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Introduction

Diamond beaded wire saw machines enjoy wide applica-

tion in recent years at stone mining and proces sing plants, 

and have almost pushed out the other types of equipment 

[1–3]. The machines are meant for preliminary milling 

and cutting of stone blocks into slabs [4, 6]. A be nefit 

of the extensive use of the machines is the decrease in 

expenses connected with industrial synthetic diamonds 

and, accordingly, the cost saving in sawing [7–9]. However, 

these machines suffer from often failures of its operating 

member — the diamond beaded wire saw, which greatly 

decreases productivity of the equipment [7, 10, 11]. 

One of the ways of increasing reliability of such 

machines is extension of the service life of diamond 

beads, in particular, selection and validation of their 

rational shapes and disuse of the least effective shapes. 

To this effect, it is required to determine loads [12–14] 

and stresses [15, 16] generated in the machine system 

using a more accurate method of force and strength calculation. For finding 

loads in diamond wire sawing, it is expedient to use the computer graphic 

model of a parabolic cutting trajectory [17, 18].

Based on the aforesaid, it relevant to substantiate the diamond bead 

shapes using the proposed method of diamond wire saw strength calculation. 

Methods

The loads in diamond wire sawing were determined using the computer 

graphic method. The calculations assumed a parabolic trajectory of cutting. 

Properties of parabola are widely used in various engineering calculations 

[19–21]. Generally, parabola is described by the equation: 
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where p is the focal chord of the parabola. 

The rotation of the parabola uses the formulas from [19]:
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where ,′ ′x y  are the coordinates of a point shifted in rotation by an angle b 

relative to the coordinate origin. 

The change in the cutting force subject to the horizontal coordinates x 

is determined graphically, by means of vertical displacement of the parabolic 

curve of diamond wire sawing at a distance from the parabola (offset curve) 

to revise the values of forces generated in sawing. 

The axis y is formed by an intersection of the plane of cutting and the 

perpendicular vertical plane of symmetry of a stone block. The axis x passes 

the peak of the cutting parabola. The current value of the coordinate origin 

shifts along the axis y with repositioning of the peak of the parabola.

The cutting force Fcut is presented as the friction force Ffr [14, 22]:

Fcut = Ffr = kN, N, (3)

where k is the friction factor, N is the normal pressure force, N. 
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Fig. 1. Diamond multi-wire saw–stone block model: 
1 — diamond multi-wire saws; 2 — stone block being cut 

The strength analysis of diamond beads [12], based on the force analy-

sis of the diamond wire saw — stone block system, used the model depicted 

in Fig 1. 

The main source data for the analysis are the maximal cutting force  

Fcut = 102 N and the normal pressure N = 291.4 N found from formula (3). 

Overlapping of forces assumes a lower horseshoe scheme for the worst 

event in sawing with diamond beads — the bead edge or heel contact with 

the bottom of saw kerf. 

The calculations and plotting used software Mathcad. The strength 

analysis was performed in the finite element module of software SolidWorks.

Results and discussion 

In diamond wire sawing, the cutting line in the plane of sawing conforms 

bets of all with the curve of a rotated and shifted parabola, described by the 

equation derived using formulas (1) and (2): 
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where�� is the angle of rotation of the parabola axis of symmetry relative to 

the vertical axis at the coordinate origin (0; 0).

Considering the corrective shifts 
x and 
y, the equation of the rotated 

and shifted parabola curve is given by: 
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where 
x = Rrot sin(b); 
y = Rrot (1 – cos(b)), Rrot is the rotation radius 

of the parabola. 

The analytical model of the vertical shift 
y2 of the upper yrs1(x) and 

lower yrs2(x) rotated and shifted parabolas is shown in Fig. 2.

The method of determining the cutting forces Fcut 

consists in the following. The normal pressure force N 

in formula (3) is proportional to the normal distance 

from the initial parabola to the second downward-

shifted parabola Lnorm, i.e., from the point App to Bpp in 

Fig. 2. The change in the force N subject to the coor-

dinate x can be found using the proposed coefficient 

of the normal pressure force change, KN, as a ratio 

of Lnorm to the maximal value Lnorm max. In this manner, 

in conformity with formula (3), the dependence of the 

cutting force Fcut on the coordinate x is determined. 

For calculating the cutting forces, two sawing 

parabolas 1 and 2 are plotted with normal 3 at an 

arbitrary point (see Fig. 2). 

The equation of the parabola 1 yrs1(x) has the 

form of formula (5), and the equation of the parabola 

2 yrs2(x) is given by: 

Yrs2(x) = yrs1(x) – 
y2,   (6)

where 
y2 is the value of downward shift of para bola 

2.

The equation of normal 3 appears as: 

( )( ) tg ,
norm norm norm

y x x x y= γ − Δ + Δ   (7)

where ��is the angle of the normal, rad; 
xnorm and 
ynorm are the corrective shifts 

of the normal along the axes x and y, respectively, m. 

Let us discuss the example in Fig. 2b, where normal 3 and parabola 1 

intersect at the point App (0.49; –0.08). The intersection point of normal 3 

and parabola 2, Bpp, is determined by solving the system of equations (5), 

(6) and (7). It is difficult to solve this system analytically. Therefore, the 

calculations used the function Find meant for solving nonlinear equations in 

software Mathcad. In the example, Bpp (0.448; –0.158).

The distance between the parabola yrs1(x) to the parabola yrs2(x) along 

normal 3 is calculated from the formula:

( ) ( )2 2

pp pp pp ppnorm pp A B A B
L x x y y= − + − , (8) 

 the example, Lnorm AB pp = 0.090 m.

The normal pressure force change coefficient is:

2

0.090
0.900.

0.100

norm AB pp

N AB pp

L
K

y
= = =

Δ
 (9)

yrs1(x),

yrs2(x),

ynorm(x), 

m

1

0

–1

–2

–3

–4

–5

0.2

0.1

0

–0.1

–0.2

–0.3

–0.4

yrs1(x),

yrs2(x),

ynorm(x), 

m

a

x, m

–2       –1            0           1          2 0.3    0.4     0.5     0.6     0.7
x, m

App 

Bpp 

b

1

1

2

2

3

3

Fig. 2. Analytical model of vertical shift of rotated and shifted parabolas: 

a — analytical model; b — intersection of parabola with normal
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Fig. 3. Cutting force versus coordinate x: 

a — p = 2.0; b — p = 0.3
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Let us calculate the distance Lnorm pp and the coefficient KN at the other 

points at a certain preset pit along the axis x. The connection of the points using 

splines in Mathcad [23] produces the spline-interpolation function KN pp(x). 

Since the normal pressure force N is proportional to the cutting force Fcut, the 

spline-interpolation function KN pp(x) is proportional to the cutting force change 

function Fcut(x). The calculated maximal cutting force Fcut max = 102 N. The cut-

ting force dependence on the coordinate x is found from the formula:

Fcut(x) = Fcut max KN pp(x). (10)

The curves of the cutting forces Fcut(x) and coordinates x in sawing 

a stone block at the focal chord values of 0.3 and 2 are plotted in Fig. 3.

Such approach to force calculation is sufficiently accurate at high values 

of the wire saw pre-tension forces Ftens = 1000–2000 N. When the pre-

tension forces are low, the maximal cutting forces tend to shift toward the 

driving drum, which can lead to the egress of the diamond beaded wire saw 

from the cut during operation. 

The strength analysis results obtained in SolidWorks are shown as 

stress distribution diagrams in Fig. 4. In the figure, green color depicts the 

rigid connections, and the purple and orange arrows show the response of 

the forces Fcut and N, respectively. 

The maximal stresses were �max sh = 1628 MPa in a cylindrical diamond 

bead with sharp edges, �max tap = 512 MPa in a tapered cylinder diamond bead, 

�max bell = 589 MPa in case of an ellipsoid bead heel, �max bar = 489 MPa in 

a barrel-like diamond bead, �max wed = 444 MPa in a wedge diamond bead, 

and �max 2wed = 465 MPa in a two-wedge diamond bead. 

The obtained values of stresses should be compared with the bonding 

strength of the diamond layer of a bead. In sawing strong abrasive rocks like 

granite, the cobalt-based bonding М6-05 with the hardness HRC = 38.8 

is used [24].

This index agrees with the tensile stress �t � 950–1000 MPa, yield stress 

�y � 500–600 MPa and the endurance limit stress �–1 � 300–400 MPa.

When stresses in diamond beads exceed the yield stress, their sharp 

and round edges get worn very rapidly first, and the beads break down 

a

von Mises, N/m2

von Mises, N/m2 von Mises, N/m2

von Mises, N/m2

von Mises, N/m2 von Mises, N/m2

1.628e+09

1.465e+09

1.302e+09

1.139e+09

9.767e+08

8.139e+08

6.511e+08

4.883e+08

3.256e+08

1.628e+08

4.953e+02

5.119e+08

4.607e+08

4.095e+08

3.583e+08

3.071e+08

2.559e+08

2.047e+08

1.536e+08

1.024e+08

5.119e+07

1.741e+02

max 5.119e+08

max 4.885e+08

max 4.652e+08
max 4.440e+08

max 5.885e+08

max 1.628e+08

4.885e+08

4.396e+08

3.908e+08

3.419e+08

2.931e+08

2.442e+08

1.954e+08

1.465e+08

9.770e+07

4.885e+07

1.005e+03

4.652e+08

4.187e+08

3.721e+08

3.256e+08

2.791e+08

2.326e+08

1.861e+08

1.396e+08

9.304e+07

4.652e+07

1.430e+02

4.440e+08

3.996e+08

3.552e+08

3.108e+08

2.664e+08

2.220e+08

1.776e+08

1.332e+08

8.882e+07

4.442e+07

3.237e+04

5.885e+08

5.297e+08

4.708e+08

4.120e+08

3.531e+08

2.943e+08

2.354e+08

1.766e+08

1.177e+08

1.885e+07

1.762e+02

c

e

b

d

f

Fig. 4. Stress distribution diagram for diamond beads: 

a — cylinder with sharp edges; b — tapered cylinder with rounded edges; c — cylinder with ellipsoid heel; d — barrel; e — wedge; f — two wedge bead 
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quickly already in early operation. The longest service life of diamond beads is 

attained at stresses lower than the endurance limit stress. 

The obtained data analysis brings a conclusion that the cylindrical dia-

mond beads with sharp edges are unadvised for the use as their operation 

induces high stresses at contact surfaces and they break down fast. The 

cutting beads of the barrel-like, wedge and two-wedge shapes are the most 

preferred by the criterion of strength. The tapered cylinders and cylinders 

with ellipsoid heels are the least preferred. 

All test diamond beads are to be qualified with respect to the other cri-

teria, too. By the criterion of the bead entry in the cut, it is advisable to 

use the barrel-shaped beads, tapered cylinder-shaped beads and the cylinder-

shaped beads with ellipsoid heels. The wedge and two-wedge beads are less 

preferred. By the criterion of stable movement of a diamond bead in a cut, 

the barrel-shaped beads, tapered cylinder-shaped beads, two-wedge beads 

and the cylinder-shaped beads with ellipsoid heels are the most expedient. The 

tapered cylinder-shaped beads fail to ensure stable movement. 

The cylinder-shaped diamonds beads with sharp edges fail to meet any 

of the listed criteria. 

Conclusions

The equation of a rotated and shifted parabola is obtained, and it best 

defines the sawing trajectory in strong rock blocks in stable speed operation. 

The coefficient of change in the normal pressure forces is defined as 

a ratio of normal-wise distance between the initial and shifted parabolas to 

the maximal distance. 

Based on the current values of the proposed coefficient, it is possible to 

determine the stone cutting force depending on the cut block coordinates. 

The computer graphic method is developed for displacing vertically 

a rotated and shifted parabola, which allows finding the change in the cutting 

forces as function of the coordinates of a rock block subjected to sawing at 

different values of the focal chord of the parabola. 

The proposed method of the vertical displacement of the rotated and 

shifted parabola makes it possible to most accurately determine loads applied 

to the working members of sawing machines in the course of the strength 

analysis of the diamond beaded wire saw components. 

With respect to the criteria of strength, entry of beads in block cuts 

and stability of the bead movement along the cutting line, the most efficient 

use of the cutting members is achieved with the diamond beads of the barrel, 

two-wedge, tapered shape and with the ellipsoid bead heel. The diamond beads 

with sharp edges are the least expedient to use in terms of the listed criteria. 
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