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Reservoir porosity is a crucial indicator of the physical properties of reservoirs, forming the foundation 
for oil and gas exploration, development design, and decision-making. Currently, it is primarily 
obtained through core testing or logging interpretation, but the lack of quantitative evaluation 
methods during drilling limits the timeliness and efficiency of porosity acquisition. Based on this, this 
study focuses on the tight sandstone reservoir in the East China Sea shelf basin, conducting modeling 
and rock-breaking simulations of 5 blade and 6 blade polycrystalline diamond compact (PDC) bits 
commonly used in the region. It investigates the relationships between rate of penetration (ROP), 
torque, mechanical specific energy (MSE), physical index, and other parameters for rocks with varying 
physical characteristics. A real-time quantitative prediction method for reservoir porosity, based on 
drilling and logging engineering parameters, is proposed. The results indicate that: (1) Significant 
differences in the response characteristics of rate of penetration, torque, and MSE are observed 
when drilling formations with identical mechanical characteristics, due to the influence of bit type. 
Therefore, these engineering parameters are not suitable for directly predicting reservoir porosity. 
(2) The relationship between the physical index and elastic modulus for 5 blade and 6 blade PDC bits 
is highly consistent, with both increasing logarithmically as elastic modulus increases. This suggests 
that the physical index can eliminate the influence of bit type and more accurately reflect changes in 
formation characteristics during drilling. (3) Using elastic modulus as an intermediary parameter, a 
model is established that relates porosity to the physical index, showing that porosity decreases as a 
power function of the physical index. The research findings were cross-verified in well NB13-4-A, with 
a 91.57% agreement between the porosity predicted by engineering parameters and the logging-
derived porosity. The prediction method was applied to 20 exploration wells in the NB13-4 working 
area, yielding an average porosity consistency rate of 85.74%. This demonstrates that the method can 
provide timely, efficient, and accurate support for decision-making in exploration operations, such as 
intermediate testing and well completion.
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Abbreviations
PDC	� Polycrystalline diamond compact
ROP	� Rate of penetration
MSE	� Mechanical specific energy
WOB 	� Bit weight
MSEJ 	� Mechanical specific energy base value
RPM 	� Rotate speed
P	� Physical index
LWD	� Logging while drilling

Tight sandstone reservoirs are characterized by significant burial depth, high diagenetic strength, dense lithology, 
complex pore structures, and strong heterogeneity. Real-time, quantitative prediction of reservoir porosity during 
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drilling is a key task in the exploration of tight sandstone reservoirs. Existing methods for evaluating reservoir 
physical properties include core identification, seismic wave monitoring, and imaging logging technologies1–3. 
Core identification relies on core porosity experiments, which require on-site core sampling and are costly and 
discontinuous. Seismic wave monitoring is a pre-drilling method that reflects reservoir physical properties 
using geophysical data, core or cuttings analysis, and crack observations. Due to multiple possible solutions, 
interpretation accuracy is low, and prediction reliability is insufficient. Imaging logging is a post-drilling method 
that uses logging instruments to measure porosity. Common logging methods include natural gamma, neutron, 
acoustic, and density logging4–7. Different logging methods can reflect changes in reservoir porosity to some 
extent, but they suffer from significant delays and cannot pro-vide real-time insights into the reservoir’s physical 
properties. This limits decision-making, such as advanced drilling, drilling depth adjustment, and mid-course 
testing, which in turn restricts deep and ultra-deep oil and gas exploration. For tight sandstone reservoirs, these 
porosity evaluation methods face issues such as low data quality, multiple solutions, and low accuracy, which 
pose challenges to effective reservoir prediction and identification. In recent years, some scholars have used 
MWD technology for qualitative identification of reservoir physical properties8–10, but few studies have explored 
its use for quantitatively explaining changes in these properties. Currently, numerical simulation methods are 
employed to develop geometric, kinematic, and interactive mechanical models of full bits, which are used to 
study the gradual maturation of cutter forces11–18. However, due to the coarse mesh used in finite element 
modeling, it is impossible to analyze the rock-breaking response of the entire bit. Furthermore, existing studies 
lack a comparative analysis of numerical simulation results for ROP, torque, and MSE.

Therefore, a PDC bit rock-breaking simulation was conducted in the NB13-4 working area, and the concept 
of the physical index was introduced. The relationship models between porosity and elastic modulus, as well as 
between the physical index and elastic modulus, were combined to establish a model linking the physical index 
and porosity through the elastic modulus. A quantitative method for predicting the porosity of tight sandstone 
reservoirs based on logging engineering parameters has been developed. This method offers advantages such as 
low cost, high precision, and real-time capability. Field applications of the physical property evaluation for tight 
sandstone reservoirs in the working area demonstrate that the method is both practical and effective. It provides 
real-time physical property data during drilling and logging, showing strong potential for future applications.

Engineering parameters of LWD and their derived values
Several types of sensors are installed at various locations on the well logging site, including the drill floor, mud 
pumps, and high-pressure manifold. These sensors monitor engineering parameters in real time, such as weight 
on bit, rotational speed, torque, mechanical penetration rate, pump stroke, riser pressure, and casing pressure. 
These parameters can indicate abnormal drilling conditions (e.g. bit passivation, bit mud packing, or tool failure) 
as well as reflect the geological characteristics of the formation, such as the physical properties of the reservoir. 
The drilling process can exhibit varying degrees of efficiency depending on these properties.

Individual parameters, such as weight on bit, rotational speed, torque, and mechanical penetration rate, 
exhibit certain responses to reservoir physical properties. However, these parameters are influenced by multiple 
factors, including downhole tools, bit types, and drilling conditions, which limits their ability to accurately 
reflect reservoir properties. Therefore, they are not reliable indicators for assessing reservoir characteristics.

MSE calculation model
MSE refers to the energy required by the bit to fracture rock per unit volume. It primarily consists of two 
components: the work done by bit weight (vertical work) and the work done by torque (tangential work). The 
classical MSE calculation model, pro-posed by R. Teale, is presented in Eq. (1)19.

	
E = 4W

πD2
b

+ 480NTb

D2
b vROP

� (1)

where E represents the MSE (MPa); W  represents the weight on bit (N); N  represents the rotating speed of 
the turntable (r/min); Tb represents the torque (N·m); vROP represents the rate of penetration (m/h); and Db 
represents the drill diameter (mm).

MSE combines parameters such as weight on bit, speed, torque, rate of penetration, and bit size into a single 
comprehensive metric. It is derived from the data acquired by the comprehensive logging instrument and can be 
continuously calculated in real time. The MSE varies depending on the reservoir’s physical properties. It is higher 
in hard and dense formations, and lower in formations with porosity and fractures.

Calculation method for the base value of MSE
The basic value of mechanical specific energy is obtained by sliding up and down the maximum value of 
mechanical specific energy, which can better indicate the entering and exiting reservoir. The calculation formula 
for the baseline value of MSE is presented in Eq. (2).

	
c MSEJ = MSEU + MSED

2
� (2)

The formula for calculating the base value of MSE is presented in Eq. (3).

	

{
MSEU = SUM(LARGE(MSEBi−n : MSEBi, {1, 2, 3, ..., 2n/5}))/0.4n

MSED = SUM(LARGE(MSEBi : MSEBi+n, {1, 2, 3, ..., 2n/5}))/0.4n
� (3)
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where: MSEU  represents the MSE sliding up value (MPa), MSED denotes the MSE sliding down value 
(MPa), and MSEJ  refers to the MSE base value (MPa).

	(1)	 MSEU (sliding up) is the mechanical specific energy from the top to the calculation point to take n values, 
take 2n/5 of the maximum values, and then take the average of 2n/5 of the maximum values, as shown in 
the blue line in Fig. 1.

	(2)	 MSED (sliding down) is to take n values from the calculation point to the bottom of the mechanical spe-
cific energy, take 2n/5 maximum values, and then take the average of these 2n/5 maximum values, as shown 
in the yellow line in Fig. 1.

	(3)	 The significance of MSEU  is that it is more accurate to enter the reservoir and get stuck. The significance 
of MSED is that it is more accurate to exit the reservoir and get stuck.

	(4)	 The mechanical specific energy base value is the average of the mechanical specific energy base value (slid-
ing up) and the mechanical specific energy base value (sliding down)..

Parameter derived from the physical index
To eliminate the influence of bit type and engineering parameters, a physical in-dexbased parameter is introduced 
for the dimensionless normalization of MSE. The physical index is defined as the ratio of MSE to its reference 
value, as shown in Eq.  (4). The physical index reflects the variation in the formation’s physical properties. A 
physical index near 1 indicates low formation porosity, suggesting underdeveloped formation. If the physical 
index is below 1, it indicates high porosity and the presence of holes and fractures in the formation. The lower 
the physical index, the higher the porosity.

	
P = MSE

MSEJ
� (4)

where P  represents the physical index and MSEJ  refers to the base value of the MSE (MPa).

Numerical simulation of the rock-breaking process using a PDC bit
The rock breaking mechanism of PDC bits
A PDC bit relies on shearing the rock to achieve a crushing effect. The shear rock-breaking method has relatively 
low crushing power; however, the PDC bit’s composite material offers high wear resistance and self-sharpening, 
enabling continuous and efficient rock breaking. The bit’s excellent wear resistance significantly reduces the 
passivation rate of the cutting edge, while its self-sharpening capability ensures effective rock penetration 
and breaking, even when worn. The PDC composite diamond layer has much higher wear resistance than 

Fig. 1.  The calculation method of mechanical specific energy base value based on sliding up and sliding down.
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the cemented carbide matrix. As the diamond wears, the cemented carbide matrix wears significantly faster, 
ensuring that the diamond layer remains sharp and continues to cut effectively20. This is the principle behind the 
self-sharpening effect of the PDC bit.

PDC bit geometry
The geometry of the PDC bit primarily describes the spatial positioning of the PDC bit cutters after the coordinate 
system is defined20. Based on this, mathematical equations for characteristic curves and surfaces are developed 
to define the positional relationship between the bit and the cutters. The geometric position of the PDC bit, 
cutting surface area, cutting angle, and cutting load model are all derived from the bit geometry.

Constitutive relationship of rocks in the elastic stage
Rock deformation in the elastic stage is minimal. The stress–strain curve indicates that the constitutive 
relationship of rocks in the elastic stage is approximately linear20. Therefore, a linear elastic model is commonly 
used to describe the constitutive behavior of rocks in the elastic stage.

Strength and yield criteria of rock in the plastic deformation stage
When the rock material transitions into the plastic state, the stress–strain curve becomes nonlinear, and the 
rock’s constitutive behavior becomes more complex. First, the stress–strain curve must be analyzed to determine 
whether the rock has reached the plastic state, which requires establishing appropriate yield conditions or failure 
criteria. Generally, the yield condition or failure criterion of a rock indicates a stress or strain state (or both) at 
which the rock loses its load-bearing capacity. Once it is deter-mined that the rock has entered the plastic state, 
the constitutive relationship for the plastic stage is established. At this point, the relationship between stress 
and strain is no longer one-to-one; instead, the relationship between stress and strain increments can only be 
established.

The Mohr–Coulomb and Drucker-Prager yield criteria (D-P yield criteria) are widely used to describe the 
yield behavior of rocks in the plastic stage. The Mohr–Coulomb criterion is an isotropic hardening–softening 
model, where rock yield-ing occurs if the shear stress in a plane exceeds a certain threshold. However, the Mohr–
Coulomb criterion does not account for confining pressure. In contrast, the D-P yield criterion, which modifies 
the Mohr–Coulomb model, incorporates confining pressure and also reflects the expansion of rock caused by 
shear stress20.

PDC bit and rock simulation model
Assumed rock conditions
During the rock-breaking process with a PDC bit, the rock is heterogeneous and exhibits anisotropy. Rock 
anisotropy can be categorized into two types: the first type arises from the presence of micro-cracks and their 
directional arrangement and distribution. The first type of anisotropy, known as stress anisotropy, varies with 
changes in rock stress. The second type results from the directional alignment of rock particles and remains 
unaffected by variations in rock stress. The following assumptions apply to the PDC cutting gear and the rock:

① The PDC teeth and rocks are treated as homogeneous, continuous media, without considering the influence 
of porous structures.

② The entire rock cutting process is assumed to be adiabatic, neglecting fluid resistance.
③ The rock is treated as an infinite body, ignoring both the side effects and stress wave reflections at its 

boundary.
④ The overall motion of the rock is ignored, and the initial stress in both the particles and rock is assumed 

to be zero.
⑤ The PDC rock breaking process is assumed to be stable and uniform. A numerical simulation is conducted 

by applying a displacement load to the cutter. The resulting support reaction force is extracted from the post-
processing data, and compared with experimental load measurements to verify the simulation accuracy.

The development of geometric models
The PDC bit is a rotary cutter with a diameter of 215.9 mm. The 5 blade bit has 44 main cutting teeth: 34 large 
teeth with a diameter of 12.6 mm and 10 small teeth with a diameter of 9.2 mm. The 6 blade drill has 52 main 
cutting teeth: 30 large teeth with a diameter of 16.2 mm and 22 small teeth with a diameter of 13.6 mm. The 
rock model is a cylinder with a diameter of 700 mm and a thickness of 200 mm. The geometric model is shown 
in Fig. 2.

Grid division
In finite element analysis, the mesh density influences both calculation accuracy and computational time. Thus, 
it is essential to balance accuracy and solving efficiency when determining mesh division. If the grid is too dense, 
the calculation will be time-consuming and require excessive memory. Conversely, if the mesh density is too 
sparse, the failure-induced rock fragments may not be visible during post-processing, or the detachment may 
be unrealistic, leading to errors in the output curve. Therefore, the cut portion of the rock’s geometric model is 
segmented. Based on the size of the cuttings, the mesh density is increased to 150 elements for the inner ring, 
while a coarser mesh with 60 elements is used for the outer ring. The drill mesh unit uses a C3D4 tetrahedral 
mesh, while the rock mesh unit employs a C3D8R hexahedral mesh. This choice ensures both accuracy and 
improved computational efficiency. Addition-ally, enhanced hourglass control is applied to minimize excessive 
mesh distortion. The grid division is illustrated in Fig. 3.

Scientific Reports |        (2025) 15:14241 4| https://doi.org/10.1038/s41598-025-98311-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Define the material properties and the failure criteria
① Elastic constitutive relation.

Set the drill as a rigid unit and the other components as elastic units. The drill bit density is 7.9g/cm3, the 
elastic modulus is 206GPa, and the Poisson ratio is 0.3. According to the material properties of sandstone, it is 
assumed that the rock density is 2.6g/cm3, the elastic modulus is 20GPa, and the Poisson ratio is 0.25.

② D-P plastic constitutive relation.
The classical D-P model is extended using finite element simulation software, enabling the yield surface shape 

on the meridian plane to be simulated by linear, hyperbolic, or exponential functions. The extended linear D-P 
model is applied to simulate the rock’s structural and mechanical characteristics, accounting for the influence of 
confining pressure on yield properties and the shear-induced expansion of the rock.

The extended D-P model possesses the following characteristics:
① In numerical simulations of rock and soil materials, the yield limit increases with confining pressure.
② The material used to simulate tensile yield strength is much weaker than its compressive yield strength.
③ It permits isotropic hardening or softening of the material, accounting for its dilatancy.
④ It can model strain rate-dependent materials and simulate their properties under monotonic loading.
(5) Rock failure criteria.
The Johnson–Cook shear failure model relies on the equivalent plastic strain at the integration points of 

the elements, assuming material failure occurs when the failure parameter exceeds 1. If failure occurs at all 
integration points, the corresponding cell is removed from the grid. The failure parameter definition is provided 
in Eq. (5).

	
W =

∑ ∆εpl

εpl
f

� (5)

In this context, W  represents the failure parameter, ∆εpl denotes the increment in equivalent plastic strain, and 
εpl

f  indicates the critical equivalent plastic strain.
The critical equivalent plastic strain is presented in Eq. (6).

	
εpl

f =
[

d1 + d2 exp
(

d3
p

q

)] [
1 + d4 ln

(
ε̇pl

ε̇0

)] (
1 + d5θ̂

)
� (6)

Fig. 3.  Rock meshing.

 

Fig. 2.  Bit geometry model.
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where: ε̇pl/ε̇0 represents the dimensionless plastic strain rate; p denotes the hydrostatic pressure; q refers to 
the Mises stress; θ̂ indicates the dimensional temperature; d1 ∼ d5 is the failure parameter at the transition 
temperature, determined through a tensile-torsion experiment; ε̇0 is the reference strain rate.

Define the analysis steps, contact conditions, constraints, and applied loads
① Constraints and loads.

First, define an RP point and attach the cutter to the rigid body at this point. This approach allows for easy 
extraction of the final cutting force and enables load application in the storage. A displacement load is applied 
to the PDC bit in the tangential cut-ting direction, and the loading process is analyzed over time. The rotational 
speed is set to 60 r/min, and the weight on the bit is fixed at 55 kN. The boundary conditions are as follows: the 
constraint of rock freedom in the Z-direction on the X–Y plane, the constraint of freedom in the X-direction on 
the Y–Z plane, the constraint of freedom in the Y-direction on the X–Z plane, and the tangential movement of 
the cutting teeth in the cutting direction.

② Analysis step
In the rock-breaking process of a PDC bit, the interaction between the cutter and the rock mass is both 

nonlinear and stochastic, varying over time. The total duration for each analysis step is set to 20 s.
③ Contact each other.
Each rock node is in contact with the cutter face of the PDC bit. The friction penalty formula is selected in 

the tangential formula, and the friction mechanism between the cutter wear surface and the rock interface is 
analyzed by carrying out the indoor micro-PDC bit drilling experiment, and the friction coefficient between 
the rock and the cutter is obtained. The normal formula is the “hard contact” formula, the normal force model 
follows the “hard contact” approach. Specifically, when the gap between two surfaces reduces to zero, a contact 
constraint is applied, allowing unlimited transmission of contact pressure between the surfaces. If the contact 
pressure between the sur-faces becomes zero or negative, the surfaces will separate, and the constraints will 
be removed. The normal direction of the contact surface does not transmit tension, and nodes on the passive 
surface cannot penetrate the active surface elements.

Solving and generating ODB files and post-processing
The analysis file for the cut rock is created, and parallel computation is performed using the computer’s CPU 
processor. Finally, the drilling rate and torque of the PDC bit during rock breaking are extracted at the RP point.

Rock brake simulation
The dynamic analysis module of finite element simulation software was used to simulate drill bit and rock. 
In the established finite element model, the bit adopted 5/6 blade PDC bit, and set it as rigid unit, and other 
components were set as elastic unit. The rock is sandstone and its elastic–plastic mechanical properties are 
considered. In order to improve the accuracy of the solution, the cutting teeth of the PDC bit and the rock area 
mainly touched by the bit are respectively encrypted during the cell mesh division, so as to ensure that the fine 
degree of mesh division has no influence on the result. During the load setting process, a constant rotational 
angular speed is applied to the turntable and a constant bit weight is applied to the PDC bit combination. In 
terms of displacement constraints, Z-direction fixed constraints are applied to the X–Y ground, X-direction 
fixed constraints are applied to the Y–Z side, and y-direction fixed constraints are applied to the X–Z side. 
Through the setting of key modeling factors such as geometric model, mesh number and constitutive model, 
rock braking simulation is carried out to model rock breaking simulation model of PDC bit and analyze the 
characteristics of rock breaking response.

The parameters of PDC bit and rock geometry structure are shown in Table 1.

Characteristic analysis of rock breaking simulation response of PDC bit
This paper presents a rock-breaking experiment and simulation for the cutting unit, determining key modeling 
factors such as the basic geometric model, mesh scale, and constitutive model. Based on these, the modeling and 
verification of the drill rock-breaking simulation model are conducted.

Bit property Number of main cutters Number of large cutters Large cutter diameter Number of small cutters Small cutter diameter

PDC-5 blade 44 34 12.6 mm 10 9.2 mm

PDC-6 blade 52 30 16.2 mm 22 13.6 mm

All bits
Drill diameter Density  Elastic modulus Poisson's ratio Fixed bit weight Fixed rotate speed

215.9 mm 7.8 g/cm3 210 GPa 0.3 55 kN 60 r/min

Rock

Rock thickness Density  Elastic modulus Poisson's ratio Shear stress ratio Friction angle

200 mm 2.636 g/cm3 20.44 GPa 0.25 0.33 53°

Rock diameter Flow stress ratio Expansion angle Fracture strain Strain ratio Destructive displacement

700 mm 0.8 10° 0.15 0.0001 2 mm

Table 1.  Geometric parameters of PDC bits and rocks.
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The relationship between rate of penetration and elastic modulus
The elastic modulus was used as the parameter to characterize the formation’s mechanical properties. The 
response characteristics of drilling rate and elastic modulus for 5 blade and 6 blade PDC bits were obtained 
through rock-breaking simulations, as shown in Fig. 4.

The drilling rate of a 5 blade bit ranges from 3.07 to 4.45 m/h, while the rate for a 6 blade bit ranges from 2.26 
to 3.88 m/h. Under the same elastic modulus, the drilling rate of the 5 blade bit is higher than that of the 6 blade 
bit. Both drilling rates decrease linearly as the elastic modulus increases.

The relationship between torque and elastic modulus
The elastic modulus was used as a parameter to characterize the mechanical properties of the formation. The 
response characteristics of torque and elastic modulus for 5 blade and 6 blade PDC bits were obtained through 
rock-breaking simulations, as shown in Fig. 5.

The rock-breaking torque of the 5 blade bit ranges from 5.42 kN·m to 7.21 kN·m, while that of the 6 blade bit 
ranges from 7.06 kN·m to 8.33 kN·m. With the same elastic modulus, the 5 blade bit exhibits a smaller torque, 
while the rock-breaking torque of both bit types increases logarithmically as the elastic modulus increases.

The relationship between MSE and elastic modulus
The elastic modulus was used as the parameter to characterize the formation’s mechanical properties. The 
response characteristics of MSE and elastic modulus for 5 blade and 6 blade PDC bits were obtained through 
rock-breaking simulations, as shown in Fig. 6.

Fig. 5.  The torque as a function of elastic modulus.

 

Fig. 4.  The rate of penetration as a function of elastic modulus.

 

Scientific Reports |        (2025) 15:14241 7| https://doi.org/10.1038/s41598-025-98311-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The MSE of the 5 blade bit ranges from 131.53 MPa to 166.73 MPa, while for the 6 blade bit, it ranges from 
160.98 MPa to 201.17 MPa. Under the same elastic modulus, the MSE of the 5 blade bit is lower. The MSE of both 
types of bits increases exponentially as the elastic modulus increases.

The relationship between physical index and elastic modulus
The baseline elastic modulus of the rock in the NB13-4 working area is 63.57 GPa. Using the relationship model 
between MSE and elastic modulus shown in Fig. 6, the baseline MSE of the 5 blade PDC bit is 176.10 MPa, while 
that of the 6 blade PDC bit is 213.47 MPa. The physical index for the 5 blade and 6 blade PDC bits is obtained 
by dividing the MSE shown in Fig. 6 by the corresponding baseline values. Figure 7 illustrates the response 
characteristics of the physical index and elastic modulus.

Figure 7 illustrates that, although the MSE of the 5 blade and 6 blade PDC bits in formations with the same 
elastic modulus differ significantly, their physical index values are quite similar. The relationship between the 
physical index and the elastic modulus is consistent, with both indices increasing exponentially as the elastic 
modulus increases, as described in Eq. (7).

	 P = 0.7197e0.0054E � (7)

When engineering parameters are used to characterize the mechanical properties of the formation, the physical 
index can eliminate the influence of bit type, making it more applicable than other indices.

Fig. 7.  The physical index as a function of elastic modulus.

 

Fig. 6.  The MSE as a function of elastic modulus.
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Prediction of reservoir porosity using physical index
The relationship between porosity and elastic modulus
In general, an increase in porosity leads to a decrease in the formation’s elastic modulus. The relationship curve 
between porosity and elastic modulus, derived from the logging interpretation results of the working area, is 
presented in Fig. 8.

Porosity decreases exponentially as the elastic modulus increases. A regression analysis was used to establish 
a relationship model between porosity and elastic mod-ulus, as shown in Eq. (8).

	 ϕ = 50.033e−0.041E � (8)

In this equation, ϕ represents the porosity (%) and E represents the elastic modulus (GPa).

The relationship between porosity and physical index
The relationship between porosity and the physical index is derived from Eqs. (7) and (8), as illustrated in Fig. 9.

The porosity decreases as a power function with the increasing physical index. The mathematical relationship 
between these two variables, as described by Eq. (9), can be used to quantitatively predict the porosity of tight 
sandstone reservoirs in the study area.

	 ϕ = 4.1762P −7.489� (9)

Fig. 9.  The porosity as a function of physical index.

 

Fig. 8.  The porosity as a function of elastic modulus.
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In this equation, ϕ denotes porosity (%) and P  represents the physical index.

Application of LWD engineering parameters for porosity prediction in field environments
The method for predicting reservoir physical properties based on engineering parameters obtained during 
drilling and logging has been applied to over 20 exploration wells in the tight sandstone reservoir of the NB13-
4 area. The comprehensive logging tool continuously collects engineering parameters, including weight on 
bit, rotate speed, torque, and ROP. It calculates the MSE and physical index, predicts the reservoir porosity, 
and compares the predicted values with the actual logging porosity. As an example, well NB13-4-A's porosity 
verification results are presented in Table 2, and the field application analysis is illustrated in Fig. 10.

The predicted LWD porosity of well NB13-4-A ranges from 10.61 to 16.49%, with an average of 13.26%. The 
absolute porosity error ranges from 0.96 to 20.74%, with an average of 8.43%. The porosity coincidence rate of 
well NB13-4-A is 91.57%.

Similarly, 20 exploration wells in the tight sandstone reservoir of the NB13-4 working area in the East China 
Sea shelf basin were analyzed. The average agreement rate between porosity predicted by engineering parameters 
and logging porosity was 85.74%, demonstrating that the method can predict the physical properties of tight 
sandstone reservoirs in real time.

Fig. 10.  Field application of porosity prediction using engineering parameters during drilling in well NB13-
4-A.

 

Depth Bit weight
Rotate 
speed Torque

Rate of 
penetration MSE

MSE base 
value

Physical 
index

Predicted 
porosity

Logging 
porosity

Porosity 
absolute 
error

Porosity 
relative 
error

m t r/min kN·m m/h Mpa Mpa % % %

4371 4.71 21.72 24.59 2.76 1994.00 2341.57 0.85 13.91 14.1 − 0.19 − 1.34

4372 4.61 21.73 24.94 2.76 2023.27 2332.23 0.87 12.11 14.1 − 1.99 − 14.14

4373 5.98 20.68 25.49 2.9 1873.43 2239.84 0.84 15.91 14.1 1.81 12.86

4374 7.44 16.74 25.8 3.58 1244.34 1465.38 0.85 14.21 15.2 − 0.99 − 6.51

4375 5.67 17.05 25.95 3.52 1295.91 1556.73 0.83 16.49 15.2 1.29 8.48

4376 6.74 18.07 26.21 3.32 1470.85 1694.36 0.87 12.05 15.2 − 3.15 − 20.74

4377 4.44 19.12 24.48 3.14 1536.20 1818.30 0.84 14.76 15.2 − 0.44 − 2.89

4378 5.68 19.65 27.52 3.05 1827.33 2069.65 0.88 10.61 13.3 − 2.69 − 20.21

4379 2.63 18.53 24.06 3.24 1417.69 1638.29 0.87 12.34 13.3 − 0.96 − 7.25

4380 4.01 17.21 26.36 3.49 1339.65 1539.82 0.87 11.85 13.3 − 1.45 − 10.91

4381 6.14 6.03 24.68 9.95 155.70 182.22 0.85 13.57 14.1 − 0.53 − 3.78

4382 6.95 9.46 27.71 6.35 427.00 501.68 0.85 13.96 14.1 − 0.14 − 0.96

4383 5.63 12.13 27.63 4.94 700.17 803.79 0.87 11.74 12.4 − 0.66 − 5.33

4384 4.86 13 26.69 4.61 776.37 894.71 0.87 12.08 12.4 − 0.32 − 2.55

Table 2.  A cross-validation of the porosity data from well NB13-4-A was conducted.
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Cause analysis and future prospect of relative error rate of porosity
Alternating soft and hard bedding is a common phenomenon in tight sandstone formations, which are usually 
composed of thin layers or interlayers of different lithologies. The formation of alternating soft and hard strata is 
closely related to sedimentary cycles, tectonic compression or differential compaction ‌. The possible reasons for 
the relatively large porosity error rate in Fig. 10 are as follows:

	(1)	 Rock composition and structure: with the increase of depth, rock composition and structure may change, 
resulting in the difference of mechanical properties in the drilling process, which will affect the numerical 
fluctuations of parameters such as bit weight, rotary speed, torque and mechanical specific energy.

	(2)	 To maintain drilling efficiency and safety: In order to maintain drilling efficiency and safety, the driller may 
make timely adjustments to bit weight and rotary speed according to the geological conditions and actual 
conditions of the drilling equipment, which directly leads to fluctuations in the value of related parameters.

	(3)	 Formation pressure and temperature: Formation pressure and temperature increase with the increase of 
depth, which may lead to the change of drilling fluid properties, and then affect the mechanical penetration 
rate and mechanical specific energy and other parameters.

	(4)	 Diversity of pore structure: the pore structure in tight sandstone reservoirs is complex and diverse, includ-
ing fractures, solution pores and other types, which increases the difficulty of porosity measurement.

	(5)	 Limitations of prediction models: Current prediction models may not fully capture all geological factors 
affecting porosity, resulting in deviations between predicted results and actual measured values.

‌In future work, a comprehensive consideration should be given to logging parameters, drilling design and 
drilling parameters, and the mechanism of influence of geological factors on drilling parameters should be 
further studied, the drilling process and logging technology should be optimized, the measurement accuracy 
and data processing capability should be improved, and a more accurate and reliable porosity prediction model 
should be established.

Conclusions
Through the above research and analysis, the following conclusions can be drawn:

	1.	 The rock-breaking characteristics of 5 blade and 6 blade PDC bits were simulated and analyzed, with the 
elastic modulus as the primary parameter. Simulations were per-formed on strata with varying mechanical 
properties within the working area. The resulting torques for the 5 blade bit ranged from 5.42 to 7.21 kN·m, 
while those for the 6 blade bit ranged from 7.06 to 8.33 kN·m. The MSE for the 5 blade PDC bit ranged 
from 131.53 to 166.73 MPa, while for the 6 blade bit, it ranged from 160.98 to 201.17 MPa. Moreover, the 
rock-breaking torque and MSE were lower for the 5 blade PDC bit.

	2.	 The physical index is defined by comparing the MSE with its baseline value. The response characteristics 
of the physical index and the elastic modulus across various drill bit types exhibit strong consistency. Fur-
thermore, the physical index effectively mitigates the influence of drill bit type, offering a more accurate 
representation of reservoir drilling characteristics.

	3.	 A relationship model between porosity and physical index has been established, and a prediction method 
for reservoir porosity during drilling has been developed. The re-search results were cross-validated in well 
NB13-4-A. The porosity predicted using engineering parameters showed a 91.57% correlation with the log-
ging-derived porosity The prediction method was applied to 20 exploration wells in the NB13-4 area, achiev-
ing an average porosity correlation rate of 85.74%. This method has been proven to provide rapid support for 
decision-making in exploration operations, including mid-test evaluations and drilling completion.

Data availability
The utilized data in this study is available upon reasonable request from the corresponding author.
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