Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2013, Article ID 492087, 8 pages
http://dx.doi.org/10.1155/2013/492087

Research Article

Hindawi

Fracturing Pressure of Shallow Sediment in Deep Water Drilling

Chuanliang Yan, Jingen Deng, Lianbo Hu, and Baohua Yu

State Key Lab of Petroleum Resources and Prospecting, China University of Petroleum, Beijing 102249, China
Correspondence should be addressed to Jingen Deng; dengjingen@126.com

Received 22 March 2013; Revised 3 July 2013; Accepted 4 July 2013

Academic Editor: Irene Penesis

Copyright © 2013 Chuanliang Yan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The shallow sediment in deep water has weak strength and easily gets into plastic state under stress concentration induced by oil and
gas drilling. During drilling, the formation around a wellbore can be divided into elastic zone and plastic zone. The unified strength
theory was used after yielding. The radius of the plastic zone and the theoretical solution of the stress distribution in these two
zones were derived in undrained condition. The calculation model of excess pore pressure induced by drilling was obtained with
the introduction of Henkel’s excess pore pressure theory. Combined with hydraulic fracturing theory, the fracturing mechanism
of shallow sediment was analyzed and the theoretical formula of fracturing pressure was given. Furthermore, the influence of the
parameters of unified strength theory on fracturing pressure was analyzed. The theoretical calculation results agreed with measured

results approximately, which preliminary verifies the reliability of this theory.

1. Introduction

With substantial exploration, the oil and gas resources on
land and shallow water field cannot meet the need of the
development of industry. Recently, more than 40% of the
newly proved oil and gas resources are found in deep water
field, which is much more difficult to develop [1]. Exploring
and developing oil and gas in deep water field are one of the
important developing trends of oil and gas industry.
Maintaining wellbore stability is an important issue in oil
and gas industry. In the process of drilling, the economic
losses caused by wellbore instability reach more than one
billion dollar every year [2], and the lost time is accounting
for over 40% of all drilling related nonproductive time [3]. For
deep water drilling, the overburden pressure and fracturing
pressure are lower than that on land, so the risk of wellbore
instability is much higher [4]. The conventional calcula-
tion models of fracturing pressure are based on the elastic
mechanics [5-9]. However, in some cases, the formation
experiences plastic before the fracture initiates. Aadney and
Belayneh [10] established an elastic-plastic model for the
calculation of fracturing pressure with the consideration of
the plastic zone around a wellbore. According to his theory,
the fracture initiates at the interface of the elastic zone and
the plastic zone, which leads to the calculation result much

higher than that of the elastic model and disagrees with
the fact that the fracturing pressure of shallow sediment in
deep water is low. For deep water drilling, researchers mostly
analyze the fracturing pressure based on the elastic model
or empirical model based on the field testing data [11-15];
this may be suitable for the deep and hard layer but cannot
be applied to the shallow sediment in deep water, which
is unconsolidated, subjected to the consolidation theory of
saturated soil, and experiences plastic before fracturing [1,
16, 17]. The traditional models cannot reveal its fracturing
mechanism. Although some researchers have done research
on the fracturing pressure of shallow sediment in deep water
specially [1, 16, 18-20], these models are empirical or semiem-
pirical models based on the field testing data and they are not
based on the stress state around the wellbore and thus cannot
explain the fracturing mechanism of shallow sediment in
deep water. The traditional wellbore stability analysis is set
up on the basis of rock mechanics engineering. Excess pore
pressure theory [21] in soil mechanics will be adopted in
this paper. Formations around the wellbore are divided into
elastic zone and plastic zone. The formation in plastic zone
obeys the unified strength theory. Considering the excess
pore pressure due to soil squeezing effect induced by wellbore
column pressure, combined with hydraulic fracturing theory
to research the fracturing mechanism of shallow sediment



in deep water. Assuming that tensile stress will appear when
the pore pressure is greater than the combination of the
insitu stress and the increment of stress due to drilling. The
fracturing pressure is defined as the wellbore column pressure
when the tensile stress exceeds the tensile strength of the
formation when the fracture initiates.

2. Mechanical Model and Basic Hypothesis

The shallow sediment in deep water can be treated as
homogeneous and isotropic ideal elastoplastic material [16,
22-24]. The sediment is in elastic state before drilling and
obeys the unified strength theory after yielding. Shallow
sediment in deep water experienced short deposition time
and little tectonic movement, and the Poisson’s ratio is large,
so the difference of the horizontal stresses is very small. It
is reasonable to assume that the horizontal in-situ stress of
shallow sediment in deep water is uniform [16, 20].

The formation around the wellbore is subjected to the
in-situ stress and the drilling fluid column pressure. The
stress field around the wellbore redistributes and stress
concentration occurs while drilling. When the stress state
around the wellbore exceeds the elastic limitation, the near
wellbore formation will turn into plastic state, while the
formation beyond the plastic zone will still remain elastic. The
mechanical model of a wellbore is shown in Figure 1.

As shown in Figure 1, 0}, is the far-field horizontal in-situ
stress; Py is the original pore pressure; P, is the pore pressure
after drilling; P, is the wellbore pressure; r,, is the wellbore
radius; 7, is the radius of the elastic-plastic zone interface, so
the plastic zone is within the radius of r; the formation which
is outside of the radius r,, is still in elastic state.

The unified strength theory was proposed by Yu and He in
1991 [25]. This theory has clear physical concepts and simple
mathematical formula and agrees with experimental results
greatly, and it performed well in various engineering all over
the world [26-29]. This theory is based on the physical model
of twin shear stress element. This theory not only takes into
consideration the different influence of shear stress and the
normal stress on the yielding and failure of materials but
also the influence of intermediate principle stress in different
stress state. So this theory can be applied to a large range
of materials from metal to rock material. When ¢ and C
stand for internal friction angel and cohesive, respectively, the
unified strength theory can be written as

~ 2(1+b)(1 +sing) +mb(sing - 1)
- [2(1+b)—mb](1-sing)

1 3

@
4(1+b)Ccosg

" [2(1+b) —mb] (1 -sing)’

where b(0 < b < 1) reveals the influence of intermediate
principle stress on the yielding and failure of materials. It is
the parameter that reveals the influence of the intermediate
stress and different strength criterions: when b = 0, (1)
is Mohr-Coulomb strength criterion; when b = 1, the
formula is twin shear strength criterion. m is the coeflicient
of intermediate stress whose physical meaning can be seen in
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F1GURE 1: The mechanical model of a wellbore.

Yu Maohong’s research [30]. For plane strain state, m < 1;
in elastic state, m < 1; in plastic state, m approaches 1; in
this paper, m is assumed to be 1 when the shallow sediment is
in plastic state. C, ¢ are the sediment cohesion and internal
friction angle in undrained condition, respectively; this paper
uses the total stress shear strength parameters [31, 32].

For wellbore wall fracturing problem while drilling, it is
always to be true that [9, 13] 0, = o0, and 0y = 03; the
intermediate stress is presented as follows [13, 33-36]:

+
0, =0, = TLOLT) @

According to the unified strength theory, the yielding
function of shallow sediment in deep water before fracturing
can be expressed as follows:

0, = Moy + 0y, 3)
in which

_2(1+b) (1 +sing) +mb(sing - 1)
- [2(1+b) —mb] (1 - sing)

>

B 4(1+b)Ccosg
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In the drilling process, a tight layer of mud cake will
generate on the wellbore wall which can prevent the seepage
of the fluid between the wellbore and the formation. So
it is reasonable to assume that the shallow sediment is in
untrained condition while drilling. The stress state around
the wellbore will change due to drilling; under the undrained
condition, part of the stress will be taken by the pore fluid,
so the pore pressure will change after drilling. The change
of the pore pressure caused by drilling is defined as excess
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pore pressure, marked with AP and expressed in the following
equation:

AP = P, - Py, (5)

3. Fracturing Pressure of Shallow Sediment in
Deep Water

3.1 Elastic-Plastic Analysis around the Wellbore. According
to the stress balance formula, the stress relationship at any
point in the shallow sediment while drilling can be expressed
as follows:

do, 0,-0y

= 6
dr r 0. (©)

where 0, and o0y are the radial stress, and tangential stress
respectively.

In the elastic zone, according to the axial symmetry
problems solution and boundary conditions: o,| rer, =
0,polim, _, 0, = 0y, the near wellbore stress in the elastic
zone is given by the following [37]:

7’2
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0, =0, (7)
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where 0, is the radial stress at the interface of the plastic zone
and the elastic zone.

Combining (3) and (6) and using the boundary condition
0yl ,—y, = P, the stress field in the plastic zone can be
deduced and written as follows:

(M-1)/M
g 7, (o
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According to the continuity of the stress, the stress at the
elastic-plastic interface should agree with both (7) and (8). So
the radius of the plastic zone can be written as follows:

- w[ (M +1)[(M - 1)P, + 0,] ]M/(M‘” ©)

2M [(M - 1)0y, + 0,
The stresses at the elastic-plastic interface are

- _ 2Moy, + 0

T M+1 (10)
20y, — 0y
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3
TABLE 1: The experience value of A [40].

Soil type (saturated) A
Loose fine sand 2~3
Sensitive clay 0.75~1.5
Normally consolidated clay 0.5~1.0
Mildly consolidated clay 0~0.5
Seriously consolidated clay —-0.5~0

Inserting (9) and (10) into (7), the final stress solutions in
the elastic zone can be written as

(1-M)o, -0, 7s

%r = M+1 r2

>
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3.2. Solution of Excess Pore Pressure. Saturated soil is com-
posed of solid particle skeleton and pores full of water. When
imposed upon by an external force, the force will be balanced
by both pore pressure and effective stress; the pore pressure
increment induced by external load is called “excess pore
pressure” [21]. Drilling will result in stress concentration
around the wellbore; under the undrained condition, it will
cause the change of pore pressure. At present, the solution
of excess pore pressure is based on the research of Skempton
and Henkel [38]. Skempton [39] established the calculation
formula of excess pore pressure based on the experimental
research of conventional triaxial tests of the soil:

AP = B[Ao; + A(Ao, — Ady)], (12)

where B is the Skempton’s pore pressure parameter under the
acting of both isotropic stress and deviatoric stress, and it is
related to the soil saturation, for saturated soil, B = 1.0; A
is the Skempton’s pore pressure parameter under the acting
of deviatoric stress, which can be determined by experiment
or experience (as shown in Table 1). Ao, and Ao, stand for
the maximum and the minimum principal stress increments,
respectively.

Henkel [41] reasoned that under complex stress condi-
tion, the calculation of excess pore pressure should take the
influence of the intermediate principle stress into considera-
tion. The excess pore pressure under triaxial stress condition
consists of two parts: one part caused by mean normal stress
and the other part caused by mean shear stress. He put
forward the following calculation formulas:

AP = ﬁAaoct + aAT s (13)



in which

1
Aoy, = 3 (Ao, + Ao, + Adsy),

AT, = %\/(Aol - Ac,)’ + (Ao, — Acy)’ + (Agy — Agy ),
(14)

where a and f are the Henkel’s pore pressure coefficients. For
saturated soil, 8 = 1.

In conventional triaxial tests, it has the relationship Ao, =
Ao Inserting it to the Henkel’s excess pore pressure formula,
the following formula is available:

(1+av2) (A, - Acs)
3 .

AP = Ao, + (15)

Compared with Skempton’s formula, Henkel’s excess pore
pressure formula can be rewritten as follows:

3A-1)A
AP = Ao ( 1) AT,

Oct \/E (16)
~ BAG,, + (2.12A - 0.71) A1,

According to (8), the stress increment in the plastic zone
induced by drilling is expressed as follows:

r, MM
80, = (R + )(7) S
M+1 M-D/M
Ao, < ) fw -—2 g,
2M M 1 r M-1
1 (M-1)/ o,
AO’S = — < ) (r ) 0 — Gh.
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(17)

Calculating the mean normal stress increment Ao, and
the mean shear stress increment Az, based on (17) and
then inserting them into (16), the excess pore pressure in the
plastic zone will be obtained by Henkel’s excess pore pressure

formula:

(1.73A+0.42) (M — 1)+2 (P % ><r_w>(M—l)/M
M Y M-1/\r
9

— 0y,.
M-1 "

AP=

(18)
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The principle stress increment in the elastic zone can be
deduced based on the stress distribution equation (11). One
has

1-M)o, —a, 1>
Aar:——( )91 =% T
M+1 r2

>
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The excess pore pressure in the elastic zone calculated by
Henkel’s excess pore pressure formula can be written as

p_ (058-1734) [(1- M) o, - o] 7
M+1 r?
2M/(M-1) (20)
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3.3. Effective Stress around the Wellbore. According to Terza-
ghi’s effective stress principle, the effective stress in the plastic
zone can be written as follows:

0, =0, - AP - P,

_ (1.58 = 1.73A) (M - 1) (P . 0 )(T_w>(M_1)/M
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The effective stress in the elastic zone can be written as
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3.4. Fracturing Pressure. When the pore pressure in shallow
sediment unit is equal to the external pressure of that unit, the
soil is under critical condition. If the pore pressure exceeds
the critical value, the effective stress in soil will become
a tensile stress. The fracturing pressure is defined as the
wellbore pressure when the tensile stress exceeds the tensile
strength of the formation.

The boundary condition on the wellbore wall should be
satisfied when fracture initiates [37, 42]:
=S, (23)

, —_—
Og | r=r,
where S, is the tensile strength of the formation.

According to (21), the tangential effective stress on the

wellbore wall can be written as follows:

—(1.73A+0.42) (M - 1 lof
ol = D (o0 )
v 2M M-1 (24)
+ 0y, = P

Inserting (24) into (23), the calculation formula of frac-
turing pressure for shallow sediment in deep water can be got:
2M (0, — Py + St) 7

p; = - (25)
(1.73A+042) (M —-1) M-1

>

where Py is the fracturing pressure.

4. Analysis

To research the variation rule of the fracturing pressure, we
took a set of formation parameters to analyze. The parameters

are as follows: o}, = 26 MPa, P, = 21 MPa, C = 0.2 MPa, ¢ =

4.5°,S, = 0.02MPa, E = 300 MPa, v = 0.35, and A = 0.7. The
relationship of the fracturing pressure and the intermediate
stress coefficient “b” is shown in Figure 2.

As shown in Figure 2, it is obvious that the fracturing
pressure decreases nonlinearly with the increasing of coeffi-
cient “b” When b = 1, the fracturing pressure decreases by
approximate 23% compared with the value when b = 0.

Py (MPa)

b

FIGURE 2: Variation of the fracturing pressure with the intermediate
stress coefficient “b”
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FIGURE 3: The relationship of tangential total stress on the wellbore
wall with “b” and p,,,.

With the parameters listed above, the change rules of the
tangential stress and the excess pore pressure on the wellbore
wall were analyzed and shown in Figure 3 to Figure 5.

Figure 3 shows the change rule of the tangential total
stress on the wellbore wall. When the wellbore pressure is
less than 29 MPa, the wellbore wall is in elastic state. The
tangential total stress decreases with the increasing of the
wellbore pressure increasing in elastic state, but in plastic state
it increases with the increasing of the wellbore pressure and
decreases with the increasing of the coefficient “b”

Figure 4 shows the change of the excess pore pressure
with the wellbore pressure and the coefficient “b.” It reveals
that higher drilling fluid density or smaller coefficient “b”
means a higher excess pore pressure.

Figure 5 shows the variation of tangential effective stress.
It reveals that the change rule of tangential effective stress is
different from that of the total stress. The tangential effective
stress always decreases with the increasing of the wellbore
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TABLE 2: The calculation parameters of fracturing pressure.

Well number Water depth/m Formation depth/m 0,/MPa Ppo/MPa C/MPa o/ St/MPa A
Al 1314 1868 231 19.2 0.1 4.4 0.02 0.7
A2 1360 2010 253 21.0 0.1 4.7 0.02 0.7
A3 1432 1987 24.4 20.5 0.1 4.3 0.02 0.7
TaBLE 3: The comparison of theoretical results and LOT results.
b Theoretical results (MPa) LOT results (MPa)
Al A2 A3 Al A2 A3
0 32.3 36.1 33.9
0.1 31.0 34.7 32.5
0.2 29.9 33.5 31.4
0.3 29.0 32.4 30.4
0.4 28.2 31.6 29.6
0.5 275 30.8 28.9 26.1 28.8 27.6
0.6 26.9 30.2 28.2
0.7 26.4 29.6 27.7
0.8 25.9 29.1 272
0.9 25.5 28.6 26.7
1 251 28.2 26.3

FIGURE 4: The relationship of excess pore pressure on the wellbore
wall with “b” and p,,,.

pressure and decreases with the coefficient “b” increasing.
It is the influence of excess pore pressure that causes the
great difference between the change rules of total stress and
effective stress. The increasing rate of the excess pore pressure
is higher than that of the total stress, so even though the
tangential stress in plastic state increases with a wellbore
pressure increasing, the effective stress decreases gradually.

5. Case Study

To verify the theory in this paper, the field measured results
of a deep water oil field at West Africa are taken as a case
study. The calculation parameters are listed in Table 2 and the
calculation results and measured results are shown in Table 3.
The actual measured fracturing pressure was obtained from
the leak off tests (LOT).

aé (MPa)

P, (MPa)

26

FIGURE 5: The relationship of tangential effective stress on the
wellbore wall with “b” and p,,..

As shown in Table 3, when b = 1, the error of the
theoretical value for well Al compared with the measured
value is 3.8%, and for well A2 and well A3, the error is 2.1%
and 4.7%, respectively. The fracturing pressure increases with
the coeflicient “b” decreasing. This table shows a fairly good
agreement between the calculation results and the measured
results, which verifies the feasibility of introducing the excess
pore pressure theory into the fracturing mechanism analysis
of shallow sediment in deep water, and the influence of inter-
mediate stress should be taken into account when calculating
the fracturing pressure of shallow sediment in deep water.

6. Conclusions

(1) The shallow sediment in deep water is unconsolidated
and easily getting into plastic state, so there must be a
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plastic zone before the fracture initiates. When calcu-
lating the fracturing pressure, the stress distribution
rule around the wellbore after turning into plastic
state needs to be analyzed.

(2) During the drilling process, a high wellbore pressure
will cause soil squeezing effect near the wellbore and
result in an increase of the pore pressure, so the excess
pore pressure generates. The fracturing of shallow
sediment is mainly due to the generation of excess
pore pressure which makes the effective stress on the
wellbore wall decrease to tensile stress.

(3) The fracturing pressure of shallow sediment in deep
water decreases nonlinearly with the increasing of
the intermediate principle stress coefficient “b” In
elastic state, the tangential total stress decreases with
the increasing of the wellbore pressure; in plastic
state, the tangential total stress increases with the
increasing of the wellbore pressure and decreases
with the increasing of “b” The excess pore pressure
increases with the drilling fluid density increasing
and decreases little with “b” increasing. The tangential
effective stress decreases with the drilling fluid density
increasing and decreases with “b” increasing.

(4) The agreement of the theoretical results and the
measured data verifies the feasibility of the theory
established in this paper. The introduction of excess
pore pressure theory into wellbore stability analysis
successfully explains the fracture mechanism of shal-
low sediment in deep water, which is an innovative
progress in the theory exploration.

(5) The shallow sediment in deep water has not changed
to rock, and it is under the control of saturated soil
consolidation theory. In the analysis of geological
mechanics problems in shallow sediments, the soil
mechanics theory should be introduced into the
analysis.
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