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Abrasive water jet (AWJ) cutting technology is considered an effective method to assist tunnel 
boring machines in efficiently breaking glass fiber reinforced polymer (GFRP) bar reinforced concrete 
structures. However, systematic investigations on the coupled cutting behavior of GFRP bars and 
concrete remain limited. To address this gap, this study presents the first comprehensive experimental 
analysis of AWJ cutting of GFRP-reinforced concrete, clarifying the removal mechanisms of both GFRP 
bars and concrete and revealing the key process parameters governing cutting depth. An innovative 
and systematic evaluation of AWJ process parameters was conducted by integrating single-factor 
experiments with orthogonal tests to elucidate the relative significance of each parameter on cutting 
depth. The results show that cutting GFRP bars with high-pressure AWJ can produce deeper cracks 
than cutting concrete. The cutting depth of GFRP bars and concrete is negatively correlated with 
traverse speed and standoff distance, and positively correlated with nozzle diameter, pump pressure, 
and number of cutting passes. When high-pressure AWJ cuts concrete, brittle fracture erosion is the 
main mechanism, resulting in smooth and flat cutting surfaces. The damage caused by pure water 
jet to concrete exhibits a water-wedge failure mode, propagating mainly along transitional weak 
interfaces and forming irregularly shaped failure surfaces. The relative importance of AWJ cutting 
parameters on concrete cutting depth is ranked as follows: traverse speed, number of cutting passes, 
standoff distance, pump pressure, and nozzle diameter. Recommended parameters for engineering 
applications include a pump pressure of 240 MPa, a traverse speed of ≤ 15 m/min, a standoff distance of 
approximately 40 mm, and a nozzle diameter of about 0.44 mm. Under these conditions, concrete can 
be cut with 2–3 passes and GFRP bars with a single pass, ensuring cutting efficiency while maintaining 
a balance among water consumption, equipment capacity, and construction safety. These findings 
extend the understanding of AWJ-assisted cutting of GFRP-reinforced concrete and provide theoretical 
guidance and practical references for jet-assisted rock breaking in Shield tunneling operations.
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Shield tunneling method construction has the characteristics of high degree of automation, saving manpower, fast 
construction speed, and small environmental disturbance, and has become a key technology in transportation, 
mining, water conservancy and other engineering fields1–4. The shield machine has become an indispensable 
and important equipment in the construction of subway tunnels and urban pipe corridors. During its excavation 
process, it can better adapt to a variety of stratigraphic conditions. However, it faces the complex and diverse 
urban underground environment, especially when encountering reinforced concrete will inevitably cause 
engineering problems such as steel bars wrapping around the cutterhead, damage to cutting tools, and low 
removal efficiency5–10. Therefore, breaking down reinforced concrete obstacles such as underground diaphragm 
walls has become a new challenge for shield urban tunneling.
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During the construction of tunnel projects, in order to further improve the shield machine’s removal 
efficiency when encountering reinforced concrete obstacles, reduce tool wear, and prevent the screw machine 
from jamming, some scholars have proposed that GFRP bars can be used to replace the internal concrete steel 
bars11–13. GFRP bars are a new type of composite material processed from a resin matrix and GFRP materials. 
GFRP bars offer several advantages, including excellent corrosion resistance, light weight, and outstanding 
durability under harsh environmental conditions. Their application not only enhances the structural performance 
and service life of concrete members but also reduces maintenance requirements14–17. The typical manufacturing 
process is pultrusion, in which continuous glass fibers are thoroughly impregnated with a resin matrix, cured 
in a heated mold, and subsequently surface-treated to enhance bonding performance with concrete. Compared 
with traditional steel bars, they have higher tensile strength, lighter weight, and corrosion resistance. Therefore, 
they have been widely used in engineering18,19.

With the gradual application of GFRP bars, GFRP bars reinforced concrete structures is used in corresponding 
parts such as the retaining piles, ground connection walls, and contact channel segment breaks that the tunnel 
boring machine will pass through, so that the tunnel boring machine can directly cut through, realizing the 
initial or arrival20. However, during the application process, problems such as cutterhead and screw machine 
jamming were still encountered, resulting in low excavation efficiency. For example, when the shield machine 
of Shenyang Metro Lines 3 and 4 was grinding GFRP bars reinforcement piles, soil accumulation and screw 
failure occurred. The conveyor is stuck21. In order to explore the three-dimensional force characteristics and 
failure mechanism of the shield machine in breaking the GFRP bars reinforced concrete structure, the horizontal 
water jet mechanical cutter rock breaking test large scientific equipment independently developed by Shandong 
University was used to simulate the tunneling of glass fiber reinforced concrete. It was found that it would still, 
An equipment jam caused the test to be suspended. Therefore, there is an urgent need to develop a method that 
enables tunnel boring machines to efficiently penetrate concrete obstacles containing GFRP reinforcement.

In recent years, domestic and foreign scholars have conducted a large number of studies on high-pressure 
AWJs. Relevant studies have proven that water jet-assisted excavation of TBM, drill bits, picks, etc. has very good 
effects, can effectively reduce tool wear and significantly improve excavation efficiency22–28, is considered to be 
a highly potential auxiliary excavation method. At the same time, high-pressure AWJs are widely used in other 
fields because of their high efficiency and environmental protection. In the field of metal processing, AWJs have 
shown significant advantages, and scholars have conducted a large number of studies. Sourd et al.29 investigated 
the surface contamination and quality issues of titanium alloys after AWJ milling, followed by cleaning with a 
water jet. Based on the test results of abrasive jet cutting steel, Deepak et al.30 pointed out that the jet standoff 
distance, abrasive particle size, nozzle diameter and incident angle have important effects on steel cutting. There 
is an optimal range for depth effects. Perec et al.31 conducted metal cutting experiments with abrasive jets and 
found that the metal cutting depth is positively related to the pump pressure and negatively related to the traverse 
speed. It first increases and then decreases as the abrasive supply increases. Brucely et al.32 explored the influence 
of jet parameters on metal cutting surface roughness and flick angle through experiments. Gnansasekaran et 
al.33 systematically explored the effects of AWJ pressure, penetration rate, abrasive amount rate and nozzle 
distance on mixed metal. Effect of Erosion Rate of Fiber Laminates. In the field of concrete cutting, Liu et al.25 
used numerical methods to find that the abrasive concentration that optimizes the concrete crushing depth 
and damage efficiency is 20%. Hlaváček et al.34 studied the influence of concrete age on the erosion effect of 
abrasive jets and found that one-year-old concrete was 28% more difficult to cut than new concrete. Xiao et al.35 
conducted numerical simulations of high-speed water jet impact on concrete based on the coupling algorithm 
of smooth particle hydrodynamics and finite element method, and studied the internal energy change rules and 
damage stress evolution of homogeneous and heterogeneous concrete in different times. law.

In addition, recent studies have further verified the potential applications of AWJ in the machining of 
composite and hybrid materials36,37. For example, Sourd et al.38 conducted a multiscale analysis of damage and 
contamination in abrasive water jet drilling of GLARE fiber-metal laminates, while Chaouch et al.39 proposed a 
hybrid modeling and multi-objective optimization approach for AWJ machining of composite laminates based 
on neural networks and metaheuristic algorithms. These studies demonstrate that AWJ is also effective in cutting 
complex composite structures, thereby further extending the application potential of high-pressure AWJ beyond 
metal and concrete machining.

In summary, the aforementioned studies have fully demonstrated the superior capability of AWJ in 
cutting metals, concrete, and composite materials, highlighting their efficiency, precision, and controllability 
in processing complex structures. Accordingly, AWJ holds promise for pre-cutting GFRP-reinforced concrete 
obstacles to reduce the mechanical rock-breaking demand on tunnel boring machines, thereby enabling efficient 
advancement. Moreover, existing research indicates that the cutting depth of AWJ is a critical factor influencing 
the effectiveness of auxiliary mechanical rock-breaking, directly affecting cutter forces and rock-breaking 
efficiency. However, systematic studies on AWJ cutting of GFRP-reinforced concrete structures remain lacking, 
providing a clear direction for further exploration of AWJ-assisted high-efficiency tunneling.

In this study, cutting depth was adopted as the evaluation index to investigate the performance and 
mechanism of AWJ cutting of GFRP bars reinforced concrete. Five key parameters, including traverse speed, 
pump pressure, standoff distance, nozzle diameter, and number of passes, were examined through single-factor 
and orthogonal tests. The results demonstrated that AWJ can effectively cut GFRP bars reinforced concrete, 
with the main challenge lying in concrete removal. The mechanisms of GFRP bar and concrete removal under 
AWJ action were clarified, and the significance of control parameters affecting cutting depth was analyzed. By 
systematically addressing the coupled cutting behavior of both GFRP bars and concrete, this study extends 
the understanding of AWJ-assisted cutting and provides construction recommendations, offering theoretical 
guidance and technical references for AWJ-assisted tunnel boring machines.
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Experimental designs
Experimental apparatus and rock sample parameters
This experimental study of high-pressure AWJ cutting of GFRP bars reinforced concrete was conducted on the 
multi-functional water jet cutting test platform of Shandong University. The test bench consists of high-pressure 
pump unit, numerical control console, abrasive tank, control system and other accessories. The high-pressure 
pump unit includes a supercharger, an intelligent cooling circulation system, etc. Six superchargers operating 
at the same time can achieve a maximum stable high-pressure water output of 420 MPa, which is the basis for 
supporting the continuous operation of the test platform. The water tank is connected to low-pressure water and 
provides sufficient water supply to the booster pump, which can achieve a maximum flow demand of 36 L/min. 
The water jet nozzle can be flexibly replaced with nozzles of different diameters to carry out efficient cutting 
tests. Through parameter settings, the numerical control console can run in the vertical direction of the nozzle to 
adjust the standoff distance for sample cutting. It can also run back and forth in two directions in the horizontal 
plane to complete water jet cutting tests under different traverse speed conditions. The abrasive tank provides a 
continuous supply of abrasives to the test platform. The negative pressure generated by the high-speed flow of 
high-pressure water at the water jet nozzle draws the abrasives into the high-pressure water through the hose, 
and is sprayed out with the high-pressure water. The control system integrates multiple functions such as pump 
unit starting, pressure adjustment, water valve switching and nozzle operating parameter setting, and is suitable 
for testing and parameter setting under various working conditions.

The materials used in this test were GFRP bars and concrete (Fig. 1). The GFRP bar has a diameter of 25 mm 
and a length of 500 mm. It is composed of approximately 60% glass fibers (by volume) and 40% epoxy resin 
matrix. The density of the GFRP bar is about 2.0 g/cm³, while the epoxy resin matrix has a density of 1.2 g/
cm³ and a tensile strength of 70 MPa. The GFRP bar exhibits a tensile strength greater than 550 MPa, a thermal 
expansion coefficient of 9.9, and a porosity of approximately 2%. Its stress–strain curve is shown in Fig. 2. The 
concrete strength grade is C35, and the test size is 200 × 200 × 150 mm. The mix proportions are listed in Table 1. 
After the specimen is produced, it is cured under constant temperature and humidity conditions for 28 days. 
The abrasive used in this experiment was commonly used natural garnet, characterized by high hardness and 

Fig. 2.  Stress–strain curve of GFRP reinforcement.

 

Fig. 1.  Sample installation.

 

Scientific Reports |        (2025) 15:42754 3| https://doi.org/10.1038/s41598-025-27016-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


strength, with a Mohs hardness of 7–9, a density of 3.54 g/cm³, and a particle size of 80 mesh (ranging from 0.18 
to 0.25 mm).

Experimental test procedure
The effect of high-pressure AWJ cutting of GFRP bars reinforced concrete is affected by multiple cutting 
parameters. Through previous experiments and literature research, this experiment set five control parameters: 
traverse speed, pump pressure, standoff distance, nozzle diameter, and number of cutting times. Conduct 
experimental research on the performance and mechanism of high-pressure AWJ cutting of GFRP bars 
reinforced concrete. In order to more clearly explore the cutting effect of the jet, a cutting comparison test was 
conducted between plain concrete test blocks and GFRP bars under the same working conditions. This study 
used the control variable method to conduct a single-factor test, as shown in Table 2. In this study, the abrasive 
flow rate was set at a fixed value of 960 g/min. The ranges of traverse speed and standoff distance were primarily 
determined based on the operating conditions of the tunnel boring machine and the cutting capacity of the 
abrasive water jet. Typically, the cutterhead rotational speed of a shield machine ranges from 0.5 to 2 rpm, and 
traverse speeds of 2–10 m/min can accommodate all commonly used water nozzles. Considering the protective 
structures and corresponding safety measures for the cutterhead nozzles, the standoff distance should not be less 
than 2 cm to avoid nozzle damage or compromise experimental safety. The upper limit of 10 cm ensures effective 
jet coverage of the specimen surface while maintaining experimental flexibility. The selection of pump pressure, 
nozzle diameter, and cutting passes also considered the pump capacity and the ability of the abrasive water jet to 
cut GFRP-reinforced concrete. The levels of pump pressure were set at 150, 200, and 240 MPa; nozzle diameters 
at 0.36, 0.44, and 0.50 mm; and cutting passes at 1, 2, and 3. At the same time, a mixed orthogonal test with 5 
factors and 5 levels was also designed to conduct a significance analysis on the influence of each parameter on 
the concrete cutting depth, as shown in Table 3.

The experimental procedure is described as follows. Prior to testing, the operating parameters were set 
and the nozzle was positioned to allow sufficient space for sample placement. The test block was then hoisted 
to the designated position, ensuring that one side was perpendicular to the cutting direction of the nozzle. 
Subsequently, the cutting parameters were configured, the pump unit was started, and the high-pressure water 
valve was opened. Once the system pressure stabilized, the abrasive valve was activated to perform the cutting. 
After completing a cut, the nozzle was repositioned to the next location, maintaining a 20 mm spacing between 
consecutive cuts. This procedure was repeated until all designated cuts were completed.

After each group of test blocks was cut, residual abrasives and concrete fragments in the cutting joints were 
rinsed with clean water and further cleaned using high-pressure air before air-drying. The depth of the slits was 
measured using a steel needle and a telescopic gauge, taking readings from both sides of the vernier scale. To 
ensure measurement accuracy, each slit was assessed at five equally spaced points and the average value was 
calculated.

In addition, the surface failure patterns of the concrete and GFRP bars were visually inspected and documented 
with photographs throughout the experiment, enabling a comprehensive analysis of the failure mechanisms.

Level
Traverse speed
m/min

Standoff distance
cm

Pump pressure
MPa

Nozzle diameter
mm Cutting times

1 2 2 150 0.36 1

2 4 4 200 0.44 2

3 6 6 240 0.50 3

4 8 8

6 10 10

Table 2.  Single factor experimental factors and levels.

 

Material type Cementitious material Fine aggregate Coarse aggregate Admixture Water

Main component Cement Manufactured sand Gravel Pumping agent /

Key technical index /

Fineness modulus 3.2 Maximum size 25 mm

/ /Clay content 0.30% Minimum size 5 mm

/ / Gradation continuous

Weight ratio 1 1.71 2.26 0.05 0.39

Material dosage per m³
440 752 996 22.1 170

(kg/m3)

Table 1.  Concrete composition and properties.
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Results analysis
Influence of pump pressure parameters on cutting performance
Pump pressure is one of the key factors affecting the jet slit depth. Historically, when water jets were first applied 
in the cutting field, pump pressure was regarded as the fundamental parameter governing cutting performance, 
which also directly promoted the development of large-capacity high-pressure plunger pumps and boosters.

Figure 3 presents the influence of pump pressure on the cutting depth when high-pressure AWJ is used to 
cut GFRP bars and concrete specimens. It can be observed that, when other control parameters remain constant, 
increasing the pump pressure within a certain range has a pronounced effect on the jet cutting performance. This 

Fig. 3.  Effect of the pump pressure on cutting depth.

 

Level
Traverse speed
m/min

Standoff distance
cm

Pump pressure
MPa

Nozzle diameter
mm Cutting times

Depth of cutting
mm

1 2 2 150 0.36 3 18.92

2 2 4 200 0.44 6 19.42

3 2 6 240 0.5 9 13.08

4 2 8 150 0.36 3 9.42

5 2 10 240 0.5 9 11.17

6 4 2 200 0.5 8 13.67

7 4 4 240 0.36 9 7.00

8 4 6 150 0.5 3 10.17

9 4 8 240 0.36 6 9.42

10 4 10 150 0.44 9 3.92

11 6 2 240 0.5 6 12.00

12 6 4 150 0.36 9 4.00

13 6 6 240 0.44 3 8.17

14 6 8 150 0.5 9 3.67

15 6 10 200 0.36 3 7.17

16 8 2 150 0.44 9 3.83

17 8 4 240 0.5 3 11.00

18 8 6 150 0.36 6 4.17

19 8 8 200 0.5 9 4.08

20 8 10 240 0.36 3 5.83

21 10 2 240 0.36 9 4.00

22 10 4 150 0.5 3 4.42

23 10 6 200 0.36 9 2.75

24 10 8 240 0.44 3 7.33

25 10 10 150 0.5 6 3.92

Table 3.  Orthogonal test scheme and result.
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is because a higher pump pressure results in a higher jet velocity, which enhances the kinetic energy transferred 
to the target material and accelerates the erosion and removal of material from the cutting surface.

Overall, AWJ cutting of GFRP bars achieves better performance compared with concrete under the same 
pump pressure. This difference arises because GFRP has a relatively lower density and heterogeneous fiber–
matrix interface structure, making it more susceptible to erosion and fiber pull-out under jet impact, while 
concrete, with its dense aggregate–cement matrix, exhibits stronger resistance to material removal.

In the pressure range below 240 MPa, the cutting depth of GFRP bars increases almost linearly with pump 
pressure and consistently exceeds that of concrete. However, when the pump pressure increases from 240 MPa 
to 280 MPa, an inflection point appears in the curve: the cutting depth shows only a slight increase despite the 
40 MPa pressure increment. This trend indicates that, beyond a certain threshold, jet energy utilization becomes 
less efficient due to increased jet dispersion, energy loss in turbulence, and partial saturation of the erosion 
process at the cutting front.

Therefore, in practical engineering applications, it is recommended to maintain the pump pressure around 
240 MPa, as further increases yield limited improvements in cutting depth while significantly raising energy 
consumption and equipment wear. This optimal balance point ensures both effective cutting performance and 
economic feasibility during shield tunneling operations involving reinforced concrete obstacles.

Influence of traverse speed on cutting performance
During the AWJ cutting process, changes in traverse speed have a significant impact on the cutting performance. 
As shown in Fig. 4, as the traverse speed increases, the cutting depth of both GFRP bars and concrete initially 
decreases rapidly and then decreases more slowly. This trend is consistent with the parameter effects observed by 
Thakur et al.40–46 in CFRP composites, indicating that AWJ cutting efficiency is strongly influenced by traverse 
speed.

When the traverse speed is 0.5 m/min, the concrete cutting depth reaches 35.2 mm, and the GFRP bars are 
completely severed. At a traverse speed of 1 m/min, the cutting depth of the concrete is 20.6 mm, and that of the 
GFRP bars is 24 mm. With further increase of the traverse speed, the cutting depth of the GFRP bars consistently 
exceeds that of the concrete, especially in the range of 2–15 m/min. This difference arises because GFRP has a 
relatively lower density and weaker fiber–matrix interfaces, making it more susceptible to jet erosion, whereas 
concrete, with its denser aggregate–cement matrix, provides stronger resistance to material removal.

When the traverse speed exceeds 15 m/min, the cutting depth of concrete falls below 5 mm, and the cutting 
effect becomes minimal, suggesting that the jet energy cannot fully act on the material due to the reduced 
interaction time. This observation emphasizes the importance of balancing traverse speed to achieve both 
cutting efficiency and operational efficiency.

Therefore, in practical engineering applications, it is recommended to control the jet traverse speed within 
15 m/min to ensure effective cutting performance. Maintaining a moderate traverse speed allows sufficient jet 
exposure time to the target material, maximizes material removal, and ensures consistent cutting quality for both 
GFRP bars and reinforced concrete structures.

Influence of standoff distance on cutting performance
The standoff distance is defined as the distance between the AWJ nozzle and the surface of the material to be cut. 
Figure 5 illustrates how cutting depth varies with standoff distance. As the distance between the jet nozzle and 
the target surface increases, the discreteness of the jet beam becomes larger, leading to a deterioration in cutting 
performance.

For GFRP bars, the cutting depth exhibits a linear negative correlation with standoff distance: within the 
range tested, smaller standoff distances result in better cutting performance. This is because GFRP bars are 
cylindrical and have lower density and hardness than concrete. When the standoff distance is small, the jet can 

Fig. 4.  Effect of the traverse speed on cutting depth.

 

Scientific Reports |        (2025) 15:42754 6| https://doi.org/10.1038/s41598-025-27016-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


fully act on the edge of the GFRP bar with minimal reflection, enhancing material removal. The initial cutting 
distance is effectively greater than the set standoff distance due to the cylindrical shape, and the reflected jets are 
fewer, further promoting cutting efficiency.

For concrete, the trend is more complex. When the standoff distance is less than 40 mm, the cutting depth 
increases slightly with increasing distance. This is likely due to the interaction between the jet and the groove 
formed during initial cutting, which improves jet penetration. When the standoff distance exceeds 40 mm, the 
cutting depth decreases sharply in an approximately linear manner. In this case, increased distance leads to jet 
dispersion and energy loss, reducing the effective erosion on the concrete surface. Therefore, an optimal standoff 
distance exists for AWJ cutting of concrete to maximize cutting depth; in this study, the optimal distance is 
40 mm.

The differences between GFRP bars and concrete can be attributed to their material properties and geometry. 
Concrete grooves constrain the jet and produce reverse vertical jets, which weaken cutting efficiency, whereas 
GFRP bars do not exhibit this phenomenon. Moreover, GFRP bars’ lower density and hardness facilitate cutting 
even at slightly larger standoff distances.

From an engineering perspective, since concrete is more difficult to cut, practical applications mainly 
consider the optimal standoff distance for concrete. Therefore, it is recommended to set the standoff distance 
around 40 mm to achieve the best cutting effect in reinforced concrete structures while maintaining effective 
cutting of GFRP bars.

Influence of nozzle diameter on cutting performance
The nozzle diameter directly reflects the flow rate of the abrasive water jet. Under a fixed pump pressure, a larger 
nozzle diameter results in a higher flow rate, which increases the kinetic energy delivered to the target material 
and improves the cutting performance. In this study, tests were conducted using nozzles of four different 
diameters, as shown in Fig. 6.

The results indicate that as the nozzle diameter increases, the difference in cutting depth between GFRP 
bars and concrete becomes more pronounced. When the nozzle diameter is 0.25 mm, the cutting depths for 
GFRP bars and concrete are approximately 7 mm and 7.5 mm, respectively, showing minimal difference. As 
the nozzle diameter increases, the cutting depth initially rises rapidly and then increases more gradually. When 
the nozzle diameter exceeds 0.44 mm, although the water flow rate and consumption increase significantly, the 
improvement in cutting depth becomes negligible, indicating that the cutting efficiency approaches a saturation 
point.

This behavior can be explained by the jet energy transfer mechanism. At small nozzle diameters, the flow 
rate is limited, resulting in lower jet momentum and energy density, and thus slower material removal. As the 
diameter increases, the flow rate and jet impact area increase, enhancing the material removal capacity. However, 
beyond a certain diameter, the jet energy becomes more dispersed over the larger nozzle exit area, and the unit-
area impact energy does not significantly increase, which limits further improvement in cutting depth.

From a practical engineering perspective, to maximize cutting efficiency while minimizing excessive water 
consumption, it is recommended to select a nozzle diameter of approximately 0.44 mm. This choice provides an 
optimal balance between effective cutting performance and operational cost in AWJ-assisted cutting of GFRP-
reinforced concrete structures.

Influence of cutting times on cutting performance
In addition to varying the control parameters, performing multiple cutting passes on the same target can also 
enhance the cutting effect when using AWJ to cut GFRP bars and concrete. As shown in Fig. 7, considering that 
the diameter of the GFRP bar is only 25 mm, it can be completely severed by a single pass of the AWJ. To ensure 

Fig. 5.  Effect of the standoff distance on cutting depth.
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the regularity and comparability of multiple cuts, the traverse speed was adjusted from 2 m/min to 10 m/min, 
and both GFRP bars and concrete were subjected to four consecutive cutting passes.

The results indicate that, overall, within the first three passes, there is an approximately linear positive 
correlation between the slit depth and the number of cutting passes. At the fourth pass, however, the slope of 
the curve decreases, indicating that as the slit depth increases, the effective standoff distance for the subsequent 
cutting passes becomes larger. Consequently, the material removal effect of a single jet pass gradually weakens.

This trend can be explained by the interaction between the jet and the growing slit. Initially, the jet acts 
directly on the material surface, providing maximum impact energy and material removal. As the slit deepens, 
part of the jet energy is lost due to increased distance and jet dispersion within the slit, reducing the efficiency 
of additional passes.

From a practical engineering perspective, the cutting effect of the jet under high traverse speed can be 
improved by appropriately increasing the number of cutting passes. Optimizing the number of passes allows 
the jet to remove material more effectively, ensuring sufficient cutting depth for both GFRP bars and reinforced 
concrete structures without excessively slowing down the overall operation.

Discussion
Mechanism analysis
Figure 8 shows the macroscopic fracture characteristics of concrete cut by high-pressure pure water jet and high-
pressure AWJ under different standoff distance conditions. The results show that there are significant differences 
in the groove shapes of concrete specimens under the action of the two jets. The damage range on both sides of 
the slit formed by AWJ cutting of concrete is roughly symmetrically distributed, and the wall surface of the slit 
is relatively smooth. However, the concrete under the action of high-pressure pure water jets formed abnormal 
grooves with irregular and rough contours. The lengths and expansion directions of cracks on both sides of the 

Fig. 7.  Effect of the cutting times on cutting depth.

 

Fig. 6.  Effect of the nozzle diameter on cutting depth.

 

Scientific Reports |        (2025) 15:42754 8| https://doi.org/10.1038/s41598-025-27016-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


grooves were different and asymmetrical. The above phenomenon is mainly caused by the difference in concrete 
structure and the different mechanism of water jet rock breaking.

Concrete is a reliable heterogeneous structural material with significant differences in the strength and 
density of the mortars and aggregates in its composition. Under the action of high-pressure pure water jet, due to 
the high porosity and abundant micro-cracks at the transition interface between aggregate and cement mortar, it 
leads to the preferential orientation of crack propagation. Internal cracks in concrete preferentially expand along 
the interface between aggregate and mortar. This interface is a weak connection zone and the bonding strength 
is relatively weak. When a weak interface is encountered, cracks that partially penetrate the aggregate will further 
propagate along the interface between the aggregate and the mortar under the impact force induced by the high-
speed jet. The water wedge effect of the water jet can be fully utilized at the above-mentioned transition interface, 
which is the preferred area for high-pressure water jets to penetrate concrete and the preferred area for crack 
initiation and expansion. Therefore, the fracture cracks of concrete under the action of high-pressure pure water 
jet are asymmetrically distributed and mainly expand along the transitional weak connection interface, thus 
forming an irregularly shaped failure surface.

The high-pressure AWJ cuts the concrete more regularly. The reason is the energy transfer of the jet beam. The 
erosion ability of the abrasive jet on the concrete mainly depends on the contribution of the abrasive particles. 
With the addition of abrasive particles, part of the kinetic energy of the water body is converted into the kinetic 
energy of the abrasive particles, resulting in a reduction in the water wedge effect of the jet, strengthening the 
grinding ability of the abrasive particles, and greatly improving the erosion ability of the water jet. The damage 
caused by abrasive particles to concrete is divided into brittle fracture erosion and plastic shear erosion. Brittle 
fracture erosion causes the cracks in the concrete to continue to expand mainly along the original erosion cracks 
in the vertical direction. The crack length and damage gradually increase as the standoff distance decreases. 
Increases, but the crack shape and expansion path remain unchanged, and plastic shear erosion makes the 
concrete incision flatter and smoother.

Figure 9(a) shows the slits on GFRP bars cut by both pure water jet and high-pressure AWJ. The slit produced 
by AWJ is about three times wider than that produced by the pure water jet. Figure 9(b) presents the cross-
section of the GFRP bars cut by the pure water jet, showing noticeable scratches. In contrast, the cross-section 
cut by AWJ (Fig. 9(c)) is much smoother.

Compared with concrete, fiberglass bars are homogeneous materials. At the same time, the pure water jet has 
strong cutting ability only at the center of the jet, so the incision is narrow and smooth. The entire jet beam of the 
AWJ is filled with abrasive particles, and the edge of the jet beam still has strong cutting ability, which can abrade 
the incision at the opening. Large, forming a V-shaped incision. Therefore, the notches eroded by abrasive jets 

Fig. 8.  Macro fracture characteristics of concrete.
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are larger than those eroded by pure water jets. This phenomenon is opposite to the macroscopic phenomenon 
of concrete slits. The damage to GFRP bars caused by pure water jets and AWJs is mainly plastic shear damage.

Scanning electron microscopy was performed on the cross-sections of GFRP bars after AWJ cutting, revealing 
distinct layering characteristics, as shown in Fig. 10. The fracture morphology varies from top to bottom: in the 
upper region, the glass fiber cross-sections remain intact, with smaller fiber diameters and relatively smooth 
surfaces, as shown in Fig. 10(b); in the middle region, the fiber diameters gradually increase and exhibit nearly 
elliptical cross-sections with more pronounced cutting marks, as shown in Fig. 10(c); in the lower region, the 
fiber cross-sections are irregular, with larger diameters and some residual fiber lengths, as shown in Fig. 10(d). 
This is attributed to the significant reduction in the velocity and kinetic energy of abrasive particles in the lower 
portion of the jet, which limits brittle fracture of the glass fibers, causing bending and tensile deformation during 
cutting and resulting in irregular plastic fracture surfaces. These observations indicate that the AWJ cutting 
mechanism of GFRP bars involves not only the impact and abrasion by high-speed abrasive particles but also 
bending–tensile failure of fibers, leading to a progressive evolution of the cross-sectional morphology from 
intact to coarse to irregular from top to bottom.

Significance analysis of cutting depth of concrete on AWJ parameters
In order to clarify the significance of the key parameters of water jet when cutting GFRP bars reinforced concrete 
structures with AWJ, the optimal parameter optimization sequence can be achieved to achieve efficient cutting 
in actual projects. Based on the previous single-factor experiment, a comparative experimental study on the 
cutting depth of GFRP bars and concrete cut by AWJ was conducted, and it was found that the cutting effect is 
affected by multiple cutting parameters, This is contrary to the results of Wang et al.47 regarding abrasive water jet 
cutting of reinforced concrete. Since cutting concrete with AWJ is more difficult than cutting fiberglass bars, only 
concrete was considered when considering the significance study of control parameters. In order to explore the 
influence of each parameter on concrete cutting depth, variance analysis was performed on the orthogonal test 
data in Table 2. The analysis results are shown in Table 4. By analyzing the F value in the table, the significance of 

Fig. 9.  Macro fracture characteristics of GFRP bars.
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each parameter is ranked: traverse speed, cutting times, standoff distance, pump pressure, and nozzle diameter. 
This is consistent with the results of Karakurt et al.48 Among them, the effect of traverse speed is much higher 
than that of other factors, followed by the number of cutting times. The F values of both are significantly greater 
than other influencing factors. For shield AWJ cutting of reinforced concrete, the traverse speed, cutting times 
and conventional cutting conditions are significantly different, and these two factors have the greatest impact on 
the depth of concrete cutting seams and need to be focused on.

Recommendation
Through this single-factor experimental study, it was found that the cutting depths of GFRP bars and concrete 
cut by AWJs are quite different. Under the same control parameters, the cutting depth of GFRP bars is much 
greater than the cutting depth of concrete. Therefore, when applying AWJ cutting in engineering, the main 
thing to consider is the cutting effect of concrete. In actual construction, considering the cutting effect, it is 
recommended to control the pump pressure at 240  MPa and the jet traverse speed within 15  m/min. It is 
recommended to give priority to a nozzle with a diameter of 0.44 mm. The order of importance of jet control 
parameters obtained through orthogonal experiments is traversing speed, cutting times, standoff distance, pump 
pressure, and nozzle diameter.

Therefore, during the construction process, after the pump pressure reaches a certain value, continuing 
to increase will have little impact on the rock breaking effect, but the requirements for equipment will be 
greatly increased and the safety risks of construction will be increased. Therefore, it is recommended that the 
pump pressure be 240 MPa, which is more appropriate. It can maximize the capabilities of the equipment and 

Factor Sj Degrees of freedom Sj/Degrees of freedom F Critical value Significance

Traverse speed 299.4 4 74.9 89.09 F0.05(4,24) = 2.78 Significant

Cutting times 103.8 2 51.9 61.747 F0.05(4,24) = 3.40 Significant

Standoff distance 58.1 4 14.5 17.30 F0.05(4,24) = 2.78 Significant

Pump pressure 36.3 2 18.2 21.62 F0.05(2,24) = 3.40 Significant

Nozzle diameter 11.7 2 5.8 6.95 F0.05(2,24) = 3.40 Significant

Empty column 3.6 4 0.9 1.07 F0.05(4,24) = 2.78

Error 16.8 6 0.8

Table 4.  Significance evaluation of each factor.

 

Fig. 10.  Scanned image of GFRP bars.
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reduce costs. The selection of the nozzle diameter is also very important in construction. To achieve efficiency 
enhancement when a shield machine is equipped with a water jet, multiple water jet nozzles need to work 
at the same time to achieve an obvious promotion effect. Multiple nozzles mean higher requirements for the 
total flow rate of the equipment. Blindly pursuing large flow rates will require a large enough energy storage 
space, which is difficult to achieve in the limited space of the tunnel. Therefore, choosing a suitable nozzle 
diameter is conducive to the successful implementation of the equipment. For application, it is recommended 
to make reasonable nozzle selection based on the layout of the water jet. At the same time, it is concluded from 
orthogonal experiments that the traverse speed has the greatest impact on the jet cutting effect, followed by the 
cutting times. Therefore, the optimal cutting depth can be achieved by reducing the cutting speed or performing 
multiple cuts.

Conclusions
This study systematically investigated the kerf depth and cutting mechanism of high-pressure AWJ cutting of 
GFRP bars and concrete, clarified the effects of key jet parameters, and identified the optimal range for efficient 
cutting. The significance of each control parameter was analyzed through orthogonal experiments. The main 
conclusions are as follows:

	(1)	 The cutting depth of high-pressure AWJ on GFRP bars is greater than that on concrete. The cutting depth 
of both GFRP bars and concrete is negatively correlated with traverse speed and standoff distance, and 
positively correlated with nozzle diameter, pump pressure, and number of cutting passes.

	(2)	 Concrete cutting is primarily governed by brittle fracture and plastic shear erosion, resulting in smooth kerf 
surfaces. In contrast, pure water jet cutting of concrete produces water-wedge damage, with cracks propa-
gating along weak interfaces and forming irregular surfaces. GFRP bars, due to their low density and weak 
fiber–matrix interface, are more easily cut.

	(3)	 Variance analysis indicates that traverse speed has the greatest influence, followed by the number of cutting 
passes, standoff distance, pump pressure, and nozzle diameter. F-values show that traverse speed and the 
number of passes are the dominant factors, whereas increasing pump pressure beyond 240 MPa or using a 
larger nozzle diameter has limited effect on cutting depth.

	(4)	 For engineering applications, the recommended parameters are a pump pressure of 240  MPa, traverse 
speed ≤ 15 m/min, standoff distance of approximately 40 mm, and nozzle diameter of about 0.44 mm, with 
2–3 passes for concrete and a single pass for GFRP bars. These parameters ensure cutting efficiency while 
balancing water consumption, equipment capacity, and construction safety.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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