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Abstract
The presented publication is based on the interaction of the material core and its surface during the machining process with 
a hydro abrasive flexible cutting tool (AWJ). In the AWJ technology, a cold cut is generated; therefore, there are no thermal 
stresses on the newly formed surface and, consequently, no significant internal and residual stresses. The cut is identifiable 
by directly measurable parameters: depth of cut, deviation of the cut path from the normal plane, and surface roughness. 
These geometric parameters are interdependent at each cut zone point and simultaneously dependent on a newly proposed, 
indirectly measurable material parameter, Kplmat. Although the deviation angle of the cutting path from the normal plane 
increases with increasing depth of cut, the ratio of the “material plasticity” Kplmat and the surface roughness Ra of the cut-
ting surface remains equivalent to the ratio of the depth of cut and the deviation of the cutting path from the normal plane. 
Based on the proposed concept, an entirely new approach to the problem of material surface integrity is presented by the 
method of identification of mechanical equivalents and their functional transformation. The solution to the subject problem 
is based on the fact that the technological process of machined material decomposition specifically and identically “copies” 
the surface properties of the material, i.e. records its technological inheritance. The material properties can then be “read 
retrospectively” reliably and accurately using the recording.
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1 Introduction

Although the abrasive water jet machining process is not 
a novel technology and belongs to the advanced machin-
ing processes [1], it is broadly used in different areas such 
as the manufacturing industry [2, 3], civil and construction 
industry [4], mining [5], aerospace [6], military industry [7], 
food processing sector [8], cleaning [9], or in medicine [10].

The cutting process using an abrasive waterjet (AWJ) rep-
resents a disintegration process due to the force, stress, and 
deformation action of a cutting tool on the workpiece mate-
rial. In AWJ technology, it is a machining tool with slightly 
different mechanical properties than conventional machining 
tools used for dividing, cutting, machining, or drilling. A 
final result of the cutting process is a cut. The topographical 
function of the cut wall surface finally describes the balance 
of cutting forces that occurs due to the mechanism of oppos-
ing external and internal interactions caused by the cutting 

tool. In principle, the deformation process of material cut-
ting in the AWJ technology is caused by a high-speed water 
jet carrying abrasive particles. The cut starts due to kinetic 
energy that converts into pressure energy.

The analysis of AWJ parameters proves that hydrau-
lic parameters (pressure p, nozzle outlet diameter do) and 
abrasive parameters (kind of abrasive material, amount of 
abrasive particles ao, mass flow rate ma) have the most sig-
nificant influence on the process of cutting materials and its 
effectiveness. Among the mixing parameters, diameter da 
and length la of the focusing tube have the most significant 
influence and among the group of cutting parameters for the 
process of AWJ cutting, the traverse rate vp has the ultimate 
influence [11]. The difference between waterjet and abrasive 
waterjet technology is in the use of an abrasive material, 
for which important parameters, e.g. particle size distribu-
tion and physical, mechanical, and chemical properties, are 
important. Furthermore, it is necessary to monitor the effect 
of quality changes following the interaction of the abrasive 
with the processed material [12].
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Surface treatment with abrasives was studied by Vijay 
Kumar Jain et al. Impingement of the abrasive particle on 
the workpiece surface causes extremely high stresses and 
these stresses cause a local plastic deformation at the site 
of impact [13–17].

J. G. A. Bitter was the first who dealt with a study of ero-
sion phenomena caused by AWJ [18, 19]. Hashish continued 
in the study of abrasive waterjet machining. He considered 
into account the importance of strain rate and counted with 
two modes, deformation and cutting wear modes. In his 
model, he used the theoretical fracture strength (E/14) as a 
material constant to identify deformation wear mode while 
the yield strength was considered a measure of hardness to 
identify the cutting wear mode [20–23].

Shao [24] predicted surface roughness and morphology 
changes through micro-cutting mechanics modelling and 
Monte Carlo algorithms. This feasible approach can enhance 
the accuracy and efficiency of abrasive flow machining pro-
cesses by establishing a constitutive model that accurately 
describes the rheological behaviour of abrasive media.

In this context, it should be emphasised that the erudite 
research of AWJ technology requires a deeper analysis of 
measurement results and their interpretation up to the level 
of generalisation, but most of the work focuses only on the 
presentation of laboratory measurement results, or on the 
comparison of measurement results presented by various 
laboratories. It should also be noted that if the interpreta-
tions of the results are already performed, the observed 
regular zonalities in the occurrence of analogous values of 
geometric and tensometric parameters identifying the posi-
tion of a particular zone in the depth of cut are not respected. 
The zonality is a phenomenon of abrasive waterjet erosion 
of a surface layer, and its manifestation is equally regular 
as manifestations of retardation and deviation of cut trace. 
However, it can fully show itself only at sufficiently great 
depths of cutting or in prediction calculations performed for 
depths less than limit depths in various materials.

The quality of the machined surface is mainly evaluated 
by surface roughness. The selection of appropriate machin-
ing parameters affects the final surface roughness. The goal 
of the process is to get the surface, which does not require 
secondary finishing operations. The overall structure of sur-
face topography is formed by a morphological wave as a 
carrying geometric structure with a higher amplitude, longer 
wavelength, and thus lower frequency because this type of 
deformation is generated by a substantial contribution of 
external influences (vibration of the sample of material, cut-
ting head, and the whole construction). The final profile of 
the surface is an integrated structure of individual compo-
nents of macroscopic waviness and microscopic roughness. 
In contrast to the hitherto approach, it is necessary, in our 
opinion, to put much greater emphasis on stress-deforma-
tion and tensometric properties of the material being cut 

in relation to the mechanical stiffness of the cutting tool 
itself, i.e. the AWJ stream. Primary emphasis should be then 
placed on the study of macrotexture and microtexture of 
cut wall surface generated by the abrasive waterjet cutting 
process. The informative ability of geometric phenomena of 
the topography of newly generated surfaces is analytically 
an essential tool for the physical and mathematical formu-
lation of both the principle of abrasive waterjet erosion of 
material surface layer in the cut trace and the principle of 
hydrodynamic and oscillation processes taking place in the 
disintegration system.

The shape of cuts is apparent changes with the depth of 
action of AWJ front below the surface of a sample being 
machined and is naturally an image of changes occurring 
in the mechanism of disintegration. With the physico-
mechanical issues of interaction between the disintegration 
energy cumulated in AWJ and the mechanical structure of 
the material, many authors have been concerned [25–32]. 
The formed cuts are classified most simply and convention-
ally into the upper part of high quality, smooth cut, and from 
a particular critical depth to the lower part of the deformed 
cut. Irregularities in the upper part of the cut are qualified 
as microscopic and are largely of the order of roughness. 
Irregularities in the lower part of the cut are macroscopic; 
so-called striations, grooves, and irregularities of the order 
of waviness occur there. The depth of cut h is measured as 
absolute, while the depth of cut, where a relatively quick 
change in the mechanism of disintegration from prevailing 
shear to crush damage to the material due to compression 
occurs, is designated in the literature according to Hashish 
as a critical depth hc [33–36].

Analytical relationships for the prediction of the depth in 
question are derived on the basis of experiments and focus 
on the needs of technical practice, i.e. they present depend-
ence on technical parameters, in particular on the diameter 
of the nozzle and the traverse speed of cutting head, as well 
as on the mass flow of abrasive particles, their mass, speed 
of movement, and the effective proportion of particles in 
the cut [37–39].

According to Guo [40, 41], the attribute of the inevita-
ble curvature of AWJ depending on the distance between 
its front and nozzle orifice is important to the mechanism 
of disintegration work. Thus, the angle of impingement αd 
of abrasive particles in the AWJ cut trace changes; these 
authors also designated the angle corresponding to the criti-
cal depth hc as critical angle αc. The critical angle αc of 
particle impingement is then, according to the authors [28, 
33–41], such an angle at which the shear-cutting character 
of the stream changes to the deformation, pressure one, and 
simultaneously the cutting tool itself and the trace of its cut 
are curved more intensively. On the intensity of curvature, 
other important describing parameters for analyses depend, 
i.e. general angle of curvature δgen = f(h) and instantaneous 
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angle of curvature δi = f (hi), as well as retardation of the 
cutting trace Yret, which is a general retardation of cut trace 
at the bottom of the cut Yretgen = f(h) and instantaneous retar-
dation of cut trace Yreti = f(hi).

The area of hydro-abrasive cutting is characterised by the 
retardation of the cutting path and the roughness that occurs 
during hydro-abrasive cutting.

A comprehensive analysis of the capabilities, recent 
trends, and applications of injection type AWJ machining 
is presented in [42]. Machining performance and surface 
characteristics have been compared with various engineer-
ing materials.

Research on the basic phenomena and events of AWJ 
technology is primarily aimed at optimising technological 
parameters to affect the quality of the generated cut signifi-
cantly positively.

Based on the older and up to date literature [43–48] 
devoted to the issue of the cut wall surface quality in relation 
to the technological process setup for hydro-abrasive cutting 
technology, it is evident that the study of surface quality and 
the development of the topographic function during cutting 
is currently a much-debated issue. The analysis of litera-
ture sources indicates that the vast majority of authors use 
statistical, empirical, and mathematical models to quantify 
the various effects of technological parameters of the hydro-
abrasive cutting process [49–52].

The purpose of the research in [53] was to optimise 
machining parameters utilised during the cutting of Has-
telloy using AWJ. In order to determine the significance 
of parameters on measured responses, an analysis of vari-
ance (ANOVA) has been conducted. An analysis of vari-
ance revealed that water jet pressure played an increasingly 
important role in determining kerf width and MRR, rather 
than abrasive flow rate and standoff distance.

It is clear that most of the scientific research results of 
these publications are based on regression analysis.

Critically, it can be concluded that most of the procedures 
developed so far are questionable in terms of applicability 
in operational practice. It is mainly due to the problematic 
determination of a number of constants used to specify the 
inputs to the derived relationships.

Deformation processes in the material are the subject 
of interest in many scientific works. There are many math-
ematical models developed to predict stress–strain behaviour 
of a material subjected to a specific load. The most often 
used models are bounding surface models, the elastic, and 
hyperbolic models [54–56].

A conspicuous external feature of plastic deformation 
is an irreversible change. The macrostructural mechani-
cal properties of loaded materials are related to processes 
at the micro-level of the material, and relatively simple 
stress–strain and strain–time formulas are used to determine 
them. Individual particles are collectively rearranged into 

new positions of internal balance. Simulation tools based on 
dislocation physics and finite element analysis are most often 
used to identify this process. Their disadvantage is that they 
are very time-consuming numerical tools [57–62].

A detailed knowledge of materials behaviour under external 
stresses is very important mainly from the point of view of safety.

The proposed solution aims to clarify the technology of 
hydro-abrasive cutting, especially in terms of the resulting 
surface topography. It provides a new perspective on the 
deformation process caused by the effect of hydro-abrasive 
cutting. It shows new possibilities for the use of surface 
topography in solving the issues of stress–strain relations 
in deformation. There is an increasing requirement to cut or 
otherwise machine structural materials with superior per-
formance properties, i.e. structural materials with specific 
mechanical, physical, and chemical properties. The design 
and management of technology can no longer be based on 
subjective decisions but must become increasingly sophis-
ticated; it will be forced to use exact decision-making pro-
cedures and the rapid operational capabilities of interactive 
mathematical modelling methods and techniques for techno-
logical processes to an ever-greater extent than hitherto. The 
laws of rapid evolution in the needs of practice place new 
demands on research and adequate theoretical support. An 
important role is played by the discovery of ever new pos-
sibilities for the rapid application of scientific and technical 
knowledge in practice.

In addition to presenting technological aspects, the article 
also aims to present new possibilities of using analytical 
processing of specific elements of surface topography gen-
erated by flexible machining tools. The hitherto neglected 
structure and texture of surfaces generated in this way is, in 
fact, an accurate representation of the physical–mechanical 
reaction of the material stressed by this type of tool. This 
aspect is theoretically generally recognised at a qualitative 
level, but its quantified analytical treatment and description 
has not yet been achieved in practice. In the presented pub-
lication, therefore, the method of derivation of a number of 
basic physical–mechanical parameters, or their equivalents, 
is elaborated transparently and in detail based on the laws 
of generation of structure and texture of surfaces machined 
with a flexible tool.

Accurate knowledge of the surface topography generated 
by the AWJ technology is very important in terms of its appli-
cation because it allows, among other things, accurate setting 
of the required input parameters of the technological process. 
The main cause of stress in the workpiece is the plastic defor-
mation generated in the cutting zone. Stresses in the core and 
surface layers of the material affect the material properties of 
the workpiece, especially the fatigue limit and service life. 
The newly introduced Kplmat parameter is used to determine 
the equivalent mechanical parameters of materials in the elas-
tic and plastic deformation region, including numerical and 
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graphical parameters for engineering and realistic σ-ε dia-
grams, including the determination of deformation limits and 
their prediction for different types of materials. The method 
of determining equivalent mechanical parameters of materials 
from surface topography produced by a flexible cutting tool 
is advantageous for several reasons. It allows simple, inex-
pensive, express, and accurate determination of mechanical 
equivalents of material parameters in an analytical manner. It 
also offers easy and reliable online operational control of the 
mechanical parameters of all types of cut materials.

This paper aims to give a novel concept of the identifica-
tion of σ-ε diagrams from the topography of functionally 
stressed surfaces, which has a certain attractive features of 
simplicity for use.

2  Theoretical background

2.1  Main geometric parameters of the topography 
of the cut walls

Geometric indices provide reliable information about the 
changes in the shape and dimensions of a permanently 
deformed body. The most important geometric indicators 
include the permanent deformations measurable on the cut 
wall surfaces. Permanent deformations evaluate the process 
qualitatively (change in physical–mechanical properties) and 
quantitatively (change in external dimensions). The follow-
ing parameters have been proposed as the main elements of 
the cut wall geometry: surface roughness Ra, cutting path 
retardation Yret, cutting path curvature angle δ (deviation), 
and cutting depth h or thickness of the cut sample (Fig. 1).

Based on these selected fundamental geometrical param-
eters, further described parameters, and their relationships, 
it is possible to observe and theoretically predict the course 
of deformation and formation of the surface topography of 
the material divided by the hydro-abrasive current, not only 
on the spatial but also on the time scale.

Using the above conclusions and derived relations, an 
algorithmic procedure for the construction of transformation 
diagrams is developed (Fig. 1). The main input parameter to 
the computational algorithm is Young’s modulus of elastic-
ity Emat, either as derived from measurements of topographic 
elements or given by the manufacturer or expressly deter-
mined, e.g. by ultrasonic measurement. As a result of the 
calculation, the stress profile in the section can be obtained 
as a function of the absolute depth of section h [mm] or the 
relative depth of section hrel [-], or also as a function of the 
relative elongation ε [-] (respectively as 100⋅ε). From the 
transformation diagram of the dependence of the deforma-
tion stress σ on the relative elongation ε, it is possible to read 
the values of significant limits, namely the tensile strength 
limit Rm, the yield strength Re, and the fracture strength Rf, 
as well as the stress courses, namely the engineering stress 
σraq(eng) and the true stress σraq(true).

2.2  Derivation of relations for the radial plane

The derivation of the relations for the radial plane using the 
sum functions in the modulus, stress, and strain regions A, 
B, and C (Esum, σsum, Rasum) is carried out according to the 
schematic representation in Fig. 2. The basic consideration 
of the analytical treatment concept can be illustrated in the 
simplest way by the geometric similarity of the integral (sum) 

Fig. 1  Solution principle for identifying mechanical equivalents and 
the method of construction σ – ε, where Rad is the topographic func-
tion describing the surface roughness distribution Ra, p is the pres-
sure, vp is the cutting speed, ma is the abrasive mass quantity, d is 

the diameter of the nozzle, L is the distance of the nozzle from the 
material to be cut, Re is the yield point, Rm is the yield point, Rf is the 
breaking point, σraq(eng) is the engineering stress, and σraq (true) is the 
true stress
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strain curves in the modulus region (A), more specifically for 
the evolution of material stress in the stress region (B) and 
for the evolution of surface roughness in the strain region (C) 
according to the working diagram in Fig. 2. This similarity is 
hypothetical and is the theoretical basis for deriving the desired 
relationships. The mechanism of the actual evolution of the 
disintegration and deformation processes corresponds well 
with the stress and strain distribution patterns in the investi-
gated section. Thus, these waveforms provide information on 
the occurrence and evolution of tensile stresses and compres-
sive stresses and the deformations induced by them.

Thus, additional relations (1) to (7) can be obtained for 
decomposing the subject quantities into tension and com-
pression components, including their summed and neutral 
plane values. For the summed stresses, the relation (1) con-
taining the stress decomposition component σrz (2) for the 
pressure and the retardation decomposition component (3) 
for the tension �ret applies.

In Eqs. (4) to (5), the material parameters are the tensile 
modulus Emat, its decomposition components for pressure 
Erz, for tension Eret, and the transverse surface plasticity 

(1)�sum =

√

(�2
rz
+ �

2
ret),

(2)�rz =
√

Erz,

(3)�ret =
√

Eret

Kpl. The surface plasticity is defined as the instantaneous 
deformation region, which is given by the product of the 
instantaneous values of the roughness Ra and the depth h. 
The introduced parameters εrz and εret in Eqs. (4) and (5) 
represent the relative deformations in the compressive and 
tensile components at the level of the modulus region (A). 
The parameter Kpl represents the deformation surface region 
on the section as a function of the instantaneous roughness 
Ra and the instantaneous depth hcut.

For the relative deformations, relations (6) and (7) apply 
again by analogy.

Similarly, the decomposition component of the modulus 
of elasticity for compression and tension can also be defined 
for the regions in the stress level (B) and for the development 
of surface roughness in the decomposition level (C) in the 
sense of the graph in Fig. 2. This is because it is always a 
decomposition of the main parametric functions into their 
tensile or compressive components. The summed, geometric 

(4)Erz = Emat ⋅ �rz,

(5)Eret = Emat ⋅ �ret,

(6)�rz = 106 ⋅
�rz0

Emat

⋅

√

Ra ⋅ h

(7)�ret = 106 ⋅
�rz0

Emat ⋅

√

Ra ⋅ h

Fig. 2  Stress–strain waveforms 
in the modulus-A, stress-B, and 
deformation-C region due to 
external stresses for AISI 304 
steel material
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sum of the two components is the tabulated value of the 
parameter. The root of relations (4) and (5) can be further 
extracted into the forms (8) and (9),where σm0 is the yield 
stress at the neutral plane.

Based on the results obtained, a particular Ra0∙h0 plane, 
which exists in different materials at different depths of sec-
tions h0 and is called the neutral plane Kplmat0 = Ra0∙h0, was 
found and proved. It is always present in the section where 
the relatively smooth wall ends, and the periodic striations 
begin. By checking the statistics of many samples and mate-
rials, it has been found that this plane can be expressed as 
the ratio h0 = Kplmat0/Ra0, or as the ratio h0 = hlim/Ra0, and the 
neutral plane is then given by the product Kplmat0 = Ra0∙h0. 
The change in tool parameters, the change in tool stiffness, 
the change in material cutting resistance, and the overall 
process dynamics then revolve around these neutral values 
in the actual process and the theoretical model. The expected 
result will be the derivation of stress–strain relationships as 
functions that use the knowledge of surface parameters and 
the construction of transformable stress–strain diagrams, 
partially according to the basic material groups (ferrous met-
als, steels, non-ferrous metals, polymers, elastomers, hard 
metals, technical ceramics, composite materials).

The neutral plane is theoretically defined as the reference 
plane. As a result of the equality of tensile and compressive 
stress σret = σrz (Fig. 2), it is valid that Ra0 = 3.7 = const. This 
tensile-compressive stress equation is statistically verified 
for all materials, resulting in the relation (10) for the depth 
of cut in the neutral plane h0.

The deformation region at the level of the depth of cut in 
the neutral plane h0 is given by relation (11).

The expressions of the ratio of the introduced param-
eters Kpl/Kplmat or 1 + Kpl/Kplmat can be formulated termi-
nologically most accurately as strengthening factors during 
material loading. Figure 2 shows the course of the total 
deformation stress σsum including its components, i.e. the 
compressive component σrz and the tensile component σret; 
then the courses of the total surface roughness Rasum includ-
ing the courses of its components, i.e. the compressive com-
ponent Rarz and the tensile component Raret, as well as the 
courses of the total value of Young’s modulus of elasticity 
in tension including the courses of its components, i.e. the 

(8)�rz = �m0 ⋅ �
0.5

rz

(9)�ret = �m0 ⋅ �
0.5

ret

(10)h
0
=

Kplmat

Ra
0

=

Ra ⋅ h

Ra
0
⋅ Yret

=

Kpl

Ra
0
⋅ Yret

(11)Kplo = Ra ⋅ h0

compressive component Erz and the tensile component Eret. 
As part of the time development of the depth of cut h(t), the 
hel depth of cut is also shown, in which the compressive and 
tensile components of the surface roughness and hlim as the 
limiting depth of cut are in equilibrium.

Since the other main surface deformation parameters are 
functionally interrelated, it will generally apply that (Ra, δ, 
Yret, h) = f (σrz, σsum,Erz, Esum) in the compression region, and 
reciprocally for the same quantities in the tension region. The 
pressure components are increasing functions according to h(t), 
and the tensile components are decreasing functions according 
to h(t), intersecting at nodes A, B, and C on the neutral yield 
point plane h0, or the elastic limit plane hel. The geometric 
sum of the compressive and tensile components gives the 
basic shape of the distribution of roughness values and the 
relationship of the topographic function in the radial direction 
Rad = f (h(t)).

For the mathematical expression of the continuity/con-
nectivity of the functions plotted in the modulus, stress, 
and strain regions in relation to the depth h(t) in the plot 
in Fig. 3, the partial term in relations (4) and (5) below the 
square root is an important factor. This is the ratio of the 
deformation regions in the plane of the general and material 
divisibility constants Kpl/Kplmat = Ra∙h/(Ra∙h/Yret).

This ratio is also valid for the neutral plane: Kpl0/Kplmat = 
Ra0∙h0/(Ra0∙h0/Yret0) = 1, because Yret0 = 1. In principle, it is 
a simple ratio of the product of the instantaneous roughness 
Ra and the instantaneous depth h in the general plane and the 
product of the roughness Ra0 and the depth h0 in the neutral 
plane, where Yret0 = 1.

The notation according to relation (4) applies to pres-
sure, and reciprocally, relation (5) applies to tension. The 
use of this relation allows the evaluation and plotting of 
continuous functions in dependence on h(t) in both elastic 
and plastic stress–strain regions. This is because, from the 
classical elastic-rigidity point of view, the introduced ratios 
are a functional expression of the relative deformations in 
the sense of the generalised Hooke’s law σrz = Emat∙εrz

n. The 

Fig. 3  The character of the walls made by abrasive water jet
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relations for compressive stresses in cut can be written in 
general in the forms (12).

For the attenuation, dissipation component of the com-
pressive stress, relation (13) subsequently applies:

where cos δ is the attenuation, dissipation factor in flexible 
tool cutting technologies. The deviation angle of the trace δ 
actually relieves the tension in the cut. For a sharp and rigid 
tool, such as an unblunted turning knife, where δ = 0, cos 
δ = 1, and σrzx = σrz.

2.3  Experimental procedures

The abrasive water jet cutting system CNC WJ2020B-1Z-D 
was used in the experiment. One hundred twenty samples 
with an examined area of 20 × 20 mm from AISI 1020 steel 
were machined using AWJ technology. The main cutting 
parameters used were as follows: pressure p of 300 MPa, noz-
zle diameter do of 0,25 mm, distance of the nozzle L from 
the surface was 2 mm, cutting speed vp was 200 mm·min−1. 
Recycled Garnet 80 MESH was used as an abrasive for 
abrasive water jet cutting. The grid projection method was 
used for the measurement of AISI 1020 steel samples. The 
appropriate measured and evaluated areas are demonstrated 
in Fig. 3.

Several methods of dealing with 3-D information 
obtained from camera images have been developed in recent 
years. The massive expansion in computer production tech-
nology creates new possibilities in developing rapid, fast, 
and precise exact techniques for treating digital image crea-
tion. The FRINGE program covers three measuring princi-
ples of the treatment of 3-D-elevated images: the method 

(12)�rz =
√

Erz

(13)�rzx = �rz ⋅ cos�,

based on the projection grid, the method of a shift in phase, 
and the method of grey code.

The projection grid method (Fig. 4) of the projection 
grid allows us to define a relatively elevated position of 
individual points in the measured field from one that of 
the image set of the camera. The principle of the projection 
grid is so that if the investigated surface is of a uniform 
height built (i.e. the construction planes have regularly 
spaced distances), then the horizontal or inclined plane 
projects onto parallel lines, which are colour-distinguished. 
The unevenness of the surface with a line grid projection 
creates irregularities in the grid image projected by optics. 
The detected height 3D information is transferred into an 
image of a colour picture, which appears on the computer 
monitor. The colour image of the 3-D image can be inter-
laced with arbitrary profiling cuts for other geometrical 
analyses or separated into a 2-D profile.

3  Results and discussion

3.1  Analysis of the signals obtained by the grid 
projection method

Information about the structure of the surface is obtained 
from signals of the surface profile from zones A, B, and 
C. To better characterise and determine the stochastic and 
periodic components, in practice, the autocorrelation func-
tion of the complete topographical profile has been used 
to analyse signals. The classification of surface parameters 
through two components (the stochastic and the periodic 
ones) is proposed in [63]. The authors are motivated to draw 
this conclusion by the fact that the short-wave unevenness, 
especially roughness, is caused by the stochastic character 
of the disintegration induced by particular abrasive parti-
cles of the AWJ. On the other hand, they attribute rising 

Fig. 4  The principal scheme of 
the grid projection method and 
overall view of the device



2624 The International Journal of Advanced Manufacturing Technology (2023) 127:2617–2635

1 3

waviness to the periodical character of energy influences, 
with essentially lower frequencies affecting the disinte-
gration process from outside (fluctuation of technological 
parameters of AWJ, vibrations of the machine and work-
piece, etc.). The evaluation of the autocorrelation function 
provides the tool for mathematical manipulation with the 
topographic function of the geometrical form of the surface 
and enables us to find the so-called autocorrelation length 
and autocorrelation coefficient. The results convinced us 
that it is possible to detect and quantitatively determine both 
the stochastic as well as the periodic character of surface 
topography and thus quantify the statistics of the height 
fluctuations.

It can be seen major differences in the course of autocor-
relation functions evaluated from the measured data on the 
surface created by AWJ. The experimental results obtained 
show that the surface correlation length increases along 
a trace of the abrasive water jet. The correlation length 
represents the horizontal property of a surface profile. The 
stochastic component in the upper part of the cut is much 
bigger than in the lower part. The results are expressed 
for AWJ in Figs. 5, 6, and 7, where the visible qualitative 
difference of the cutting zones to both the stochastic and 
the periodic zones is evident. The analysis of the autocor-
relation function gives information about the autocorrela-
tion length as a function of pitches of surface unevenness 
(it corresponds to the wavelength of surface topography).

The spectra obtained give information about the quasi-
periodical as well as the random part; moreover, we can 
distinguish the amount of waviness and roughness (Fig. 8). 
From the practical point of view, the spatial frequency range 
can be divided into a spectrum composed of three parts, 
namely (0–2.5)  mm−1 — the waviness; (2.5–20)  mm−1 — 
grooving and slotting, which is hard to distinguish from 

the roughness (20–100)  mm−1 because they depend on the 
vibration of water equipment.

It is believed that:

1) The waviness — is due to the instability of the abrasive 
water-jet, owing to outflow (discharge, flowing out) and 
consequently to fluctuation in the pressure pump;

2) In the spectrum, other components (defects) are super-
imposed, namely from lateral vibration and longitudinal 
vibration of the jet’s mechanical equipment. By stopping 
the water jet, a dimple is created in the wall, and thus, 
the groove is extended;

3) Roughness — is due to random influences such as the 
cavitation effect, rising turbulence, etc.

Fig. 5  Autocorrelation function — zone A

Fig. 6  Autocorrelation function — zone B

Fig. 7  Autocorrelation function — zone C
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A classification table with general validity has been cre-
ated from these three areas. More than 5000 spectra were 
analysed to create the classification in Table 1.

The spatial frequency range can be divided into a spec-
trum composed of three parts:

 I. Waviness,
 II. Grooving-slotting,
 III. Roughness.

3.2  Method of determining the equivalent 
mechanical parameters of materials 
from the surface topography produced using 
a hydro‑abrasive tool

According to the current state of the art, the elastic-strength 
or stress–strain mechanical parameters of the structural 
materials in question with the recording of the loading dia-
gram σ-ε are determined on blast machines or on compres-
sion presses on small material samples precisely shaped 
and precisely loaded according to the current standards. 
Therefore, they are very laborious and lengthy procedures, 
both technically and financially demanding. However, the 
material parameters obtained in this way are only adequate 
for standard laboratory measurement conditions, as they are 
mainly related to artificial uniaxial stresses and do not take 
into account the actual operating dimensions of the compo-
nents and conditions, nor do they cover the combinations 

of different types of stresses commonly encountered in 
engineering practice. At the same time, the stress–strain 
behaviour of the material in the elastic–plastic and plastic 
transformation region cannot yet be predicted quantita-
tively and graphically with sufficient accuracy, either on 
the basis of these measurements or theoretically for design 
purposes. The transformation character of each material is 
of fundamental importance for the designer and must also be 
expressed as accurately as possible by the σ-ε load diagram 
and the tabulated material values. However, the current labo-
ratory tests are based (due to the still problematic solution 
of the elastic–plastic and plastic transformation region) not 
on the actual but on the so-called contractual parameters of 
the σ-ε diagram, and these are subsequently also given in 
the material tables.

The presented method of determining the equivalents 
of mechanical parameters of materials from the surface 
topography created by a flexible cutting tool eliminates the 
disadvantages by enabling the identification of stress–strain 
mechanical equivalents of mechanical parameters of mate-
rials from the analysis of surface roughness and from their 
change in specific functional conditions in a more com-
prehensive way and with disproportionately lower labour, 
material–technical, and financial requirements. The course 
of stress–strain behaviour of the material in the elastic–plas-
tic and plastic transformation region can be not only quan-
titatively and graphically determined but also predicted 
based on the proposed method for the needs of design and 
engineering practice, i.e. mathematically modelled techni-
cal prediction for the assumed types of functional stress, 
corrosion intensity, etc. According to this method, it is also 
possible to predict and determine the equivalents of elastic-
strength parameters with higher strength than the strength 
of the abrasive material (for garnet Rm = 3 500 MPa). The 
abrasive strength significantly limits the use of AWJ tech-
nology, in particular, based on the results obtained from the 
basic material composition. The numerical values, graphical 

Fig. 8  Frequency spectra of the 
surface signal-abrasive water jet

Table 1  The spatial frequency range divided into a spectrum

Order Frequency Wavelength

[1∙mm−1] [mm]
I f ≤ 2.5 λ ≥ 0.2
II 2.5 < f ≤ 20 0.2 > λ ≥ 0.05
III f > 20 λ < 0.05
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outputs, and loading diagrams σ-ε or F-ΔL, according to the 
new method of determination, complement the laboratory 
data and express more comprehensively the actual character-
istics of each structural material. Surface analysis methods 
are described in the world literature, but not in terms of 
their use for evaluating the stress–strain behaviour of the 
material but only in terms of describing the geometry of the 
material surface.

In order to verify the method, hundreds of materials most 
commonly used in industrial practice were measured and 
calculated, with the possibility of documentation, ranging 
from very soft and plastic to very strong, flexible, hard, and 
brittle metallic structural and building materials, rocks, and 
plastics, i.e. materials with a very good agreement (± 5%) 
with the tabulated values declared in the literature.

The essence of the solution is to use the geometric param-
eters of the cutting path after the action of the flexible cut-
ting tool. The cutting tool responds accurately and measur-
ably to the instantaneous resistance of the material so that 
the material constant Kplmat [mm] can be determined by 
measuring the surface roughness Ra [µm] of the cutting path 
at any measured depth h [mm] according to relation (14). 
Subsequently, the desired equivalent of Young’s modulus of 
elasticity Emat can be determined according to relation (15).

From the parameter Kplmat, it is possible to determine 
the equivalents of the mechanical parameters of the 
materials, from the topography of the surface created by 
the flexible cutting tool in both the elastic and the plastic 
region of the reshaping, including numerical and graphical 
parameters for technical and actual σ-ε and F-ΔL diagrams, 
including the determination of the reshaping limits, as 
well as actual and technical σ-ε and F-ΔL diagrams at the 
specified deformation limits for materials with above-limit 
strength.

In accordance with the above solution of the problem, the 
construction of the σ-ε diagram is shown in Fig. 9, from the 
values of the static equivalents at each strain transformation 
limit. In particular, it is the elastic limit true/engineering Mel, 
the yield limit true/engineering Mkl, than the elastic–plas-
tic limit true/engineering Mppl, the ultimate tensile strength 
true/engineering Mrm, the plastic limit true/engineering 
Mcreep, and the strength limit true/engineering Mpt.

(14)Kplmat =
10 ⋅ hx

Rax + hx
=

Ra ⋅ h

Yret
=

10
12

E2

mat

(15)Emat =

(

Rax ⋅ 10
11

0.1 ⋅ Rax ⋅ hx + hx

)0.5

3.3  Conversion to σ‑hdef and σ‑ε diagrams according 
to the cut wall roughness

It is possible to build on the above analytical basis for the 
conversion to the tensile strain dependence σ-hdef or σ-hcut 
and, at the same time, to use the radial roughness Raq meas-
ured across the paths, i.e. in the radial plane of the flexible 
cut, instead of the path roughness Ra. Indeed, this introduc-
tion allows identifying the position of the yield point at a 
depth of section hcut very precisely, including identifying 
the details of the upper Re(up) and lower Re(d) yield point. 
For radial roughness Raq, the Eq. (16) is valid:

From here, the relation for refining the strain stress dis-
tribution (17) can be easily obtained,

as well as the relation for the relative deformation (18).

Therefore, it is the case of an application of the general 
Hooke’s law according to relation (19):

For the steel AISI 1020, the graph of the working diagram 
is shown in Fig. 8. The details of the diagram σraq-hdef can 
be commented as follows. The values on the neutral plane, 

(16)Raq = Ra0 ⋅
(

log h2 + log(h ⋅ tg�)−0.25
)

2

3

(17)�raq = 103 ⋅
Emat ⋅ Raq

Ra0

(18)�q =
�raq

Emat

(19)�raq = �q ⋅ Emat

Fig. 9  Construction of the σ-ε diagram from the values of the static 
equivalents on the individual deformation limits of the transformation
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i.e. on the plane at the level of the neutral strain length h0 
are as follows: Raq0 = (9.1581 + 1.3168i), Ra0 = 3.7, Yret0 = 1, 
δo = 8.58°.

The value of radial roughness is calculated by adding 
the values on the neutral plane (20), coming out as a com-
plex number.

Stress in the technical branch is σraqo = Re = 270 MPa 
(Table 2). Then, σraqo(actual) is 291 MPa in the actual stress 
branch. The stress difference between the upper and lower 
yield point is quite high and is 21 MPa. It is due to the 
boundary shear at the transition from tension to compres-
sion, namely in the evolution of the character of the induced 
stress in the material σret/σrz (Fig. 2). 

3.4  Analytical calculation and construction 
of the σraq‑hdef diagram

The original starting point for deriving the principal rela-
tions was the cuts generated by the flexible hydro-abra-
sion AWJ tool, from which the diagram σraq-hdef was eval-
uated. The parameter hdef actually represents the depth of 
cut hcut (mm) and within this depth of cut are significant 
points, i.e. the depth of cut hel, in which the compressive 
and tensile component of the surface roughness Rel are 
in equilibrium. The depth of cut hre corresponds to the 

(20)Raq0 = Ra0 ⋅
(

log h2
0
+ log

(

h0 ⋅ tg�0
)−0.25

)
2

3

yield point Re and the depth of cut hrm corresponds to the 
tensile strength Rm.

The graph in Fig. 10 describes the construction and sig-
nificance of the intersection of the tension and compres-
sion branches of σret/σrz to identify the position of the neu-
tral plane at depth level h0 and the upper/lower yield point 
Re(up)/Re(d), as well as the overall distribution of σraq(actual)/
σraq(eng) in the diagram σraq-hdef and the position of the strain 
limits. The hiz symbol represents the range of the so-called 
initiation zone of the tool penetration into the material. The 
initiation zone hiz is characterised by higher roughness and 
higher material resistance to the tool at nanometric surface 
depths. In particular, Fig. 10 identifies the stress values at 
the main limits and in detail, the evolution of the true and 
engineering stresses in the regions of the upper and lower 
yield point and the initiation zone hiz, as well as the range 
and value of the tensile stress component σret in the residual 
deformation depth region hlim-hcrit.

The graph in Fig. 11 shows a detail of the internal fric-
tion angle δ = f(hdef), including the expansion frequency in 
the area of the depth of residual deformation hlim-hcrit as the 
difference between the depth of limit deformation hlim and 
the critical depth hcrit. An important parameter is the break 
depth hbreak, which is located between the depth correspond-
ing to the tensile strength hrm and the depth critical hcrit. 
The amplitude frequency δ characterises the frequency of 
mechanical vibration.

3.5  Analytical calculation and construction 
of the σraq ‑ ε diagram

The theoretical basis of the solution, according to subsec-
tion 2.3, is also fully valid in the case of the calculation 
and construction of the transformation diagrams σ-ε. In 
general, and simplified terms, the relative elongation in 
the radial deformation plane can be expressed by the ratio 

Table 2  Mechanical parameters of AISI 1020 steel, where Z is the 
contraction

Emat [MPa] Re [MPa] Rm [MPa] A [%] Z [-]

201 200 270 343 15 0.4

Fig. 10  Detail of the evolu-
tion of the actual and technical 
stresses in the regions of the 
upper and lower yield strength 
and the initiation zone hiz
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Fig. 11  Detail of the internal 
friction angle δ = f(hdef) 

Fig. 12  Detail of the evolu-
tion of the actual and technical 
stresses in the upper and lower 
yield strength regions for AISI 
1020

Fig. 13  Overall evolution of 
the real and technical stress for 
AISI 1020
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εq = σraq/Emat according to relation (18). Then, the ductility 
is expressed as A = 100⋅εq [%]. The conversion of εq = f(hdef) 
can be done using the coefficient Khε = f(hcut), according to 
the ratio on the neutral deformation plane Khε = Khε0 = ε/hq00. 
Then, it follows εq = K∙hhεdef. The function cos δ represents 
the attenuation factor.

The graphs in Figs. 12, 13, and 14 are constructed anal-
ogously for the case of dependence on the deformation 
depth hdef. In cases depending on the relative deformation 
σraq = f(εq), a graphical highlight of the initiation zone of 
the relative elongation εiz in the initiation zone can be seen. 
Other important points are the relative elongation for the 
elastic limit εre, the relative elongation εrm at the ultimate 
strength, the relative elongation corresponding to material 
failure εbreak, and the critical relative elongation εcrit cor-
responding to the limit depth.

Figure 14 shows an example of a method of prediction 
of stress deformation parameters at technically important 
limits, both in terms of AWJ technology requirements and in 
terms of design dimensioning. The values of the parameters 
at the individual limits are given by calculation or result 
from the graphs according to the proposed methodology. 
The break limit εbreak is newly added, which is a function 
of the break depth hbreak (mm), the ratio Khε = ε0/h0 (-), and 
the roughness on the neutral plane Ra0 = 3.7 (µm) according 
to the newly proposed, experimentally derived logarithmic 
Eq. (21).

where:

where hbreakj is unit of break depth.

(21)�break = eln(hbreak⋅Kh�⋅Ra0)

(22)hbreak = hbreakj ⋅ ln

(

Re

Kplmat

− 1

)

3.6   Mechanism of formation of surface topography 
created by hydroabrasive cutting

Let the force acting on the beam create a deflection, 
which is numerically reflected in the deformation of this 
beam. By analogy, if we consider the pressure from the 
pump, which is 300 MPa in our case, it also causes a 
deformation that is reflected in the surface topography 
in the form of changes in geometric parameters, namely 
the surface roughness Ra and the delay of the ray trace 
Yret during the hydroabrasive splitting of the material [64, 
65]. These geometrical parameters can be considered as 
deformations, in which the information is encoded about 
the formation of the surface layer, which is the memory of 
the technology, in our case, of hydroabrasive cutting. For 
the calculation of this area S, we assume that the diam-
eter of the abrasive water jet, according to Hashish, is 
r = 0.8 mm. Then, the area can be expressed according 
to relation (23):

Based on the calculated area S, we can determine the 
maximum force that could be generated at a given contact 
area (24). Thus, this force is:

Based on the analysis of the amplitude-frequency 
spectra and interpretation of the measured data by the 
grid projection method, and comparison of these data 
with the data obtained by the FRT optical profilometer 
and the HOMMEL TESTER T800 contact profilometer, 
we proposed criterion C according to (2) in [66] based 
on which we try to determine the percentage of waviness 
to roughness in a given horizontal measurement line. 
However, this proposed parameter has the disadvantage 

(23)S = 4�

(

0, 8

2

)2

(24)F = p.S = 600N

Fig. 14  Analytically predicted 
stress–strain parameters at tech-
nically important limits
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that we cannot use it in general but only specifically for 
measurements at given settings of illumination angle, 
light parameters, etc. Therefore, we introduce the param-
eter P, which has general validity and, in addition, is 
related to the material to be machined through the rela-
tive longitudinal elongation. For this parameter, the main 
point is that, based on the analysis of amplitude–fre-
quency spectra, there is a desire to seek a link between 
the optically measured data in relation to the material 
because it is undoubtedly necessary to reflect on the cur-
rent lack in the world when the material characteristics 
are not sufficiently respected, and the surface roughness 
is considered only as a geometric change; but if we imag-
ine a beam that we load, we can observe that it is cra-
tered, which increases the surface roughness. This 
parameter P is mainly based on the idea that the surface 
layer encodes information about the technological param-
eters and the way the material is loaded and, therefore, 
formed by the concerned technology. The ratio 

RMSs(1)

RMSs(−RMSs(1))
 can be thought of as the deflections in the 

individual levels when related to depth. This ratio will 
increase with depth and therefore, the deflections will 
also increase; these deflections can be seen simply as the 
surface roughness Ra, since the RMSs is directly related 
to Ra. Thus, for us, Ra is a deformation that varies with 
depth according to the corresponding load. This load is 
characterised by the loading force, and it is possible to 
use this parameter to go on to calculate the forces 
required to produce Ra, Yret, and h. Therefore, we need 
to introduce the appropriate surfaces on which the load-
ing force acts.

where ε is the relative longitudinal elongation for the mate-
rial, which is calculated as follows (26):

The instantaneous increments of the abrasive-contact 
surfaces can be expressed as multiples of the instantaneous 
increments of the deformations in the corresponding planes 
according to (27) and (29).

(25)P =

(

RMSs(1)

RMSs
(

−RMSs(1)
)

)

.�

(26)� =
�

E
=

p

E

(27)Sxzi = Rai . hi = SRahi,

(28)Sxyi = Rai ⋅ Yreti = SRayi,

(29)Syhi = Yreti ⋅ hi = Syhi,

The total force is then expressed as:

The experimental results were continuously compared 
with the theory, and a mutual agreement was established, 
even when using the extensive statistics that the authors 
already had available [65, 66].

3.7  Comparison and verification of the model

The laboratory measurement of the σ-A diagram was carried 
out according to the standard in the accredited laboratory of 
the VÚHŽ Dobrá Research Institute in the Czech Republic. 

(30)F =

√

(

SRai⋅hi

)2
+
(

SRai⋅Yreti

)2
+
(

SYreti⋅hi
)2

Fig. 15  Construction of the σ-A curve from the real data

Fig. 16  Construction of the σ-ε curve from the calculated data
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Stress measurements were performed with an accuracy of 
0.1 MPa and ductility measurements with a precision of 
0.001%. According to the data, the shape of the deforma-
tion diagram of AISI 1020 steel is shown in Fig. 15.

In Fig. 16, a diagram of the dependence of the engineering 
stress σraq(eng) and the true stress σraq(true) on the proportional elon-
gation ε is created for AISI 1020 steel, and in Fig. 17, the actual 
measured M and calculated theoretical T forces are plotted for 
comparison, while the difference between them is up to 10%.

3.8  Application and significance of the method 
for determining the mechanical parameter 
equivalents of materials from surface 
topography produced by a flexible cutting tool

In particular, the new derivation method can be used to 
evaluate:

• Physical relations for material parameters and transfor-
mation parameters,

• Equilibrium stress–strain functions of surface topogra-
phy,

• Deformation capacity, plasticity coefficient Kplmat, and 
their relation to Emat,

• Relationships between surface topography parameters in 
the cutting path and in the radial plane,

• Method of solving stress–strain functions according to 
surface topography,

• Partial effect of tensile and compressive stress compo-
nents on surface deformation,

• Topographic surface features,
• Method of calculating mechanical parameter equivalents 

from surface topography,

• Method of constructing the equivalent diagrams σ-hcut, 
σ-hdef, and σ-ε from the cut parameters.

The method of determining the mechanical parameter 
equivalents of materials from surface topography produced 
by a flexible cutting tool allows simple, inexpensive, express, 
and accurate determination of mechanical parameter equiva-
lents of materials in a non-contact, non-destructive manner, 
and also allows a simple operational check of mechanical 
parameters in an express manner.

This method can also be applied to the measurement of 
topographies of surfaces created by various technologies 
with flexible cutting tools, such as not only hydro-abrasive 
cutting but also laser, plasma, and oxygen, i.e. the mechani-
cal constant of the material Kplmat can be determined accord-
ing to the measured geometric parameters of the cutting 
path, and the positions of the transformation limits and 
equivalents of the mechanical parameters of various tech-
nical materials machined by various technologies can be 
determined by analogy.

The proposed solution can be used in all companies, 
plants, and research institutes dealing with the separation of 
technical materials. The database of measured equivalents 
can be tabulated for individual so-called pure materials as 
well as for whole groups of metabolically related materials 
and alloys. Advantageous use can be expected in workplaces 
dealing with the determination of mechanical parameters 
and transformation properties of technical materials, design 
and construction calculations, mathematical modelling of 
the stability of buildings and structures, and the development 
of new materials with the required mechanical properties.

4  Conclusions

The presented paper mainly deals with the solution of geomet-
ric parameters of the topography of surfaces generated by the 
technology of flexible hydro-abrasive cutting. Based on the 
analysis and interpretation of the obtained surface data, a topo-
graphic function is derived in an original way, which is the basis 
for further analysis as well as for the prediction of the quality of 
the hydro-abrasive cutting technology. The mathematical prin-
ciples governing the constraints are newly formulated.

In the interpretation of the measured values, the rela-
tionships between topographic, technological, and physi-
cal–mechanical parameters of the material are systematically 
analysed. The basic relations for the prediction calculation 
of the roughness of the cut walls are presented, as well as 
other relations derived by modification of these basic rela-
tions for the identification of mechanical parameters and the 
reshaping, up to the analytical construction of the reshaping 
diagrams of the cut materials.

Fig. 17  Dependence of force F on absolute elongation ΔL, compari-
son of measured M and theoretical T values
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Flexible hydro-abrasive tools are the most suitable for 
study because they are characterised by a flexible and iden-
tical response to resistance in the tool-material contact in 
the cutting path. The roughness of the cutting surface is 
relatively easy, accurate, and quick to measure. It responds 
identically to instantaneous fluctuations in tension/pressure 
ratios throughout the depth of cut. The change in the dis-
tribution of roughness at the depth limits is often stepwise, 
especially for harder materials, and can be observed with a 
microscope, magnifying glass, or even the naked eye. The 
roughness can be easily converted to strength and deform-
ability parameters according to the newly derived relations, 
up to the calculation and construction of the reshaping dia-
grams. In this way, laboratory data will be supplemented, 
especially for the purpose of dimensioning mechanical and 
civil engineering structures, as well as for use in various 
precision engineering applications.

The way the issue has been dealt with can be summarised 
in the following main points:

1. A classification table of surface distribution after AWJ 
cutting with general validity was created. More than 
5000 spectra from three areas have been analysed (I. 
waviness, II. grooving-slotting, III. roughness).

2. The method of determining the equivalents of mechanical 
parameters of materials from the surface topography of 
the formed flexible cutting tool is characterised by the 
fact that the mechanical constant Kplmat is subsequently 
determined on the basis of the measurement of the rough-
ness Ra of the cutting path at any measured depth h.

3. The method of determining the equivalents of mechanical 
parameters is characterised by the fact that from the deter-
mined mechanical constant Kplmat, the tabular equivalents 
of mechanical parameters of materials in both elastic and 
plastic regions of transformation are determined, includ-
ing numerical and graphical parameters for technical σ-ε 
and F-ΔL diagrams and/or for real σ-ε and F-ΔL diagrams, 
and/or for technical σ-ε and F-ΔL diagrams at the speci-
fied transformation limits, and/or for actual σ-ε and F-ΔL 
diagrams at the specified transformation limits, and/or 
for both actual and technical σ-ε and F-ΔL diagrams at 
the specified deformation limits for materials with above-
limit strength based on the observed results from the basic 
material composition.

4. The method of determining the equivalents of mechani-
cal parameters is characterised by the prediction of 
elastic-strength equivalents in both elastic and plastic 
regions of the transformation from the mechanical con-
stant Kplmat, including numerical and graphical param-
eters of the actual and technical σ-ε and F-ΔL diagrams 
at the specified deformation limits for materials with 
above-limit strength based on the results obtained from 
the basic material composition.

5. The new method of prediction of stress deformation 
parameters at technically important limits, both in terms 
of AWJ technology requirements and in terms of design 
dimensioning, is presented.
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