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1. Introduction

Over the past two decades, directional drilling has been devel-
oped as an alternative to traditional cut-and-cover methods for
installation or replacement of buried pipes. Motivating factors
for the use of directional drilling include the potential of cost
savings, greater flexibility of operations, and greatly reduced
impact on the adjacent environment, especially when crossing
crowded urban areas, rivers, and sensitive or protected
environments.

The directional drilling process includes main three stages:
pilot hole boring, pilot hole reaming, and pull-back (Allouche
et al. 1998). Drilling mud is introduced at the drill head from the
beginning of the pilot boring process and is present in all stages
of drilling. The main purposes for the drilling mud are to trans-
port excavated drill cuttings back to the ground surface, to clean
and cool the drill bit, to reduce sidewall resistance when the
pipe is dragged through the borehole, and to prevent the bore-
hole from collapsing (Ariaratnam and Allouche 2000). Low
mud pressure may cause borehole contraction or borehole col-
lapse, and these can dincrease the friction force or block the
borehole and make the pilot hole reaming and pull-back opera-
tions more difficult. High mud pressures may result in mud flow
from the borehole following tensile failure (hydraulic fractur-
ing or ‘hydrofracture”) or shear failure (blowout) of the soil in
the vicinity of the borehole. Engineers and contractors
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responsible for directional drilling projects need guidelines
for limiting mud pressures to prevent these difficulties.

Past investigations of two different mud loss mechanisms
and maximum allowable mud pressure are reviewed. A new
approach is then developed to estimate the development
of shear failure around the borehole and the maximum allow-
able mud pressures. The new approach is compared with the
blowout equation introduced by Arends (2003) as well as with
finite-element analyses. The study concludes with a review of
limiting mud pressures and the mechanisms controlling mud
loss for both normally consolidated and overconsolidated clays.

2. Literature review .

This review examines different approaches proposed in the
literature to calculate the allowable mud pressure during direc-
tional drilling. Two mechanisms have been identified as having
the potential to cause ground failure and mud loss. The first is
associated with generalized shear failure in the soil and loss of
confinement around the borehole, the so called ‘blowont’
mechanism (figure 1(a)). Arends (2003) suggested that the
maximum safe mud pressure to prevent blowout is the pressure
that brings the zone of shear failure in the soil (the plastic zone)
halfway to the ground surface. Alternatively, ‘hydraulic frac-
turing’ (figure 1(h)) or tensile failure of the soil can occur when
the minor principal stress mobilizes the full tensile strength of
the soil, which is conservatively assumed to be zero, followed
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(a) (b)

Figure 1. Two mechanisms of soil failure leading to mud Joss: (a) shear
failure (blowout); (b) tensile failure (hydraulic fracturing).

by propagation to the ground surface (Kennedy er al. 2004a).
Moore (2005) suggested that the maximum allowable mud
pressure to prevent mud loss by hydrofracture is the pressure
that initiates tensile stresses in the soil.

2.1 Shear failure mechanism

Carter et al. (1986) derived closed-form solutions for the expan-
sion of cylindrical cavities in an ideal cohesive—frictional mate-
rial. The material is assumed to be isotropic, but could be elastic
and plastic. It obeys Hooke's law until onset of yield, which is
determined by the Mohr-Coulomb criterion. The maximum
pressure is taken as the pressure when large radial displacement
or plastic expansion occurs. Some researchers (Mori and
Tamura 1987, Panah and Yanagisawa 1989) have studied the
shear failure mechanism in soils using laboratory experiments.
They concluded that shear failure of the soil is the cause of mud
loss, and that fracturing initiates when the stresses of a soil
clement around the borehole reach the Mohr—Coulomb strength
envelope. They also concluded that the maximum borehole
pressure should be set as the pressure which causes the initia-
tion of shear failure in the soil. These procedures lead to very
safe solutions since they do not make use of the strength of the
remaining soil surrounding the borehole; significant increases
in the mud pressure are required to expand the radius of the
plastic zone up to the ground surface.
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Figure 2. Definition of the problem and geometry of the plastic zone: (a)
borehole in a solid under orthotropic stress; (b) geometrical conditions for the
new approach.

Arends (2003) reported on the closed-form solution used by
Keulen (2001) at Delft University to estimate the maximum
allowable mud pressure during directional drilling. This
closed-form solution was originally developed by Vesic et al.
(1972) based on cavity expansion theory, and is generally called
the ‘Delft equation’ by the trenchless technology community
(this name will also be used subsequently in this paper). The
assumptions of this theoretical solution can be summarized as
follows: the borehole is axially symmetric, and the soil medium
is homogeneous, isotropic, and of infinite size. The medium was
assumed to be in an isotropic initial stress condition (i.e, Kg=1)
and its response was modelled as elastic until the onset of shear
failure, which was defined using the Mohr—Coulomb failure
criterion (based on cohesion and frictional angle). Increments
of elastic deformation were calculated using Hooke's law, elastic
deformations in the plastic zone were neglected, and it was
assumed that the volume change in the plastic zone was zero.

The maximum allowable mud pressure is expressed as follows:

Poux = Py 4t 0

2
Prax = (ah(1 + sing) +cm¢+ccot¢}{(ﬁi)

T
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where Pp, is the maximum allowable mud pressure, 1 is the
initial in situ pore pressure, P’y is the maximum allowable
effective mud pressure, ay is the initial effective stress, ¢ is the
internal friction angle, ¢ is the cohesion, Ry is the initial radius
of the borehole, R}, max is the maximum allowable radius of the
plastic zone, and G is the shear modulus.

For practical applications, Arends (2003) suggested that the
maximum allowable radius of the plastic zone should be selected
as half the cover depth for cohesive material. The Delft equation
applies to frictional-cohesive soil and is expressed in terms of,
effective stresses. The focus of attention in the current paper is
purely cohesive soils, and total stresses are employed.

2.2 Hydraulic fracturing mechanism

Bjerrum et al. (1972) introduced the concept of hydraulic fractur-
ing, which can occur during in situ field permeability tests, to
explain how those field tests overestimate the permeability of
clayey soil. They concluded that the fracture initiates when the
tensile effective circumferential stress exceeds the tensile strength
of the material. Andersen et al. (1994) proposed an approach
which was based on the general principle that fracture occurs
when the minor principle effective stress become negative (i.e.
tensile) with magnitude equal to or greater than the tensile
strength of soil. In this approach, they emphasized the non-linear-
ity of the stress—strain properties of soil, and the pore pressure
changes in the soil induced by changes in total mean normal stress
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and shear stress. This approach indicated that failure pressure was
controlled by the overconsolidated ratio (OCR). When the OCR
was less than 4.0, a tensile failure mechanism was inferred.

Kennedy et al. (2004a,b) used finite-element analysis to
examine the response of an elastic—plastic soil during boring
under a range of different drilling mud pressures. They con-
cluded that the initiation of a tensile fracture occurs at the crown
of the borehole, where K; < 1, and at the spring-line, where
Ko > 1. The limiting mud pressure causing fracture initiation is
estimated by considering how the tangential stress in the soil at
the crown or spring-line of the borehole reduces to zero from
the initial compressive stress of Py (making the conservative
assumption that the tensile strength of the soil is zero). Elastic
continuum theory was used to determine that fracture initiates
when mud pressures reach P, which is given by

Pprac[Po = (3Ko — 1) for Ko <1 (3a)
and
Ppac /Py = (3~ Ko) for Ko > 1 (3b)
provided that
Prac <2C,. 4

Murdoch (1993a,b,c) used laboratory tests to study the char-
acter of the fracture face and fracture propagation from a
vertical borehole. Criteria were established based on conven-
tional linear fracture mechanics and fracture toughness was
introduced as a factor to estimate the fracture pressure.
However, fracture toughness is very difficult to measure in
practice. Murdoch (1993a, 2002) demonstrated that the fracture
pressure was dependent on the width of the slot and the water
content of the soil, and that the fluid pressures needed to
propagate the fracture reduce significantly after fracture initia-
tion. During directional drilling, the mud pressures are gener-
ally sustained by the column of mud going back to the ground
surface, and so fracture propagation is probably rapid once it
commences. Therefore prevention of fracture initiation is the
best approach to controlling hydrofracture and mud loss.

3. A new approach to estimating maximum mud pressure

Each of the two ground failure mechanisms controls the max-
imum allowable mud pressure for a specific range of circum-
stances. Moore (2005) used finite-element analysis to
investigate the performance of the Delft equation, and found
that it provides good estimates of the radius of the plastic zone if
the coefficient of lateral earth pressure at rest (Kjp) is equal to or
close to ynity (i.e. Ky > 0.85) but that it overestimates the
critical mud pressure for lower values of Kg. On the other
hand, the solution obtained by Kennedy et al. (2004a,b) does
not provide estimates of fracture pressures for all values of Kp

(they showed that tensile fracture does not occur once shear
failure is iniatiated). Therefore a new approach for estimating
maximum mud pressure due to shear failure in purely cohesive
material has been developed and is reported here. This can be
used to estimate the maximum mud pressure in those regions
where the lateral earth pressure coefficient Kj is not covered by
the solutions reported by Kennedy et al. (2004a,b) or by axisym-
metric cavity expansion, i.. the Delft equation (Arends 2003).

The initial radius of the borehole is Ry and the initial stresses
around the borehole obey the Kirsch solution for stresses
around a circular hole in an elastic plate. The pressure inside
the borehole is then increased to a value P; and the borehole
radius is increased to R;. In the initial part of loading it is
assumed that soil exhibits a linear elastic response up to a
certain pressure limit, defined using the Mohr-Coulomb failure
criterion. After initial yielding, the soil is assumed to exhibit
perfectly plastic behaviour, and a plastic zone develops around
the borehole with a plastic radius R, that travels outwards as the
mud pressure applied within the borehole increases. Plane
strain conditions in the axial direction are assumed. In this
analysis, the convention is adopted that compressive stresses
and strains are positive, as is usual in soil mechanics.

Before the commencement of shear failure (initial yield), the
stress distribution in the elastic region is expressed as (Yu 2000)

gg:%-Pu-{(l+Ko)'(1 —%3) +(1-Ko)

-(1—%%%%3)}%,--2—% (52)
O‘e:%-Pu-{(]-l--’(u)'(l‘F%é) = (1—-Ko)
.(1+3§)}-P,~§—§ (5b)

1 R} .
=5 Py - {(l — Ko)- (1 +ZF‘; - 3%) sm‘ZS}. (Sc}
The boundary conditions are

] 1
o = E(PL, + KoPo) + E(KDPQ — Pp)cos20  (6a)

g =~ % (Pg + KoPo) sin 26. (6b)

Moore (2005) used finite-element analysis to study the
development of the plastic zone for soils of various strengths
and geometries. That study indicates that shear failure initiates
at the crown of the borehole once internal mud pressure fully
mobilizes the shear strength of the soil. The plastic zone grows
as the mud pressure increases, and the furthest shear pointin the
plastic zone appears over the crown when Ko< 1. Simplified
geometry is used in the new procedure. The focus of attention is
the point experiencing shear failure that is furthest from the
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borehole axis. Stresses at this point, which lies above the crown
of the borehole (R = R;, 6 = 90°), become

op = P; (7a)
O = (3Kg - lJPQ - F;. (?b]
If hydraulic fracturing does not occur before the initiation of

shear failure, an annular plastic zone is assumed to develop
around the borehole, where

og = op = 2C,. (8)

Based on this failure criterion, the critical mud pressure P; for
initial yield at the crown of the borehole is

1
P=C, +5(3Kﬂ - I)Po. (9)

At the point (R = R,, 8 = 90°), i.e. above the crown at the
interface between the plastic zone and the elastic region, the
stress distributions are given by

1
or=P. = Cy+5(3Ko = 1)Po (10)

where P, is the radial stress across the interface. At the point
(R = R., B = 90°), the stresses also satisfy the equilibrium
equation o
R, OR—Tp
R E Y. 11
F A (1)

Substituting equation (8) into equation (11) and integrating
gives

op = —2C,InR+C. (12)

where the constant C is determined by the internal wall bound-
ary condition. The radial stress above the crown in the plastic
zone can then be expressed as

JR:P,-+2C.,ln(%). (13)

The point (R = R,, 8 = 90°) at the interface between the plastic
and elastic zones above the crown of the borehole is in an
equilibrium state, and so the following condition is satisfied:

P

o’ = ag at R=R.0=90°

where the superscripts e and p denote the elastic and plastic
regions, respectively. The radial pressure P; at the internal wall
can then be determined considering the above condition:

R
Py =C, +%(3Ku - l)Pa—ZC,.In(R—'). (14)

An axisymmetric cavity expansion model is used here to
represent stresses at point (R = R,, 8 = 90°) for the asymmetric
problem (where Ko # 1). This approach involves the following
assumptions.

« The plastic zone is assumed to be axisymmetric (shaped like
a doughnut); its outer radius is interpreted as the distance
between the centre of the borehole and the furthest point in
the soil experiencing shear failure (R, = Rp max)-

« Ateach point on the interface between the plastic and elastic
zones, the displacement has the same value as the furthest
plastic point (R = R., B = 90°) above the crown of the
borehole.

« Displacement is modelled as independent of the position
angle 0, but dependent on the maximum plastic radius

Rp max-

Based on the above assumptions, the displacement at the
interface between the assumed plastic and elastic zones is
given by the elasticity solution:

(P.— Po) - R s (Cu+3 (Ko — 1)Po)Rpmax
2GRy mx 26

Uipe) = (15)

No volume change (AV = 0) is expected in the plastic zone
during deformations experienced by this purely cohesive
material (which should respond in an undrained condition);
hence

(R e~ B) = 7((Rpumas — ue)’ = B)  (16)

where Ry, max is the distance from the centre of the borehole to the
furthest shear failure point, R; is the current borehole radius, U,
is the displacement at the interface of the plastic and elastic
zones, and Ry is the initial borehole radius. Simplifying this
equation and neglecting the higher-order terms gives

3 2 Cy 3 — i

RJ - fn + ( +3(KD I)PO] (]?)
Rp,maﬁ Rp’m G
and substituting equation (17) into equation (14) leads to
1 Ry 2
P = Cu+5(3Ko - 1)Py — C,In ((Rp,m)
Cy —1)P

+ (J%(‘E'—)")) for Ko<1. (18)

When Ko > 1, the maximum plastic zone develops adjacent
to the spring-line, and an approach similar to that outlined
above can be used to obtain the equivalent limiting pressure
equation
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P, max

31—
+(MIG—K°-)&)) for Ko > 1. (19)

1 2
Pi=Ci+5(3~Ko)Po - Culn (( Ry )

4. Finite-element evaluation

The effectiveness of equations (18) and (19) for estimating the
relationship between the maximum radius of the plastic zone
and the applied mud pressure has been evaluated using AFENA
(Carter 1992), a non-linear finite-element analysis program
which can consider non-hydrostatic initial geostatic stress con-
ditions (i.e. Ko # 1). The problem was modelled assuming plane
strain and undrained conditions. A mesh composed of a total of
2580 six-noded triangular elements was used. Shear failure and
the elastic—plastic constitutive response were modelled using
the Mohr-Coulomb failure criterion, total stresses, and
undrained strength and deformation parameters.

Mud pressure was applied to the inside surface of the bore-
hole in a number of load increments, and the growth of the
plastic zone around the borehole was examined as the internal
applied mud pressures were increased. A borehole of diameter
0.4 m at depths of 2 m and 4 m was studied at six different
lateral earth pressure coefficients at rest (i.e. Kp values of 0.75,
0.85, 1, 1.2, 1.4, and 1.6). The parameters used in the analysis
are listed in table 1. The mud pressures were adjusted to simu-
late an increasing column of mud over the borehole (the local
gradient within the borehole was kept fixed).

Figure 3 shows the development of the plastic zone around the
borehole as the applied mud pressure increases for Ko < 1(ie.
Ko =0.85). As the mud pressure increases, the plastic zone grows
around the borehole afier initial yield. When the mud pressure is
about 1.5 times the initial stress Py, shear failure initiates around
the borehole. With further increases in mud pressure, the plastic
radius grows steadily around the borehole. Up to mud pressures
of 3Py, the maximum plastic radius occurs ata point directly over
the crown. Once mud pressure reaches 3.5Py, the point of shear
failure which is furthest from the cavity deviates from above the
crown and accelerates towards the ground surface.

Figure 4 shows the development of the plastic zone around
the borehole as applied mud pressure increases for Ko=>1(ie.
Ko = 1.4). The development of the plastic zone around the
borehole exhibits characteristics similar to those observed
with Ky = 0.85. After initial yield, the plastic zone grows
steadily as the mud pressure increases, and the maximum

Table 1. Parameters used in the analysis

Borehole diameter D 04m

Borehole cover depth H 2and 4 m
Soil unit weight y,,, 20 kN/m®
Drilling mud unit weight 1, 13 kN/m?

0.75,0.85,1, 1.4, and 1.6
20, 24, 40, and 60 kPa
15 and 25MPa

0.49990

Coefficient pf lateral earth pressure at rest Ky,
Undrained cohesion C,

Undrained elastic modulus £,

Poisson's ratio v

re in di

{ drilling 7

plastic zone appears adjacent to the spring-line. Once the mud
pressure P; exceeds 3.5P, the furthest shear failure point moves
around past the shoulder of the borehole and it rapidly extends
up to the ground surface.

Figures 5 and 6 show the radius of the zone of shear failure
Ry max, normalized using the initial borehole radius Ry, versus the
mud pressure P;, normalized using the mean initial ground stress
Py at the crown of the borehole. Results are given for cover
depths of 2 and 4 m and several K, values. Table 2 presents
comparisons of the results from the three different solution
methods. Results are included for the extent of the plastic zone
corresponding to three different distances from the borehole.

+ When it extends halfway to the ground surface: Ry maxl Ry =
5 (the design limit recommended by Arends (2003)).

» When itextends all the way to the ground surface: Rpmax/Ro=
11 (the point where blowout would be expected).

« When the new approach indicates that the plastic zone
diverges rapidly (this result is only calculated using the
closed-form cavity expansion solutions; since the finite-
element solution explicitly models the ground surface, it can-
not provide solutions for the plastic zone beyond that point).
This pressure P, is also called the ‘limiting mud pressure’.

Figure 5 indicates that the new approach works better than the
Delft equation at lower load levels (where the mud pressure is less
than 80% of the limiting mud pressure), providing improved
estimates of maximum plastic radius as a function of borehole
mud pressure wherever the earth pressure coefficient X is less
than unity (values of 0.75 or 0.85). When Ko = 1, the new
procedure provides results identical to the Delft equation, and
they both fit the finite-element results well. In the case where Ky>
1, the new procedure also provides a more accurate estimate of the
relationship between mud pressure and the extent of the plastic
zone. The new procedure also avoids the excessive (unsafe)
estimates of mud pressure that arise from the Delft equation
once the plastic radius extends beyond two-thirds of the distance
towards the ground surface (for both Ky < 1,and K> 1),

The comparisons in table 2 show that the new approach gives
lower (more conservative) values of limiting mud pressure than
the Delft solution when K, <0.75. For K, > 0.75, both equations
provide essentially the same limiting mud pressure (when the
plastic radius diverges). The pressures obtained using the new
approach are up to 3% more conservative than the finite-ele-
ment results. For cases with K < 1, the Delft equation over-
estimates mud pressures by up to 15%. Stress factor is defined
as a measure of the additional pressure capacity available once
the plastic zone stretches halfway to the ground surface. Values
of between 1.2 and 1.29 (a function of Kp) imply 20-30%
reserve capacity once the recommended mud pressure limit is
reached.

Figure 6 shows that for deeper boreholes (i.e. depth of 4 m)
the new solution also produces estimates of the radius of the
plastic zone that are more consistent with the finite-clement
calculations. For problems with non-hydrostatic initial stress
(Ko # 1), the results from the new approach are very similar to
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the finite-element results when the applied mud pressure is less
than 85 percent of the limiting pressure. However, once mud
pressures exceed that pressure, the results from the two equa-
tions do not fit the finite-element results. This is interpreted as
the effect of the ground surface, since it is explicitly considered
in the finite-element calculation. In each case, the new
approach gives exactly the same results as the Delft equation
when Ky = 1, and they fit the finite-element results well. The
new approach also performs better than the Delft equation for
the case of Ky > 1 and C,/Py = 0.75.

5. Limiting mud pressure and the governing
mud loss mechanism

Figures 7, 8, and 9 show the relationship between limiting
mud pressure and the lateral earth pressure coefficient K.

0.4 m; cover depth, 2 m; Kp = 1.4; C, = 24 kPa; v = 20 kN/m”.

Each figure shows maximum mud pressure based on the
tensile failure (Kennedy er al. 2004a) and blowout cases
(equations (18) and (19)), which are collectively denoted
the Queen’s equation. The range of K, values where these
blowout or hydrofracture cases apply are marked. Figures
7, 8, and 9 feature undrained cohesions Cu/Py of 0.1, 0.5,
and 0.7, respectively. Each figure also shows limiting pres-
sures calculated using equation (2) (the Delft equation),
For the specific material in figure 8 (i.e. Cu/Py = 0.5), the
lateral earth pressure coefficient at rest (and therefore the
stress history of the clay deposit) controls whether hydraulic
fracturing or blowout is expected. When the lateral earth
pressure coefficient at rest is less than 0.67 or greater than
2.0, tangential stresses at the crown or spring-line, respec-
tively, become negative (tensile) and hydraulic fracturing is
expected to be the governing cause of mud loss duri ng drilling.
In this range, the maximum allowable mud pressure is
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estimated using the approach of Kennedy er al. (2004a)
(equations (18) and (19)).

However, when the lateral earth pressure coefficient at rest is
between 0.67 and 2.0, shear failure occurs before the tangential
stresses become tensile and the tangential stress subsequently
increases with increasing mud pressure (discussed in detail by
K dy er al. 2004a,b). In this case hydraulic fracturing is not

Rpmax/Ro

4.5
Pi/Pa

Figure 5. Comparison of the extent of the plastic zone caleulated using the
Delft equation, the new equation, and finite-element analysis for five different
initial stress conditions: Ky values of 0.75, 0.85, 1, 1.2, and 1.4 (borchole
diameter, 0.4 m; cover depth, 2 m; y= 20 KN/m®; €, = 20 kPa (C, = 24 kPa
for Ky = 1.4)).
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Figure 6. Comparison of the extent of the plastic zone caleulated using the
Delft equation, the new eq and finite-element analysis for four different
initial stress conditions: Ky values of 0.75, 0.85, 1.0, and 1.6 (borehole
diameter, 0.4 m; cover depth, 4 m; y= 20 kN/m®; C, = 40 kPa (C, = 60 kPa
for Ky = 1.6)).

expected to occur, Rather, blowout develops at mud pressures
that can be estimated using the new procedure reported in this
paper. The Delft equation overestimates allowable mud pres-
sure except when Ko =1.

Kennedy et al. (2004b) developed the following criteria for
judging whether hydraulic fracturing or blowout is critical for a
given value of Ky

F1(Kp, Po, Cu) =%(3Ka —-1)Pg—C, forKp<1. (20a)
Fi(Ky, Py, Cu) = %(3 — Kog)Py — C, forKp>1. (20b)

For a given Ky, if the function is negative for a specific cover
depth and shear strength, hydraulic fracturing is expected. If
function F is positive, blowout is expected.

Ladd er al. (1971) reported that the ratio of shear strength to
effective vertical stress (C,/Py") was between 0.2 and 0.28 for
normally consolidated (NC) clays, between 0.5 and 1.0 for
lightly overconsolidated (LOC) clays, and might be larger
than 1.2 for heavily overconsolidated (HOC) clays. Assuming
that the groundwater table is located at the ground surface and
using typical values of soil unit weight, the values of C,/Py
(total overburden stress) will be between 0.1 and 0.14 for NC
materials, between 0.25 and 0.5 for lightly overconsolidated
soils, and over 0.6 for heavily overconsolidated clay. Based on
equations (20a) and (20b), hydraulic fracturing will occur in NC
clay if K < 0.43,in LOC clay if Ky < 0.67, and in HOC clay if K
> 1.8,

Now, typical values of Ky for NC clay range from 0.5 to 0.6,
for LOC clay Kj is close to unity, and for HOC clay K, = 3.
Therefore it appears that NC and LOC clays are most suscep-
tible to blowout. Hydraulic fracturing is expected in HOC clay
once Ky exceeds 1.8, while blowout is expected at lower Ky
values.

Table 2. Comparisons of siress ratios estimated using the three different solutions (cover depth, 2 m; diameter, 0.4 m)

Ko P /P e P et P e P bt P New Poyew/PrEA P e P Stress factor
0.75 1.15 1.04 0.95 097 1.0 1.29
0.85 . Ll 1.04 1.0 0.99 0.97 1.25
Lo 1.0 10 1.0 0.99 1.0 1.2
L2 L 1.05 0.88 1.0 0.98 1.26
14 11 1.02 0.93 10 0.98 1.28

PB.-\! subscript A = Delft, New, or FEA denotes the three different solutions; superseript B=5, 11, or co denotes the distance the plastic zone extends (corresponding to

halfway to the surface, all the way to the surface, and a very large distance),

Stress factor = Py, /Py, (pressure ratio for plastic zone halfway and all the way to the surface).
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Figure 7. Relationship between pressure ratio (ratio of applied mud pressure
to initial overburden pressure) and lateral earth pressure coefficient Ko (nor-
mally consolidated clay, CJ/Py =0.1).

25
234 ——
214
PET'T
&
g_ 1.74
g
B 1.5
g 1.3
o444 —o—Queen's equation, 2m -
- —a—Queen's equation, 4m
0.8 —— Queen's equation,6m
— — Delft equation, 2m
0.7 4 = = - Delft equation, 4m
- - = ~Delft ion, 6m
0.5 T

05 07s 1 125 15 1.75 2 225 25
Lateral earth pressure coefficient at rest Ko
Figure 8. Relationship between pressure ratio (ratio of applied mud pressure

to initial overburden pressure) and lateral earth pressure coefficient Ky (lightly
overconsolidated clay, C,/Fy = 0.5).

6. Summary and conclusions

Control of maximum mud pressure to prevent mud loss during
directional drilling is recognized as an important issue during
project design and construction. Two mechanisms causing ground
failure have been reviewed, namely hydraulic fracture and shear
failure. A new approach for estimating the maximum allowable
mud pressure, which considers growth of maximum plastic radius
with increasing mud pressure, has been reported. The procedure
explicitly considers coefficients of lateral earth pressure that are
not equal to unity. Finite-element calculations were used to
examfine the effectiveness of the new approach.
Comparisons were made of the size of the plastic zone
surrounding the borehole (where shear failure has occurred)
obtained using the new approach, the Delft equation, and
the finite-element calculations. These demonstrate that,

3
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Lateral earth pressure coefficient at rest K,

Figure 9. Relationship between pressure ratio (ratio of applied mud pressure
1o initial overburden pressure) and lateral earth pressure coefficient Kq (heavily
overconsolidated clay, CJ/Py = 0.7).

when initial ground stress conditions are not isotropic, the
new approach provides estimates of the radius of the plastic
zone that more closely match the finite-element calculations
than do estimates obtained using the Delft equation. The new
approach still neglects interaction between the borehole and
the ground surface, and this eventally influences the results
when the plastic zone approaches the ground surface.

Maximum mud pressure to prevent mud loss due to hydraulic
fracturing can be estimated using the procedure described by
Kennedy et al. (2004a,b). However, if shear failure develops in
the vicinity of the borehole, blowout is the most likely failure
mechanism and the depend of the maximum mud pressure
on Ky can be estimated using the new approach. In the absence of
contrary experimental or field evidence, allowable borehole
P es can be d for the situation where the plastic
zone stretches halfway to the ground surface (providing 20-30%
reserve capacity). Projects where mud loss would be particularly
hazardous should probably employ lower mud pressures.

The parameters used in these calculations should be esti-
mated by experienced geotechnical engineers. Preliminary
values for cohesive strength and the coefficient of lateral
earth pressure at rest indicate that blowout is the dominant
failure mechanism in normally consolidated and lightly over-
consolidated clays. Tensile fracture is expected in heavily over-
consolidated clays where the coefficient of lateral earth
pressure exceeds 1.8. While the new approach presented here
has been derived through careful consideration of the relevant
soil behaviour, it is theoretical in nature, and both field and
laboratory studies would provide valvable guidance on the
performance of this analytical method.
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