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INTRODUCTION

Abrasive water jet cutting (AWJC) is a ver-
satile non-traditional machining method for met-
als, ceramics, and composite materials [1, 2]. It 
uses a high-velocity water jet with abrasive par-
ticles to remove material through micro-erosion. 
Unlike conventional cutting, AWJC avoids ther-
mal distortion and preserves surface integrity [3, 
4]. However, predicting kerf width, penetration 
depth, and surface roughness remains challeng-
ing due to the nonlinear and stochastic nature of 
jet-material interactions [4].

The behavior of an abrasive water jet is gov-
erned by hydrodynamic models coupling liquid, 

air, and abrasive motion [2, 3]. Jet energy transfer 
and particle impact velocity are key factors for 
material removal [1, 3]. For anisotropic compos-
ites, heterogeneity and fiber orientation add com-
plexity. Classical erosion theories by Finnie [5] 
and Bitter [6] describe average material removal 
rates but cannot capture microstructural rough-
ness. Micro-cutting, cracking, and delamination 
cause strong spatial variability in erosion and sur-
face morphology. Later models introduced mate-
rial-specific erosion laws for ceramics and brittle 
composites [7, 8].

Stochastic surface evolution models, such 
as the Kardar-Parisi-Zhang (KPZ) framework, 
account for local diffusion, nonlinearity, and 
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random perturbations [9]. Hybrid empirical-
analytical approaches link kerf characteristics to 
process parameters such as water pressure, feed 
rate, abrasive mass flow, and impingement angle 
[10, 11]. However, regression-based models often 
ignore stochastic fluctuations affecting final sur-
face morphology [12]. Incorporating anisotropy 
and stochastic noise allows realistic simulation of 
2D cut profiles and surface roughness scaling [13, 
14]. Additionally, theoretical studies of stochas-
tic surface growth and kinetic roughening [15, 
16] provide a fundamental framework for under-
standing how deterministic erosion, material het-
erogeneity, and random fluctuations jointly shape 
surface morphology. These works demonstrate 
that surface features evolve self-affinely and can 
be characterized by universal scaling exponents, 
offering a solid theoretical basis for applying KPZ-
type models to AWJC of composites [17, 18].

Recent studies address AWJC of advanced 
composites and additively manufactured parts 
[19, 20]. These works demonstrate the influence 
of material heterogeneity, jet parameters, and 
stochastic effects on kerf geometry and surface 
integrity [21, 22]. Practical challenges in abrasive 
water jet (AWJ) cutting of carbon fiber-reinforced 
polymers (CFRP) include minimizing delamina-
tion, controlling surface roughness, and optimiz-
ing cut quality [23]. These issues are particularly 
critical in industries like aerospace and automo-
tive, where high-quality CFRP parts are essen-
tial [22]. Delamination during the initial piercing 
stage can compromise the integrity of the mate-
rial, leading to costly rework [21]. A scientometric 
analysis has shown significant global interest in the 
issues of abrasive waterjet machining, highlight-
ing the growing body of research and contribu-
tions from countries around the world [24]. Some 
study addresses these challenges by using an arti-
ficial neural network (ANN) to optimize process 
parameters and enhance the performance of AWJ 
piercing in CFRP materials [25,26]. Nevertheless, 
integrated models combining deterministic hydro-
dynamics, stochastic particle impacts, and aniso-
tropic composite responses remain limited [27]. 

Unlike existing empirical, regression-based, 
or purely hydrodynamic approaches, the present 
study introduces a physically grounded stochas-
tic surface evolution framework that explicitly 
couples deterministic jet intensity distribution, 
anisotropic composite response, and noise-driv-
en particle impact fluctuations within a unified 
continuum model.

The innovation of this work lies in extending 
a KPZ-type stochastic partial differential equation 
to abrasive water jet cutting by incorporating:
	• a turbulence-corrected spatial energy distribu-

tion of the jet;
	• (an anisotropy-dependent erosion efficiency 

function linked to fiber orientation and volume 
fraction; 

	• (a scaling analysis of surface roughness evolu-
tion under realistic cutting conditions.

This integrated formulation enables simultane-
ous prediction of kerf geometry and kinetic rough-
ening behavior, which has not been systematically 
addressed in previous AWJC modeling studies.

The aim of this study is to develop a stochastic 
surface dynamics model for AWJC of anisotropic 
composites. The model integrates hydrodynamic 
jet parameters, empirical erosion efficiency, and 
anisotropic material responses, while account-
ing for stochastic particle impacts. This frame-
work enables simulation of realistic cut surfaces, 
evaluation of roughness parameters, and analysis 
of scaling relations between surface morphology, 
material properties, and process variables. The 
approach provides a physically consistent tool to 
improve cut precision, process efficiency, and sur-
face integrity in machining advanced composites.

MATERIALS AND METHODS

Materials

Material properties were selected based on 
typical values reported for polymer-matrix com-
posites commonly processed by abrasive water 
jet cutting. The composite is treated as a system 
comprising a relatively compliant matrix rein-
forced with high-hardness fibers, which leads to 
pronounced mechanical anisotropy. Understand-
ing this structural heterogeneity is essential for 
explaining its interaction with the abrasive jet. 
In particular, the contrast in mechanical behav-
ior between the constituents governs how impact 
energy is absorbed, redistributed, and ultimately 
transformed into material removal.

The material removal in AWJC of fiber-
reinforced composites is governed by the energy 
transfer from high-velocity abrasive particles to 
the heterogeneous composite surface. The local 
erosion rate depends on jet pressure, particle 
velocity, fiber orientation, and the hardness con-
trast between matrix and reinforcement. The local 
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material removal rate ( )A ϑ , which represents the 
instantaneous velocity of material removal (m/s) 
at a surface point characterized by the fiber orien-
tation angle ϑ , can be expressed as
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where:	 CA is a dimensional scaling constant with 
2 1[ ]AC m s− −= , Ep is the average kinetic 

energy of an impacting abrasive particle 
(J), ( )effH ϑ  is the effective hardness (Pa) 
that characterizes the local resistance of the 
composite, and ( )K ϑ  is a dimensionless 
efficiency factor describing the influence 
of fiber orientation and volume fraction.

The parameter CA incorporates both the par-
ticle impact frequency (number of particles per 
unit area per second) and the effective fraction of 
energy contributing to material removal, thereby 
connecting the microscopic particle-scale physics 
to the measurable macroscopic erosion rate. The 
effective hardness of the composite appearing in 
Equation 1 is given by
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where:	Hm and Hf are the hardnesses of the matrix 
and fibers, respectively, and Vf is the fiber 
volume fraction. 

The 2cos ϑ  term accounts for the mechanical 
anisotropy – fibers oriented perpendicular to the 
jet ( 0ϑ = ) resist erosion more effectively, while 
fibers aligned parallel to the surface contribute 
less to local hardness. This expression is consis-
tent with empirical models for composite erosion 
resistance reported in [4, 8].

The mean particle energy Ep is assumed to 
be proportional to the jet pressure P, following 
the analysis of Hashish [1] and Momber and 
Kovacevic [2]:
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where:	cE is the energy–volume coefficient ([cE] 
= m3). 

It represents the effective interaction volume 
of the jet with the target, or equivalently, the por-
tion of the pressurized fluid energy transferred 
to each abrasive particle. The exact value of cE 
depends on particle size, density, velocity, and jet 

parameters such as standoff distance and nozzle 
geometry.

The anisotropic efficiency factor ( )K ϑ  
appearing in Equation 1 accounts for the reduc-
tion in erosion efficiency with increasing fiber 
content and misalignment:
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where:	 α is a dimensionless empirical constant that 
characterizes the interaction between the 
jet and the reinforcing fibers. 

Larger α values indicate stronger shielding 
effects of fibers, leading to reduced removal effi-
ciency for composites with high fiber fractions.

Substituting Equation 2–4 into Equation 1 
yields a more explicit expression for the local 
material removal rate in composites:
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This predicts that the erosion velocity increas-
es linearly with jet pressure and decreases with 
composite hardness or fiber volume fraction. The 
dependence on fiber orientation is strongly aniso-
tropic, with the highest removal rate when fibers 
are perpendicular to the jet and the lowest when 
they are parallel to the surface.

Thus, the proposed formulation establishes a 
direct relationship between the governing material 
properties, structural anisotropy, and process 
parameters, providing a physically interpretable 
framework for predicting local material removal. 
To assess the validity and applicability of this 
model, its predictions must be compared with 
experimentally measured erosion characteristics 
under controlled processing conditions.

 Characteristic experimental parameters

In practical studies of AWJ machining and 
erosion of composites, several key parameters are 
measured to validate and calibrate such models. 
The jet pressure P is usually varied in the range 
of 100–400 MPa, directly controlling the kinetic 
energy of particles and thus the erosion intensity 
[1, 2]. The abrasive mass flow rate dma / dt (typi-
cally 50–300 g/min) and particle size dp (com-
monly 50–150 μm) determine the total number 
of impacts per unit time and the effective area 
of energy transfer. These quantities influence 
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the scaling constant CA, which is experimentally 
identified by correlating measured erosion depths 
with process parameters.

The stand-off distance between the nozzle and 
the target surface was set in the range of 1–10 mm 
for the present study. This parameter affects jet 
divergence and particle deceleration, with small-
er distances increasing both the impact velocity 
and energy concentration, while larger distances 
reduce removal efficiency due to jet spreading 
and particle energy loss, consistent with experi-
mental observations [2, 7].

Material properties were chosen based on 
typical values reported for polymer-matrix com-
posites. The matrix hardness Hm ranges from 0.1 
to 1 GPa, and the fiber hardness Hf can reach 
10–20 GPa for carbon or glass fibers, as deter-
mined from microindentation tests [4, 10]. The 
fiber volume fraction Vf was selected between 0.3 
and 0.6, reflecting structural composites and con-
trolling the effective hardness ( )effH ϑ  and anisot-
ropy of erosion.

Experimentally, the cutting rate or erosion 
depth is determined by profilometry or microsco-
py after fixed exposure times. The resulting data 
are fitted to the analytical expression for ( )A ϑ  to 
extract empirical parameters such as CA, cE, and α. 

To validate and calibrate the surface evolu-
tion and material removal models, key process 
parameters were selected based on typical AWJC 
experiments and literature data [1,2,7,10]. These 
parameters govern the kinetic energy of abrasive 
particles, the interaction between the jet and com-
posite surface, and the resulting kerf geometry 
and surface roughness. 

These parameters can be conveniently sum-
marized in a Table 1.

Experimentally, erosion depth and surface 
roughness are measured via profilometry or 
microscopy after fixed exposure times, enabling 
calibration of the model against observed kerf 
profiles [11,12]. The combination of these param-
eters determines the scaling constants in the 
model, the effective erosion rates, and the sto-
chastic surface roughness evolution [1,2,4,8].

Surface evolution model for AWJ cutting 
process

The AWJ cutting process is represented 
through the temporal evolution of a surface 
height function h(x, y, t), which characterizes the 
local kerf depth produced by particle-induced 

erosion. Here, x and y denote the in-plane coor-
dinates within the jet-impact region, and t is time. 
The surface evolution is governed by a nonlinear 
stochastic partial differential equation that incor-
porates erosion, smoothing, and noise-driven 
roughness. To account for AWJ-specific effects 
such as the spatial distribution of abrasive energy, 
an additional term describing jet-material interac-
tion is introduced. The governing evolution equa-
tion is given by
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where:	A(x, y) is given by Equation 5, I(x, y) is 
the normalized jet intensity distribution, 
v is a smoothing coefficient accounting 
for surface diffusion and redistribution 
of removed material, λ slope-dependent 
erosion, and ( , , )x y tξ  is a stochastic noise 
term describing the random arrival and 
energy dispersion of abrasive particles.

The first term on the right-hand side of 
Equation 6, A(x, y) I(x, y), represents the deter-
ministic erosion rate, describing local material 
removal according to the jet’s radial intensity 
profile I(x, y). High-intensity regions erode fast-
er, forming deeper kerfs, while peripheral areas 
erode slower, producing tapered surfaces [15]. 
The Laplacian term 2hν∇  provides a stabiliz-
ing effect, counteracting excessive roughness 
growth by promoting diffusion-like smooth-
ing of the surface. The nonlinear gradient term 
( )2h∇  accounts for the anisotropic dependence 
of erosion on the local surface slope, reflecting 
that oblique impacts remove less material than 
normal ones. The stochastic term ( , , )x y tξ  rep-
resents random fluctuations in particle impacts, 
including variations in trajectories, sizes, and 
impact frequency, and is modeled as Gaussian 
white noise.

Together, these terms allow the model to 
capture both the macroscopic kerf profile and 
the microscopic roughness evolution, providing 
a unified framework for predicting surface mor-
phology under different jet and material condi-
tions. Surface evolution is governed solely by 
local jet interactions and intrinsic material prop-
erties, enabling physically consistent simulations 
of kerf formation and roughness development.
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Radial distribution of abrasive particles 	
in water jets

A key factor in AWJ machining is the 
radial distribution of abrasive particles with-
in the water jet, which appears in Equation 6 
and governs local material removal as well as 
the resulting kerf profile. Particle concentra-
tion and energy flux are nonuniform across 
the jet radius, typically peaking near the axis 
and decaying toward the periphery [2,3]. This 
behavior can be modeled using a normalized 
radial intensity distribution:
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where:	r is the radial distance from the jet cen-
terline, I0 is the peak intensity, σb is effec-
tive radial spread, and n is an exponent 
controlling the sharpness of the profile. 

Values of n between 1.5 and 2.5 are typical 
for AWJs [2]. This distribution is incorporated 
into the KPZ-based surface evolution model 
through the erosion term, enabling spatially 
resolved prediction of kerf depth and surface 
roughness.

For many practical cases, despite turbulence, 
the particle energy flux can be approximated by a 
Gaussian profile:
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where:	 2
0( ) 2 t ft D tσ σ= + , with σ0 being is the 

characteristic nozzle radius, Dt the turbu-
lent diffusion coefficient, and tf the par-
ticle flight time. 

Experiments show that the jet core expands 
downstream, and σ increases approximately 

with the square root of the stand-off distance, 
supporting the Gaussian approximation [1, 2].

The radial distribution of particle flux defines 
the spatial pattern of erosive energy delivered 
to the surface, which is linked to local material 
removal rates through the AWJ material removal 
model. This relationship is critical for simulating 
anisotropic erosion and optimizing cutting condi-
tions, including nozzle geometry, feed rate, and 
jet pressure.

RESULTS AND DISCUSSION

The AWJC process is modeled through com-
puter simulations based on solving governing 
equations that describe material removal. First, 
the radial distribution of abrasive particles in the 
jet is analyzed to determine how particle concen-
tration and velocity vary across the jet, yielding 
the normalized intensity function I(r). Then, this 
information is used in the surface evolution model, 
which numerically solves Equation 6 for the cut-
ting depth h(x, y, t), accounting for jet incidence 
angle, fiber orientation, and material anisotropy. 
This computational approach enables prediction 
of local erosion rates and surface roughness, link-
ing the jet parameters and material properties to 
the resulting surface quality.

In this study, the surface roughness of the 
cut specimens is represented using parameters 
derived from experimental profilometric mea-
surements (e.g., [11, 12]). The surface height 
was discretized into N sampling points along a 
selected profile, and the roughness metrics were 
calculated as
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Table 1. Experimental parameters

Parameter Symbol Range / Value Notes

Jet pressure [1,2]. P 100–400 MPa Controls particle kinetic energy

Abrasive flow rate dma/dt 50–300 g/min Number of particles impacting surface

Particle size [2,7] dp 50–150 μm Influences local erosion

Stand-off distance SOD 1–10 mm Affects jet spreading and impact velocity

Matrix hardness Hm 0.1–1 GPa Polymer matrix resistance

Fiber hardness Hf 10–20 GPa Carbon or glass fibers

Fiber volume fraction Vf 0.3–0.6 Controls effective hardness and anisotropy
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where:	hi denotes the measured height at the i-th 
point and h  is the mean surface level 
within the sampling length. 

\The parameter Ra represents the mean ampli-
tude of local asperities, whereas Rq provides a sta-
tistically weighted measure that is more sensitive 
to sharp peaks and deep valleys. These parameters 
were used to calibrate the model, reproducing both 
the mean erosion rate and the multi-scale evolu-
tion of surface morphology under AWJ cutting. 

Simulation of abrasive particle distribution 	
in water jets 

The simulations were carried out to investi-
gate how the radial distribution of particle ener-
gy flux I(r) in an abrasive jet depends on turbu-
lence, nozzle pressure, and stand-off distance. 
The resulting intensity field represents the spa-
tial structure of the deterministic source term in 
the rate expression ( ) ( )A I rϑ  of Eq. (6), which 
governs the mean surface height evolution in a 
KPZ-type continuum framework. To quantify the 
influence of turbulence near the nozzle exit, a pre-
liminary Monte Carlo simulation was performed 
to generate the distribution of particle impacts in 
the cross-section of a jet. Particle coordinates (x, 
y) were sampled from a normal distribution with a 
standard deviation σ0, representing the character-
istic initial radius of the jet. The maximum radial 
distance of generated particles was limited to R 
= 4σ0 capturing the majority of the beam while 
maintaining clear visualization. The resulting 

radial density profile IMC(r) from the Monte Carlo 
simulation was compared with the modified 
Gaussian approximation (see Equation 8), which 
is subsequently adjusted as I0 → I0 (1+ αr / R). As 
shown in Figure 1, the Monte Carlo data show 
almost complete agreement with the modified 
Gaussian curve, taking into account the correc-
tion factor α = 0.3. This correction reproduces the 
enhanced peripheral intensity observed in the sto-
chastic simulation and captures the asymmetric 
influence of turbulent eddies on particle flux near 
the nozzle exit. 

To explore how process conditions modify 
this distribution, additional simulations were per-
formed using base parameters σ0 = 0.8 ∙ 10–3 m, 
I0 = 1.0, α = 0.3, R = 3.2mm, tf0 = 10 ms, and Dt0 
= 0.5 mm2 / ms. The modeling was first conduct-
ed to study the effect of nozzle pressure, varied 
between 150 and 250 MPa, on the beam profile. 
The turbulent diffusion coefficient was assumed 
to scale approximately linearly with pressure 
according to Dt (P) = Dt0P / 200. As the pressure 
rises, turbulence intensifies, leading to larger 
values of σb and thus a broader intensity profile. 
The results in Figure 2 show that at 150 MPa the 
distribution is narrow and sharply peaked at the 
center, while at 250 MPa it becomes flatter, with 
energy spread across a wider region. Physically, 
higher pressure yields a more uniform but less 
localized surface modification rate, as the product 

( ) ( )A I rϑ  becomes spatially smoother
The next set of simulations focused on the 

influence of stand-off distance Ls, modeled by 
scaling the particle flight time as tf(Ls) = tf0Ls / 10 

Figure 1. Monte Carlo simulation of the radial distribution of abrasive particles
compared with a modified Gaussian approximation
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. Calculations for Ls = 10, 20, and 30 mm dem-
onstrate that increasing the stand-off distance 
increases beam broadening, since particles have 
more time to diffuse laterally before impact. 
As presented in Figure 3, at Ls = 10 mm the jet 
remains tightly focused and produces a concen-
trated intensity peak, while at Ls = 30 mm the 
intensity profile becomes wider with a lower 
maximum value. This trend indicates that greater 
stand-off distances lead to reduced peak growth 
rates and more diffuse deposition patterns, con-
sistent with the idea that the incoming flux acts as 
a spatially distributed source of surface evolution.

Both parameter studies show that increas-
ing either nozzle pressure or stand-off distance 
enhances turbulent diffusion and broadens the 
energy distribution. In the framework of surface 
growth, these effects correspond to a smoother 
and less localized deterministic source term in 
Equation 6. Specifically, low-pressure and short 
stand-off conditions produce narrow, high-inten-
sity profiles that concentrate the growth source 
in a small area, promoting stronger local height 
increase and nonlinear roughening. Conversely, 
high-pressure or long stand-off configurations 
generate broader, lower-intensity distributions, 
leading to more spatially uniform deposition and 
slower local growth. This interpretation high-
lights how operating parameters can be directly 
linked to the spatial structure of the deterministic 
source term driving KPZ-type surface evolution.

The results thus demonstrate that turbulent 
spreading of abrasive or energetic particles has a 
decisive effect on the shape of I(r) and must be 
incorporated into any realistic model of deter-
ministic surface evolution. The inclusion of the 

turbulence correction factor α = 0.3, derived from 
Monte Carlo analysis, enables the analytical pro-
file to capture these effects accurately. Together, 
the presented simulations provide a physically 
consistent description of how jet operating condi-
tions modulate the spatial structure of the energy 
flux that drives the KPZ-type surface evolution 
described by Equation 6. 

Cutting depth and surface roughness 
dynamics

In numerical models of AWJC of composite 
materials, the deterministic intensity field I(r) is 
considered the main driving factor for surface 
erosion. This deterministic component is comple-
mented by stochastic fluctuations in the spirit of 
KPZ-type dynamics, allowing analysis of both 
the macroprofile of the kerf and the microscale 
roughness developing over time.

The model composite Equation 5 consists of 
a soft matrix with hardness Hm = 2 GPa and stiff 
reinforcing fibers with hardness Hf = 10 GPa, 
occupying a volume fraction Vf = 0.3, which 
corresponds to CFRP, GFRP, and metal-matrix 
composites frequently processed by AWJC. The 
fiber orientation angle 030ϑ =  is chosen to repre-
sent an off-axis reinforcement typical of layered 
composites. From these parameters, the effective 
hardness Heff and angular correction ( )K ϑ , Equa-
tion 4, yield an erosion coefficient A ≈ 2 ∙ 10–2 

mm/s at a jet pressure P = 200 MPa, with CA = 
10–6 and CE = 10–2.

Simulations were performed on a 60-by-60 
node grid with periodic boundary conditions, 
time step 0.01 s, and total simulation time 10 s. 

Figure 2. Effect of nozzle pressure on the normalized radial intensity profile.
Increasing pressure broadens the distribution and reduces the peak intensity
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The intensity field follows a normalized Gaussian 
distribution Equation 8 with the maximum at the 
jet center scaled to unity.

At early stages, the surface forms a smooth 
paraboloid kerf under the influence of the deter-
ministic erosion flux. Stochastic fluctuations 
at this stage are negligible. As time progresses, 
small random deviations are amplified by nonlin-
ear terms ( )2h∇ , leading to the development of 
microscale peaks and valleys, characteristic of 
kinetic surface roughening.

Figure 4 shows the evolution of cross-section-
al kerf profiles along the jet axis from t=0 to t=10 
s. The central region continuously deepens while 
the lateral slopes widen, reflecting the growth 
of the effective erosion zone. At later stages, 
microscale asperities and depressions appear due 
to the accumulation of stochastic fluctuations.

The temporal evolution of the roughness 
extracted from the numerical simulations reveals 
a systematic increase in both Ra(t) and Rq(t), 
Equation 9, with no indication of saturation. The 
behavior observed in Figure 5 is characteristic of 
kinetic roughening: the roughness grows mono-
tonically while maintaining an approximately lin-
ear trend on a log–log scale. Such scaling behav-
ior suggests that the growth process is governed 
by self-affine dynamics, in which roughness fol-
lows a power-law dependence on time.

To quantify this trend, the roughness 
growth is approximated by a general power-
law function, R(t) = Atβ. Fitting the numerical 
data yields Ra(t) = Aat

βa and Rq(t) = Aqt
βq, where 

βa ≈ 0.617 and βq ≈ 0.666, and prefactors Aa ≈ 
0.34034 and Aq ≈ 0.41462. The fitted curves in 
Figure 5 closely follow the numerical roughness 

data over the entire time interval, confirming 
the validity of the power-law description. The 
larger growth exponent for Rq(t) indicates that 
extreme height fluctuations grow faster than 
the mean absolute deviation, reflecting the 
nonlinear nature of stochastic surface evolu-
tion. These results demonstrate continuous 
roughness growth within the kinetic roughen-
ing regime, with the correlation length remain-
ing smaller than the system size. The logarith-
mic dependence in Figure 6 confirms the lin-
ear trend on a log-log scale, demonstrating the 
validity of the power-law approximation and 
the scaling nature of stochastic roughening. 
These results provide a comprehensive under-
standing of both deterministic and stochastic 
contributions to kerf formation and surface 
roughening. They emphasize how variations in 
material properties, fiber orientation, and abra-
sive jet parameters quantitatively influence the 
local erosion rates and kerf geometry. By link-
ing theoretical predictions with experimentally 
measurable quantities such as erosion depth, 
kerf width, and surface roughness, this analy-
sis establishes a solid foundation for interpret-
ing the mechanisms of material removal and 
assessing their practical implications in opti-
mizing AWJ machining processes and improv-
ing surface quality control.

The proposed stochastic KPZ-type model 
provides an effective framework for describ-
ing the abrasive water jet cutting process in 
anisotropic composites. While most studies on 
abrasive water jet cutting focus on empirical 
correlations between process parameters and 
kerf characteristics, the present work integrates 

Figure 3. Effect of stand-off distance on the normalized intensity profile
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deterministic jet intensity distribution with sto-
chastic surface evolution, enabling simultane-
ous prediction of macroscopic kerf geometry 
and microscopic roughness dynamics. This 
approach bridges classical erosion theories and 
modern stochastic surface growth concepts, 
providing a unified description of how jet 
parameters and material anisotropy influence 
both depth and surface morphology.

The radial distribution of abrasive particles 
plays a central role in determining kerf geome-
try. The Monte Carlo-based analysis of particle 
trajectories reveals that turbulence at the nozzle 
exit broadens the energy flux distribution beyond 
a simple Gaussian profile, particularly at larger 
radii. This finding is consistent with experimental 
observations of jet spreading and enhanced periph-
eral erosion, and it highlights the importance of 

incorporating turbulence-corrected intensity pro-
files in realistic AWJ models. Increasing nozzle 
pressure and stand-off distance both intensify tur-
bulent diffusion, leading to broader intensity pro-
files and smoother deterministic source terms. As 
a consequence, higher pressure or larger stand-off 
distances reduce the localization of erosion, pro-
ducing shallower but wider kerfs. These effects 
explain why, in practice, cutting under moderate 
pressure and short stand-off distances provides a 
balance between penetration and surface quality.

A key outcome of the simulations is the power-
law growth of surface roughness, with estimated 
scaling exponents of 0.617 for the mean absolute 
deviation and 0.666 for the root mean square devi-
ation. These values indicate that surface rough-
ness increases rapidly during the cutting process 
and does not reach saturation within the simulated 

Figure 4. Temporal evolution of cross-sectional profiles along a plane passing through the jet axis

Figure 5. Surface roughness evolution with corresponding power-law fits
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time interval. The difference between the two 
exponents suggests that extreme height deviations 
(peaks and valleys) develop faster than the aver-
age asperity amplitude, which is consistent with 
the nonlinear amplification of stochastic perturba-
tions in KPZ-type dynamics. Such high growth 
exponents imply that even small stochastic fluc-
tuations can lead to significant roughness evolu-
tion, underscoring the importance of noise effects 
in composite machining. The obtained exponents 
also suggest that AWJ erosion of anisotropic com-
posites may belong to a distinct class of correlated 
growth processes, influenced by material hetero-
geneity and turbulence-modified forcing.

A limitation of the present model is that it is 
based on a two-dimensional surface evolution 
equation and assumes a homogeneous statistical 
distribution of material properties within the com-
putational domain. The model does not explic-
itly account for delamination, fiber pull-out, or 
matrix cracking mechanisms that can occur in 
layered composites, nor does it include detailed 
coupling between hydrodynamic jet behavior 
and particle-surface interactions beyond the sim-
plified intensity profile. The stochastic noise is 
represented as Gaussian white noise, which may 
not fully capture correlated fluctuations arising 
from particle clustering or jet instabilities. Con-
sequently, the quantitative predictions should 
be interpreted as qualitative trends and require 
experimental validation for specific composite 
systems and cutting conditions.

Anisotropic material properties strongly 
affect erosion efficiency and kerf shape. Higher 

fiber volume fractions and fiber orientations per-
pendicular to the jet increase local hardness and 
reduce material removal rate, resulting in more 
pronounced kerf tapering and surface irregu-
larities. These observations are important for 
machining carbon and glass fiber composites, 
where delamination and surface damage critical-
ly depend on local erosion dynamics. The model 
shows that the deterministic intensity field gov-
erns the macroscopic kerf profile, while stochas-
tic fluctuations determine the kinetic roughening 
behavior, linking operating parameters directly to 
surface integrity.

Overall, the study demonstrates that the inter-
play between deterministic jet forcing, anisotropic 
material response, and stochastic particle impacts 
governs both kerf formation and roughness evo-
lution. The model offers a physically consistent 
tool for predicting surface morphology and for 
optimizing AWJ parameters to achieve improved 
cut quality. The framework may be further refined 
by incorporating experimental profilometry data, 
more advanced noise models, and three-dimen-
sional surface evolution, which could enhance its 
predictive capability and practical applicability.

CONCLUSIONS

This study demonstrates that a stochastic KPZ-
type surface evolution model, combined with a 
realistic representation of abrasive jet intensity dis-
tribution, provides a comprehensive framework for 
analyzing abrasive water jet cutting of anisotropic 

Figure 6. Log-log plot of Ra(t) and Rq(t) with fitted lines, confirming the power-law scaling characteristic
of stochastic roughening
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composite materials. The integration of determin-
istic jet forcing, anisotropic material response, and 
stochastic particle impacts allows simultaneous 
prediction of kerf geometry and surface rough-
ness evolution, which is essential for improving 
cut quality in composite machining. The Monte 
Carlo analysis of particle distribution confirms 
that turbulence at the nozzle exit broadens the 
energy flux profile, producing a more uniform but 
less localized erosion source and highlighting the 
importance of incorporating turbulence effects in 
modeling. Numerical simulations show that sur-
face roughness grows according to a power-law 
with scaling exponents of 0.617 and 0.666, indi-
cating rapid kinetic roughening and the dominant 
role of stochastic fluctuations in the development 
of microscale asperities. The results also indicate 
that higher jet pressure and larger stand-off dis-
tance broaden the intensity profile, reducing local 
growth rates and smoothing the kerf profile, while 
higher fiber volume fraction and unfavorable fiber 
orientation increase effective hardness and pro-
mote surface irregularities. Based on these find-
ings, practical recommendations for AWJ cutting 
of composites include using moderate pressures 
(150-200 MPa) to balance penetration and sur-
face stability, maintaining short stand-off distances 
(5-10 mm) to limit beam spreading and preserve 
kerf localization, and orienting fibers closer to the 
cutting direction to reduce anisotropic shielding 
effects. The proposed model thus offers a physical-
ly consistent tool for predicting cutting outcomes 
and supports further development of stochastic 
erosion modeling for advanced composites. 
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