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Abstract

The abnormal pore pressures in ultra-deep wells in the Junggar Basin, China are constantly
causing drilling incidents for both the drilling engineers and geologists. Formation pore-
pressure is an important parameter in wellbore stability analysis, and accurate prediction
of pore pressure before drilling is of great significance for effectively controlling wellbore
instability. In this paper, the authors utilize seismic velocity inversion and rock mechanics
prediction to evaluate the three pressure parameters, i.e., pore pressure, collapse pressure,
and fracture pressure. Seismic data were inversed and the velocity model was constructed.
Then, the layering models of the relationships between seismic velocity and logging data of
the whole formation layers were constructed using seismic attributes and the corresponding
acoustic logging data. Finally, the acoustic logging data, or interval transit time of ten
corresponding formations, were predicted using layering models of seismic data. In an
ultra-deep well, two abnormal highly pressurized sections were confirmed. This shows
great potential for realizing real-time prediction of acoustic and density log data of undrilled
formations in this area. Field applications confirm that the proposed method enhances
prediction accuracy and computational efficiency compared to the Eston method. Two
abnormal high-pressure zones were successfully identified in the Hugian-1 well, i.e., the
Taxihe Formation (1.38 g/ cm®) and the Anjihaihe Formation (1.50 g/ cm?).

Keywords: wellbore stability; seismic inversion; pore pressure; collapse pressure;
fracture pressure

1. Introduction

In the field of deep exploration drilling, wellbore stability is commonly evaluated by
predicting the safe drilling fluid density limits or window [1-3]. This could effectively
overcome the instability problems such as wellbore collapse and fracture incidents that
frequently occur during the drilling process. In the Hutubi anticline, southern margin
of the Junggar Basin of China, few deep exploration wells were being penetrated up to
8,000 m in depth, as shown in Figure 1. In 2019, the daily oil production of the two
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exploration wells Gaotan-1 and Hutan-1 reached 1213 m? and 106.5 m3, which attracted
lots of attention and brought a huge number of investments from PetroChina to this new
exploration area [4]. Due to long-term multi-layer compression and thrusting activities, the
local drilling activities had encountered severe drilling incidents, i.e., wellbore collapse,
drill tool jamming, and wellbore breakout, etc. In addition, the abnormal high-pressure
formations frequently occurred, which remained out of the control of geologists and drilling
engineers. For the last few years, the abnormal high-pressure formations constantly existed,
and the mechanisms remained unclear for both geologists and drilling engineers.

To predict the wellbore stability for exploration wells, there are generally four types of
wellbore stability prediction methods, i.e., statistical models, trend profile models, neural
networks, and rock mechanical models [5]. The statistical relationship model is established
by correlating the upper and lower limits of the safe drilling fluid density and the layer
velocities. This model is applicable for a specific geologic structure based on existing
data such as layer velocities and the upper and lower limits of safe mud densities. The
statistical approach depends heavily on historical data from specific geological settings but
faces challenges in generalizing across diverse formations. Trend profile methods employ
polynomial fitting to link depth, velocity, and density, though they often fail to address
complex nonlinear relationships. Neural networks excel at capturing nonlinear patterns
but demand large training datasets and offer limited interpretability. The input layers of
this network consisted of overburden pressure gradient, well depth, and layer velocity.
The output layers consisted of collapse pressure and fracture pressure. After sufficient
learning of the model, pre-drilling wellbore stability could be effectively evaluated [6-8]. In
contrast, rock mechanical models leverage physical principles to directly relate formation
mechanical properties to wellbore pressures, making them particularly effective in areas
with sparse logging data [9].

* Wells
© Cities

Figure 1. Satellite view of south margin area of the Junggar Basin, China [10].

The existing research mainly focuses on layered velocity-based techniques to evaluate
the borehole stability for pre-drilled wells [4], which takes advantage of higher resolution
and higher accuracy than the seismic record processing method [10-13]. In this prediction
technology, multi-types of geologic and drilling engineering data are utilized, including
drilling, logging, and seismic, to establish a relationship between safe drilling fluid densities
and layer seismic velocities. This facilitates the prediction of the upper and lower limits of
safe drilling fluid densities for those pre-drilled wells. Unfortunately, the layer velocity is
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generally derived from the seismic spectrum method, which is characterized by deficient
accuracy and low resolution in the datasets [14]. In addition, this spectrum method itself
requires extraordinary skills from the researchers and rarely satisfies the final quality check
standards. Later, some researchers proposed a modified method based on seismic layer
velocity inversion for pre-drilling wellbore stability prediction. This prediction method
fully employs on-site data, taking advantage of seismic and logging information, which
could be widely promoted and applied.

This study introduces a novel layered prediction framework that combines seismic
velocity inversion with the rock mechanics model. By integrating these approaches, the
proposed method reduces reliance on conventional logging data and achieves dynamic 3D
pressure field predictions with enhanced practicality. In this paper, the authors present a
method of utilizing multiple sources such as geologic, engineering, logging, and seismic
inversion to evaluate and predict wellbore stability for formation layers. The whole proce-
dure demonstrates the feasibility of seismic inversion in highly precise wellbore stability
prediction for prospective deep oil and gas resources.

2. Methods

Based on logging interpretation, we calculated the rock mechanics parameters, such as
Young’s modulus and Poisson’s ratio, for multiple layers and determined the in situ stress
status. By constructing the inversed velocity model, seismic velocities were correlated with
geomechanics properties. Then, the collapse and fracture pressures were calculated based
on the mechanics analysis for wellbore stability. In this way, we predicted the safe drilling
fluid density limits and evaluated the wellbore stability for those pre-drilled wells.

2.1. Fundamentals of Layer Seismic Inversion

Seismic velocity inversion can be divided into two categories based on the following
principles: convolution model-based inversion and wave equation-based inversion [15,16].
In this paper, we applied the logging constrained inversion method, which is based on
the convolution model. According to the principle of seismic exploration, the convolution
of seismic wavelets and reflection coefficient sequences can be approximated as synthetic
seismic records, and this operation process can be expressed as follows [17]:

f(t) = r(t)s(t) (1)

where f(t) is the synthetic seismic record, s(t) is the seismic wavelet, and r(t) is the
reflection coefficient sequence. The calculation of the reflection coefficient is based on
acoustic and density logging data, and the calculation formula is given as follows:

r = PUi+1 — PU; )
00i+1 + P0;

where 7 is the reflection coefficient, p is the density, v is the sonic velocity, pv is the acoustic
impedance, and the subscripts i and i + 1 denote the i** and (i + 1)th layers, respectively.
This layer seismic inversion method extracts seismic wavelets and establishes an
initial wave impedance model based on known regional seismic records, logging data of
neighboring wells, and geological data. Using this model, the wave impedance parameters
of the formation could be predicted, and the velocity for every layer of the formation is
eventually calculated. The major steps include preprocessing of logging data, establishing
initial geological models, creating synthetic seismic records, and inversion calculations.



Processes 2025, 13, 2772

40f12

2.2. Pre-Processing of Logging Data

In the process of seismic velocity inversion, the logging data types include acoustic
and density logging data [18]. Before inversion, the distortion points in the logging curves
were required to be removed for those outside the practical range of the logging parameters,
which was called environmental correction. In addition, two methods were employed to
finish the standardization process, i.e., the standard layers-based system drift correction
and the formation plane smooth correction. The sampling interval of logging data was
generally measured in depth, while the sampling unit of seismic data was usually the
seismic round-trip travel time. When the interval difference of two sampling data became
significant, it required the median filtering and depth-time conversion for the logging data.

2.3. Synthetic Seismic Records

Synthetic seismic records are the link between seismic records and measurement
data [19,20]. The purpose of creating synthetic records is to accurately calibrate the reflection
positions of various lithological interfaces on seismic profiles. The accuracy of layer
calibration depends on the quality of synthetic seismic records, which is closely related to
seismic wavelets. First, under the guidance of the initial time—depth relationship, a standard
theoretical wavelet was applied to produce the initial synthetic seismic records. Then, these
records were compared with the wellbore seismic record for time—depth correction of
logging curves. Finally, the wavelets were iteratively modified based on the corrected
logging data and the output records were treated as the standardized wavelets. Based
on these new wavelets, synthetic seismic records were produced and compared with the
seismic records of the well side, followed by the time-depth correction. The process of
comparing seismic records was repeated until the optimal match was reached, resulting in
the final synthetic seismic records.

2.4. Establishment of Initial Wave Impedance Model

Establishing the initial wave impedance model is mainly based on interpreted strati-
graphic layers and relevant neighboring logging data. The establishment of this model
could correlate the seismic interface information, that continuously changes, laterally with
the measured common wave impedance data. This effectively controls the range of the
solution and constrains its structure, which is fundamental to reduce the ambiguity of the
inversion results. Therefore, the rationality of the initial wave impedance model directly
affects the accuracy of the inversion results [21,22].

On the seismic profile, the major reflection layers were selected, and some control
points were selected. The interpreted wave impedance curves were applied to calibrate
these control points, along with geology data. Then the interpolation was conducted
internally and externally. The most widely used interpolation methods include the inverse
distance squared weighted interpolation, kriging interpolation, and fractal interpolation.
Based on this procedure, the initial wave impedance model was established.

2.5. Inversion Calculation

The classic generalized linear inversion is achieved by the following procedures. The
forward modeling results of the initial model were compared with the actual seismic profile.
Based on the errors, the forward models were then iteratively modified to approximate the
actual data, thus resulting in the final inversion model [23]. Assume S as the seismic record,
I as the wave impedance model, and the forward model of S and I is given as follows:

3s(I)

S(1) = S(lo) + =

|1y AT 3)
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I=pv (4)

where Ij is the initial wave impedance, asa—(ll) is the sensitivity matrix, Al is the impedance

error between forward modeling results and actual results, p is the rock density, and v is
the velocity of acoustic waves.
From the above equation, the least-squares solution becomes [24]

Al = (AAT + 020,2) ' ATAS 5)

where A is the Jocobi matrix, 0;, is the variance of noises within records, o, is the variance
of modelling records, and AS is the difference between recorded and synthetic seismic
records.

Based on the above principles, seismic, logging, and geologic data were employed in
the broadband constrained inversion method. This process was based on the logging data,
which was constrained by the seismic data, aiming at obtaining the optimal broadband
wave impedance model.

2.6. Seismic Impedance Correlated with Wellbore Stability

Some researchers gave the relationship between seismic properties such as velocity,
density, and pore pressure as follows [25]. Based on the definition of seismic impedance,
the seismic impedance is mapped and correlated with pore pressure, collapse pressure, and
fracture pressure [3].

Up = By + Byp + Ban/ Vi, + B3[100(0, — pp) — 10084 (co=pp)] (6)

Vep = a1+ A0p + a3 vs (7)

where v, is the p-wave velocity, vs is the s-wave velocity, V), is the mass percentage of clay
in rocks, 0y is the overburden in-situ stress, and p,, is the pore pressure, a1, a, a3, By, By,
By, B3, and By are constants for specific research area.

fi(pp, Iy, o) =
f2(pa; Ip/ 0'11)
f3(?’ff1p/‘70) =

0

0 (®)
0

where p. and py are collapse and fracture pressures for drilling.

2.7. Procedure of Seismic Impedance Inversion

Based on logging data such as acoustic and density, acoustic wave velocity and density
were calculated for each formation layer. Seismic wave data were then used to predict
the rock properties, geologic structures, and petrophysical properties [26]. Based on the
seismic wavelet properties extraction, the logging was firstly correlated to them using
Seismic MEME Inversion (SMI, version 3.0) package. From seismic data, the horizons
were calibrated by the depth based on the velocity model. Then, the initial model was
constructed from the wavelet extraction and the horizon calibration. From the inversion
iteration, the post-stack seismic data was then transformed into seismic impedance. Lastly,
the P-wave velocity and the density were both correlated to the seismic impedance. This
workflow is illustrated in Figure 2.
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Figure 2. The workflow for seismic impedance inversion.

3. Field Application

In Figure 3, the Hutubi tectonic zone was selected for modelling seismic impedance
and pre-drilling prediction of wellbore stability. There were limited exploration wells in
this zone, such as Hu—102, Hu—103, and Hutan—1 wells, along with an adjacent planned
well Hugian—1. Seismic data from the local tectonic zone were utilized to construct the
impedance model following the aforementioned method.

. = — . " =

ﬁ 8 "\‘%\ \%ﬁm}l-l}l\tvu bi-te
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Figure 3. Ultra-deep wells of the Hutubi tectonic zone of the south margin, Junggar Basin.

The layering models of relationships between seismic velocity and logging data of the
whole formation layers were constructed using seismic attributes and the corresponding
acoustic logging data. Then, the acoustic logging data, or interval transit time of ten corre-
sponding formations were predicted using layering models seismic data. The predicted
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logging data of the eight intervals were composed together to generate the acoustic logging
trace ranging from 0 m to 7950 m in depth, as shown in Figure 4.

L:150 L:208 L:266 L:324 L:382 L:440 L.:498 L:556 L:614 L:672 1.:730

Two-way travel time (ms)
_lQ
=3
=
=

3,200

Figure 4. The sonic interval transit time (p-wave) within the Hutubi area.

The density logging trace could be predicted by using the same method as shown in
Figure 5. The density logging data of other formations can be derived from the predicted
sonic logging data (i.e., interval transit time) based on the empirical relationship. Figure 6
shows the three-dimensional pore-pressure prediction results for this area.
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Figure 5. The density body of the Hutubi area.

Figure 7 and Table 1 show the predicted three pressures for the well Hutan-1. From the
deviation comparison of the P-wave acoustic transit time and the normal compact trend line
(NCTL), it demonstrates two abnormal highly pressurized sections such as Taxihe Group
(N1t) and Anjihaihe group (E;_3a), whose pore-pressure gradients reach 1.38 g/cm? and
1.5 g/cm?, respectively. In these two sections, the corresponding mud density windows
become narrower than the normal pressurized formations. The downhole measurement of
pore pressure at 7300 m is 2.02 g/cm?, which is comparable to the prediction of 2.04 g/cm?3,
with a relative error of less than 1%. This shows great potential of pore-pressure prediction
using the seismic inversion method. Due to the limited chance of downhole measurement
of pore pressures, there are no additional measurements of pore pressures.
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Figure 6. The three-dimensional pore-pressure predicted results of the Hutubi area.
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Figure 7. The predicted three-pressures profiles for Well Hutan—1.
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Table 1. The predicted three-pressure data of the well Hutan—1.

Bottom Vertical Depth ~ Pore-Pressure Gradient Collapse Pressure Gradient  Fracture Pressure Gradient

Formation (m) (g/em?) (g/em?) (g/cm?)
Dushanzi Group-N,d 0~2450 0.99~1.00 1.64~1.87 1.12~1.35
Taxihe Group-Njt 2450~2970 1.00~1.38 1.75~1.92 1.35~1.53
Shawan Group-Njs 2970~3240 1.00~1.37 1.65~1.91 1.53
Anjihaihe Group-E,_3a 3240~3985 1.02~1.50 1.76~1.95 1.30~1.85
Ziniquanzi Group-E1_»z 3985~4630 1.02~1.50 1.70~1.95 1.30~1.70
Donggou Group-K,d 4630~5700 1.49~1.50 1.90~1.94 1.70~1.75
Lianmugqin Group-Kj1 5700~6255 1.50~1.92 1.90~2.16 1.73~2.15
Shengjinkou Group-K;s 6255~6470 1.87~2.00 2.17~2.28 2.13~2.14
Hutubi Group-K;h 6470~7150 1.90~2.01 2.16~2.25 2.14~2.18
Qingshuihe Group-K;q 7150~7770 1.93~2.07 2.16~2.27 2.08~2.18

Figure 8 and Table 2 show the predicted three pressures for the well Hugian-1. From
the deviation between P-wave acoustic transit time and the NCTL, it demonstrates two
abnormal highly pressurized sections such as Taxihe Group (N;t) and Anjihaihe group
(E2_3a), whose pore-pressure gradients reach 1.38 g/cm? and 1.5 g/cm?, respectively. In
these two sections, the corresponding mud density windows become narrower than the
normal pressurized formations. This indicates that they are the most unsafe drilling depth
sections for the well Huqgian-1. The above practical application shows that the prediction
model proposed in this paper is effective and feasible for practical drilling activities.

6o Transit time (us/fo) 0.9 Pore Pres. Grad. 2AI
Layer| Depth 0.9 Frac. Pres. Grad. 2AI
TL ft
(m) 160 NETL (rat) Collap. Pres. Grad, I
0.9 24
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zones |r—------—-
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Figure 8. The predicted three-pressure profiles of the well Hugian—1.
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Table 2. The predicted three-pressure data of the well Hugian—1.

Bottom Vertical Pore-Pressure Collapse Pressure Fracture Pressure

Formation Depth Gradient Gradient Gradient
(m) (g/cm®) (g/cm®) (g/cm3)

Dushanzi Group-N,d 0~2450 0.99~1.00 1.00~1.19 1.64~1.87
Taxihe Group-Njt 2450~2970 1.00~1.38 1.18~1.52 1.75~1.92
Shawan Group-Njs 2970~3240 1.00~1.37 1.06~1.48 1.65~1.91
Anjihaihe Group-E;_3a 3240~3985 1.02~1.50 1.31~1.71 1.76~1.95
Ziniquanzi Group-E_»z 3985~4630 1.02~1.50 1.31~1.52 1.70~1.95
Donggou Group-K,d 4630~5700 1.49~1.50 1.48~1.75 1.90~1.94
Lianmugin Group-K;1 5700~6255 1.50~1.92 1.62~1.78 1.90~2.16
Shengjinkou Group-Kjs 6255~6470 1.87~2.05 1.78~1.92 2.17~2.25
Hutubi Group-K;h 6470~7150 1.90~2.05 1.81~1.98 2.16~2.30
Qingshuihe Group-K;q 7150~7770 1.93~2.03 1.97~2.00 2.16~2.25

4. Conclusions

(1) Based on seismic inversion, borehole stability could be evaluated by constructing the
relationship between three pressures and seismic velocity. The input data include
seismic, logging, and geological information, which together could realize real-time
prediction of acoustic and density log data of undrilled formations.

(2) In the ultra-deep well Hugian—1, two abnormal highly pressurized sections are
confirmed as Taxihe and Anjihaihe groups, which conforms to the practical drilling
activities. The preliminary results demonstrate that the relationship between three
pressures and seismic velocity is effective for the Hutubi area.

(3) This model is applicable to P-wave real-time prediction of borehole stability within the
scope of multiple wells in the same geological block. The precision of the prediction is
satisfactory for the real-time operation requirements for local drilling.
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