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Wellbore blockage is a significant challenge hindering the efficient production 
of shale gas in the Sichuan-Chongqing region. To enable precise unblocking, it is 
crucial to understand the physical and mechanical properties of these complex 
downhole deposits. This study conducted a comprehensive analysis of blockage 
samples retrieved from a shale gas well in the Weiyuan area. We employed 
X-ray diffraction (XRD), scanning electron microscopy with energy-dispersive 
X-ray spectroscopy (SEM-EDS), and thermogravimetric analysis (TG-DTG) to 
characterize the samples’ composition, microstructure, and thermal behavior. 
The results identified the blockage as a complex mixture primarily composed of 
quartz, Fe3O4, BaSO4, rock cuttings, and rubber particles. Furthermore, artificial 
blockage samples were fabricated under simulated downhole stress conditions 
(1–45 MPa) to evaluate their mechanical properties. Tests revealed that both 
compressive and shear strength increased with the forming stress. Based on 
the acquired mechanical parameters, a mechanical model was established to 
predict the pressure differential required to dislodge a blockage by wellhead 
pressurization. The model indicates that for blockages longer than half the pipe 
diameter (L > D/2), the required pressure becomes impractically high, rendering 
this method ineffective and necessitating combined unblocking strategies. This 
research provides a scientific basis for optimizing unblocking techniques and 
ensuring the safe, efficient development of shale gas resources.
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 1 Introduction

In recent years, as shale gas exploration and development intensifies in the Sichuan-
Chongqing region, production from typical blocks such as Weiyuan and Changning has 
continuously increased (Bao et al., 2025). However, this rapid development has been 
accompanied by increasingly frequent and severe wellbore blockage incidents, which now 
pose a significant threat to production efficiency and continuity (Xie, 2025; Wang, 2018; 
Li et al., 2024). The root of this issue lies in the nature of hydraulic fracturing itself—a 
process involving complex well architectures and the use of substantial volumes of downhole 
materials, including drilling mud, fracturing fluids, proppants, and bridge plugs. Inevitably, 
these operations lead to incomplete drill-out and flowback, proppant flowback, and the 
infiltration of shale fragments into the wellbore (Yuan et al., 2024; Yang et al., 2024;
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FIGURE 1
The wellbore blockages under microscope: (a) The morphology of blockages, (b) Quartz and rubber and (c) Coating and metal fragments.

FIGURE 2
XRD patterns of wellbore blockages.

FIGURE 3
The sample production process.

Li L. et al., 2025). When not promptly removed, these materials 
accumulate, forming obstructions that impair gas extraction and can 
ultimately result in full-scale production shutdowns (Ye et al., 2025).

Wellbore blockages are complex heterogeneous mixtures formed 
under downhole conditions through interrelated physical and 
chemical processes. They exhibit considerable diversity in type, size, 
and physical properties (Yang et al., 2025). Effective remediation, 
therefore, requires a comprehensive strategy that considers the 
blockage composition, physicochemical characteristics, location, 
and formation mechanism to select an appropriate unblocking 
technology. Current remediation methods are broadly categorized 
as physical, chemical, or hybrid physical-chemical techniques 
(Li X. et al., 2025; Zhang et al., 2025). Among these, hybrid 
approaches have emerged as the leading trend, as their synergistic 
action enhances unblocking efficiency, boosts production recovery, 
and reduces operational costs (Zou et al., 2024).

Despite these advancements, a significant gap remains in current 
practices. Existing methods predominantly prioritize chemical 
agent selection based on compositional analysis, with physical 
interventions playing a secondary role. Consequently, the intrinsic 
physical and mechanical properties of the blockages themselves have 
received comparatively limited attention (AlQuraishi et al., 2024; 
Peng et al., 2021; Lu et al., 2025). This oversight is compounded 
by a practical challenge: retrieving representative, in-situ blockage 
samples is inherently difficult. Specimens brought to the surface 
are often loose, poorly consolidated, and unrepresentative of their 
downhole state (Wang et al., 2021; Tan, 2022), making it difficult 
to accurately characterize their key mechanical parameters. This 
creates a persistent obstacle to optimizing unblocking technologies.

Since the fundamental objective of unblocking is to fracture 
or displace the obstruction to restore wellbore access, mechanical 
properties—such as strength and elastic modulus—are critical. 
These parameters not only dictate the effectiveness of physical 
disruption methods but also contain valuable insights into the 
blockage’s formation history and internal structure. A thorough 
understanding of these properties is therefore essential for 
developing targeted, efficient remediation strategies and for 
optimizing overall shale gas production.

To address these challenges, this study focuses on blockage 
samples recovered from a shale gas well in the Weiyuan area. We 
conducted a systematic laboratory investigation to determine their 
composition, microstructure, and macro-mechanical behavior. The 
relationship between their deformation, failure characteristics, and 
mechanical parameters was rigorously analyzed. Furthermore, the 
derived data were used to establish an idealized mechanical model 
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TABLE 1  The compressive strength of artificial blockages.

Type Number Density (g/mm3) Compressive 
strength (kPa)

Average 
compressive 

strength (kPa)

CV (coefficient 
of variation)

DSW C01

01 1.68 50.62

52.54 0.0802 1.68 49.68

03 1.72 57.31

DSW C15

01 1.88 82.68

63.67 0.2602 1.93 52.82

03 1.83 55.51

DSW C30

01 1.92 76.52

66.62 0.1802 1.88 52.94

03 1.94 70.41

DSW C45

01 1.88 60.04

104.90 0.5902 1.93 79.78

03 2.04 174.90

for physical unblocking. The findings of this research are expected 
to provide a scientific basis for optimizing downhole remediation 
strategies and enhancing the safety and efficiency of shale gas 
production. 

2 Materials and methods

2.1 Materials

The blockage samples collected for this study were obtained from 
flowback operations in a shale gas well located in the Weiyuan area, 
Sichuan, China. Initial visual inspection indicated that the material 
was generally loose and soil-like in appearance. However, optical 
microscopy revealed distinct differences from conventional soil. 
As shown in Figure 1, microscopic examination identified numerous 
small, uniformly shaped yellow spheres, along with occasional larger 
metallic chips, rubber particles, and flaky yellow solids, all adhered 
to or mixed with abundant brownish, clay-like material.

Given the nature of hydraulic fracturing in shale gas wells, 
flowback solids commonly include proppant quartz sand, rock 
cuttings, casing coatings, and bridge plug debris (Gao et al., 2016). 
Based on these characteristics, the regularly shaped spheres of 
consistent size were preliminarily identified as quartz sand. The 
metallic chips, which exhibited clear ferromagnetic properties, are 
likely iron scraps derived from casing wear. The irregular rubber 
particles are inferred to originate from bridge plugs, while the 
bright, curved flaky yellow solids are consistent with casing coating 
material. The adhering brownish soil-like substance is interpreted as 
rock cuttings.

To further verify the composition of the observed materials, 
X-ray diffraction (XRD) analysis was performed on the blockage 
samples using a Rigaku SmartLab diffractometer. The measurement 
was conducted over a 2θ range of 5°–85° with a step size of 0.02°
and a scanning speed of 1°/min. The resulting diffraction pattern 
is shown in Figure 2.

The XRD results indicate the presence of quartz (peaks at 20.9°, 
26.7°, and 75.6°), Fe3O4 (peaks at 35.5° and 43.1°), and BaSO4
(peaks at 26.5° and 31.6°). Among these, the quartz diffraction 
peaks are the most prominent, consistent with the abundant quartz 
sand visually observed in the samples. The Fe3O4 is attributed to 
casing wear, while the BaSO4 may originate either from dislodged 
casing coating (Zhang et al., 2019) or from barite additives used in 
drilling fluids (Ibrahim et al., 2017). 

2.2 Test specimens

To evaluate the physical and mechanical properties of the 
loosely aggregated blockage material, a compaction molding 
method—analogous to artificial core preparation techniques—was 
employed to simulate the downhole condition of the blockages 
(Bai et al., 2023; Song et al., 2019). As illustrated in Figure 3, the 
material was placed into a mold and subjected to varying stress 
levels for a specified duration. After compaction, the samples were 
retrieved for mechanical testing, including compressive and shear 
strength measurements.

Due to uncertainties regarding the actual downhole location 
and in-situ environment of the blockages, the applied stress 
conditions were estimated based on regional shale gas well data 
(Wang, 2023; He et al., 2025). Assuming a hydrostatic pressure 
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FIGURE 4
The artificial wellbore blockages after the compressive strength test.

regime with a maximum vertical depth of 4,000 m and a fracturing 
fluid density of 1.1 g/cm3, the maximum hydrostatic pressure was 
calculated to be 45 MPa. Accordingly, four stress levels—1, 15, 30, 
and 45 MPa—were selected to represent different possible depths, 
each maintained for a 6-h loading period. For each condition, three 
cylindrical samples with dimensions of φ25 × 50 mm were prepared 
for compressive strength tests, and three with dimensions of φ25 
× 25 mm for shear strength tests. 

2.3 Test methods

2.3.1 Compressive and shear strength tests
Upon completion of the artificial blockage samples, they were 

immediately demolded and subjected to macroscopic mechanical 
testing to accurately determine their mechanical properties. The 
compressive strength test was conducted under displacement 
control at a loading rate of 0.2 mm/min. The load– displacement 
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TABLE 2  The shear strength of artificial blockages.

Type Number Shear strength (kPa) Average shear strength (kPa) CV (coefficient of variation)

DSW S01

01 71.81

56.73 0.2402 53.34

03 45.02

DSW S15

01 97.78

99.23 0.0902 108.51

03 91.40

DSW S30

01 132.59

119.06 0.1202 104.35

03 120.24

DSW S45

01 233.22

165.72 0.3502 131.44

03 132.49

FIGURE 5
The force-displacement curves of compressive strength (left) and shear strength (right) of artificial blockages.

curve was recorded throughout the test until sample failure 
occurred. The peak load from this curve was taken as the 
compressive strength of the sample, calculated using Equation 1. The 
average value from three replicate tests was reported.

σc = Pc/Ac (1)

Where σc represents the uniaxial compressive strength (MPa), Pc
is the compressive failure load (N) and Ac denotes the cross-sectional 
area of the sample (mm2).

The shear strength of the blockage samples was determined 
using the direct shear method, with displacement control at a 
loading rate of 0.5 mm/min. The load–displacement curve was 
continuously recorded until specimen failure. The peak load was 
adopted as the shear strength, computed according to Equation 2. 

Results are presented as the average of three tests.

σs = Ps/As (2)

In the equation: σt denotes the shear strength (MPa), Pt is the 
failure load (N), and As represents the shear area (mm2). 

2.3.2 Thermogravimetric analysis
To quantitatively evaluate the influence of different components 

within the blockage material—whose exact composition was initially 
unknown—thermogravimetric analysis (TGA) was employed. The 
analysis was performed using a NETZSCH STA 449 F5 simultaneous 
thermal analyzer under an argon atmosphere. Prior to testing, the 
blockage samples were thoroughly crushed. The temperature was 
programmed to increase from 80 °C to 1,200 °C at a constant heating 
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FIGURE 6
The artificial wellbore blockages after the shear strength test.

rate of 5 °C/min. The derivative thermogravimetric (DTG) curve 
was subsequently derived from the obtained TG data. 

2.3.3 Scanning electron microscopy
SEM was utilized to examine the micro-morphology and 

structure of the blockage samples, as well as to analyze their 
elemental composition. Observations were carried out using a 
Hitachi SU8230 cold field emission scanning electron microscope, 
which was equipped with an Oxford Instruments X-Max 80 
EDS detector for energy-dispersive X-ray spectroscopy (EDS). 
Sample preparation involved drying, crushing, magnetic separation, 
and subsequent platinum coating to ensure conductivity and 
image clarity. 

3 Results and discussion

3.1 Mechanical properties

3.1.1 Compressive strength
The compressive strength test results for the artificial blockage 

samples are summarized in Table 1 and Figure 5, with photographs 
of the post-test specimens shown in Figure 4. As expected, both the 
sample density and compressive strength exhibit a clear increasing 
trend with higher applied stress levels during sample preparation. 
Correspondingly, the slope of the force-displacement curve prior 

to the peak—representing the compressive elastic modulus—also 
increased significantly.

It is noteworthy that despite the identical preparation and testing 
procedures employed, the measured strength exhibited considerable 
variability, as indicated by an increasing coefficient of variation. 
Post-test analysis suggests that this scatter is likely attributable 
to the rebound effect of large rubber particles embedded in the 
samples. These particles deform under compressive load but rapidly 
rebound upon stress release. This rebound behavior becomes more 
pronounced at higher stress levels, frequently leading to sample 
deformation and cracking, thereby resulting in a reduction of the 
measured compressive strength. 

3.1.2 Shear strength
The direct shear test results for the artificial blockage samples 

are provided in Table 2 and Figure 5, with post-test specimens 
illustrated in Figure 6. Similar to the compressive strength results, 
the shear strength demonstrates a pronounced and consistent 
increase with rising stress levels. The shear elastic modulus, derived 
from the pre-peak slope of the force–displacement curve, also rose 
significantly.

A higher degree of data scatter was observed at both the 
lowest and highest stress levels. This variability is attributed to 
the presence of rubber particles, which act as significant defects 
along the shear plane under extreme stress conditions—particularly 
when they rebound or are poorly bonded to the surrounding 
matrix. For instance, in samples exhibiting relatively low shear 
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FIGURE 7
SEM (a,b) and EDS (c,d) image of the blockages: (a) Quartz particles, (b) Rock debris, (c) The distribution of different elements on quartz particles and
(d) The distribution of different elements on rock debris.

strength such as DSWS45-02 (Figure 6), large rubber particles were 
identified on both sides of the fracture interface, as highlighted 
within the red boxes. The shear force–displacement curves exhibited 
multiple peaks; however, the samples were considered to have 
failed completely at the first peak. The subsequent residual force is 
attributed to frictional resistance along the uneven failure surface 
between the separated sample halves.

Based on the Mohr-Coulomb failure criterion, the shear strength 
parameters of the blockage material were determined as follows: 
cohesion c = 56.73 kPa and internal friction angle φ = 17.03°. 

3.2 Microscopic morphology

Under SEM observation, well-defined, coarse quartz particles 
were clearly identified within the blockage material, with numerous 
irregular aggregates adhering to their surfaces, as shown in 
Figure 7a. Meanwhile, the majority of the blockage material 
exhibited irregular morphologies, as illustrated in Figure 7b, 

necessitating EDS analysis for precise compositional identification.
EDS results indicated a significant presence of silicon. While this 

is partly attributable to quartz sand, it may also originate from clay 
minerals such as illite or montmorillonite present in rock cuttings, 
as supported by the concurrent detection of substantial aluminum 
and calcium oxides. In addition, the surfaces of quartz and other 
particulate matter were extensively covered with fine debris, which 
could not be identified morphologically. EDS analysis of these 
fine particles revealed high iron oxide content and considerable 
sulfur. Given the low X-ray count rates (CPS) for sodium and 
barium, the detected sulfur is likely derived from pyrite in the 
formation or from reactions between hydrogen sulfide and the 
casing (Liu et al., 2019; Dai et al., 2025). 

3.3 Component analysis by TG-DTG

Figure 8 and Table 3 present the results of the thermogravimetric 
analysis. The DTG curves show three distinct peaks at approximately 
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FIGURE 8
The TG-DTG curves of blockages.

TABLE 3  The results of the TG test.

Temperature (°C) 300 600 1,200

Mass (wt.%) 90.7 71.15 61.89

Mass lose (wt.%) 9.3 19.55 9.26

Components Water Alkanes/rubber Calcium carbonate

250 °C, 400 °C, and 850 °C which are indicative of different 
decomposition stages within the wellbore blockage material. By 
integrating these findings with SEM observations and other 
analytical results, it is possible to infer the substances corresponding 
to each peak.

The initial mass loss of 9.3 wt.% below 300 °C is primarily 
attributed to the evaporation of free water and the removal of 
chemically bound water from minerals and corrosion products 
such as rust (Yan et al., 2013; Li et al., 2016). As the temperature 
increases to 600 °C, a significant mass reduction of 19.55 wt.% 
occurs, which corresponds to the decomposition of organic 
components. These may include residual oils, fracturing fluid 
additives—for instance, alkanes like hexadecane and tetracosane 
(Zhang et al., 2021; Jameel et al., 2017)—and rubber particles from 
bridge plugs.

Beyond 600 °C, the rate of mass loss decreases noticeably. A 
broad DTG peak around 850 °C, accompanied by a mass loss of 
9.26 wt.%, is likely due to the decomposition of carbonate and clay 
minerals—such as calcium carbonate and chlorite—present in the 
drilled cuttings (Zhuang et al., 2025; Bloise et al., 2016). When the 
temperature exceeds 1,000 °C, the decomposition process becomes 
very slow, as the remaining residue consists mainly of highly stable 
oxides like Fe2O3, CaO, SiO2, and Al2O3. 

4 Mechanical modeling of wellbore 
unblocking

For pre-existing wellbore blockages, applying wellhead pressure 
to restore flow represents the most straightforward remediation 
approach. Utilizing the mechanical parameters obtained from earlier 
experiments, we developed a mechanical model (Figure 9) to 
estimate the pressure differential required to dislodge a blockage 
using this method.

The model considers a cylindrical plug of length L fully 
obstructing a straight pipe of inner diameter D. It incorporates 
the cohesion c, internal friction angle ϕ of the blockage 
material, the coefficient of friction μ at the pipe wall, and 
the initial pipeline pressure P0. The analysis combines soil 
pressure theory with mechanical equilibrium of the plugged 
material. The following assumptions were adopted to facilitate the
calculation: 

• The pipeline is straight, and the blockage is uniformly 
distributed within it.

• The blockage material resembles soil and follows the Mohr-
Coulomb failure criterion.

• The shear stress at the pipe wall depends on cohesion cc and 
friction coefficient μ, with radial and axial stresses related by 
the lateral earth pressure coefficient K0.

• The blockage moves as a consolidated plug during unblocking, 
and the pressure differential must overcome the total shear 
resistance along the pipe wall.

• The self-weight, dynamic effects, and compressibility of the 
blockage are neglected.

A differential force balance was established for an infinitesimal 
segment of the blockage. The axial stress σx and radial stress σr are 
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FIGURE 9
Mechanical model of the blockage in the casing.

FIGURE 10
The pressure for unblocking blockages of different lengths and depths.

related by Equation 3,

σr = σxK0 (3)

while the wall shear stress τw is given by Equation 4,

τw = c+ μσr (4)

Balancing axial and shear forces yields the governing differential 
equation, Equation 5,

dσx

dx
= ‐

τwS
A

(5)

The pressure differential ΔP required for unblocking is 
calculated by Equation 6,

ΔP = P1 − P0 = (e
4μK0L

D ‐1)(P0 +
c

μK0
) (6)

where P1 is the applied upstream pressure. A simplified formula,
Equation 7, applies for short blockages.

ΔP ≈ 4L
R
(c+ μK0P0) (7)

This methodology explicitly accounts for wall friction and the 
intrinsic mechanical properties of the blockage material. Assuming 
an initial in-situ pressure P0 of 45 MPa, a production casing 
inner diameter of 4.5 inches (114.3 mm), and a measured wall 
friction angle of 38°, the required pressure differential for dislodging 
blockages of varying lengths was calculated (Figure 10). For short 
blockages (L < D/2), the required pressure increases gradually and 
remains relatively low. In this regime, the blockage is more likely 
to fail by shear rather than being pushed as a consolidated plug. 
However, once the blockage length exceeds half the pipe diameter (L 
> D/2), the required pressure differential rises rapidly. At this point, 
the blockage behaves as a consolidated plug that is highly resistant 
to compressive or shear failure, making it practically infeasible to 
dislodge by merely increasing the upstream pressure. Alternative 
unblocking techniques are therefore necessary. 

5 Conclusion

This study systematically investigated the origin, composition, 
and mechanical properties of wellbore blockages from a shale gas 
well in the Weiyuan area. Key findings are summarized as follows:
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• The blockage is a heterogeneous mixture of proppant, 
formation debris, and process-related solids, formed by 
combined deposition under downhole conditions.

• Mechanical strength increases with consolidation stress but is 
compromised by rubber particles, which introduce variability 
and promote stress-release cracking.

• A mechanical model reveals a critical length (L ≈ D/2) beyond 
which pressure-driven unblocking becomes impractical due to 
exponentially rising pressure requirements.

• Effective remediation must consider blockage composition, 
length, and mechanical properties, favoring integrated 
physical-chemical methods over simple pressurization for long 
blockages.

The current model provides a foundational understanding of the 
unblocking process. However, the formation history of a blockage 
critically determines its mechanical response. Future research will 
employ full-scale flow loops to investigate the effects of gravity-driven 
deposition, thereby enhancing the field relevance of the model. 
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