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Abstract: In response to the problem that traditional hydraulic
fracturing technology is difficult to describe the specific situa-
tion of ground fissures, this study proposes to introduce a
mechanics model of fracturing disappearance and optimize
the model in order to achieve accurate description of the
distribution of ground fissures after hydraulic fracturing.
The model is validated and analyzed through case studies,
and it is found that stress sensitivity, invasion factor, and
retention factor all have varying degrees of influence on
the tracing process. In addition, the model can accurately
infer the fractures of hydraulic fracturing wells, with a var-
iance of 148.9, a coefficient of determination of 0.81, and a
root mean square error of 1.87. In terms of production, the oil
production reaches 104.2 m3, accounting for 20.4% of the total
oil production, and the water production reaches 47.6 m3,
accounting for 15.8% of the total water production. In the
examination of economic and environmental benefits, it is
found that the model proposed by the research reduces labor
expenditure costs to 292,000 yuan, equipment costs to 392,000
yuan, chemical supplies costs to 217,000 yuan, and mainte-
nance costs to 98,000 yuan, but the revenue increases to 1.34
million yuan, and environmental satisfaction reaches 81.4%.
The comprehensive results indicate that the model can be
well applied in the tracing technology of hydraulic fracturing
radioactive sources.

Keywords: fracturing tracer mechanics model, tracer tech-
nology for hydraulic fracturing radioactive sources, stress
sensitivity, invasive factors, retardation factor

1 Introduction

With the continuous growth of the global economy and the
increasing population, human requirement for energy is
expanding day by day. Petroleum, as one of the main
energy sources, plays an irreplaceable role in transporta-
tion, industrial production, and residential life. However,
the present allocation of petroleum resources is uneven,
and most of the high-quality oil resources have been
almost completely exploited. In order to cope with the
contradiction between increasing energy demand and lim-
ited oil resources, humans have to start exploring more
difficult oil and gas reservoirs, such as deep-sea oil fields,
polar oil fields, and onshore oil fields with complex geological
conditions. However, the extraction of these reservoirs is
technically challenging, costly, and has significant environ-
mental and ecological impacts that cannot be ignored.
Hydraulic fracturing technology, as an effective strategy for
boosting output, significantly increases the output of oil and
gas wells through hydraulic fracturing, prolongs the produc-
tion life of oil fields, and to some extent alleviates the situa-
tion of energy supply shortage [1,2]. It is precisely because this
technology can address the abovementioned issues that the
evaluation and optimization of hydraulic fracturing tech-
nology are particularly important. In recent years, more
and more researchers have proposed different optimization
schemes based on this.

Du et al. [3] developed a mechanics model for tracer
concentration in biplane fractures grounded on the forma-
tion mechanism of biplane fractures and the principle of
tracer backflow. The application examples of this model
showed that the relative error between cumulative oil-
water production and actual data was less than 5%, indi-
cating that this method has good accuracy and applicability
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in solving practical problems. Liu et al. [4] established a
method for determining the productivity and connectivity
of each section of a horizontal well by testing the backflow
fluid from a fractured well and two adjacent wells to ana-
lyze the concentration dynamics of trace material tracers.
The outcomes showed that the anti-adsorption trace mate-
rial tracing system exhibited the smallest adsorption loss
and could be well used for the monitoring of pipe segments
in coal storage horizontal fracturing wells. Hua et al. [5]
established a dimensionality reduction model by inferring
parameters such as pore size and parallel fracture separa-
tion through inversion using an inhibitor. The experiment
outcomes showed that the model could predict the tracer
concentration and outflow temperature of the extraction
well, with a relative error of less than 10%. Jing et al. [6]
proposed a quantitative interpretation model for inter well
tracer in different configurations of fracture cavity reservoirs
to characterize the flow characteristics of injected fluids in
the production process of inter well fracture cavity composite
structures. The experiment outcomes showed that the fitting
effect of tracer curves in each well was good, and the average
relative error between the total flow rate interpreted by
tracer and the daily water production during mine tracer
monitoring was only 3.02%, indicating good performance of
the model. Gong et al. [7] established a sustained-release
method for oilfield oleophilic tracer based on the swelling
behavior of polystyrene in non-polar solvents to monitor
the oil production contribution of each fracturing section
for a long time. The outcomes indicated that in the context
of this method, the temperature was 150°C, the hydrophobi-
city was 113.08°, and it also had ultra-low density and low
fracture rate, which were 1.06 g/cm³ and 0.83%, respectively.
Overall, this method is very suitable for fracturing operations.
Scholars Luan et al. [8] proposed a model based on molecular
dynamics simulation to address the issue of increasing oil
recovery through carbon dioxide fracturing. This method
explores the entire process of crack propagation by injecting
carbon dioxide molecules into the formation, especially the
details of crack propagation and the damage process near the
crack tip in Type I cracks of rock samples. The experimental
results show that the fracture toughness of type I cracks
obtained by calculating the critical strength factor and energy
balance equation is in good agreement.

Although previous research [1–8] has achieved certain
results, there is still room for improvement. Previous studies
[3–7] have mostly used traditional tracer techniques without
considering environmental sensitivity or the potential for dif-
fusion and adsorption of tracers. Therefore, previous tracer
techniques are prone to poor measurement accuracy and
environmental pollution [2,8]. In addition, in many previous
studies on the evaluation of hydraulic fracturing operations

[1,4,6], empirical estimates, and geological models were
usually used, lacking real-time data and unable to accurately
reflect the actual situation of fracturing fractures. In order to
solve the problem that existing technologies and models
are difficult to accurately describe the specific situation of
formation fractures, a study proposes to introduce tracer
technology on the basis of traditional hydraulic fracturing
technology and construct a mechanics model of hydraulic
fracturing radioactive source tracer technology. The innova-
tion of this model lies in its comprehensive consideration of
the exchange between fractures and matrix fluids, as well as
the stress sensitivity of fractures, thereby achieving the solu-
tion of fracturing tracer flowback concentration and
increasing oil production.

The contribution of this study lies in first directly addres-
sing the problem that traditional hydraulic fracturing tech-
nology cannot accurately describe the details of ground fis-
sures. It innovatively introduces the mechanics model of
hydraulic fracturing tracing, providing the industry with a
cutting-edge method for analyzing the distribution of ground
fissures after hydraulic fracturing, and reshaping the tech-
nical path of fissure research. Second, rigorous case analysis
was used to thoroughly study the model, clarifying the differ-
ential effects of stress sensitivity, invasion factors, and reten-
tion factors throughout the entire tracing process, providing
empirical support for subsequent research. Furthermore, the
actual performance of the model is excellent, with good accu-
racy, which can make mining decisions more scientific and
greatly reduce the risk of blind construction. Finally, in terms
of production and overall economic and environmental ben-
efits, it still performs well, achieving a harmonious resonance
between green development and economic benefits, setting a
benchmark for sustainable development in the industry.

2 Methods and materials

2.1 Construction of hydraulic fracturing
technology

Low permeability reservoirs are often encountered in oil
and coal mining, making it impossible for oil wells to rely
on reservoir pressure to transport crude oil. Hydraulic
fracturing technology is a reservoir modification technique
that utilizes hydraulic action to form artificial fractures in
oil and gas reservoirs, thereby improving the fluid flow
capacity in the reservoirs. It can effectively address this
issue. The core concept of this technology is to use pressure
to open one or several horizontal or vertical fractures in
the formation, and then use proppants to support the
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fractures to reduce the flow resistance of oil, gas, and water,
communicate the flow channels of oil, gas, and water, and
achieve the effect of augmenting output and infusion [9,10].
The specific process is shown in Figure 1.

Figure 1 shows the process flow of hydraulic fracturing
technology. From Figure 1, it can be seen that hydraulic
fracturing technology strictly follows four consecutive
operating stages. The first step is to hold the pressure,
which mainly uses a surface high-pressure pump set with
a rated power of 2,000–3,000 hp to effectively pump the
fracturing fluid into the well by precisely controlling the
pump injection rate within the range of 4–6 m³/min, and
hold a high pressure of 60–100 MPa in the wellbore. When
the high pressure formed by holding pressure exceeds the
geostress near the wellbore (usually 15–25MPa) and reaches
the tensile strength of the rock (2–10MPa), initial cracks will
occur in the formation near the wellbore, and the direction of
the cracks is controlled by the regional stress field. This pro-
cess is called “crack formation” [11]. After the crack appears,
under the continuous injection pressure, the crack extends
forward at a speed of 0.1–0.5m/s. At this time, a precise
sanding program is used to inject high-strength ceramic prop-
pant with 20/40 mesh or 40/70 mesh, gradually increasing the
proppant concentration from 5 to 20% to ensure effective
filling of the crack and prevent its closure. Finally, after com-
pleting the extension of the fracture and filling the proppant,
the controlled backflow technique is used to gradually dis-
charge the fracturing fluid at a rate of 2–3m³/min, and the
formation pressure decreases regularly. The fracture main-
tains a stable opening of 2–5mm under the action of the
proppant, forming a new fluid channel with a conductivity
of 50–200 d cm [12,13]. From the process flow in Figure 1, it
can be observed that one of the reasons why this technology
can increase production of oil, natural gas, etc., is that it
changes the form of the fluid, as in Figure 2.

Figure 2 shows the changes in fluid morphology. In
Figure 2(a), the arrow radiates outward from the wellbore,

indicating that the fracturing fluid is injected into the for-
mation from the wellbore, forming an initial radial flow.
With the injection of fracturing fluid, the formation pres-
sure gradually increases until it exceeds the tensile
strength of the rock, leading to the formation of cracks
near the wellbore. In Figure 2(b), the arrow shows that
the fractured area extends deep into the formation, and
the oil and gas flow changes from the original radial flow
to a bilinear unidirectional flow. The advantage of this
unidirectional flow is that it allows fluid to flow more
directly from the reservoir to the wellbore, reducing fluid
diffusion and flow around complex pore structures. As a
result, compared to before fracturing, the changed linear
fluid greatly reduces flow resistance. In addition, commu-
nication with oil and gas storage areas is another major
reason why this technology can achieve increased produc-
tion [14]. Due to the heterogeneity of the formation, there is
a situation where the oil and gas accumulation zone is not
connected to the wellbore. Therefore, artificial fractures
formed by fracturing can achieve the connection between
natural fractures and artificial fractures. Based on
hydraulic fracturing technology, corresponding practical
systems can be constructed for the collection of materials
such as coal, oil, shale gas, etc., as shown in Figure 3.

Figure 3 is a schematic diagram of the system structure
constructed based on hydraulic fracturing technology. This
figure takes oil collection as an example, fromwhich it can be
seen that there are multiple core components in the system,
such as water tanks, motors, water injection pumps, and high-
pressure pipelines [15]. Among them, the pressure gauge is
used to monitor water pressure, while the high-pressure
pump provides the high-pressure water flow required for
fracturing and injects it into the underground reservoir
through drilling. In addition, the water tank can store water
resources, the flow meter is used to monitor the flow rate of
water, and the use of the pressure relief valve is related to the
pressure bearing capacity of the system itself. When the

Figure 1: Process flow of hydraulic fracturing technology.
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system pressure reaches the release threshold, the entire
system will use high-pressure pipelines to connect the water
injection steel pipe and ultimately complete the hydraulic
fracturing task.

2.2 Tracer technology for hydraulic
fracturing radioactive sources based on
mechanics models

Although hydraulic fracturing technology is currently the
main development technique used for substances such as
oil and natural gas, it often faces the dilemma of being
unable to describe the formation fractures after use [16].
In order to more accurately explain the specific distribu-
tion of underground fractures after hydraulic fracturing,
the study adopted the fracturing tracing method, which

combines the advantages of hydraulic fracturing and
radioactive source tracing technology. Strictly speaking,
this technology is a monitoring and evaluation tool. Its
main process is to add different energy tracers to the frac-
turing fluid and pump them into the formation during the
fracturing process. Then, the natural gamma ray spectro-
scopy logging tool is used to measure the gamma count rate
around the wellbore, in order to obtain the distribution of
proppants, estimate the fracture conductivity, evaluate the
segmented fracturing efficiency, and identify the height
and distortion of fractures, as shown in Figure 4.

Figure 4 is a schematic diagram of a fractured hori-
zontal well, which effectively illustrates the specific pro-
cess of fracturing tracing. From this figure, after drilling is
completed, it is necessary to immediately perform seg-
mented perforation on the horizontal well to form frac-
tures. After the crack appears, the grafting fracturing
tracer technology can be used. This process usually starts

Figure 2: Fluid morphology. (a) Before fracturing and (b) after fracturing.

Figure 3: Construction of hydraulic fracturing system.
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from the inside of the horizontal well and is independently
constructed based on the segmented perforation positions.
The main function of the pitching slider is to control the
flow of fracturing fluid and the opening of the fracturing
section [17,18]. In summary, hydraulic fracturing opera-
tions will select and deploy spheres of appropriate specifi-
cations and materials according to the requirements of
different stages. When the spheres reach the designated
slider position, they will interact with the sealing compo-
nents of the slider, changing the slider state and allowing
fracturing fluid to flow into the formation fractures. Once
the current stage of the operation is completed, the open
hole packer will separate the well section where the frac-
turing fluid injection has been completed from the well
section to be injected. After the injection of fracturing fluid
into all sections, the tracer dose in each section will vary,
providing a basis for subsequent differentiation and eva-
luation [19,20]. Based on this, the tracer migration in each
section of the fracture during the fracturing tracer process
can be further divided into three stages: injection, shut in,
and backflow, as shown in Figure 5.

Figure 5 shows the timeline of the fracturing tracer
process and the plate-like fracture model, which is based
on a two-dimensional assumption. Among them, Figure
5(a) shows the timeline of the fracturing tracer process,
while Figure 5(b) presents a two-dimensional schematic

model of the plate-like fracture. The selection of a two-
dimensional model is to simplify the analysis while clearly
demonstrating the basic characteristics of crack propaga-
tion and tracer migration. From Figure 5(a), it can be seen
that the time node of tracer migration is bounded by time
T1, with the 0–T1 time period being the injection stage, the
T1–T2 time period being the shut in stage, and the time
period greater than T2 being the backflow stage [21,22]. In
addition, the injection stage from 0–T1 can be further sub-
divided, with t0 as the time point and the time period from
0–t0 as the pre-injection stage, during which there is no
tracer present. t0–t1 is the injection stage of fracturing
fluid. In the replacement solution injection stage from
t1–T1, similar to the pre-injection stage, the replacement
solution also does not contain tracer. From Figure 5(b), it
can be seen that the formed fracture runs through the
reservoir, so the width of the fracture is consistent with
the thickness of the reservoir, and the tracer can migrate
in the positive direction on the coordinates established
with the inner boundary of the fracture as the origin
[23–25]. Based on the above process background, a mechanics
model can be established, as shown in Eq. (1).
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where Cr represents the concentration of tracer adsorption,C
represents the concentration of tracer, and a and b are both
adsorption constants. The first relation in Eq. (1) represents
the expression when the concentration level is high, while the
second sub-equation represents the linear expression when
the concentration level is low. In addition, DL represents the
diffusion mixing coefficient in the direction of seepage, ϒL

means the axial tortuosity of the rock, aL means the diffusion
coefficient of the medium, Dm represents the one molecule
diffusion coefficient, and ϕ represents the rock porosity and

Figure 4: Fracturing horizontal well flow chart.

Figure 5: Fracturing tracer timeline and fracture model. (a) Timeline of fracturing tracer process and (b) fracture model.
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the true flow velocity u of the pores. Obviously, in Eq. (1), the
third sub-equation is the expression of the mixing coefficient in
the direction of tracer flow, while the fourth sub-equation is a
simplified linear relationship expression between the disper-
sion mixing coefficient and pore flow velocity [26,27]. The
former is a complete form suitable for general situations, while
the latter is a simplified form suitable for high flow velocity
conditions dominated by mechanical dispersion. At high flow
rates, themolecular diffusion term D

ϕϒ

m

L

is much smaller than the
mechanical diffusion term a uL

1.2, andu1.2 can be approximated
asu, at which point, the two tend to be consistent. Based on the
obtained dispersion mixing coefficient, the mass transfer diffu-
sion velocity u of the tracer can be further obtained, where ∂

∂
c

x

represents the concentration gradient of the tracer in the flow
direction, c represents the concentration gradient of tracer in
the flow direction, used to describe the spatial variation in
concentration. Please refer to Figure 6 for details.

Figure 6 shows the specific flow direction of tracer in
the crack. From this figure, it can be seen that the flow
direction of the tracer in the crack starts from the injection
end and extends along the direction of the crack, all the
way to the end of the crack. During this process, the tracer
will flow along with the fluid in the fracture and interact
with the fracture wall and the primary fluid in the reser-
voir during the flow process. Therefore, based on the infil-
tration effect of tracer transport process, there are still
cases where tracer molecules enter the matrix from the
crack with water molecules, but overall, the flow path of
tracer is from the injection end to the end of the crack.

2.3 Tracer technology for hydraulic
fracturing radioactive sources based on
improved mechanics models

Although the combination of tracer technology in
hydraulic fracturing technology can form a radioactive
source tracer technology for hydraulic fracturing, and

accurately describe the distribution of underground frac-
tures after hydraulic fracturing based on mechanics
models, the current mechanics models for fracturing
tracer do not take into account the exchange between frac-
tures and matrix fluids, as well as the stress sensitivity of
fractures, and cannot calculate the concentration of frac-
turing tracer backflow. Thus, it is needful to further
improve the mechanics model of the abovementioned
hydraulic fracturing radioactive source tracing technology.
The prerequisite for improvement is to first construct a
basic mechanics model for the convective diffusion of
tracer, as shown in Figure 7.

Figure 7 shows the visualization of the mathematical
expression for convective diffusion during tracer transport
process. In this figure, X represents the direction of tracer
transport, and xd represents the transport distance. M , ′M ,
and ′′M all represent a certain cross-sectional position of
tracer transport in the unit cell, where the mass transfer
and diffusion velocity of tracer mixing corresponding to
point M is Ui. Based on the structure of this unit cell, the
mass transfer diffusion velocity and flow rate of tracer
mixing at point ′M and point ″M can be calculated corre-
spondingly, as shown in Eq. (2).
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where v1 represents the mass transfer and diffusion velo-
city of tracer mixing at point ′M , and y

1
represents the

tracer flow rate at the cross-section where the point is
located. In addition, v2 represents the mass transfer and
diffusion velocity of tracer mixing at point ″M , while v3

represents the mass transfer and diffusion velocity of

Figure 6: Schematic diagram of tracer flow direction. (a) Cross section view and (b) vertical view.
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tracer mixing at that point [28]. Ui represents the mass
transfer and diffusion velocity of tracer mixing, xd repre-
sents the distance of tracer migration, A represents the
cross-sectional area, and ϕ

f
represents the porosity, which

is the volume proportion of pores in the rock. So represents
oil saturation, which is the proportion of pores filled with
oil. Swc represents water saturation, which is the propor-
tion of pores filled with water. Dt represents a small
change in time. Based on the mathematical expression of
the unit cell structure, the final mathematical differential
equation can be obtained, as shown in Eq. (3).
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Eq. (3) is expressed as a general differential equation
for tracer convection diffusion, where R represents the
retention factor of the crack. According to this differential
equation, an optimized mechanics model for hydraulic
fracturing radioactive source tracing technology can be
constructed by considering both invasion factors and
stress sensitivity. The mathematical expression for the
migration and diffusion of tracer during the injection pro-
cess is given in Eq. (4).
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where λ1 represents the invasion factor of the immersion
process, and this invasion factor is a non-zero positive
number. uin represents the function of tracer injection
rate and time, and Cu

λ

1
represents the concentration of

tracer during the injection process. Furthermore, due to
the limited testing period considering external boundary
conditions, the tracer cannot migrate to infinity. Therefore,
the Dirichlet condition is set based on the actual situation,
which means that in the initial state, the formation does

not contain any introduced tracer [29]. The obtained con-
vection diffusion equation is shown in Eq. (5).
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Eq. (5) represents the mathematical expression of
tracer convection diffusion during the injection process,
taking into account both invasion factors and stress sensi-
tivity. After the injection stage, there is still a second stage
of shut in, and the mathematical expression of tracer con-
vection and diffusion in this stage is Eq. (6).
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where T1 represents the initial moment of wellbore
blockage, used to record the initial situation before tracer
injection. ( )C x T,u

λ
1

2
represents the distribution of tracer,

that is, the spatial distribution state of tracer in the well-
bore or formation at the initial moment. L is the length of
the fracture, which directly reflects the scale and extension
range of the fracture generated by the fracturing operation
in the formation. At this point, the flow velocity of the
tracer is zero, and both the inner and outer boundaries
are Neumann or Dirichlet conditions with zero gradient
or concentration. After the injection and shut in stages,
there is still a backflow stage. Therefore, taking into
account the invasion factor and stress sensitivity, the

Figure 7: Visualization of convection diffusion. (a) Unit structure, (b) diffuse, and (c) convection.
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mechanics model of tracer convection diffusion in the
backflow stage can be expressed as Eq. (7).
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Eq. (7) is the mechanics model of the optimized and
improved hydraulic fracturing radioactive source tracing
technology during the flowback stage. Among them, Cu

λ

3

represents the tracer concentration function during the
reflux process, ure represents the actual flow velocity of
the tracer during the reflux process, which is a function
of time, and ( )C x T,u

λ
2

2
represents the tracer distribution

during the reflux stage, with the specific time of reflux
starting at T2. At this point, the invasion factor is a non-
zero negative number, and both the inner and outer
boundaries are infinite Dirichlet conditions [30,31]. Based
on the improved mechanics model, the hydraulic frac-
turing radiotracer technology can simultaneously consider
invasion factors and stress sensitivity.

2.4 Numerical resolution method

The system of partial differential Eqs. (1)–(7) was solved
numerically through a carefully designed computational
framework. Spatial discretization was implemented using
the finite volume method with unstructured grid genera-
tion for the fracture domain, where grid sizes were

controlled within 0.1–0.5 m to ensure resolution of fracture
propagation details. Temporal integration adopted an
implicit Euler scheme ( =tΔ 0.01s) with Courant number
maintained below unity for stability. For the stress-sensi-
tive terms in Eq. (5), the nonlinear system was handled
through Newton-Raphson iteration, with convergence
achieved when the residual norm fell below 10−6.
Boundary conditions were rigorously implemented:
Dirichlet conditions were enforced through direct nodal
value assignment, while Neumann conditions were treated
via equivalent source term transformation. The resulting
linear systems were solved using the GMRES algorithm
within a parallel computing architecture built on the PETSc
library, enabling efficient large-scale simulations. Numer-
ical accuracy was verified through grid independence tests
showing less than 2% variation in key outputs when grid
size was reduced beyond the selected parameters.

3 Results

3.1 Verification and analysis of hydraulic
fracturing radioactive source tracing
technology based on mechanics models

As the mechanics model for tracer of hydraulic fracturing
radioactive sources has been preliminarily established, the
mechanics model can be solved and validated to clarify the
impact mechanisms of tracer mass transfer diffusion and
crack stress sensitivity on tracer concentration. As the new
mechanics model is an improvement grounded on the

Figure 8: Solutions and error performance of tracer concentration distribution at different stages. (a) Analytical and numerical solutions for tracer
concentration at different stages and (b) error function.
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initial mechanics model that did not comprehensively con-
sider invasion factors and stress sensitivity, it can be
solved based on the original mechanics model first to
verify the correctness of the model solution. The specific
results are shown in Figure 8.

Figure 8 shows the numerical solution, analytical solu-
tion, and error situation of tracer concentration distribu-
tion after the three stages of injection, shut in, and back-
flow are completed. Analytical solution refers to the exact
solution directly obtained using mathematical equations,
which is equivalent to the “standard answer,” while
numerical solution is the solution obtained through com-
puter approximation calculation. The simultaneous use of
both here is to verify the correctness of the model, that is, if
the numerical solution and analytical solution match, it
indicates that the model is reliable. Figure 8(a) shows the
numerical and analytical solutions of tracer concentration
distribution after the three stages are completed. From
this, in all three stages, the distribution curve of tracer
concentration basically followed a normal distribution,
with the variance in the backflow stage being lower than
that in the injection and shut in stages. In terms of dimen-
sionless concentration, the highest concentration of 1 was
reached at position 40m during the injection stage, while
the highest concentration of 0.9 was reached at the same
position as the injection stage at 40 m during the shut in
stage. However, the highest concentration value at this
time was less than 1 during the injection stage. Unlike
the previous two stages, the highest concentration of about
0.95 was only reached at position 20 m during the flowback
stage. Nevertheless, the three stages maintained a high
degree of consistency in their analytical and numerical

solutions. Furthermore, from the error situation of tracer
concentration distribution in the three stages shown in
Figure 8(b), the error values of all three stages were rela-
tively low, and the highest error did not exceed 0.1. Overall,
it indicated that the proposed model had correct solutions
in solving mechanics models. After verifying the correct-
ness of the basic solution of the model, further impact
analysis can be conducted on the proposed model. The
experimental synthesis analyzed the tracer retention
factor, invasion factor, and crack stress sensitivity of the
model separately. The specific situation of tracer retention
factor is shown in Figure 9.

Figure 9 shows the analysis results of the impact of
tracer retention factors on the mechanics model con-
structed for the research. Figure 9(a) shows the dimension-
less concentration distribution of tracer with respect to
position under various retention factor conditions at dif-
ferent stages. From this, the size of the retention factor did
not affect the high-low distribution of tracer dimensionless
concentration during the injection stage, but rather affected
the position and concentration of each concentration distri-
bution. Specifically, the larger the retention factor, the higher
the dimensionless concentration of the tracer, resulting in a
more concentrated concentration distribution. Figure 9(b)
shows the dimensionless concentration distribution of
tracer after the end of reflux for retention factors of dif-
ferent sizes. Unlike the injection stage, the size of the reten-
tion factor in the reflux stage did not affect the position and
concentration of the curve, but only changed the high-low
distribution of dimensionless concentrations. That is to say,
regardless of the retention factor of the formation, it did
not affect the time when the dimensionless concentration

Figure 9: Analysis of the influence of tracer retention factor. (a) The injection process of different blocking factors ends with dimensionless
concentration distribution of tracer and (b) non-dimensionless concentration flowback curves of tracer agents with different blocking factors.
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peak of the tracer appears during the backflow stage. The
analysis results of the impact of tracer invasion factors can
be seen in Figure 10.

Figure 10 indicates the analysis of the impact of tracer
invasion factors. Figure 10(a) indicates the dimensionless
concentration curves of tracer agents with different sizes
of invasion factors during the non-replacement and injec-
tion completion stages, which are a function of position
and concentration. Among them, the non-replacement
stage is the stage of sand carrying fluid injection before
the injection stage. From this figure, if the invasion factor
was 0, the tracer concentration remained basically the
same as before injection, and it infiltrated the crack with
almost unchanged concentration values. However, as the
invasion factor increased, the concentration value of the

tracer penetrating the crack rapidly decreased, but the
overall range remained unchanged. In addition, the dimen-
sionless concentration curve of the tracer at the end of
injection stage showed a similar trend to the non-displaced
stage. Figure 10(b) shows the concentration curves of inva-
sion factors of different sizes during the shut in and back-
flow stages, which are functions of time and concentration.
From the graph, the size of the invasion factor did not
affect the distribution time of shut in and backflow, but
only affected the size of the concentration peak. However,
to a greater extent, the peak size during the shut in stage
varied more with the invasion factor, while the amplitude
of this change was slightly weaker during the backflow
stage. The results of the stress sensitivity analysis of cracks
are shown in Figure 11.

Figure 10: Analysis of the impact of tracer invasion factors. (a) Non-dimensional concentration flowback curves of tracer during the non-replacement
and injection stages of different invasion factors and (b) non-dimensional concentrations of tracer agents during different invasion factors, well
plugging, and backflow stages.

Figure 11: Analysis of stress sensitivity effects of cracks. (a) Consideration and non-consideration of stress sensitive injection end tracer dimensionless
concentration distribution and (b) consider and ignore stress sensitive confinement end tracer dimensionless concentration distribution.
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Figure 11 shows the analysis results of the stress sensi-
tivity of fractures during the injection stage and the shut in
stage. Figure 11(a) indicates the dimensionless concentra-
tion distribution of tracer before and after considering
stress sensitivity during the injection stage, while Figure
11(b) indicates the dimensionless concentration distribu-
tion of tracer before and after considering stress sensitivity
during the shut in stage. From the comparison of the two
graphs, compared to not considering stress sensitivity, the
curve that considered stress sensitivity showed varying
degrees of peak drop. In order to further verify the accu-
racy of the proposed model, a comparative analysis was
conducted by combining actual fracturing data from a cer-
tain oil field. Two fracturing wells (A well and B well) in the
same block were selected for the experiment, with A well
using traditional tracing methods and B well using the
optimized mechanics model proposed by the research
institute for tracing analysis. The specific results are shown
in Table 1.

Table 1 shows the performance comparison between
the optimized model and traditional methods. It can be
seen from the table that the optimized model exhibits sig-
nificant advantages in various key indicators. In terms of
the fitting error of tracer reflux concentration, the opti-
mized model reduced the error from 22.5% in traditional
methods to 10.5%, with a decrease of 12% in error. In pre-
dicting the direction of crack propagation, the consistency

based on microseismic monitoring data increased from 73
to 85%, and the accuracy improved by 12 percentage
points. In terms of production capacity prediction, the
error of oil production prediction has been reduced from
±18.7 to ±9.3%, and the error range has significantly nar-
rowed. In addition, the prediction error of tracer peak time
during the flowback stage decreased from ±4.2 to ±1.8 h,
and the time prediction accuracy improved by 2.4 h. This
indicates that the optimized model has significant advan-
tages in tracer dynamic analysis, crack propagation predic-
tion, and productivity evaluation.

3.2 Case analysis of tracer technology for
hydraulic fracturing radioactive sources
based on mechanics models

The above is an analysis of the impact mechanism of the
model. To more intuitively demonstrate the advantage of
the proposed model, the experiment further conducted an
example analysis. Using a hydraulic fracturing well in a
certain experimental area as the experimental object, on-
site monitoring was conducted using the model proposed
by the research. Oil tracer was selected as the tracer, and
the backflow concentration curve and fitting curve of the
fracturing tracer were plotted, as shown in Figure 12.

Table 1: Performance comparison between optimization model and traditional methods

Comparison metric Conventional method Optimized model Improvement

Tracer flowback concentration fitting error 22.50% 10.50% 12% reduction
Fracture propagation direction prediction accuracy (vs microseismic) 73% 85% 12% increase
Production prediction error (oil) ±18.7% ±9.3% 9.4% reduction
Tracer peak time error in flowback stage ±4.2 h ±1.8 h 2.4 h reduction

Figure 12: Fracturing tracer backflow and fitting curve.
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Figure 12 shows the flowback curve and fitting curve of
the fracturing tracer. From this curve, it can be prelimina-
rily inferred that due to the presence of three peaks, there
were three fractures in the hydraulic fracturing well in this
experimental area. After careful observation, it was found
that the first peak curve had a parabolic shape, indicating
that the crack belonged to a high conductivity channel
containing branching cracks. The second peak curve shows
a non-standard normal distribution, so it can be consid-
ered as a micro crack. The third peak curve shows a clear
normal distribution, indicating that this crack belongs to a
high conductivity channel without branching cracks. In
addition, the specific parameter values used to determine
the fitting effect after fitting have a variance of 148.9, a
coefficient of determination of 0.81, and a root mean
square error (RMSE) of 1.87, indicating a good fitting situa-
tion. Furthermore, the study compared the experimental
values with the actual on-site conditions and found that the
two situations were consistent. Based on this, the experi-
ment will conduct productivity testing on a certain section
of the oil field in the experimental area. To demonstrate
the superiority of the proposed model more intuitively, the

unoptimized model was included as a comparative model,
and the outcomes are shown in Figure 13.

Figure 13 shows the specific production capacity of the
experimental oilfield before and after model improve-
ment. From the table, before the model improvement,
the oil production was 87.3 m³, and the proportion of oil
production in the experimental section in this area was
17.1%. After the model was improved, the oil production
of the experimental section was 104.2 m³, with an increase
of 16.9 m³ in oil production. In addition, the oil production
ratio of the experimental section corresponding to the
improved model in the original area was 20.4%, an
increase of 3.3%, indicating that the improved model can
improve production capacity. In addition, water solubility
tracing was further monitored, and the water contribution
rate of the model is shown in Figure 14.

Figure 14 shows the specific water production situa-
tion of the experimental oilfield 1 before and after model
improvement. From this table, before the model improve-
ment, the specific water production was about 68.5 m³,
accounting for 21.3% of the total water production. After
the model was improved, the water production of the

Figure 13: Oil field productivity before and after improvement. (a) Oil production situation and (b) proportion of oil production.

Figure 14: Water production situation in the experimental section. (a) Water yield situation and (b) water occupancy rate performance.
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experimental section was 47.6 m³, accounting for 15.8% of
the total water. Compared with before the improvement,
the improved model has a 20.9 m³ lower water production
and a 4.5% lower water proportion. Due to the fact that the
oil field in this section was in the low water cut oil recovery
period during the experiment, and the water content
during the low water cut period is usually 2–20%, if the
water content is low at this time, it means that the produc-
tion capacity and extraction efficiency of the oil well in this
section are high. Obviously, compared to before the
improvement, the improved model had lower water pro-
duction and water occupancy rate, resulting in higher
mining efficiency. Based on this, the experiment further
compared the economic and environmental benefits of
the two models before and after, as shown in Figure 15.

Figure 15 shows the economic and environmental bene-
fits before and after model improvement. From the graph, in
terms of manpower expenditure, a fixed monthly expendi-
ture of about 300,000 yuan was required before the improve-
ment, but after the improvement, there was a slight decrease
of about 292,000 yuan in manpower expenditure. In terms of
equipment cost, themonthly expenditure before the improve-
ment was 489,000 yuan, but after the improvement, it
decreased by 97,000 yuan, only 392,000 yuan. In terms of
expenditure on the use of chemical products, the model
required 243,000 yuan before improvement and 217,000
yuan after improvement, a decrease of 26,000 yuan. In terms
of maintenance costs, it was 100,000 before the improvement
and 98,000 after the improvement. In terms of revenue, the
original revenue was 1.01 million per month, and the
improved revenue could reach 1.34 million. In addition, in
terms of environmental benefits, the overall environmental
satisfaction before improvement was only 73.2%, while after
improvement, the overall environmental satisfaction
increased to 81.4%. Overall, the model proposed by the

research performs better in terms of both economic and
environmental benefits.

4 Discussion

In the above experiment, due to the fact that the original
mechanics model-based hydraulic fracturing radioactive
source tracing technology did not comprehensively con-
sider invasion factors and stress sensitivity, the mechanics
model was optimized based on this, and after the optimiza-
tion was completed, the mechanics model was verified and
analyzed through comprehensive examples. In the verifi-
cation analysis of the improved mechanics model solution,
it was found that the numerical solution of the model basi-
cally overlaps with the analytical solution, and the error
value is small, indicating that the model can be solved
correctly. On this basis, further impact analysis found
that the size of the tracer retention factor does not affect
the dimensionless concentration during the injection stage,
but it affects the distribution area of the concentration.
However, in the backflow stage, the situation is completely
opposite, that is, the size of the tracer retention factor does
not affect the concentration distribution area but affects
the size of the peak concentration. In addition, the analysis
of tracer invasion factors showed that the concentration of
the proposed model decreased with the increase in inva-
sion factors when the sand carrying fluid was injected, and
still showed the same trend during the shut in and back-
flow stages, but the peak value of the shut in stage fell back
more significantly. The analysis of the stress sensitivity
effect of cracks found that after fixing the invasion factor,
considering the stress sensitive shut in and injection stages
comprehensively, the dimensionless concentration value

Figure 15: Economic and environmental benefits of the model.
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of tracer at the peak point decreased compared to not
considering stress sensitivity. In the case analysis, a certain
section of hydraulic pressure well was selected for on-site
monitoring, and a fitting curve of fracturing tracer back-
flow concentration was drawn. The results showed that the
inference based on the fitting curve drawn by the model
was completely in line with the actual situation. Further
investigation into the oil and water production of the
model revealed that the proposed model produced
104.2 m³ of oil and 47.6 m³ of water. In terms of economic
benefits, the model proposed by the research reduced
labor expenses, equipment costs, chemical consumption,
and maintenance costs by 8,000, 97,000, 26,000, and
2,000, respectively, compared to the original model.
However, it resulted in a net increase of 600,000 in rev-
enue. In addition, the overall environmental satisfaction
score has increased by 8.2%. In the same type of research,
Yang et al. [32] used a new trace substance tracer in frac-
tured horizontal wells for testing. The experiment out-
comes showed that the Lorentz coefficient between the
primary production stage and the remaining fracturing
stages was between 0.46 and 0.68. This research extends
the utilization of residence time distribution methods in
evaluating tracer testing. Brown and Dejam conducted
mathematical derivation and research on tracer dispersion
caused by non-Newtonian fluid flow in hydraulic fractures
with different geometric shapes and porous walls. The
experiments used rectangular, triangular, elliptical
models, and power-law models to describe the geometric
shapes of hydraulic fractures and the rheology of non-
Newtonian fluids, respectively. As a result, it was found
that with the increase in the flow behavior index, in the
case of shear thinning and Newtonian fluids, the coefficient
of the shear dispersion term follows the rule that triangles
are greater than ellipses and greater than rectangles [33].
The strategies proposed in the above research only exam-
ined the performance of mechanics models, but did not
further explore their practical applications. Overall, the
improved model by the research performed better.

5 Conclusion

In order to more accurately and reasonably explain the
distribution of underground fractures after hydraulic frac-
turing, fracturing tracing methods were introduced into
the original hydraulic fracturing technology, combined
with the formation of hydraulic fracturing radioactive
source tracing technology, and the mechanics model of
this technology was further optimized. The study first

conducted a validation and impact analysis of the model,
verifying the correctness of the model solution, as well as
the effects of retention factor, invasion factor, and stress
sensitivity on the tracer technology of hydraulic fracturing
radioactive sources at various stages. The results indicated
that stress sensitivity, retention factor, and invasion factor
all had different effects on different stages of the model.
Furthermore, the hydraulic fracturing radioactive source
tracing technology corresponding to this optimization
model could effectively infer and judge the fracture situa-
tion of hydraulic fracturing wells in practical applications,
with a variance of 148.9, a coefficient of determination of
0.81, and an RMSE of 1.87. It also had the ability to increase
oil production. In addition, during the corresponding
water bearing oil recovery period, the water production
rate of the proposed model was suitable and adapted to the
specific situation of the oil recovery period. In addition, in
terms of economic benefits, this model could significantly
reduce various expenditures, while increasing returns and
maintaining a good environmental assessment. Based on
the above, this mechanics model can be well used in the
tracing technology of hydraulic fracturing radioactive
sources. However, despite this, there is still room for
improvement in research. As hydraulic fracturing radio-
active source tracing technology can be used not only in
the petroleum field but also in coal mines and other fields,
the model can be further extended and generalized to
other fields in the future.
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