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Abstract
At present, there is no good method or technology for quantitative evaluation of wellbore structure and engineering risk in 
the process of deep well drilling in complex formation, and there is no rational understanding of engineering risk mechanism. 
With the development of MWD and transmission technology, the formation pressure and rock mechanics parameters of the 
drilled section can be accurately determined in the process of drilling, which provides a basis for the well bore structure 
and engineering risk assessment in the process of drilling. This paper makes full use of the advantages of MWD and other 
technologies to seek a method to improve the accuracy of formation pressure prediction with narrow safe density window On 
this basis, the risk identification methods of leakage, blowout, collapse, sticking and other engineering risks in the process of 
drilling are studied, and the risk assessment method of dynamic wellbore structure in the process of drilling is established; at 
the same time, the uncertain parameters in the existing wellbore structure design method are studied, and the design method 
is improved, so as to minimize the risk of well structure design.

Keywords Formation pressure with credibility · LWD (logging while drilling) · Dynamic evaluation of drilling risk · 
Optimization design of wellbore structure

Introduction

The problem of narrow safe density window in the drilling 
of deep and complex formation is always one of the prob‑
lems faced by the well structure design and safe construc‑
tion. With the increase in well depth, the problem of narrow 
safe density window becomes more and more prominent 
(Xiwen 2006; Deli 2004; Yijin and Jian 2005). Therefore, 
advanced technologies such as underbalanced drilling, pres‑
sure controlled drilling and gas filled drilling are adopted 
at home and abroad, as well as risk assessment technolo‑
gies such as pre drilling wellbore structure design and risk 
assessment method based on probability statistics, which 
solve this problem to a certain extent (Sayers et al. 2006; 
Zhou yingcao, Yang Xiongwen, Fang Shiliang,, et al. 2011; 

Mingyan 2007). Among them, the risk assessment technol‑
ogy can quantitatively assess the engineering risk based on 
the existing equipment and technology, combined with the 
theory of risk analysis and so on. It is very necessary for 
the deep well complex formation drilling with high risk and 
high investment, and is conducive to the realization of the 
purpose of safe and efficient deep well complex formation 
drilling. Through investigation, the method of pre drilling 
wellbore structure design and risk assessment based on 
probability statistics is to use the adjacent well logging data 
or seismic data to make probability prediction of the safe 
density window of the target well, and to carry out quan‑
titative assessment of engineering risks such as leakage, 
blowout and collapse card for the existing wellbore struc‑
ture design scheme before drilling, so as to improve it. This 
method has relatively rich well efficiency for the adjacent 
well data. Meanwhile in separate studies (Xiaoming and Pej‑
man 2018; Tahmasebi and Kamrava 2019), other researchers 
have found that several other parameters such as tempera‑
ture, grain shape, fluid, and stress can control the integrity of 
formation and well. With the increasing depth of deep wells 
in complex formations and the drilling of unproved blocks, 
the abundance of data from adjacent wells is greatly limited, 
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which reduces the accuracy of risk assessment techniques 
such as regional probability statistics. At the same time, at 
present, there is no good method or technology for quantita‑
tive assessment of wellbore structure and engineering risk 
in the process of deep well drilling in complex formation. 
More accident statistics methods are used to establish fault 
tree model, bow knot model, safety barrier model, etc., and 
the wellbore structure and engineering risk in the process of 
drilling are assessed from a macroperspective in combina‑
tion with drilling conditions, lacking of understanding of 
risk mechanism (Liu Jianhua et al. 2013; Skogdalen 2012; 
Khakzad et al. 2013; Zhichuan et al. 2017; Zhilong, et al. 
2009; Gundersen and Aamodt 2012). With the development 
of MWD (Measurement While Drilling) and transmission 
technology, the formation pressure and rock mechanics 
parameters of the drilled section can be accurately deter‑
mined in the process of drilling, which provides the basis 
for the well structure and engineering risk assessment in the 
process of drilling, and can make full use of the advantages 
of this technology, combined with the risk assessment of 
the pre drilling well structure based on probability statistics. 
The theory and thinking of this method are to seek for a new 
method to optimize the well bore structure in the process 
of deep well drilling in complex formation by using LWD 
(Logging While Drilling). In order to solve this problem, this 
paper proposes a new method of dynamic well bore structure 
optimization design based on LWD data, which makes full 
use of the advantages of LWD and other technologies to 
seek a method to improve the accuracy of formation pressure 
prediction with narrow safe density window, and eliminates 
the potential risks caused by the uncertain parameters of the 
ground layer from the root, and on this basis, the leakage 
and blowout in the drilling process are analyzed. The risk 
identification methods of engineering, such as collapse, card, 
etc., are studied to establish the risk assessment method of 
dynamic wellbore structure in the process of drilling; at the 
same time, the uncertain parameters in the existing wellbore 
structure design method are studied to improve the design 
method, so as to minimize the risk of wellbore structure 
design.

Prediction of formation pressure 
with credibility before drilling

In order to fully consider the uncertainty of formation 
parameters in deep well drilling in complex formation, 
Professor Guan Zhichuan proposed the formation pressure 
prediction method based on probability statistics (Ke et al. 
2009). Based on the principle of this method, the forma‑
tion pressure of the target deep well and complex forma‑
tion well is predicted with the seismic data. Combined 
with logging data while drilling, the drilled formation 

pressure is corrected, and then the pressure of the undrilled 
formation is predicted again. One of the most important 
advantages of using seismic interval velocity ratio to pre‑
dict the target well pressure is that it is not affected by the 
abundance of adjacent well data. At the same time, it is 
beneficial to correct the pressure and relevant calculation 
parameters of the drilled formation by combining MWD, 
LWD. The Eaton, Fillippone and effective stress method 
are used to calculate the formation pore pressure, and the 
specific process is shown in Fig. 9.

By using this method, the distribution zone of forma‑
tion pore pressure with credibility can be obtained, as 
shown in Fig. 1.

Among them, the lower limit of uncertainty is com‑
posed of the calculated value of formation pore pressure 
with a cumulative probability density of 5%, and the upper 
limit of uncertainty is composed of the calculated value 
of formation pore pressure with a cumulative probability 
density of 95%. Take the calculation of formation pore 
pressure at 2800 m as an example, and its principle is 
shown in Fig. 2.

Huang Rongzun method is used to calculate formation 
fracture pressure (Qining 1983), the calculation formula is 
as follows:

In formula, Pf—Fracture pressure, g/cm3; Pp—Pore 
pressure, g/cm3; St—Uniaxial tensile strength, MPa; σH—
Maximum horizontal in‑situ stress, g/cm3; σh—Minimum 
horizontal in‑situ stress, g/cm3; u—Poisson’s ratio, dimen‑
sionless; α—Biot coefficient, dimensionless; f—Porosity,%.

The calculation of formation fracture pressure needs to 
use the formation pore pressure, so the calculated value of 
the formation fracture pressure also contains the same relia‑
bility distribution zone; at the same time, the rock mechanics 
parameters in the formula can be transplanted and calculated 
from the adjacent well logging data according to different 
geological layers.

Real‑time correction of formation pressure 
with credibility

By analyzing the prediction method of formation pressure 
with confidence before drilling based on seismic interval 
velocity, it can be seen that in Fig. 3, the Eaton index distri‑
bution obtained by inversion of formula (2) is the statistical 
result of the whole well section, as shown in formula (3) 
and Fig. 4.

(1)Pf =
3�h − �H −

(
�
2−3�

1−�
− f

)
Pp + St

1 − �
1−2�

1−�
+ f
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Fig. 1  Prediction flowchart of 
formation pore pressure with 
credibility

Fig. 2  Distribution zone of formation pore pressure with credibility
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As the Eaton index changes with the well depth, the 
method in Sect.  1 makes probability statistics on the 
Eaton index of the whole well section to get the forma‑
tion pressure distribution under different confidence con‑
ditions. Although the calculation results have sufficient 

(2)n = ln(
G0 − Gp

G0 − Gh

)∕ ln

(
Vint

Vn

)

(3)

⎧⎪⎪⎨⎪⎪⎩

P(x) =
1√
2��

e
−

(x−�)2

2�2

F(x) =
1√
2��

x

∫
−∞

e
−

(t−�)2

2�2
dt

accuracy, for the wells with large change of Eaton index 
along the well depth, the predicted formation pressure 
distribution belt with confidence is wide, which is not 
conducive to narrow safety casing design and risk avoid‑
ance of density window formation. Therefore, we can 
use LWD data to re‑invert the Eaton index of the drilled 
formation and find a reasonable method to correct the 
predicted pressure distribution zone of the lower undrilled 
formation.

It is assumed that the Eaton index obtained by inversion 
of formula (2) based on seismic interval velocity before 
drilling is a large sample bank n(h). Where, h is the depth 
of the target well, m. The depth of the drilled section is 
h1. The formation pore pressure obtained by LWD is G′

p
 

g/cm3. Then, the Eaton index of the drilled formation can 
be modified:

Fig. 3  Probability distribution of formation pore pressure at 2800 m

Fig. 4  Eaton index distribution 
of the whole well section
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In formula, Gh—Hydrostatic press.
ure, g/cm3; G0—Overburden pressure gradient, g/cm3;  Vn—

Interval velocity under normal compaction condition, m/s; Vin—
Interval velocity, m/s.

The Eaton index of drilled formation corrected by LWD 
is regarded as a small sample library n�(h1) According to the 
previous hypothesis, the Eaton index of the whole well sec‑
tion obtained by seismic interval velocity inversion before 
drilling is a large sample library n(h). The Eaton index of 
0‑ h1 well section (drilled section) is small sample library 
n(h1). Replacing n(h1) with n�(h1) to form a new large sample 
library n�(h) Then, the distribution form of Eaton index in 
the new large sample database can be obtained:

(4)n
�

(h1) =

(
ln

G0 − G
�

p

G0 − Gh

)
∕ ln

(
Vin

Vn

)

(5)

⎧⎪⎪⎨⎪⎪⎩

P�(x) =
1√
2��

e
−

(x−�)2

2�2

F�(x) =
1√
2��

x

∫
−∞

e
−

(t−�)2

2�2
dt

Therefore, according to the modified Eaton index distri‑
bution form, combined with the method in Sect. 1, the real‑
time correction can be made for the pore pressure distribu‑
tion zone of the undrilled formation with credibility. The 
specific process is shown in Fig. 5.

For formation fracture pressure, it can be seen from for‑
mula (1) that it can be corrected in real time with the cor‑
rection of formation pore pressure. At the same time, many 
rock mechanics parameters are involved in the calculation 
model, which are related to geological stratification. In the 
previous calculation, the adjacent well logging data is gen‑
erally used for regional transplant prediction, and the same 
geological stratification is regarded as fixed value for calcu‑
lation, so there is uncertainty in its value. In order to obtain 
more accurate prediction value of formation fracture pres‑
sure, the LWD data can be used for correction. The specific 
steps are as follows:

a. According to the real‑time correction value of forma‑
tion pore pressure, the fracture pressure is corrected:

(6)P�
f
=

3�h − �h −
(
�
2−3�

1−�
− f

)
P�
p
+ St

1 − �
1−2�

1−�
+ f

Fig. 5  Prediction flowchart of 
formation pore pressure with 
credibility based on LWD
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b. The rock mechanical parameters of the next geologi‑
cal layer are predicted by using the data of adjacent wells 
before drilling are x ( �h,�H,�,�, f  , St ). When drilling to the 
place Δ h from the top of the next geological layer, it is con‑
sidered that the average value x′ ( �′

h
,�′

H
,�′,�′, f ′,S′t  ) of the 

rock mechanical parameters x′ ( �′
h
,�′

H
,�′,�′, f ′,S′

t
 ) obtained by 

LWD in this geological layer is the true value of the layer. 
The formation fracture pressure of the local geological layer 
is recalculated:

c. If continue drilling δh, the average value x′′ of the rock 
mechanical parameters in the intervalΔh + δh of the geologi‑
cal layer can be obtained by LWD. When |x�� − x�| x′ ( �′

h
,�′

H

,�′,�′, f ′,S′t  ) are replaced by x′′ The formation fracture pres‑
sure of the local geological layer is recalculated.

d. Repeat step c until this geological layer is completed.
Therefore, the method of formation pressure prediction 

with credibility based on LWD data is established. By using 
this method, the pore pressure and formation fracture pres‑
sure of the lower undrilled formation with credibility can be 
corrected based on the data while drilling, which not only 
has the advantage of the method of formation pressure pre‑
diction with credibility before drilling in Sect. 1, but also can 

(7)P�
f
=

3��
h
− �

�
H
−
(
�� 2−3�

�

1−��
− f �

)
P�
p
+ S�

t

�� 1−2�
�

1−��
+ f �

make up for the lack of data abundance of adjacent wells. 
The prediction error improves the pressure prediction accu‑
racy of the undrilled formation.

Taking a foreign offshore drilling as an example, the well 
has been drilled, and its logging data and adjacent well data 
are relatively comprehensive. The water depth of the well is 
58 m, and the completed drilling depth is 4267 m.

Firstly, the method established in this paper is used to pre‑
dict the formation pressure profile of the whole well section 
with reliability (as shown in Fig. 6 (a)). Assuming drilling 
to 1520 m, the logging data of the drilled section can be 
used as logging data while drilling. The method established 
in this paper is used to predict the formation pressure of the 
undrilled formation, as shown in Fig. 6 (b).

Dynamic risk assessment of wellbore 
structure during drilling

According to the pressure balance constraints, the risk 
assessment of the existing well bore structure design scheme 
can be carried out in the last set up safe drilling fluid density 
window with credibility based on the revised LWD data. In 
order to ensure the safety of the open hole section, the fol‑
lowing pressure balance constraints must be met (Yan 2001; 
Moos and Peska 2003):

Prevention of well kick:

Fig. 6  Real‑time correction of formation pressure with credibility based on LWD



801Journal of Petroleum Exploration and Production Technology (2021) 11:795–804 

1 3

Prevention of differential pipe‑sticking:

Prevention of lost circulation in the drilling process:

Prevention of lost circulation when shut in:

In formula, Sb−Swab pressure coefficient, g/cm3; Sk—
Well kick tolerance, g/cm3; Sg—Surge pressure coefficient, 
g/cm3; �m(Hi)—Static equivalent density of drilling fluid, 
g/cm3;�pmax,�pmin—Maximum and minimum value of the 
lower limit curve of the density window of safe drilling fluid, 
g/cm3; ΔP—Allowable value of differential pipe‑sticking, 
MPa; Sf—Safety factor of fracture pressure, g/cm3; Δ�—
Additional drilling fluid density, g/cm3; �fmin—Minimum 
value of upper limit curve of density window of safe drill‑
ing fluid, g/cm3; Hpmin—Well depth of minimum formation 
pore pressure, m; Hn - 1—Depth of casing shoe of previous 
casing, m.

In the safe drilling fluid density window with credibility 
J, it is considered that the prediction of formation pressure is 
accurate and reliable enough. Therefore, the well kick toler‑
ance Sk and safety factor of fracture pressure Sf can be ignored. 
Furthermore, the formula (11) in the pressure balance con‑
straint can be ignored, and formula (10) is changed into:

Therefore, formulas (8), (9) and (12) constitute the pres‑
sure balance constraint condition under the condition of 
credibility J.

If the design drilling fluid density of the undrilled forma‑
tion in the existing well structure design scheme meets the 
requirements of formulas (8), (9) and (12), it is considered 
that the current well structure design scheme has no engi‑
neering risks such as leakage, blowout and collapse. If not, 
the risk can be quantitatively evaluated according to the fol‑
lowing formula:

Risk of well kick:

Risk of differential pipe‑sticking:

(8)�m(Hi) ≥ �pmax + Sb + Δ�

(9)
(
�m(Hi) − �pmin

)
× Hpmin × 0.00981 ≤ ΔP

(10)�m(Hi) + Sg+Sf ≤ �fmin

(11)�m(Hi) + Sk ×
Hi

Hn - 1

+ Sf ≤ �f(Hn - 1)

(12)�m(Hi) + Sg ≤ �f min

(13)
Rk(h) = p(𝜌m(h) − Sb − Δ𝜌 < 𝜌up(h)) = 1 − F𝜌

p
(h)(𝜌m(h) − Sb − Δ𝜌)

(14)Rsk(h) = p(𝜌m(h) −
ΔP

0.00981 ⋅ h
> 𝜌down(h)) = F𝜌

p
(h)(𝜌m(h) −

ΔP

0.00981 ⋅ h
)

Risk of lost circulation in the drilling process:

In formula, px Risk probability. �up、�down—Equivalent 
density corresponding to the lower limit curve and upper limit 
curve of safe drilling fluid density window with credibility at 
well depth h, g/cm3. F�p(h)

(x)—Cumulative probability distri‑
bution of formation pore pressure at well depth h. F�r(h)(x)—
Cumulative probability distribution of formation fracture pres‑
sure at well depth h.

According to the above model, the dynamic risk assessment 
can be carried out for the existing well bore structure design 
scheme in the process of drilling. If the assessment result indi‑
cates that there is a high engineering risk, the existing well 
bore structure design scheme shall be adjusted and the risk 
assessment shall be carried out again until the pressure balance 
constraint condition under the condition of credibility J is met.

As an example of offshore drilling, the well has been 
drilled, and the well logging data and downhole accidents 
such as leakage, blowout and collapse are known, which can 
be used as a reference to verify the accuracy and reliability 
of this method. When drilling to 1520 m, the formation pres‑
sure with credibility in the undrilled formation corrected by 
using LWD data (drilled logging data) is shown in Fig. 6 (b). 
The method in this section is used to evaluate the engineering 
risk of the existing well bore structure design scheme (Table 1 
and Fig. 7) in the undrilled formation. The statistics of actual 
drilling engineering accidents is shown in Fig. 7. The results 
of risk assessment are shown in Fig. 8. It is clearly shown that 
there is kick risk at 1700 m, with the risk probability of close 
to 100%. There is lost circulation risk at 1800 m and 2600 m, 
with the risk probability of close to 100%. Compared with the 
statistical results of actual drilling accidents in Fig. 7, it can be 
seen that several engineering risks with high risks are consist‑
ent with the accident types recorded in the actual drilling and 
the corresponding well depth, which shows that this method 
can be used to carry out an effective quantitative risk assess‑
ment of the well structure, and the assessment results have a 
high accuracy. At the same time, with the gradual increase in 
drilling depth, the accuracy of formation pressure prediction 
in the undrilled formation will be further improved by using 
the correction of LWD data, and then the accuracy and reli‑
ability of the risk assessment results of the existing wellbore 
structure in the undrilled formation will be further improved 
by using this method.

(15)Rl(h) = p(𝜌m(h) + Sg > 𝜌up(h)) = F𝜌
f
(h)(𝜌m(hi) + Sg)
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Dynamic optimization design of wellbore 
structure during drilling

Based on the prediction formation pressure with credibility 
before drilling, the wellbore structure design method with 
formulas (8), (9), and (12) as the constraint conditions of 
safe density window is established. This method improves 
the reliability of wellbore structure design, thus reduc‑
ing the potential risk of wellbore structure design scheme. 
However, through the analysis of Sect. 1, although the 
prediction method of formation pressure with credibility 

before drilling can improve the reliability of formation 
pressure prediction, for the drilling of deep well with com‑
plex formation with low abundance of adjacent well data, 
it is also necessary to use logging data while drilling to 
modify it in real time, so as to improve the prediction 
accuracy of formation pressure to the greatest extent. At 
the same time, if steps are used in the drilling process. 
The third method predicts that there is a great risk in the 
design scheme of the existing wellbore structure of the 
undrilled formation, which should be adjusted to avoid the 
risk. Therefore, this paper proposes a dynamic wellbore 

Table.1  Wellbore structure Casing program Borehole size /in Depth/ft Casing size /in Drilling 
fluid den‑
sity/ppg

Conductor 36 525 30 8.7
First level 26 3020 20 8.7–14
Second level 17 5997 13‑(3/8) 9.5–15.8
Third level 12‑(1/4) 8088 9‑(5/8) 13.4–15.8
Fourth level 8‑(1/2) 11030 7 15.3–16.7
Fifth level 6 14000 6 14.7–15

Fig. 7  Actual drilling engineer‑
ing accidents
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Fig. 8  Dynamic risk assessment 
results

Fig. 9  Dynamic optimization 
design of wellbore structure
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structure design method based on LWD, and the flowchart 
is shown in Fig. 9.

Among them, the new density window constraint of safe 
drilling fluid * is as follows:

In formula,
�′
pmax

 , �′
pmin

 , �′
fmin

 , S′
b
 , S′

g
 , Δ�

�
 , Variable that changes with 

the drilling process.�′
pmax

 , �′
pmin

 , �′
fmin

—The maximum for‑
mation pore pressure gradient, the minimum formation pore 
pressure gradient and the minimum formation fracture pres‑
sure gradient in the prediction section of the undrilled for‑
mation after the correction of LWD, g/cm3.S′

b
 , S′

g
 , Δ�

�
—The 

swab pressure coefficient, surge pressure coefficient and 
Additional drilling fluid density, g/cm3.

Conclusions and suggestions

1. In this paper, a method of formation pressure prediction 
with confidence based on LWD data is established. This 
method can modify the pressure distribution zone with con‑
fidence based on LWD data in real time, and improve the 
pressure prediction accuracy of the undrilled formation.

2. Based on the prediction method of formation pressure 
with credibility based on LWD data, combined with the 
restriction condition of safe density window and prob‑
ability theory, a risk assessment method of dynamic well 
bore structure in the process of drilling is established, 
which can assess the risk of well bore structure in the 
undrilled formation in real time and quantitatively in the 
process of drilling.

3. This paper puts forward the design method of dynamic 
wellbore structure in the process of drilling, which can 
design the real‑time dynamic wellbore structure in the 
undrilled formation in the process of drilling, so as to 
avoid the engineering risk to the greatest extent in the 
design level.
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Pr evention of well kick ∶ �m(Hi) ≥ �
�
p max

+ S�
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+ Δ��

Pr evention of sticking ∶
�
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�
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�
× Hp min × 0.00981 ≤ ΔP
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