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It is difficult to determine the safe operation window of drilling fluid density (SOWDFD) for deep igneous rock strata.
Although the formation three-pressure (pore pressure, collapse pressure, and fracture pressure) prediction method with
credibility improves the accuracy of formation three-pressure prediction, it still has a large error for deep igneous strata. To
solve this problem, a modified method of the SOWDFD in deep igneous rock strata is proposed based on the leakage
statistics of adjacent wells. (is method is based on the establishment of the SOWDFD with credibility. (rough statistical
analysis of drilling fluid density of igneous rock leaky formation group in adjacent wells, the fracture leakage law of the
formation is revealed and the upper limit of leak-off pressure containing probability information is obtained. Finally, the
modified SOWDFD with credibility for deep igneous rock strata is formed. In this work, the proposed method was used to
compute the SOWDFD with credibility of SHB well in Xinjiang, China. Results show that the modified density window is
consistent with the field drilling conditions and can reflect the narrow density window in the Permian and lower igneous
strata. Combined with the formation three-pressure prediction method with credibility and the actual leakage law of
adjacent wells, it can effectively improve the prediction accuracy of the SOWDFD for deep igneous rock strata. (e findings
of the study can help in better understanding of the complex downhole geological environment in deep igneous rock strata
and making reasonable drilling design scheme.

1. Introduction

(e igneous rock strata of deep oil-gas reservoirs have the
characteristics of deep burial and complex geological envi-
ronment [1–4].(is is often accompanied by the development
of high and steep structures, holes, and fractures. Poor
wellbore stability and narrow pressure window lead to
complex downhole problems such as lost circulation and well
collapse, which seriously restricts the high quality and fast
drilling [5–7]. Drilling geological characteristic parameters
(DGCP),mainly involving formation three-pressure and leak-
off pressure, are the basic data reflecting the fluid and rock
physical properties in the strata and the geological structure
[8, 9]. (e accurate calculation of DGCP is an important
premise to ensure the correct design of well structure and

reasonable control of drilling fluid density [10–12]. Leak-off
pressure prediction is an important element in the study of
DGCP in deep igneous rock strata. At present, the analysis
and evaluation of crustal stress and local stress of structural
fracture by rockmechanics theory are the main research fields
on leak-off pressure of igneous rock strata at home and
abroad [13]. In the drilling field, the minimum horizontal in
situ stress of incomplete igneous rock strata is generally
regarded as the leak-off pressure [14, 15], but the prediction
result is too large for large-scale cavernous fractures. Zhang
et al. applied model simulations to analyze the critical
pressure of closure fracture reopening and propagation [16],
but it cannot obtain the whole well section leak-off pressure.
Considering the spatial distribution of fracture, some scholars
have used fractal theory [17] and pressure transient analysis
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method [18] to predict the fracture trend and spreading
pattern. In the part of studies, seismic and logging data are
also used to predict the size and location of fracture [19–21].
However, the prediction accuracy of leak-off pressure is low
due to the uncertainty of the original data and calculation
model. (e formation three-pressure prediction method with
credibility is based on probability statistics and Monte Carlo
simulation, which changes the traditional single value pres-
sure curve into a distribution interval with probability in-
formation [22, 23]. On this basis, the SOWDFD not only is
more reliable but also has the function of risk assessment and
control. In conventional sand shale formation, fracture
pressure is usually referred to as leak-off pressure. However,
the fracture pressure based on strength criterion cannot
completely replace the leak-off pressure of igneous rock
formation with natural fractures.

(erefore, based on the prediction method of formation
three-pressure with credibility, this paper develops a
modified model of the SOWDFD with credibility. By ana-
lyzing the density of drilling fluid in adjacent wells with
easily leaking formations of igneous rock and revealing the
law of fracture leakage in the formation, the proposed model
not only considers the uncertainty of pressure calculation
but also involves the results of practical engineering analysis.
Also, an empirical study of a deep well in Xinjiang, China, is
presented as a test case to illustrate our proposed method
and to demonstrate its usefulness. (e rest of this paper is
organized as follows. In Section 1, the difficulties in drilling
deep igneous rock strata are explained. In Section 2, the
determination method of the SOWDFD with credibility is
introduced. In Section 3, the proposed modified model of
the SOWDFD with credibility in deep igneous rock strata is
described. In Section 4, an example analysis is illustrated.
Finally, according to the findings of this research, summary
and conclusions are presented.

2. Difficulties in Drilling Deep Igneous
Rock Strata

Igneous rocks are formed by the condensation and crys-
tallization of magma or lava flow at high temperatures. It can
be seen from Figure 1 that, due to the influence of lithology,
early diagenesis, and tectonics [2], pore and fracture are
widely developed and are prone to lost circulation, collapse,
and other downhole problems during drilling. Based on the
leakage mechanism, igneous rock leakage formation can be
divided into high permeability leakage, natural fracture
leakage, induced fracture leakage, and cavernous leakage
[24].(e degree of permeability loss depends on the pressure
difference between wellbore pressure equivalent circulation
density (ECD) and formation pore pressure (FPP) and the
formation of mud cake. (e mechanism of natural fracture
leakage is that the ECD is bigger than the fracture reopening
pressure (FRP); and the induced fracture leakage is caused
by the fact that the ECD is bigger than the minimum be-
tween the formation fracture pressure (FFP) and the fracture
extension pressure (FEP). In the case of very developed and
far extended fractures, the amount of fracture leakage will
increase significantly. Cavernous leakage is generally severe

leakage or no-wellhead-backflow leakage. Besides, due to the
characteristics of deep-buried igneous rock formation,
multiple strata, complex pressure system, complex wellbore
stability, and strong formation heterogeneity [1], the tra-
ditional plugging method is difficult to achieve one-time
pressure plugging effect.

To maintain wellbore stability, high-density drilling fluid
is easy to cause repeated lost circulation and wellbore col-
lapse in weakly cemented fractured formation, which
eventually leads to sidetracking. (e formation mechanism
of fractures in deep igneous rock strata is diverse and the
geological environment is complex. (ere are great uncer-
tainty in pressure prediction and an unclear understanding
of fracture leakage law which will lead to a large error of safe
window of drilling fluid density and they are not conducive
to the prevention and control of lost circulation risk.

3. Determination Method of the
SOWDFD with Credibility

3.1. Calculation Method of Formation 'ree-Pressure with
Credibility. Due to the complexity of the underground
geological environment, the incompleteness of data, and the
subjective experience of technicians, the calculated drilling
geological characteristic parameters have different degrees of
uncertainty, and the real values are distributed in a certain
range [22, 25]. Aiming at the complex geological environ-
ment of deep igneous strata with frequent development of
intrusions, faults, and fractures, this paper introduces the
formation three-pressure prediction method with credibil-
ity, which changes the traditional single-value pressure curve
into the distribution interval with probability information,
thus improving the understanding of the downhole geo-
logical environment. (e specific calculation process is
shown in Figure 2.

(e effective stress method and Eaton method are jointly
used to calculate the Eaton index, and the probability sta-
tistics are carried out. (e results are brought into the Eaton
formula to finally obtain the formation pore pressure (FPP)
profile with credibility. Aiming at the formation fracture
pressure (FFP) and formation collapse pressure (FCP), the
probability distribution of rock mechanics parameters and
stress coefficients of regional adjacent wells and wells with
similar structures are obtained using probability statistics
(en, using the Monte Carlo simulation method, the rock
mechanics parameters, FPP, and stress coefficient are
brought into the calculation formula of FFP and FCP. Fi-
nally, through statistical analysis of the calculation results,
the FFP and FCP profiles with credibility are obtained.

Using the introduced calculation method, the three
profiles of FPP, FFP, and FCP with credibility of SHB well in
Xinjiang, China, are obtained, as shown in Figure 3.

3.2. Determination Method of the SOWDFD with Credibility.
(e main risks of drilling engineering are lost circulation,
kick, well collapse, differential pressure sticking, broken
drilling tools, and so on. Research shows that the risk
mechanisms of some complex drilling problems are clear
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and have explicit risk constraint criteria [26]. (rough a
comprehensive analysis of the mechanisms and the rela-
tionships, the risk pressure constraint criteria of drilling
engineering can be obtained as shown in Table 1.

By bringing the FPP, PFP, and FCP profiles with
credibility into the pressure constraint criteria, the upper
and lower limits of safe mud density at the cumulative
probability j � j0 at depth h can be obtained, which are
shown as follows:

L(h)j�j0
� max ρk, j�j0

(h), ρcL, j�j0
(h) ,

H(h)j�j0
� min ρcU, j�j0

(h), ρl, j�j0
(h), ρps, j�j0

(h), ρkl, j�j0
(h) .

⎧⎪⎨

⎪⎩

(1)

Similarly, the lower limit curve L(h)j�j1
and upper limit

curve H(h)j�j1
of safe mud density with the cumulative

probability of j1 can be obtained. (en the upper and lower
safe mud density profiles with credibility |j1 − j0| × 100%
can be obtained. Finally, the upper limit curve H(h)j�j0

with
the cumulative probability of j0 is taken as the upper limit of
the SOWDFD, and the lower limit curve L(h)j�j1

with the
cumulative probability of j1 is taken as the lower limit of the
SOWDFD. Eventually, a safe operation window with a
credibility level for well structure design is established.

(e reservoir of the SHB well belongs to the fault so-
lution reservoir, with igneous rock intrusion and highly
developed fractures. Lost circulation and wellbore collapse

occur frequently during drilling. (e above method is used
to establish the safe window of drilling fluid density with
credibility in SHB well as shown in Figure 4. A wide mud
density window can be seen, which cannot reflect the
problem of narrow density window in complex formation
with natural fracture and weak cemented igneous rock.

Compared with the conventional sand shale formation,
due to the abnormal development of pores, fractures, and
caves in the igneous rock formation, FFP based on con-
ventional strength criterion is often greater than the for-
mation leak-off pressure (FLP), resulting in poor prediction
accuracy of safe mud density window.

4. Modified Method for the SOWDFD with
Credibility in Deep Igneous Rock Strata

Because the traditional FFP calculation results based on
strength criterion cannot represent the formation leak-off
pressure in the igneous rock formation, the upper limit of
the SOWDFD is modified by using mud density when
leakage occurs in adjacent wells. According to geostatistical
principles, in the same geological period and sedimentary
conditions, the formation should produce the same response
of lithology and engineering characteristics. (e smaller the
distance between wells is, the more similar the formation
lithology and geological structure are [27]. Based on this
idea, through the regional drilling data, the fracture leakage
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Figure 1: Characteristics of deep igneous strata and mechanism of leakage.
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law is revealed by analyzing the formation and leakage
characteristics. Considering the spatial variability of geo-
logical parameters, the selection of adjacent wells and similar
structural wells is particularly important. Introducing the
concept of variogram [28], let pδk

(G) be the regionalized
random variable of formation leakage pressure, G represents
the plane coordinate (x, y), δk represents the depth coor-
dinate of layer K, d represents the distance between wells,
and the variogram formula is as follows:

c
#

(d) �
1

2N(d)


N(d)

i�1
pδk

Gi(  − pδk
Gi + d( 

2
 , (2)

where N(d) denotes the number of pairs of well with a
distance of d. (e variogram of different well distance dj is
calculated, and then the discrete points [dj, c#(dj)] (j �

1, 2, . . . , m) are fitted to determine the theoretical model
parameters of the variation curve. Finally, two times of the
variable range is taken as the sample space for the selection
of adjacent wells [29].

According to the statistical analysis of the leakage data of
adjacent wells, the main fractured leakage layers of adjacent
wells are determined. Taking drilling fluid density in the bare
hole section of the leakage layers as a random variable ρ, the
densities of drilling fluid before and after the leakage are
statistically analyzed. Supposing that the observation sample
of the variable ρ is ρi(i � 1, 2, . . . , n), the probability
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Figure 2: Prediction method of formation three-pressure with credibility.

4 Mathematical Problems in Engineering



distribution function f(ρ) (equation (3)) and cumulative
probability distribution function f(ρ) (equation (4)) of the
random variable f(ρ) can be determined by using the
normal information diffusion estimation method for small
samples [30].

f(ρ) �
1

���
2π

√
nh



n

i�1
exp −

ρ − ρi( 
2

2h
2  , (3)

F(ρ) �
1

���
2π

√
nh



n

i�1

ρ

−∞
exp −

t − ρi( 
2

2h
2 dt, (4)

where h represents the diffusion coefficient, which can be
calculated using the following equation:

h �
c ρmax − ρmin( 

n − 1
, (5)

where ρmax is the maximum value in the observation sample
and ρmin is the minimum value in the observation sample.
(e values of c can be obtained from Table 2 [30].

Based on the statistical results, the minimum density of
drilling fluid ρmin and the corresponding cumulative
probability F(ρmin) for a regional adjacent well to leak off at
this fractured leakage layer can be obtained. (e practical
significance is that when the fractured leakage layer is
drilled, almost no lost circulation occurred when the drilling
fluid density is less than ρmin, and when it is greater than
ρmin, the risk probability of lost circulation is F(ρi).

According to the need for lost circulation prevention and
control, the upper limit of the SOWDFD in the fractured
leakage layer is modified. (e modified upper limit is as
follows:

H(h) �
ρmin R � 0

ρi R � F ρi( , ρmin < ρi <min H(h)j�j0
, ρmax ,

⎧⎨

⎩

(6)

where H(h)j�j0
represents the upper limit of the SOWDFD

with credibility, ρmax represents the maximum drilling fluid
density in the bare hole section of adjacent drilled well in this
fractured leakage layer, and R is the corresponding lost
circulation risk.

When the fractured leakage layer is thick, to take tar-
geted plugging measures, the upper limit of the SOWDFD
needs to be finely modified by sections. For the wider
fractures with serious leakage, cement injection can be used
to plug the leakage, and the drilling fluid density ρmin with
zero risks can be selected for modification. For micro-
fractures with light leakage, the method of plugging while
drilling can be used. (e drilling fluid density ρi with a
certain leakage risk is selected to modify the upper limit of
the density window. If the fractured leakage layer is thin, the
upper limit of the SOWDFD can be modified uniformly.

Compared with the traditional computational method of
SOWDFD, the proposed modified method of SOWDFD
with credibility not only considers the uncertainty of cal-
culation results but also involves engineering statistical
analysis results of lost circulation mud density in adjacent
wells. A more accurate prediction result of SOWDFD is
obtained.

5. Example Analysis

SB oilfield in Xinjiang, China, has a well-developed stratum
with a buried depth of more than 7500m.(emain reservoir
types are karst cave type, fracture type, and fracture-pore
type, which are characterized by high temperature (>150 °C)
and high pressure (>80MPa). (e pore pressure of the
formation above the reservoir is normal (<1.2). (ere are
thick igneous strata, and the uniaxial compressive strength is
between 100 and 250MPa.

At present, they are mainly drilled in No.1 and No.5
fault zones. (e No.1 fault zone is dominated by translation
and pull-apart movement, and its tectonic setting is rela-
tively simple. (e northern segment of the No.5 fault zone
is dominated by compression, and the middle part of the
No.5 fault zone is dominated by tension and torsion. (ere
are well-developed faults and significant heterogeneity in
strata.(e drilling risk of Paleozoic strata is high andmakes
construction difficult. (e Permian dacite formation is
characterized by natural and multiscale fractures, low
leakage pressure, and easy-to-form induced fractures,
leading to the leakage with no backflow in the wellhead.(e
Silurian strata are characterized by well-developed sand-
stone and mudstone, low bearing capacity, and well-de-
veloped faults and contain a large number of open and
closed fractures. (e Ordovician Sangtamu strata, with
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gabbro intrusions, have high collapse stress and high rock
debris density, so high-density drilling fluid is needed to
maintain wellbore stability. (e Ordovician strata are
highly fractured and poorly cemented due to the influence
of compression structure. After being uncovered, the
borehole collapses seriously, leading to frequent sticking
during drilling.

Based on the drilling practice in the SB block, it can be
known that the regional geological conditions are not well
understood, the SOWDFD prediction is not accurate, and

the wellbore structure design cannot accurately isolate the
risk layers. In the process of drilling, the frequent occurrence
of lost circulation and collapsing sticking seriously restricts
the efficient exploration and development in this area.

(e proposed method in this paper is used to establish the
SOWDFD with credibility for the SHB well; and, based on the
probability statistics’ results of drilling fluid density in igneous
fractured and leakage layers of adjacent wells and similar
structural wells, the SOWDFD with credibility is modified.
According to the statistical analysis of more than 20 adjacent
drilled wells, it is found that the drilling risks are mainly
concentrated in the Permian layer, Silurian low-pressure-
leakage layer, the Sangtamu intrusive-body-collapse layer, and
Ordovician fracture-collapse layer. (e statistical results of
drilling fluid density in the bare hole section of the layers are
shown in Figure 5.

It can be seen from Figure 5 that the density of drilling
fluid used in the Permian layer of the SHB adjacent well is
between 1.22 and 1.34. (e minimum density for lost

Table 1: Pressure constraint criteria of drilling engineering risks.

Risk type Safe density window boundary conditions (g/cm3)
Lower limit of kick ρk � Pp + Sb + Δρ
Lower limit of wellbore collapse ρcL � Pc1 + Sb

Upper limit of wellbore collapse ρcU � Pc2 − Sg

Upper limit of differential pressure sticking ρps � Pp + (ΔP/h × 0.0098)

Upper limit of lost circulation ρl � Pf − Sg − Sc

Upper limit of lost circulation during well killing ρkl � Pf − Sg − Sk × (hpmax/h)
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Table 2: Relationship between c and sample number n.

n c n c n c

3 0.849321800 8 1.395189816 13 1.420698795
4 1.273982782 9 1.422962345 14 1.420669671
5 1.698643675 10 1.416278786 15 1.420693321
6 1.336252561 11 1.420835443 16 1.420692226
7 1.445461208 12 1.420269570 ≥17 1.420693101
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circulation is 1.24, of which cumulative probability is 40%.
(e density of drilling fluid used in Silurian layer is between
1.24 and 1.4. (e minimum density for lost circulation is
1.29, of which the cumulative probability of leakage is 35%.
(e density of drilling fluid used in the Ordovician Sang-
tamu layer ranges from 1.24 to 1.42. (e minimum density
for lost circulation is 1.35, of which the cumulative prob-
ability is 48%. (e density of drilling fluid used in the lower
Ordovician Sentamu layers ranges from 1.14 to 1.4. (e
minimum density for lost circulation is 1.21, of which the
cumulative probability is 18%.

(e minimum drilling fluid densities when leakage
occurs in each layer are selected to modify the SOWDFD
with credibility, which is shown in Figure 6. It can be seen
from Figure 6 that the modified drilling fluid density

window has a narrow density range below the Permian
strata, which can easily lead to lost circulation; and the 6
encountered locations of lost circulation are marked with
red pentagram in Figure 6. (e Ordovician strata have the
most serious lost circulation; and the calculation results are
consistent with the actual situation. Compared with the
measured data (MDT : Pore Pressure Measurement; LOT :
Fracture Pressure Test), the three-pressure profiles with
credibility are more reliable than the traditional single value
profiles, which can be seen from Figure 7(a) and Figure 3. It
can be seen from Figure 7(b) that the SOWDFD determined
by traditional method cannot reflect the narrow density
window of the strata below Permian layer, and it also has
some uncertainty due to the error of the formation three-
pressure profiles. (rough the above analysis, it can be
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Figure 5: Probability distribution of drilling fluid density in leakage layers of adjacent wells of SHB well. (a) Permian. (b) Silurian. (c)
Ordovician Sangtamu layer. (d) Lower layers of Ordovician Sangtamu layer.
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Figure 6: SOWDFD with credibility after modification of fractured leakage of SHB well.

Quaternary

Neogene

Paleogene

Cretaceous

Jurassic

Triassic

Permian

Carboniferous
Devonian

Silurian

Ordovician

0.70.5 0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 2.5
Equivalent density (g/cm3)

0

1000

2000

3000

4000

W
ell

 d
ep

th
 (m

)

5000

6000

7000

8000

Drilling fluid density
MDT
LOTLower limit of FCP

Upper limit of FCP

FPP
FFP

(a)

Figure 7: Continued.
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proved that the proposed modified model in this paper is
scientific and effective.

6. Summary and Conclusions

(1) Aiming at the complex problems of deep igneous
rock strata with fracture development, narrow mud
density window, frequent occurrence of lost circu-
lation, and well collapse in the drilling process in SB
block, the formation three-pressure profiles with
credibility are established by analyzing the uncer-
tainty in the calculation process. Based on the reli-
ability theory, the SOWDFD with credibility is
established by introducing the drilling risk pressure
constraint criterion.

(2) In this paper, a newmodifiedmodel of the SOWDFD
with credibility for the deep igneous strata is pro-
posed. Firstly, the fractured leakage layer is deter-
mined based on the adjacent drilled wells in this area.
Secondly, the leakage mud density and its risk
probability are determined by statistical analysis of
the drilling fluid density in the bare hole section of
the fractured leakage layer. Finally, the SOWDFD is
modified according to the need for lost circulation
prevention and control.

(3) (e example analysis shows that the SOWDFD with
credibility obtained by this method is consistent with
reality. It shows that this method can be used to
establish a safe operational window of drilling fluid
density in this area. (is method can provide
technical guidance and a scientific basis for making a
reasonable drilling design scheme and preventing
downhole engineering risks during drilling.

Nomenclature

Pp: Formation pore pressure, MPa
Po: Overburden pressure, MPa
Ph: Hydrostatic column pressure, MPa
V: Layer speed, km/s
Vn: Normal compaction layer speed, km/s
Vp: Compressional wave velocity, km/s
Vs: Shear wave velocity, km/s
n: Eaton index, dimensionless
Pe: Vertical effective stress, MPa
a, k, b, d: Empirical coefficient, dimensionless
σh: Minimum horizontal formation stress, MPa
σH: Maximum horizontal formation stress, MPa
σv: Vertical formation stress, MPa
ϕ: Internal friction angle, °
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Figure 7: (e three-pressure profiles and SOWDFD determined by the traditional method.

Mathematical Problems in Engineering 9



σc: Uniaxial compressive strength, MPa
St: Uniaxial tensile strength, MPa
μd: Dynamic Poisson’s ratio, dimensionless
Ed: Dynamic Young’s modulus, MPa
α: Effective stress coefficient, dimensionless
C: Cohesion pressure, MPa
Pf: Formation fracture pressure, MPa
Pc: Formation collapse pressure, MPa
Sb: Swabbing pressure coefficient, g/cm3

Δρ: Additional drilling fluid density value, g/cm3

Sg: Activation pressure coefficient, g/cm3

Sf: Safety increment of formation fracture pressure,
g/cm3

Sc: Circulating pressure loss coefficient, g/cm3

Sk: Kick allowance, g/cm3

ΔP: Allowable value of differential pressure sticking,
MPa

hpmax: Depth of maximum formation pore pressure in
bare hole section, m

h: Well depth, m
μ: Expected density of drilling fluid in bare hole

section of lost circulation layer, g/cm3

σ: Standard deviation of drilling fluid density in bare
hole section of lost circulation layer, g/cm3.
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