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Abstract

Abrasive waterjet technology is a promising sustainable and green technology for cutting
underground structures. Abrasive waterjet usage in demolition promotes sustainable and
green construction practices by reduction of noise, dust, secondary waste, and disturbances
to the surrounding infrastructure. In this study, a numerical framework based on a coupled
Smoothed Particle Hydrodynamics (SPH)–Finite Element Method (FEM) algorithm incor-
porating the Riedel–Hiermaier–Thoma (RHT) constitutive model is proposed to investigate
the damage mechanism of concrete subjected to abrasive waterjet. Numerical simulation
results show a stratified damage observation in the concrete, consisting of a crushing zone
(plastic damage), crack formation zone (plastic and brittle damage), and crack propagation
zone (brittle damage). Furthermore, concrete undergoes plastic failure when the shear
stress on an element exceeds 5 MPa. Brittle failure due to tensile stress occurs only when
both the maximum principal stress (σ1) and the minimum principal stress (σ3) are greater
than zero at the same time. The damage degree (χ) of the concrete is observed to increase
with jet diameter, concentration of abrasive particles, and velocity of jet. A series of or-
thogonal tests are performed to analyze the influence of velocity of jet, concentration of
abrasive particles, and jet diameter on the damage degree and impact depth (h). The para-
metric numerical studies indicates that jet diameter has the most significant influence on
damage degree, followed by abrasive concentration and jet velocity, respectively, whereas
the primary determinant of impact depth is the abrasive concentration followed by jet ve-
locity and jet diameter. Based on the parametric analysis, two optimized abrasive waterjet
configurations are proposed: one tailored for rock fragmentation in tunnel boring machine
(TBM) operations; and another for cutting reinforced concrete piles in shield tunneling
applications. These configurations aim to enhance the efficiency and sustainability of
excavation and tunneling processes through improved material removal performance and
reduced mechanical wear.

Keywords: abrasive waterjet; concrete damage; SPH–FEM algorithm; numerical simulation

1. Introduction
The rapid urbanization and development of modern technology has created the need

for the demolition or modification of existing structures to adapt to new structures. In
China alone, the newly added mileage of urban rail transit will exceed 5000 km in the
next five years [1]. Among urban rail transit modes, the subway will still be the main
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force, with an estimated newly added mileage of approximately 3000 km. During the
shield tunneling process, it is inevitable to encounter pile foundations [2]. These piles
often need to be demolished or cut to make a way for new construction. The demolition
process often creates noise pollution, air pollution because of dust, and huge quantities of
waste. These practices often do not align with green and sustainable construction practices.
In such scenarios, one of the alternative solutions for demolition is use of an abrasive
waterjet. Abrasive waterjets are formed when a combination of high-speed water and
abrasive particles jets through a sand mixing tube; it has been widely used in the field of
mining, rock breaking by Tunnel Boring Machine (TBM), and oil drilling. Recently, the
application of abrasive waterjet in the field of building demolition and concrete repair has
been increasing due to its outstanding cutting behavior. The use of abrasive waterjet in
demolition provides a green and sustainable solution. The abrasive waterjet technology,
when used in demolition, provides reduced dust, noise and secondary waste, which aligns
with green demolition practices. In tunneling, the technology of direct shield cutting with
abrasive waterjet has been adopted; this technology promotes sustainable development
in multiple aspects. Compared with the traditional mechanical pile-cutting method, this
technology can accurately cut the pile body and generates relatively low noise during the
working process, which helps to create a quiet living and working environment. It has a
relatively small vibration impact on the surrounding strata and buildings, protecting the
stability of infrastructure, such as nearby underground pipelines and building foundations,
and realizing green and environmentally friendly construction processes. Many methods,
such as computerized tomography, scanning electron microscopy, and acoustic emission
technology, have been employed to study crack propagation and the damage mechanism of
concrete subjected to abrasive waterjet [3]. Based on the fast Fourier transform, the crushing
behavior of the concrete has been studied through acoustic emission technology [4].

Because the nonlinear dynamic collision and liquid–solid coupling are complex, the
crushing behavior of the concrete is transient, and the concrete is nontransparent, the
damage mechanism of concrete subjected to abrasive waterjet is not clearly understood.
Due to the advancement of computation capacity, numerical simulation has become an
effective way to study concrete subjected to abrasive waterjet [5]. A model of concrete sub-
jected to abrasive waterjet was established through the Smoothed Particle Hydrodynamics
(SPH) method and the effects of the concrete compressive strength and concentration of
abrasive particles on the impact force, crushing, and damage efficiency were studied [6].
A new SPH–Finite Element Method (FEM) coupling model was established [7], in which
abrasive particles (steel balls) generated by the FEM were dispersed in the water generated
by the SPH. The simulation results indicated that the impact dynamic load caused by the
stress wave led to the damage of concrete and the obvious local effect caused by the stress
wave was found. Jiang et al. [8] simulated the rock damage process using the SPH–FEM
algorithm and investigated the rock damage state subjected to continuous and discon-
tinuous waterjet. The failure mechanism of rock has been studied through the variation
of stress and damage degree along with time. Xue et al. [9] investigated the impact of
waterjet on coal using the Johnson–Holmquist concrete (JHC) model, and found that the
breaking process subjected to abrasive waterjet was more efficient than that subjected to
waterjet. Meanwhile, to promote intelligent and sustainable construction, interdisciplinary
techniques are increasingly introduced into tunneling engineering applications. In par-
ticular, advanced computational models from computer science are proving valuable for
optimizing abrasive waterjet processes [10–12]. Federated learning and confidence-based
decision-making frameworks, for example, can support real-time control and parameter
adjustment during shield tunneling [13,14]. Moreover, fuzzy evaluation methods and
similarity-based multi-criteria systems enable the efficient selection of jet parameters such
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as velocity and abrasive concentration, balancing cutting performance and environmental
impact [15,16]. Lightweight neural models based on edge computing further enhance
safety and precision by enabling real-time monitoring and anomaly detection [17]. These
advances provide promising tools to improve the sustainability and intelligence of abrasive
waterjet technology. A recent study also demonstrated that tunneling parameters combined
with signal-processing techniques can effectively predict TBM cutterhead wear, further
highlighting the role of intelligent models in excavation control [18]. Despite these advance-
ments, significant gaps remain in understanding the mechanism of rock, concrete, and coal
breaking subjected to waterjet from different perspectives; shortcomings still exist. For
instance, regarding important jet parameters (i.e., the velocity of the waterjet, jet diameter,
and concentration of abrasive particles), few studies have interpreted the effect of these
parameters on the impacting effect comprehensively; their contributions to concrete dam-
age have not been quantitatively analyzed. Furthermore, the abrasive particles modeled in
existing models are simply SPH particles or rigid bodies, which ignores the fact that the
abrasive particles are crushed when they impact on the concrete.

This study addresses these limitations by simulating the breaking process of concrete
subjected to abrasive waterjet with the SPF-FEM coupling algorithm. In this model, water
is represented by SPH particles; abrasive particles and concrete are established with the
FEM mesh. First, the Riedel–Hiermaier–Thoma (RHT) model is validated by simulating the
crack propagation and damage evolution of concrete subjected to abrasive waterjet. Then,
the damage degree (χ, the overall damage degree of the waterjet impacting the concrete)
and impact depth (h, the maximum depth of the concrete impacted by abrasive waterjet)
are selected as response parameters. The effects of the velocity of the jet, the concentration
of abrasive particles, and jet diameter on concrete damage are studied based on orthogonal
tests. Finally, the optimum configurations for different shield construction backgrounds
are proposed according to the significance analysis of three jet parameters. The proposed
model contributes to more efficient and sustainable construction practices.

2. Theory and Model Description
2.1. SPH–FEM Coupling Algorithm

A series of particles are used to express the continuum materials in SPH. Particles
established in the model could be a good solution to deal with large deformation and
multifluid problems [19,20]. FEM is suitable for simulating the mechanical behavior of
solid materials and can solve the boundary problem effectively and improve computation
capacity [21]. The coupling SPH–FEM model has the advantage of each method and can
solve the fluid–structure interaction effectively; it has been widely used recently.

The computation flow chart of the coupling SPH–FEM model is shown in Figure 1.
The computation process of SPH is shown in the left part of the figure while that of the
FEM is shown in the right part of the figure. The nodes-to-surface contact algorithm is used
in the SPH–FEM coupling algorithm [22]. Waterjet is defined as the slave surface by the
SPH method while concrete is defined as the master surface by the FEM method. This is
because the concrete domain is stiffer and meshed with FEM, providing a stable contact
surface, while the SPH-based waterjet requires flexible contact tracking and is therefore set
as the slave.
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Figure 1. SPH–FEM coupling algorithm.

2.2. Constitutive Model of Concrete

Under impact, the mechanical behavior of concrete is significantly changed due to the
high strain rate of the material. Thus, a constitutive model that accounts for the high strain
rate effect should be employed. The RHT model, developed by Riedel et al. [23], is a macro-
scale material model capable of simulating the actual mechanical behavior of concrete
under impact. Compared to other constitutive models, the RHT model considers the large
stress, high strain rate, and high pressure of concrete; it can also predict both the elastic
stage and the damage failure stage of the concrete [24]. The RHT model considers three
pressure-dependent surfaces on the stress space (i.e., the elastic limit surface, failure surface,
and residual surface for the crushing material), as shown in Figure 2. In addition, stress
hardening, strain hardening, strain-rate hardening, strain softening, and third invariant
dependence for compressive and tensile meridians are also taken into account in the RHT
model. The mechanical behavior of the post-yield concrete is characterized by strain
hardening, and that of post-failure concrete is characterized by damage.

Figure 2. Strength surfaces defined for concrete material in the RHT model.

The failure surface function is described as follows:

σf = YTXC(p∗)·R3(θ)·Frate
( .
ε
)

(1)
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where σf is failure stress, YTXC(p∗) is the equivalent stress on the meridian, Frate
( .
ε
)

is the
rate-dependent enhancement factor, and R3(θ) is the function of the lode angle θ. Detailed
expressions are shown as follows:

YTXC(p∗) = fc·β
[

p∗ − p∗spall Frate(ε)
]N

(2)

Frate
( .
ε
)
=


( .

ε.
ε0

)α
for p∗ > 1

3 ,
.

ε0 = 3.0 × 10−6 s−1( .
ε.
ε0

)δ
for p∗ > 1

3 ,
.

ε0 = 3.0 × 10−6 s−1
(3)

R3(θ) =
2
(
1 − Q2

2
)
cosθ + (2Q2 − 1)

√
4
(
1 − Q2

2
)
cos2θ + 5Q2

2 − 4Q2

4
(
1 − Q2

2
)
cos2θ + (1 − 2Q2)

2 (4)

θ =
1
3

cos−1

3
√

3J3

2J
3
2
2

, θ ∈
[
0,

π

3

]
(5)

Q2 =
rt

rc
= Q0 + BQ p∗, Q2 ∈ [0.51, 1.0] (6)

where * refers to a normalization by the unconfined uniaxial compression strength ( fc), β,
N, BQ, and Q0 are material constants, p∗ is the normalized pressure, p∗spall is the normalized
spall strength, α and δ are the compressive strain rate factor and tensile strain rate factor,
respectively.

.
ε is the stress rate, and

.
ε0 is initial strain rate. Q2 is the ratio of the tensile to

the compressive meridian. J2 and J3 are second and third invariants of the deviatoric stress.
rt and rc are the deviatoric stress at the meridian of tension and compression, respectively.

Damage value Da is an accumulation function in the RHT model, which represents
the high strain rate damage in the concrete, as follows:

D = ∑
.
εp

D1(p∗ + f ∗t )
D2

(7)

where
.
εp is the equivalent plastic strain in a damage accumulating step, D1(p∗ + f ∗t )

D2

represents the total plastic strain of the concrete under the hydrostatic pressure, f ∗t is the
normalized maximum tensile strength of concrete, and D1 and D2 are the shape parameters
to describe the post-failure behavior of the concrete.

2.3. Numerical Model

The concrete model subjected to abrasive waterjet is established, in which the concrete
is regarded as the homogeneous material (Figure 3). To achieve a balance between compu-
tational efficiency and physical realism, a 2D plane stress model is employed. Although a
full 3D model could provide more detailed representation of the stress wave propagation
and crack evolution, the 2D plane stress model is widely accepted for the preliminary
investigation of impact damage, especially when the out-of-plane stress components are
relatively small compared to the in-plane responses. In the 2D plane stress model, the
concrete model is simplified as a rectangle with a length of 80 mm and width of 50 mm; the
abrasive particles are round, with a diameter of 0.8 mm, both of which are Lagrange meshes.
To simulate the evolution of the damage for concrete subjected to abrasive waterjet, a large
amount of the elements (308,828) are established through the FEM method. The length of
these elements on the boundary is 0.2 mm with a 0.1 mm length for other parts. The waterjet
is simplified as a rectangle with a length of 20 mm and a width of 2 mm, which is divided
into 8000 SPH particles. Abrasive particles are established by the FEM mesh. To avoid the
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effect of the stress wave reflected from the free boundary during simulation, the bilateral
and bottom sides of the concrete model are treated as non-reflective boundary conditions.

Figure 3. Established model of concrete subjected to abrasive waterjet.

C35 concrete is adopted in the simulation; the key parameters used in the RHT model
for concrete are summarized in Table 1. To describe the state of water, the Gruneisen
function is used to describe its pressure and volumetric strain relation, shown as follows:

P =
ρ0c2µ

[
1 +

(
1 − γ0

2
)
µ − a

2 µ2][
1 − (S1 − 1)µ − S2

µ2

µ+1 − S3
µ3

(µ+1)2

] + (γ0 + aµ)E0 (8)

where P is the pressure state in water, µ is the volumetric strain, ρ0 is the initial density, E0

is the initial energy, γ0 is the Gruneisen factor, c is the velocity of sound, and a, S1, S2, and
S3 are material parameters. The parameters of water are summarized in Table 2.

Table 1. Key parameters of RHT model.

β N BQ Q0 p*spall D1 ** D2

1.6 0.61 0.01 0.68 0.1 0.04 1
Note: * spall pressure ** Default values (D1 = 0.04 and D2 = 1.0) are selected in this study [18].

Table 2. Material parameters for water and abrasive particles.

Material Parameters for Water Material Parameters for Abrasive Particles

Model
parameter State parameter Density

(kg/m3)
Young’s

Modulus (GPa)
Poisson

ratio
Tensile failure
stress (MPa)

ρ0 (kg/m3) C (m/s) S1 S2 S3 γ0 a E0/J
998 1480 2.56 −1.99 0.23 0.49 1.39 0 4120 248 0.3 150

As abrasive particles are broken upon impact with the concrete, they are defined
as deformable bodies and a tensile failure criterion is employed. Specifically, once the
maximum principal stress within an abrasive particle exceeds a threshold value, the element
is eroded to simulate particle fragmentation. In this study, the threshold is set to 150 MPa,
following the approach of Anwar et al. [25], who demonstrated that this value closely
reflects the dynamic tensile strength of abrasives and yields accurate predictions of material
removal behavior in SPH–FEM simulations. The abrasive particles, colored in garnet,
are shown in Figure 3; the material parameters are summarized in Table 2 [25]. All
computations and numerical simulations were performed using the commercial finite
element software LS-DYNA (2007) in this paper [23,26,27].
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2.4. Validation of the Model

For quantitative calibration, RHT parameters were fitted to high-strain-rate compres-
sion data (error <5%), SPH–FEM contact stiffness and damping were tuned to match Liu
et al.’s [20] pit depth and ~45◦ crack angle (error <10%). To clearly observe the concrete
crack and its development, Liu et al. [28] used black ink to highlight the development of
cracks in the concrete specimens subjected to abrasive waterjet, shown in Figure 4. When
the cracks developed, they were quickly dyed by the black ink; therefore, the areas dyed
black refer to the crack zone and other parts refer to no cracks. It can be seen that the
conical cracks were generated first in the crushing zone when concrete specimens were
subjected to abrasive waterjet (Figure 4a). In the middle stage, the speed of the conical
crack development slowed down, with a quick development of the longitudinal cracks
(Figure 4b). In the final stage, both the longitudinal and the conical cracks became stable,
with a very slow speed of development (Figure 4c); only the central crack was quickly de-
veloped. Such crack development mechanisms and processes coincide with the presented
simulation results shown in Figure 4d–f. The crack development mechanism found in this
paper is also similar to that simulated using the JHC constitutive model [9]. Hence, the
RHT constitutive model used in this paper is capable of capturing the main features of
crack development and damage behaviors of concrete subjected to abrasive waterjet.

   
(a) Early stage of experiment (b) Middle stage of experiment (c) Late stage of experiment 

   
(d) Early stage of simulation (e) Middle stage of simulation (f) Late stage of simulation 

Figure 4. Crack development in both the experimental tests and numerical simulation.

3. Results and Discussion
3.1. Damage Mechanism of Concrete

Figure 5 shows that at the beginning of the waterjet impact (5 µs), the effect of “water
hammer pressure” is formed and the concrete is under compression. Water hammer
pressure refers to the initial transient pressure surge caused by the sudden deceleration of
the high-speed waterjet upon contact with the concrete surface. Those parts of the concrete
not impacted by the abrasive waterjet could resist the compression, which could induce
shear damage. The crushing zone is formed in the contact surface between the abrasive
waterjet and concrete, which is at an angle of 45 degrees to the concrete surface. At 12 µs,
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the abrasive particles start to impact the concrete. Then, the concrete is damaged quickly
along with the impact direction of abrasive particles due to the large amount of kinetic
energy carried by the abrasive particles. After the impact of the first abrasive particle
(15 µs), a clear “crater” and two conical cracks are formed. With continual erosion by the
abrasive waterjet, conical cracks continue to expand and the crushing zone is enlarged.
Finally, the depth and width of the cavity develop rapidly and central and circumferential
cracks are gradually formed. In the later stage of the waterjet impact, the conical cracks and
crushing zone expand slowly, whereas central and circumferential cracks expand rapidly.
It can be found that the sizes of the cavity and the crushing zone at 40 µs and 70 µs are
similar, which indicates that the damage of the concrete impacted by the abrasive waterjet
changes slowly. The concrete damage in the early middle period (40 µs) is dominated by
the increase in the crushing zone and the expansion of conical cracks. The impact depth is
mainly developed at this stage and increases slowly in the later stage. In the later stage of
the abrasive waterjet (70 µs), concrete damage is dominated by circumferential and central
crack expansion.

Figure 5. Crack propagation of concrete subjected to abrasive particles at different waterjet impact
(a) at 5 µs (b) at 12 µs (c) at 15 µs (d) at 40 µs (e) at 70 µs.

The cracks are shown in Figure 6; points A, B, C, and D are selected as monitoring
points. The time history curves of maximum shear stress (τmax), maximum and minimum
principal stresses (σ1 and σ3), and damage value Da (in which 0 is undamaged and 1
is fully damaged) for those points are shown in Figure 7. The observations described
here are derived entirely from the numerical simulation results. Specifically, the stress
wave propagation, damage accumulation, and failure patterns were evaluated at the four
monitoring points (A–D) shown in Figure 6; their respective stress and damage histories
are presented in Figure 7. These time history curves provide insight into how different
regions of the concrete specimen evolve under abrasive waterjet impact. Point A, located
closest to the impact surface, shows early plastic damage due to shear stress, while points B
and C experience a transition from plastic to brittle failure. Point D, farther from the impact
source, undergoes delayed tensile damage. This stage of damage behavior, visualized
through simulation, enables classification of the concrete response into crushing, crack
formation, and crack propagation zones based on numerical evidence.

It can be determined whether an element exhibits plastic or brittle damage by consid-
ering both the damage value Da and the stress state. In this study, when the maximum
principal stress σ1 (or minimum principal stress σ3) is greater than zero, it indicates that
the surface element is subjected to tensile stress; otherwise, it is under compressive stress.
The stress wave first reaches point A, which is closest to the impact surface; the damage
of point A starts from 10 µs with the maximum shear stress 80 MPa (Figure 7a). Then, the
maximum shear stress increases rapidly to 100 MPa and the damage value significantly
increases. Before 14.8 µs, the maximum shear stress decreases with a slowly increased
damage value; after 14.8 µs, both the maximum shear stress and damage value increase
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rapidly. Finally, complete damage occurs. Figure 7a shows that at monitoring point A, both
σ1 and σ3 are less than zero, indicating that point A is almost not subjected to tensile stress.
Combined with the time history curve of the damage value Da, it can be concluded that
the damage at this location is mainly plastic damage caused by shear stress. The damage
conditions of points B and C are quite similar (Figure 7b,c). Selecting the case of point C as
an example, as it is near to the crushing zone, the larger shear stress wave in the initial stage
causes a small amount of damage to point C and the damage value accumulates gradually
with time. At this time, the shear stress at point C is greater than 5 MPa, the minimum
principal stress σ3 is less than zero, and the maximum principal stress σ1 is greater than
zero. Combined with the damage value and stress state at point C, it can be determined
that compressive-shear failure is predominant. After 36 µs, both σ1 and σ3 are greater
than zero, indicating that this element is now mainly subjected to tensile stress and the
damage value Da rapidly increases to 1.0. At this moment, point C is under tensile stress,
and the damage mode transitions from gradually accumulated plastic damage to brittle
failure. Since point D is far from the impact surface and the damping effect is significant,
the stress wave experiences substantial attenuation upon reaching point D. As a result, the
shear stress is mostly less than 5 MPa and cannot cause damage; therefore, Da remains 0.0
before 52.8 µs. As is shown in Figure 7d, the damage of point D starts from 52.8 µs and
both σ1 and σ3 are greater than zero, which indicates that point D is damaged by tensile
stress. Therefore, the maximum shear stress starts to decrease due to the damage of point
D. For the period from 52.8 µs to 55.2 µs, σ1 and σ3 are also greater than zero and point D
is completely under the tensile stress with a maximum tensile stress of 9.17 MPa. Due to
the weak tensile capacity of concrete, the damage value soars from 0 to 1 and the concrete
is completely damaged at 55.2 µs.

From the above analysis, the damage modes of concrete can be divided into the
crushing zone (point A), crack formation zone (points B and C), and crack propagation
zone (point D). For the crushing zone (point A), the damage is mainly due to the large
shear stress, resulting in plastic strain and leading to the gradual damage accumulation,
which is featured as plastic damage. For the crack propagation zone (point D), the damage
is mainly due to the large tensile stress. No damage accumulation occurs; all the damage
processes complete in an instant, showing the brittle damage. For the crack formation zone
(points B and C), the damage accumulates gradually due to the shear stress. Then, these
points are under tensile stress, leading to brittle damage and crack formation. From the
perspective of stress analysis based on Figure 7, concrete undergoes plastic failure when
the shear stress on an element exceeds 5 MPa. Brittle failure due to tensile stress occurs
only when both the maximum principal stress (σ1) and the minimum principal stress (σ3)
are greater than zero at the same time.

 

Figure 6. Layout of monitoring points A, B, C, and D.
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(a) Time history curve of stress and damage value of point A (b) Time history curve of stress and damage value of point B 

 

 
 

(c) Time history curve of stress and damage value of point C (d) Time history curve of stress and damage value of point D 

Figure 7. Time history curves of stress and damage value of points A, B, C, and D.

3.2. Effect of Waterjet Parameters on the Concrete Subjected to Abrasive Waterjet

In order to investigate the effect of the waterjet parameter on the concrete subjected to
abrasive waterjet, an analysis of the waterjet parameters is conducted. The most common
parameters (i.e., the velocity of waterjet, jet diameter, and concentration of abrasive particles)
are investigated.

To investigate the effect of the velocity of the waterjet on the propagation of the
cracks, different velocities of waterjet are selected (310 m/s, 410 m/s, and 510 m/s) while
controlling other parameters as constant (jet diameter of 2 mm and concentration of abrasive
of 25%). The velocity of the waterjet (e.g., the velocity of abrasive particles and water)
determines the impact energy and thus has a significant influence on the development of the
cracks in concrete subjected to the waterjet. It is shown in Figure 8 that the concrete crush
zone is enlarged and that the concrete damage degree increases with the velocity of the
waterjet. When the velocity of the waterjet is 310 m/s, the impact damage is concentrated
near the contacted interface between the waterjet and concrete, with a small degree of
damage (Figure 8a). When the velocity of the waterjet is 420 m/s, a large crushing zone
forms, the conical cracks transversely extend, and the central crack is formed (Figure 8b).
When the velocity of the waterjet reaches 510 m/s, the conical cracks and the central crack
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further extend and more damage to the concrete occurs. Thus, it is confirmed that a low
waterjet velocity cannot effectively fracture the concrete.

(a) 310 m/s (b) 410 m/s (c) 510 m/s 

Figure 8. Effect of the waterjet velocity on the crack.

For the analysis of the effect of the jet diameter on the propagation of the cracks, three
groups of jet diameters, 0.76 mm, 1.02 mm, and 2 mm, are considered. Other parameters,
such as the velocity of the jet and the concentration of abrasive particles, are kept constant
at 410 m/s and 25%, respectively. Considering the same concentration of abrasive particles,
the impact kinetic energy is changed when setting different jet diameters. This causes
the different concrete cracking effects. Figure 9 shows the influence of the jet diameter
on the cracks. For the small jet diameter case (Figure 9a,b), the longitudinal and conical
concrete cracks are not fully formed due to the smaller jet diameter carrying a lower mass
of water and abrasive particles. With the increase in jet diameter, the longitudinal cracks
and transversely developed conical cracks are gradually formed. For a jet diameter of
2 mm, the conical cracks extend more significantly, while the central crack is almost stable
(Figure 9c).

 
(a) 0.76 mm (b) 1 mm (c) 2 mm 

Figure 9. Effect of jet diameter on the crack.

To investigate the effect of the concentration of abrasive particles on the propagation
of the cracks, three groups of concentration of abrasive particles (10%, 25%, and 40%)
are selected, while other parameters are kept constant (velocity of waterjet of 410 m/s
and jet diameter of 1 mm). As shown in Figure 10a, when the concentration of abrasive
particles is 10%, a small “crater” appears near the surface of concrete and the main cracks
are longitudinal cracks. When the concentration of abrasive particles increases to 25%,
the conical cracks are transversely formed, but mainly with an extension of longitudinal
cracks. However, there is no significant improvement in cracks propagation when the
concentration of abrasive particles reaches 40%. Comparing these three groups of abrasive
particle concentrations, it is concluded that the development of longitudinal cracks is more
significant than the conical cracks with the increase in abrasive particle concentrations and
that the crush zone is in the shape of an “inverted funnel”.
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(a) 10% (b) 25% (c) 40% 

Figure 10. Effect of concentrate of abrasive particles on the crack.

3.3. Evaluation of the Optimal Combination of Jet Parameters

To evaluate the effects of the jet parameters on concrete damage, waterjet velocity, jet
diameter, and abrasive particle concentrations were selected. Based on the damage value
Da, the concrete crushing parameter (damage degree χ) is introduced [29] and expressed
as follows:

χ =
0·A1 + 0.1·A2 + 0.2·A3 + 0.3·A4 + 0.4·A5 + 0.5·A6 + 0.6·A7 + 0.7·A8 + 0.8·A9 + 0.9·A10

Aall
(9)

where A1~A10 are the unit areas corresponding to the damage value Da, as is shown in
Table 3. Aall is the sum of total unit areas and χ represents the overall damage degree of the
waterjet impacting on the concrete.

Table 3. Damage degrees under different unit areas.

Da 0–0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.5 0.5–0.6 0.6–0.7 0.7–0.8 0.8–0.9 0.9–1

Area A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

In this study, the term damage degree (χ) refers to a global scalar metric that quantifies
the overall extent of damage in the concrete target due to abrasive waterjet impact. It
is derived by aggregating local damage values across the simulation domain, weighted
by element area, as defined in Equation (9). Unlike a constitutive damage parameter, χ
does not directly affect the stress–strain behavior during simulation but instead serves as a
post-processed index for comparing overall damage severity across test conditions.

This concept differs from the Kachanov damage variable used in classical continuum
damage mechanics (CDM), where a scalar damage variable D ∈ [0, 1] progressively reduces
effective stiffness within a constitutive law. Kachanov’s formulation governs material
degradation directly in the stress–strain response. In contrast, our definition of χ is obser-
vational and cumulative, aimed at evaluating the macroscopic damage outcome based on
simulation results rather than altering the material response.

To better understand the effect of different jet parameters on the concrete damage
process within a limited number of experiments, an orthogonal test is applied to determine
the optimal combination of jet parameters that ensures a high-quality estimation based
on set criteria; it is also less sensitive to noise variance parameters. The unit area of the
damage at 60 µs is extracted for estimating the damage degree χ and the impact depth
h. Taking χ and h as response indices, a three-jet parameter (i.e., velocity of the waterjet,
jet diameter, and abrasive particle concentrations) and the three-level orthogonal test is
conducted, as shown in Table 4.
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Table 4. Different values of jet parameters in the orthogonal test.

Jet Parameters Level
1 2 3

Velocity of water jet (m/s) 310 410 510
Jet diameter(mm) 0.76 1.02 2

Concentration of abrasive particles (%) 10 25 40

The range analysis is used to determine whether the effect of jet parameters on the con-
crete crushing is significant and to find the optimal parameter combination. Its expression
is shown as follows:

R = max{Ki} − min{Ki} (10)

where R is the range index, i is the number of levels, Ki is the total average for the ith level.
The larger index R indicates the more significant effect of jet parameters on damage degree
χ and impact depth h.

To systematically evaluate the influence of jet parameters on concrete damage, an
L9 (33) orthogonal array design is employed. This design enables efficient analysis of the
main effects of three independent variables (jet velocity, jet diameter, and abrasive particle
concentrations) at three levels, while limiting the number of required simulations to nine.
Such a design is widely adopted in parametric studies for its ability to maintain statistical
balance and support reliable ANOVA and range analysis with minimal computational
overhead. The selected levels (e.g., jet velocity: 310, 410, and 510 m/s) reflect practical
ranges observed in field applications, corresponding to pump capacities commonly used
in abrasive waterjet cutting for rock and concrete. Similarly, the chosen jet diameters and
abrasive concentrations represent standard operational configurations that offer a balance
between cutting efficiency and system constraints. This structured approach ensures that
the derived conclusions are both statistically robust and relevant to engineering practice.

The orthogonal test results are shown in Table 5, which indicates that damage degree
χ is related to both transverse and longitudinal damage. Jet diameter has the largest effect
on damage degree χ, followed by abrasive particle concentrations; waterjet velocity has
the least effect. In the case of the same abrasive particle concentrations, the increase in jet
diameter means higher amounts of abrasive particles and water, more kinetic energy, a
larger jet impact range, and more obvious damage in the longitudinal direction. Therefore,
the overall damage zone of concrete increases significantly with the jet diameter. However,
the largest contribution to impact depth h is the concentration of abrasive particles. The sort
results indicate that the effects of the jet parameters on impact depth h are in the following
order, jet diameter > velocity of waterjet > concentration of abrasive particles.

The variance analysis, selected to analyze the difference between results caused by
changes in influencing parameters and error fluctuations, is expressed as follows:

Fj =

[
1/k ∑m

i=1

(
∑k

j=1 Yij

)2
− 1/n

(
∑m

i=1 ∑k
j=1 Yij

)2
]

fE[
∑m

i=1 ∑k
j=1 Y2

ij − 1/n
(

∑m
i=1 ∑k

j=1 Yij

)2
− ∑k

j=1 Sj

]
f j

(11)

where m is the number of levels and n is the total number of the orthogonal test. k is the
number of the index, Yij is the value of index j at the ith level, Fj is the degree of freedom,
Sj is the sum of squared deviations, fE ( fE = fT − ∑k

j=1 f j) is the degree of freedom of test
error, and fT is the total degree of freedom.
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Table 5. Range analysis for χ and h.

Damage Degree χ Impact Depth h

Case Velocity of
Waterjet

Jet
Diameter

Concentration
of Abrasive

Particles

Damage
Degree χ

(%)

Velocity of
Waterjet

Jet
Diameter

Concentration
of Abrasive

Particles

Impact
Depth
h/mm

1 1 1 1 1.21 1 1 1 2.20
2 1 2 2 2.24 1 2 2 3.90
3 1 3 3 5.33 1 3 3 6.55
4 2 1 2 2.21 2 1 2 5.00
5 2 2 3 3.63 2 2 3 5.62
6 2 3 1 3.75 2 3 1 4.64
7 3 1 3 3.45 3 1 3 6.22
8 3 2 1 2.47 3 2 1 4.36
9 3 3 2 5.99 3 3 2 8.11

K1 2.929 2.291 2.477 — 4.217 4.473 3.733 —
K2 3.197 2.780 3.481 — 5.087 4.627 5.670 —
K3 3.969 5.024 4.137 — 6.230 6.433 6.130 —
R 1.040 2.733 1.660 — 2.013 1.960 2.397 —

Sort Jet diameter > Concentration of abrasive
particles > Velocity of water jet

Concentration of abrasive particles > Velocity of water
jet > Jet diameter

fj 2 2 2 — 2 2 2 —

Fj
5.45 39.69 13.07 — 20.45 23.84 32.45 —

>F0.05(2,2) >F0.05(2,2) >F0.05(2,2) — >F0.1(2,2) >F0.05(2,2) >F0.1(2,2) —

To quantitatively assess the influence of each jet parameter on damage degree (χ)
and impact depth (h), the computed F-values from the orthogonal test were evaluated
against the corresponding critical values from the F-distribution with degrees of freedom
df1 = 2 and df2 = 2. The critical thresholds are F0.10(2,2) = 8.53 for 90% confidence and
F0.05(2,2) = 19.00 for 95% confidence. As presented in Table 5, for the response variable χ,
the F-values for jet diameter (39.69) and abrasive concentration (13.07) exceed both critical
values, indicating their statistically significant contribution at the 95% confidence level.
However, the F-value for jet velocity (5.45) falls below these thresholds, suggesting that
it has a limited effect on the overall damage degree. In the case of impact depth h, all
three factors—jet velocity (20.45), jet diameter (23.84), and abrasive concentration (32.45)
surpass the 90% significance threshold, with the latter two also exceeding the 95% threshold.
This confirms that while all parameters influence impact depth, jet diameter and abrasive
concentration exert the most substantial effects. These results are consistent with the range
analysis and reinforce the conclusion that jet diameter and abrasive concentration are the
dominant factors governing both concrete damage extent and penetration depth, whereas
jet velocity primarily affects impact depth rather than overall damage dispersion.

Given a significance level of 0.1, it can be seen from Table 5 that all Fi are greater
than F0.1, with a confidence level of 90% or more, indicating that all three jet parameters
(velocity of waterjet, abrasive particle concentration, and jet diameter) are significant to
damage degree χ and impact depth h. In addition, it is found that for the effect of jet
diameter on damage degree, χ is the most significant and the effect of the abrasive particle
concentration on impact depth h is the greatest, which is consistent with the results of the
above range analysis.

To find the best combination of jet parameters, the different groups of damage degree
χ and impact depth h are compared and analyzed. Figure 11 shows the damage curves of
damage degree χ and impact depth h under different working conditions. It is illustrated
that for different jet diameters, the impact depth h and damage mode of concrete are dif-
ferent. Cases 1, 4 and 8 are featured as the small jet diameter (0.76 mm); their parameter
combinations yield a small damage degree χ, a smaller crushing zone, and less sufficient
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crack propagation. Compared with the impact depth h of case 7, the impact depth h of
case 6 is relatively shallow due to the small concentration of abrasive particles and large jet
diameter; however, the damage degree χ of case 6 is larger than that of case 7. When the im-
pact depth of the case is shallow, the jet has a large impact on the concrete surface, resulting
in a larger range of transverse damage than longitudinal damage. Correspondingly, due
to the high concentration of abrasive particles of case 7, the impact depth is significantly
larger than that in case 6. Similarly, the concentrations of abrasive particles for cases 3 and
9 is the largest and the impact depth and longitudinal damage penetration are significantly
deepened, which indicates the importance of abrasive particle concentrations on the impact
depth for concrete.

Figure 11. Damage curves of damage degree χ and impact depth h value under different work-
ing conditions.

For the jet parameter combination in case 9, the values of damage degree χ and impact
depth h are both at the maximum and the concrete is most severely damaged. Therefore, the
optimal parameter combination is the velocity of the waterjet of 510 m/s, the jet diameter
of 2 mm, and the concentration of abrasive particles of 25%.

3.4. Parameters Configuration for Tunneling Assisted with Abrasive Waterjet

In geotechnical engineering, TBM assisted with high-pressure waterjet has been used
to overcome difficulties when encountering hard rocks or abandoned pile foundations (e.g.,
reinforced concrete piles). In TBM assisted with abrasive waterjet for breaking rocks [30,31],
the rolling cutter and the abrasive waterjet work together. The rock strength is reduced
by jet impact, which can increase the rock-breaking efficiency and reduce the load and
abrasion of the rolling cutter. In shield tunneling assisted with abrasive waterjet for cutting
reinforced concrete piles [32,33], the abrasive waterjet works separately from the shield
cutter and the abrasive waterjet impacts the reinforced concrete several times. The main
purpose of the abrasive waterjet, in this case, is to truncate the rebar in the reinforced
concrete into several sections in advance, which can prevent the long rebar wrapping
around the shield cutter and thus reduce jamming accidents.

The key point of TBM assisted with abrasive waterjet for breaking rock is to form the
overall damage, not only to cut in the longitudinal direction. The load reduction effect
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of the shield cutter is insignificant when the cutting depth reaches a certain level [26].
Considering the effect of jet parameters on damage degree χ and impact depth h in the
above range and variance analysis, it is possible to use the larger jet diameter to reduce the
project cost by reducing the longitudinal damage range to a certain extent while ensuring
the transverse damage range. The velocity of the waterjet is controlled by pump pressure,
the fast velocity results from the high pumping pressure. Therefore, the configuration of jet
parameters for the TBM assisted with abrasive waterjet for breaking rock can follow the
concept of higher pump pressure, larger jet diameter, and fewer abrasive particles. Some
existing rock-breaking cases show that the rock can be broken without the use of abrasive
particles in the waterjet system.

For shield tunneling assisted with abrasive waterjet for cutting reinforced concrete
piles, the impact depth of the waterjet on the reinforced concrete must be guaranteed;
thus, the concentration of abrasive particles should be increased as much as possible until
reaching the optimal concentration of abrasive particles. According to the variance and
range analysis, the jet diameter has the lowest influence on impact depth. Meanwhile,
shield tunneling with assisted abrasive waterjet for cutting reinforced concrete piles often
occurs in sandy soil, clay, sandy cobble stratum, etc. Increasing the use of water in these
strata can increase risk during shield tunneling. It is recommended to use a small-diameter
mixing tube and a small jet diameter to reduce the water flow under the premise of high
pump pressure. Therefore, shield tunneling with abrasive waterjet for cutting reinforced
concrete piles can follow the concepts of higher pump pressure, smaller jet diameter, and
more abrasive particles.

4. Conclusions
The abrasive waterjet has been identified as a sustainable and green construction prac-

tice that can be used in demolition and pile cutting during shield tunneling operation. The
factors influencing the operation of abrasive waterjet in such construction practices were
investigated in this study. Concrete subjected to abrasive waterjet was simulated, in which
the Smoothed Particle Hydrodynamics (SPH)–Finite Element Method (FEM) algorithm
was employed to model the abrasive waterjet and the Riedel–Hiermaier–Thoma (RHT)
model was used to the model the concrete. First, the damage mechanism of concrete was
investigated. Then, the effect of the jet parameters on crack formation was studied. Finally,
orthogonal tests were conducted to determine the configuration of the jet parameters for
different projects. The main conclusions are as follows:

(1) Concrete subjected to abrasive waterjet can produce conical cracks, longitudinal
cracks, circumferential cracks, and central cracks. The crushing zone and deep crater
are developed in the early and middle stages of jet impact. Damage in the later stage
of impact is dominated by circumferential and central cracks;

(2) The damage of concrete subjected to abrasive waterjet can be divided into a crushing
zone, crack formation zone and crack propagation zone. The crushing zone is caused
by the shear stress. Plastic strain can cause damage accumulation, which is featured
as plastic damage failure. Plastic damage failure occurs in the crack formation zone,
followed by brittle damage, in which brittle damage is prominent. Brittle failure
occurs in the crack propagation zone due to the large tensile stress;

(3) The jet diameter has the largest effect on damage degree χ, followed by the concen-
tration of abrasive particles. The velocity of the waterjet has the least effect. The
concentration of abrasive particles has the largest effect on impact depth h, followed
by the velocity of the waterjet. The jet diameter has the least effect;

(4) The configuration of jet parameters in TBM assisted with waterjet for breaking rock
follows the concept of higher pump pressure, larger jet diameter, and fewer abrasive
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particles. Shield tunneling assisted with abrasive waterjet for cutting reinforced
concrete piles should follow the concept of higher pump pressure, smaller jet diameter,
and more abrasive particles.

When used for demolition, abrasive waterjet technology provides reduced dust, noise,
and secondary waste, which aligns with green demolition practice. The usage of the
abrasive waterjet before shield tunneling could also decrease the wear of the cutters, thus
making construction more sustainable. Therefore, further study of the decreased wear of
shield cutters caused by abrasive waterjet could be of significant value.

In the current investigation of the damage behavior of concrete subjected to abrasive
waterjet cutting presented in this research, the concrete was modeled based on a simulation
using a two-dimensional plane stress assumption, which may simplify the actual heteroge-
neous and three-dimensional behavior of reinforced concrete under high-velocity impact.
The current model used a 2D plane stress assumption, which does not capture out-of-plane
stress effects. Material heterogeneity and reinforcement in real concrete are simplified as a
homogeneous material in the model. The influence of repeated impact, cumulative fatigue,
and varying ambient pressure conditions are not covered in the present study. While this
simplification is acceptable for preliminary parametric analysis and mechanism exploration,
future studies are encouraged to develop full 3D numerical models that can better capture
out-of-plane stress wave propagation, complex crack geometry, and material heterogeneity.
Such 3D simulations would offer more comprehensive insights, particularly for structural
components with irregular geometries or reinforcement patterns.
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