 
NSF/ANSI Standard 60, Drinking Water Treatment Chemicals - Health 
Effects.

Hydraul-EZ® is specially designed for conditions encountered in angle 
and horizontal drilling. I t  can be used for all types of freshwater mud 
rotary drilling and as a jacking lubricant.

■ Mixes quickly.
■ Requires less material due to low fluid loss properties.
■ Concentrated for high yield.
■ Forms a tight, thin filter cake in unstable formations.
■ Maintains borehole integrity in horizontal and vertically drilled holes.
■ Eliminates clay and shale swelling, bit balling and sticking problems.

Mixing ratios are based on the use of fresh water. Water purity will 
affect bentonite performance. For best results, make-up water should 
be pre-treated with soda ash to a pH of 8.5-9.5. Hydraul-EZ® should 
be added slowly through a jet/hopper mixer.

Hydraul-EZ® mixing ratios in pounds per 100 gallons of water:

Normal conditions.................20-30 lbs.

Sand and gravel....................30-40 lbs.

Fluid loss control................... 40-50 lbs.

54 lbs/ft.^

50 lb. multiwall, water-resistant bags, 48 bags per pallet. All pallets 
are plastic-wrapped.

______________ 1500 W est Shure Drive « Arlington Heights, IL  6 0 0 0 4  « PH 8 4 7 .3 9 2 .5 8 0 0  » FX 8 4 7 .5 0 6 .6 1 5 0 ______________
T he inform ation and data contained herein are believed to  be accurate  and re liab le . CETCO m akes no vKarranty o f any  

kind and accepts no responsibility for the results obta ined through application of this in fo rm ation . REV 9 /0 4
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Appendix C -  MX Polymer technical datasheet

Product data sheet MX LIQUID POLYMER SeaSafe for EPB.pages 
Issued: February 2009 
Page 1 of 1

MORRISON
MUD

MX LIQUID for EPB in clean granular face
Thixotropic, biodegradable, safe, ultra high performance polymer gel 
which conditions granular muck for proper support and flow

▲ A

Background and use 
MX LIQUID POLYMER for EPB meets the 
requirement for EPB face support in 
granular face.
Very small additions of concentrate into 
the head produce a powerful gelling and 
lubricating effect.
MX LIQUID POLYMER for EPB is
effective in fresh and salt water. 
Formulation for most conditions would be 
1 litre of MX LIQUID POLYMER per cubic 
metre of chamber volume.

Specific benefits
True EPB pressure transmission 
Reduces torque 
Allows normal progress 
100% biodegradable and non-toxic 
Waterproofing effect 
Highly effective in fresh or salt water 

^  Excellent stabilisation and carrying 
capacity in sands and gravels 
Excellent suspension properties 
when static or moving 
Safe for injection through the bulkhead

Health and Safety 
MX POLYMER has been specifically 
manufactured for safety in use, and is a 
very low-hazard formulation requiring no 
special labelling. CONSULT MSDS 
SHEET and assess safe use policy before 
use.

EPB this!

MX POLYMER was first developed to 
provide a superior replacement for 
bentonite slurry:
^  Effective at very low concentrations 

No bull< mixing or transfer piping 
required
Unlikely to compromise muck 
classification 

MSDS sheet on request.

Compatible with:
All Morrison EPB products

Packaging, form, availability
20 kg pails 
200 kg drums 
Totes (IBC’s)

For further guidance, and specific recommendations 
and costings for your project, kindly contact your 
Supplier or:
Mudtech Ltd - Morrison Mud Division,
Wyburn House, 1 Crab Lane 
STAFFORD ST16 1SB United Kingdom 
sales@mudtech.co.uk www.mudtech.co.uk 
Tel: 44 1929 551 245 Fax: 44 1929 554 361

T h e  s u ^ r -p re m iu m  
b io d eg rad ab le  p o ly m e r.  
P o w e rfu l, v e rs a tile , 
and safe
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Appendix D -  Triaxial testing procedure

This Appendix sets out in detail the procedure used for the preparation o f the specimens 

used in Chapter 5 "Interface friction reduction w ith  pressurised lubricants -  experimental 

apparatus and procedures”. Reference is made to Figure 5.13, which is reproduced below as 

Figure D .l.

Fixed beam

Air bleed valve

Piston

Axial load transducer

Top cap Top cap bearing plate 

Ball bearingsPorous disc

Flexible drainage lineSoil

— Concrete specimenPreformed failure plane 

Filter Triaxial cell

Thin latex membrane 

0-ring seals

Tightly-fitting plastic tube

Lubricant injection 
via 60ml syringe Cell volume and 

pressure controller

Pore fluid volume 
and pressure 

 controller
Injection
pressure

transducer

Motor
drive

Figure D.l -  Test set up for preformed failure plane triaxial compression tests

The procedure was as follows:

1. The tigh tly -fitting  plastic tube was inserted into the pedestal o f the triaxia l cell and 

the concrete specimen w ith  the preformed failure plane was set into place.

2. A piece o f loose mesh, which was packaging material from supplies of laboratory 

filte r paper, was loosely inserted into the tightly  fitting  plastic tube. This was to 

block the ingress of sand during the placing o f the sand specimen later.
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3. The 60ml syringe w as filled with approxim ately 40m l of lubricant or water. Care 

w as taken that the injection pressure line was free of foreign materials. With the 

valves on the injection pressure line opened, the lubricant or w ater w as introduced  

to the circuit until it was just noticed escaping through the filter. Any excess 

lubricant w as cleaned away using a paper towel.

4. The valve betw een the specim en and the injection pressure transducer w as closed  

and the injection pressure transducer zeroed. The volum e of lubricant or water 

remaining in the syringe w as noted.

5. A membrane stretcher w as used to place the thin latex membrane around the 

specim en and the membrane was secured around the pedestal using tw o rubber 0- 

rings.

6. A split-mould w as set in place around the specim en and membrane. The top edge of 

the split mould w as inspected for sharp edges and, if found, sharp edges w ere 

sm oothed using sand paper so that the membrane w asn’t subsequently punctured. 

The loose end of the membrane w as then stretched tightly over the outside of the 

split mould.

7. De-aired w ater w as poured into the membrane until it w as filled to the top.

8. A specim en of dry sand w as prepared by weighing out the mass of dry sand required 

to fill the specim en, which had volum e of 45cm^, to the predeterm ined relative 

density for the test.

9. The dry sand w as placed in a beaker and sufficient w ater was added to more than 

cover it. The sand specim en was saturated and deaired in a vacuum dessicator.

10. The entire quantity of saturated sand in the beaker w as transferred to the triaxial 

setup using a teaspoon. The sand w as pluviated under w ater to avoid the 

entrainm ent of air during placement. Excess water w as rem oved from the mould 

using a wash bottle as the sand displaced the water already in the mould.

11. A glass rod w as used to compact the sand to a uniform relative density in three equal 

layers. The com pactive effort required w as established by experience w ith the 

particular sand under preparation.

12. Once placed, any loose sand sticking to the membrane or the split former w as rinsed  

away using a w ash bottle.

13. A saturated and de-aired sintered bronze porous disc w as placed on top of the sand 

specimen.

14. At this point it w as convenient to stretch two rubber 0-rings over the top cap and let 

them  run freely on the flexible drainage line.

15. The pore fluid circuit w as evacuated to ensure that there w as no air in the line, and 

the top cap was placed in contact w ith  the porous disc.
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16. The membrane was gently stretched up over the top cap, and the two rubber 0-rings 

were brought down over the m em brane to secure it. The loose end of the membrane 

was neatly lapped down over the two rubber 0-rings.

17. The split former was removed. Due to the fact the soil was saturated and compacted 

to a relatively high relative density, it was possible to leave the specimen 

temporarily free standing while the cell was assembled.

18. The cell was placed over the specimen, the air-bleed valve was opened and the cell 

was filled with water, before the air-bleed was closed so that the cell could be 

pressurised.

19. The test was ready to commence. The test procedures followed are described in 

detail in Chapter 5.
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Appendix E -  Table of triaxial interface shear testing results
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