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Abstract

Clamp repair is a primary method for defective pipe rehabilitation, but the application of
repair clamps can conversely affect the safety of the defective pipe. This study presents an
optimized repair clamp structure for a defective pipe with diameter of 219 mm through
finite element analysis and experimental validation, with a consideration of the sealing
performance of clamp. The sealing capability is first verified by contact pressure analysis.
When the medium pressure increased from 5 MPa to 20 MPa, the sealing contact pressure
correspondingly rose from 11.6 MPa to 27.2 MPa, consistently exceeding the medium
pressure. A sensitivity analysis of the maximum safe pressure of defective pipe is then
conducted, evaluating critical parameters including defect dimensions, clamp installation
distance, and applied pressure range. To ensure safe pipe operation, the recommended
optimal installation distance is approximately 40 mm. A hydrostatic pressure test is
performed for final validation. Results confirmed the clamp’s robust sealing performance,
enabling defective pipe to operate normally at 7.5 MPa medium pressure.

Keywords: defective pipe; repair clamp; finite element analysis; safe pressure

1. Introduction
The operation of oil and gas pipes occurs in extremely complex environments [1],

where external factors inevitably induce various defects during the service [2]. These defects
significantly compromise pipe integrity by reducing both the maximum safe operating
pressure and structural reliability [3,4]. To solve these challenges, clamp repair technologies
have emerged as a critical solution for both emergency interventions and permanent repairs,
owing to their exceptional pressure-containing capability and modular design.

To avoid the leakage of pipe by using clamp technology, the clamp design must be im-
plemented to ensure a reliable sealing capability at the repair location. Sealing performance
represents the most critical technical aspect of repair clamps. In recent years, several studies
have been devoted to finding the best design of repair clamps for defective pipes [5–7],
and their sealing performances were also studied [8,9]. Sum et al. [10] developed a resin-
infused and fiber-reinforced repair clamp that achieves superior lightweight properties and
corrosion resistance without compromising the structural integrity of the defective pipe.
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Parallel innovations by Cao et al. [11] in graphite sealing materials and Zhao et al.’s [12,13]
graded-hardness rubber designs have both significantly enhanced the sealing performance
of repair clamps. Alnaser et al. [14] further advanced this field by developing an inno-
vative composite pipe repair design utilizing a bi-material interface optimized through
swarm intelligence techniques, achieving enhanced fracture resistance with minimal repair
thickness while maximizing pressure-bearing capacity, thus offering a lightweight, high-
strength alternative to traditional steel sleeves for corrosion-damaged pipelines. Expanding
beyond metallic pipelines, Zhang et al. [15] experimentally demonstrated that ultra-high-
performance concrete (UHP-ECC) mortar spraying can restore the bearing capacity of
corrosion-thinned reinforced concrete pipes, with performance governed by corrosion
degree, repair thickness, and interface morphology.

Finite element analysis combined with orthogonal experimental design has revealed
that three critical parameters, such as rubber-to-pipe clearance, sealing ring positioning,
and friction coefficient, predominantly determine the sealing efficacy of double-sealing
clamp systems [16]. Recent breakthroughs in sealing technology, such as the magnetorheo-
logical adhesive-based emergency sealing proposed by Ma et al. [17], have demonstrated
exceptional performance under high-pressure conditions through full-scale experiments,
while Zhao et al. [18] systematically optimized wedge contact seals in subsea clamps using
3D simulation, providing new insights into pressure distribution control. Complementing
these advances, Zhang et al. [19] established, through full-scale testing and FEM, that
mortar-sprayed rehabilitation maintains structural performance in corroded concrete pipes
under traffic loads, providing a theoretical foundation for non-destructive repair methods.
However, these research advances primarily focus on the analysis of repair clamp, while
neglecting to consider the structural integrity of a pipe under the influence of the installed
repair clamps.

Several researchers have conducted systematic investigations into the safe pressure of
defective pipes. Fekete et al. [20] employed finite element analysis to examine the effect
of width-to-length ratios of corrosion defects on the burst pressure of steel pipes, with
validation by experimental measurements. Their later work further addressed gaps in semi-
empirical codes by correlating defect geometry with failure risks through FEA-validated
models. He et al. [21] investigated the buckling behavior of thick-walled pipes under
external pressure and developed a simplified equation for predicting critical plastic col-
lapse pressure that demonstrated strong agreement with experimental data. Mazurkiewicz
et al. [22] found that the pipes with localized wall-thinning corrosion defects can be rein-
forced by fiber-reinforced polymer (FRP) composite sleeves, which could achieve improved
burst pressure performance. Djukic et al. [7] confirmed this advantage by testing novel
FRP composite clamps, showing a 40% weight reduction and superior leak containment
compared to metallic solutions. Liu et al. [23] systematically characterized the effect of
length-to-diameter ratios on the collapse behavior of clamp-repaired pipes. Complement-
ing this, Zhang et al. [24] employed the Analytic Hierarchy Process (AHP) to prioritize
failure modes of pipe-in-pipe systems under multifactorial loads, while Vijaya Kumar
et al. [25] achieved breakthrough accuracy (R2 = 0.99) in predicting failure pressures of
corroded pipes through ANN modeling. However, the effects of the loading condition and
defect behavior on the maximum value of safe pressure are still critical problems for the
application of repair clamp.

In this work, the sealing performance of repair clamps and their influence on pipe safe
pressure were both investigated. The structural optimization of a repairing clamp for a
defective pipe with a 219 mm diameter is investigated through finite element analysis (FEA)
and experimental validation. The sealing performance of the clamp is evaluated under a
series of internal pressures, followed by a sensitivity analysis of the defective maximum



Appl. Sci. 2025, 15, 9019 3 of 15

safe pressure of defective pipe, considering critical parameters such as defect geometry and
clamp installation conditions. A hydrostatic pressure testing platform was established to
further validate the sealing performance and installation feasibility of the optimized repair
clamp. This research can provide valuable guidance for the subsequent structural design
and standardized installation of repair clamps.

2. Materials and Methods
2.1. Structural Design of Repair Clamp

Based on the leakage repair requirements for a pipe with a typical outer diameter of
219 mm, a repair clamp structure of defective pipe is designed by modifying the original
structure, as illustrated in Figure 1. The device consists of a load-bearing structure made of
AISI 1020 and a sealing structure composed of nitrile rubber (NBR), forming a lightweight
repair solution. The dimensional parameters of the main structure are listed in Table 1, and
the corresponding mechanical properties of AISI 1020 and NBR are listed in Table 2, which
were measured by another research team [26].

Figure 1. (a) Schematic diagram of pipe repair clamp; (b) dimensional parameters of structure.

Table 1. Repair fixture dimension parameters.

Diameter
of Pipe
D/mm

Length of
Clamp
b/mm

Angle of
Cavity

θ/◦

Axial
Length of

Cavity
C/mm

Distance
of Bolt
g/mm

Thickness
of Clamp

S/mm

Thickness
of Lug
Plate
t/mm

219 219 80 100 25 6 22

Table 2. Mechanical properties of materials [26].

Material Yield Strength
σy/MPa

Tensile
Strength
σu/MPa

Elastic
Modulus

E/MPa

Poisson’s
Ratio
ν

AISI 1020 245 410 206,000 0.3
Nitrile Rubber 15 27 5.52 0.5

2.2. Finite Element Model

The finite element software Abaqus 2020 is utilized for modeling and computational
analysis. The sealing material of the repair clamp was made of nitrile rubber (NBR) [27]. The
NBR exhibits hyperelastic characteristics and can be treated as an incompressible material
in finite element simulations, demonstrating highly nonlinear behavior. The Mooney–
Rivlin model (Equation (1)) was employed [28], as it effectively describes the mechanical
behavior of rubber materials while maintaining high fitting accuracy and computational
precision. The model parameters were set to values of C10 = 0.96 and C01 = 0.28, with a
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hardness of IRHD 75 [29,30]. Considering the material properties and structural symmetry,
the rubber numerical model is discretized using first-order quadrilateral axisymmetric
hybrid elements (CAX4H), as illustrated in Figure 2. During the preliminary experimental
phase, systematic mesh sensitivity analyses were conducted and ultimately determined the
optimal mesh size through iterative calculations, as illustrated in Appendix A, Figure A1.
The final model employed 4481 uniformly sized elements with a characteristic length of
0.15 mm, thereby ensuring the accuracy of numerical simulation results. A contact friction
coefficient of 0.2 was defined between the rubber and both the outer clamp body and the
inner pipeline surface. The outer contact surface was subjected to fully fixed symmetric
constraints, while the inner contact surface was axially con-strained. A load was applied as
a surface pressure, simulating a compression axial load. Different surface pressure loads
are applied in the simulation to analyze the sealing performance under varying medium
pressures Pm. According to the principles of sealing design, the sealing pressure of a clamp
is determined by the contact pressures on the sealing surfaces between the seals and the
surrounding structure [18]. To achieve reliable sealing, the effective contact pressure should
be greater than the medium pressure over a certain contact length; otherwise, leakage will
occur. Therefore, the effective contact pressure is chosen as the evaluation criterion for
the clamp’s sealing performance. At the same time, leakage usually occurs in areas with
the lowest tightness, where the contact pressure is minimal and may be insufficient to
ensure sealing.

W(I1, I2) =
∞

∑
i,j=0

Cij(I1 − 3)i(I2 − 3)j, C00 = 0 (1)

Figure 2. Finite element model of device: (a) overall structure; (b) rectangular sealing ring.

To conduct research and analysis on the influencing factors of pipe safe pressure, a
pipe model is established. The thickness of pipe is selected in accordance with GB/T 17395-
2024 [31]. To account for the effects of edge, the pipe length was set to twice than the outer
diameter of pipe’s model. The complex defect geometry was simplified into a rectangular
shape for analysis. AISI 1020 steel was modeled assuming linear elastic behavior for
simplified calculation. Moreover, the linear elastic solution overestimates stresses, which
enables a conservative safety assessment when combined with plastic failure criteria. By the
same token, the systematic mesh sensitivity analyses were conducted, and the final model
employed 9914 uniformly sized elements with a characteristic length of 10 mm, thereby
ensuring the accuracy of numerical simulation results. Given that the axial strain was
significantly smaller than the circumferential strain in the pipe, the model was simplified
by assuming no axial displacement. Thus, both ends of the pipe model were assigned
fully fixed constraints. Additionally, the mechanical interaction between the repair clamp
and the pipe was modeled as a radially inward uniform pressure applied to the pipe’s
outer surface via the clamp’s internal sealing component. Figure 3a presents a quarter-
section model of the defective pipe, where φ is the defect angle, d2 is the defect depth,
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and d1 is the pipe wall thickness. Figure 3b presents the meshed model, with local grid
refinement near the defect zone for multiple L2 loading positions. Measurement points
were selected at three locations through the wall thickness: the outer surface, mid-wall,
and inner surface of the defect area. Figure 3c illustrates the load application of the repair
clamp, where L1 represents the distance between the clamp load and the defect and L2

denotes the load application width. The plastic failure criterion is selected as the failure
assessment criterion for defective pipelines under mechanical loading in this study. If the
minimum value among these nodes exceeds the material yield strength, the corresponding
medium pressure can be regarded as the safe pressure of the defective pipe.

Figure 3. (a) Defective pipe model. (b) Finite element model. (c) Schematic diagram of clamp
mounting position.

2.3. Experimental Design

The experiment platform is established as shown in Figure 4, with the testing method-
ology referencing relevant standards from the American Society of Mechanical Engineers
(ASME) [32]. Temperature significantly affects the properties of rubber seals and the differ-
ential thermal expansion between steel and rubber components [33,34]. However, in this
experiment, conducted at ambient temperature, the pressure was applied incrementally
in three controlled stages. No measurable temperature fluctuation was detected during
pressurization. Therefore, thermal effects on the rubber model were justifiably excluded
from consideration three stages during the pressurization process. Since no heat generation
was observed, the influence of temperature on the rubber model was not considered in this
study. The manually operated hydraulic pump ST-10 with a rated pressure of 10 MPa and
water as the working medium is employed for medium pressure application. Medium pres-
sure is measured by using a precision pressure gauge with full-scale range of 16 MPa and
the accuracy of 0.5%. Strain measurements are acquired through a static strain acquisition
system (DH3818N-2) operating at 10 Hz sampling frequency, and its measurement accuracy
is 0.5%. Due to the measurement limitations of contact strain gauges, directly measuring
the contact pressure at the center of the clamp poses technical challenges and may introduce
leakage risks. Therefore, this study places the strain gauges on the outer side of the repair
clamp, concentrating within the range of the defect center. By comparing the simulated and
experimental values of the outer deformation, the consistency between the model’s central
contact pressure and the experimental deformation is indirectly validated [35]. Nine strain
gauges were measured at critical locations on the device. The specific locations of all strain
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gauges are illustrated in Figure 5. The six strain gauges, named H1 to H6, are arranged in
circumferential orientation, while other strain gauges, named AX1 to AX3, are installed
axially of the device. This configuration enabled independent measurement of both axial
and circumferential strain variations during the loading process.

Figure 4. Experimental platform for defective pipe and the repair clamp device.

Figure 5. Locations of nine strain gauges: (a) H1 to H3 and AX1 to AX3; (b) H4 to H6.

Following the installation of the repair clamp, water is injected to purge air from the
sealing cavity before connecting the hydraulic hand pump for formal testing. The working
pressure of the test defective pipe is 5 MPa. According to standard practice, the hydrostatic
test pressure is typically selected as 1.5 times, which is 7.5 MPa. It is applied through three
stages; the medium pressure is applied from atmospheric pressure to 2.5 MPa at first stage,
then the medium pressure increases to 5 MPa, and finally the medium pressure is applied
to 7.5 MPa. After each loading step, the inspections of cracking and sealing performance
are conducted, and all test results systematically recorded.

3. Results and Discussions
3.1. Sealing Performance of Repair Clamps

According to GB/T 20801, the maximum design pressure for pipe of 20 steel with a
219 mm diameter can reach 23 MPa [36], while the conservative design pressure is rec-
ommended at 20 MPa. The sealing assembly is subjected to medium pressures Pm of
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5 MPa, 10 MPa, 15 MPa, and 20 MPa under compressive loading conditions, with compara-
tive analysis performed against the non-pressurized state. As illustrated in Figure 6, the
high-stress zone is primarily concentrated at the four corners of the rectangular seal model
under the Pm of 0 MPa, while a low-stress zone presents in the middle of both left and right
edge. This phenomenon could result from the geometric characteristics of the rectangular
seal. During compression, the four endpoints of the seal cannot slide toward the edges
of the sealing surface due to frictional constraints, leading to a stress concentration at the
corner. When the Pm increases to 10 MPa, the rectangular rubber ring is extruded into
the sealing gap between the groove and inner shaft, causing the high-stress region to the
extruded area. With the increasing value of Pm from 0 to 20 MPa, the corresponding peak
stress values also increased from 4.23 to 12.55 MPa. Furthermore, as the medium pressure
continues to increase, the red-colored regions (indicating higher stress) in the stress contour
gradually diminish, demonstrating that stress concentration becomes more pronounced
with elevated pressure. Although severe stress concentration occurs in the extrusion zone
of the sealing gap, the maximum von Mises stress of the seal (approximately 12.55 MPa)
under 20 MPa pressure remains within the safe range compared to the tensile strength
(27.0 MPa) of NBR.

Figure 6. Von Mises stress contour of seals under different medium pressures Pm: (a) 0 MPa;
(b) 5 MPa; (c) 10 MPa; (d) 15 MPa; (e) 20 MPa.

To achieve effective sealing, it is essential to ensure that the contact pressure of seals
exceeds the medium pressure Pm while maintaining a certain contact length. The aver-
age contact pressure along this contact length is defined as the effective contact pressure.
Figure 7 illustrates the influence of varying medium pressures on the maximum, average,
and minimum contact stresses of the sealing element. The results demonstrate that as the
medium pressure increases from 5 to 20 MPa, the effective pressure rises correspondingly
from 8.1 MPa to 22.9 MPa. Throughout this process, the effective contact pressure con-
sistently remains higher than the medium pressure. Furthermore, the minimum contact
pressure always exceeds the medium pressure, effectively eliminating the possibility of
leakage. This behavior indicates effective pressure-adaptive sealing capability, where the
seal maintains positive pressure differentials even under different medium pressures.
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Figure 7. Maximum value of contact stress of seals under different medium pressures.

3.2. Analysis of Factors Affecting Pipe Safe Pressure
3.2.1. Effect of Defect on the Safe Pressure

Finite element analysis is conducted with corrosion widths of 10–50◦ (in 10◦ incre-
ments) and depth ratios d1/d2 ranging from 0.2 to 0.8. Figure 8 illustrates the relation
between these defect parameters and the maximum safe pressure of pipe. It also shows
a pronounced dependence of maximum safe pressure of pipe on the pipe’s defect depth.
Quantitative analysis demonstrates that an increase of 0.2 in defect depth correlates with a
reduction of 18.7 ± 2.3% in pressure containment capacity, revealing that the defect depth
is the dominant geometric parameter to effect on the pipe’s structural integrity. The pipe
exhibits its minimum maximum safe pressure when the defect depth ratio d1/d2 reaches 0.8.
In contrast, FEA results show that the effects of defect’s width variation (range of 10–50 mm)
on pressure capacity is insignificant. These findings demonstrate that pipe pressure safety
assessments may neglect width effects but must account for defect depth impacts.

Figure 8. Relation between safe pressure of defective pipe and defect.

This study investigated the influence of pipe thickness on maximum safe pressure
under controlled defect conditions. The numerical analysis maintained a constant defect
depth ratio of 0.5, where the defect depth is half of the pipe wall thickness, combined with a
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20◦ defect width. The pipe thickness is systematically increased from 6 to 12 mm to analyze
its influence on pressure containment capacity. To characterize the mechanical response to
clamp-induced loading, an external contact stress of 20 MPa is applied, corresponding to
the maximum interface pressure documented in prior experimental studies. Figure 9 shows
that the maximum safe pressure of detective pipe is positively correlated with the thickness
of the pipe and external pressure loading. Specifically, as the thickness of detective pipe
is incrementally raised from 6 mm to 12 mm, the maximum safe pressure demonstrates a
significant increase from 7.6 MPa to 16.1 MPa and the application of external clamping load
reduces the maximum safe pressure of detective pipe, exhibiting a 2.4 MPa decrease for a
thickness of 6 mm. However, this weakening effect diminishes with increasing thickness. It
is evident that external loading exerts negligible influence on the pipe’s safe pressure at a
thickness of 12 mm. Consequently, under identical defect dimensions, external clamping
pressure represents a critical design consideration for a defective pipe with 6 mm wall
thickness, requiring particular attention during safe pressure assessments.

Figure 9. Relation between change in maximum safe pressure and thickness of pipe.

In summary, the most critical operating condition occurs when the thickness of the
pipe is 6 mm, with a maximum defect depth ratio d2/d1 of 0.8. The defect width shows
a negligible influence on the maximum safe pressure and is set at 20◦ as a conservative
value. According to the ASME B31G [37] criterion, for corrosion defects with given depths
which exceed 0.2 but remain below 0.8, the maximum allowable length of the defect when
approximated by a parabolic profile is determined by Equations (2) and (3). Therefore, the
most critical operating conditions for the pipe of 219 mm, including the thickness of pipe
and defect dimensions, are summarized in Table 3. It should be noted that the core logic of
this study is to evaluate the pipe stress state based on defect parameters, pipe geometric
characteristics, and clamp pressure, with the von Mises stress serving as the key criterion for
determining whether the medium pressure meets safety requirements. Furthermore, since
the maximum allowable defect length specified in ASME B31G is generally conservative
with actual critical lengths potentially being greater, Formulas (2) and (3) can be directly
applied for assessment. The calculated maximum allowable length is treated as a defect
parameter to identify the most critical operating conditions. On this basis, the influence of
the repair clamp on the safe pressure is further investigated.

lallow = 1.12B
√

Dd1 (2)
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B =

√(
d2/d1

1.1d2/d1 − 0.15

)2
− 1 (3)

Table 3. Critical parameters of defective pipe.

Thickness of
Clamp
d1/mm

Angle of Defect
φ/◦

Depth Ratios of
Defect
d2/d1

Length of Defect
l/mm

6 20 0.8 18.3

3.2.2. Effects of Repair Clamp Device on Safe Pressure

Under the most critical defect conditions, the effects of the repair clamp parameters of
load magnitude P, application width L2, and distance from the defect L1 are investigated.
With medium pressure alone, the pipe’s maximum safe pressure is 6.5 MPa. Experimental
results demonstrate that clamp-applied external pressures between 10 and 20 MPa signifi-
cantly affect the maximum safe pressure of corroded pipe as Table 4. The ‘–’ symbol denotes
cases where the maximum safe pressure fails to reach the 6.5 MPa threshold, indicating
that the repair clamp reduces the maximum safe pressure of defective pipe under these
operating conditions.

Table 4. Maximum safe pressure of defective pipe.

Operating
Pressure
Range
L2/mm

Distance
Between

Clamp and
Defect
L1/mm

Maximum Safe Pressure/MPa

10 MPa 12 MPa 14 MPa 16 MPa 18 MPa 20 MPa

10

10 6.9 6.9 7.0 7.0 7.0 -
20 6.9 6.9 6.9 6.9 6.9 6.8
30 6.9 7.0 7.0 7.0 7.1 7.1
40 7.0 7.0 7.1 7.1 7.1 7.2
50 7.1 7.1 7.1 7.1 7.1 7.2
60 7.1 7.1 7.1 7.1 7.2 7.2

20

10 7.0 6.9 6.7 6.7 - -
20 7.2 7.1 7.0 7.0 6.9 -
30 7.3 7.2 7.2 7.2 7.3 -
40 7.3 7.3 7.3 7.3 7.4 7.4
50 7.2 7.2 7.3 7.3 7.3 7.4
60 7.1 7.1 7.1 7.2 7.2 7.4

30

10 6.8 6.7 6.9 7.2 7.2 6.9
20 7.1 7.1 - - - -
30 6.9 7.0 7.3 7.3 - -
40 7.2 7.2 7.3 7.4 7.3 7.2
50 7.2 7.2 7.2 7.2 7.1 7.1
60 6.9 6.9 7.0 7.1 7.1 7.1

Figure 10 shows a characteristic non-monotonic relationship between the maximum
safe pressure of defective pipe and the external-load application distance. These results
demonstrate that increasing the external load application width L2 from 10 to 30 mm
significantly amplifies its influence on the safe pressure capacity of defective pipes under
identical loading conditions. This effect proves particularly pronounced when the installa-
tion distance is below the 40 mm threshold, where wider load application correlates with
greater pressure capacity reduction. Under operational conditions with an external-load
width L2 of 30 mm, installation distance L1 of 10 mm, and load pressure P ranging from 14
to 20 MPa, the maximum safe pressure consistently remains below 6.5 MPa for all tested
cases. Moreover, the experimental results also identify the installation distance L1 as the
critical factor governing the maximum safe pressure of defective pipe. For the tested pipe
geometry and defect dimensions, 40 mm emerges as the threshold distance determining
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the clamp’s mechanical influence. When the installation distance of the repair device is
less than 40 mm, the safe pressure of the defective pipe may be compromised due to the
intervention. When the installation distance of the repair clamp exceeds 40 mm, the maxi-
mum safe pressure stabilizes at approximately 7 MPa. While a slight decrease in pressure is
observed with further increases in installation distance, the repair system overall enhances
the safe pressure of the defective pipe. Thus, for such pipe repairs, the installation distance
of the repair device should be applied at 40 mm from the defect.

Figure 10. Relation between maximum safe pressure of defective pipe and loading application
distance. (a) The applied width is 10 mm. (b) The applied width is 20 mm. (c) The applied width is
30 mm.

3.3. Verification by the Results of Hydrostatic Pressure Test

Based on the aforementioned finite element analysis, the parameters of the pipe with
artificial defects are ultimately determined as follows: outer diameter D of 219 mm, pipe
thickness d1 of 6 mm, and length L of 700 mm. The pipe defects are artificially manufactured
in accordance with the specifications provided in Table 3, with the L1 of 10 mm and L2 of
40 mm. The hydrostatic test is conducted following the designed three-stage pressurization
procedure, as illustrated in Figure 11, and the recorded results are presented in Table 5.

Figure 11. Date of nine strain gauges.
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Table 5. Results of hydrostatic test results.

Loading Steps Maximum Test
Pressure/MPa Leakage Behavior

1 2.5 No leakage
2 5.0 No leakage
3 7.5 No leakage

Experimental results demonstrated effective sealing performance at a medium pressure of
7.5 MPa, which exceeded the previously determined maximum safe pressure of 7 MPa without
inducing pipe failure. This discrepancy arises because the study employed a conservative
plastic failure criterion for theoretical predictions, whereas the experimental failure mechanism
followed a less restrictive criterion, allowing normal operation at 7.5 MPa. As shown in
Figure 11, with the continuous pressurization of the test pipe, the strain data measured
by all strain gauges exhibited an upward fluctuating growth trend. These fluctuations are
primarily caused by manual pressurization using a hand-operated test pump, while the overall
increasing trend remained consistent with physical expectations. Under medium pressure
of 7.5 MPa, the axial strains consistently exceed 200 µm/m, while circumferential strains
remain below 200 µm/m. Among them, strain gauges H5 and H2, located at the central
region of the device, recorded the highest strain values. Although strain gauges H1 and H3
are symmetrically positioned relative to H2 and theoretically subjected to identical loading
conditions, the observed discrepancies in their readings are primarily caused by variations in
bolt preload during installation. From the overall strain distribution perspective, the central
region exhibited the maximum strain values within the entire structure.

To validate the reliability of the experimental results, finite element analysis is performed
using three incremental loading steps. Strain values at all designated measurement points
are selected for each loading step, and they are systematically compared with correspond-
ing experimental data. Figure 12 presents the comparative results between experimental
measurements and numerical simulations of the repair clamp under 2.5 MPa, 5.0 MPa, and
7.5 MPa medium pressure. The results demonstrate a good agreement between simulated
and experimental strain at all pressure levels, with only slight discrepancies observed. These
discrepancies may originate from the assumption of linear elastic material properties in the
simulation, whereas the actual material exhibits elastoplastic behavior.

Figure 12. Comparison of strain test and simulation at each point under various medium pressure
Pm: (a) 2.5 MPa, (b) 5 MPa, (c) 7.5 MPa.
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4. Conclusions
This paper presents a comprehensive study of a repair clamp designed for a D of

219 mm, with the following key conclusions:
(1) Finite element analysis (FEA) of the designed repair clamp’s sealing performance

demonstrates that the rubber seal generates contact stresses consistently exceeding the
medium pressure across the 5–20 MPa operational range, meeting sealing requirements.

(2) Sensitivity analysis of the pipe’s maximum safe pressure revealed that the critical
condition occurs at a 6 mm and depth ratio of 0.8, corresponding to the minimum pressure
resistance. Furthermore, when the repair clamp installation distance exceeded 40 mm, the
maximum safe pressure exhibited a marginal decrease, whereas distances below 40 mm
could significantly compromise pressure integrity. Therefore, when precise defect character-
ization is unattainable, a conservative approach should be implemented by positioning the
repair clamp approximately 40 mm from the defect edge during maintenance operations.

(3) A hydraulic pressure test confirms the good sealing performance of the repair
clamp, enabling the defective pipe to maintain normal operation under 7.5 MPa medium
pressure. Comparative analysis between simulated and experimental strain data demon-
strated good agreement across most measurement areas, with only minor discrepancies
observed at localized points.
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Appendix A
Appendix A.1

Figure A1. Mesh sensitivity analysis: (a) seal component mesh; (b) defective pipeline mesh.

When the seal component mesh size is refined beyond 0.15 mm, the von Mises stress
stabilizes, but the computational speed decreases by 50%. Therefore, a mesh size of 0.15 mm
was selected and a defective pipe model with a mesh size of 10 mm was established.
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