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1. Introduction

Rolls, as tools for mass production of metal rolled prod-
ucts, have always been in the sphere of special interest of
technologists and mechanical engineers of the metallurgical
industry. When the rolls become fitting technological regu-
lations, the issues of their durability come to the forefront.
According to the classifier of the main means of production,
rolls of plate and plate-rolling mills are the most expensive
and belong to the 3rd depreciation group (3 to 5 years of
useful operation for work rolls) and to the 4th depreciation
group (5 to 7 years of useful operation for back-up rolls) [1].
Such life times are adopted by designers to ensure structural
strength reserves of the roll body for the required durability
taking into account the specified number of roll redressings
that is checked for contact pressures.

The roll stock services organized at metallurgical enter-
prises are exclusively responsible for condition and repair
of the rolls. The failure analysis conducted at four contin-
uous plate-rolling mills has shown that about a third of the
failures occurring in the working cages and main lines are
caused by roll breakage. In general, work rolls break most
and breakage of back-up rolls occurs rarely [2].

Some rolls can weigh tens of tons and cost several hun-
dred thousand euros. It is clear that roll failure has a neg-
ative impact on the production economy. This necessitates
removal of rolls from service after reaching the normative
number of redressings and the minimum diameter of the
working section. On the other hand, given availability of the
shop roll stock numbering dozens of sets, premature (before
exhausting the service life) discarding the rolls for scrap
also significantly increases rolling cost. Management of the
majority of metallurgical enterprises sets reduction of roll
consumption as one of the urgent problems solved in various
ways. But to that end, it is necessary first of all to reliably
predict technical condition and residual life of the rolls.

In order to have this opportunity in production, an ap-
propriate information base on the roll characteristics and its
initial life should be prepared at the design and fabrication
stages. This requires development of the models of degrada-
tion processes even in more details than it is made in calcula-
tion of strength margin. From the point of view of reliability,
the roll has features of a complex technical system since it
is affected by a number of damaging processes. In this case,
not all of them result directly in the loss of operability but
each of them worsens roll condition degrading quality of




the rolled product. The roll operability is connected with
volumetric phenomena: its complete breakage or delamina-
tion of large pieces of metal because of depth fatigue. The
danger of these phenomena is exacerbated by the absence of
visual diagnostics signs. Surface phenomena (tribological,
thermal) are successfully, though troublesome, revealed in
operation. Using the notions of technical diagnostics, one
can consider that the roll operability is supported by mainte-
nance proceeding from their technical condition. However,
in general, rolls are operated either up to the normative life
or to their failure (breakage). They are rarely operated to the
pre-failure state envisaged by the proactive service strategy.
Thus, the strategy of maintenance and repair of rolls does
not match the strategy of their use. This is explained by com-
plexity of diagnosing working states and the obviousness of
diagnosis of operable conditions. As a result, it is impossible
to estimate the degree of life depletion of the roll itself (not
its surface).

2. Literature review and problem statement

The studies of roll durability carried out by rolling pro-
cess engineers conventionally prevail in literature. A posteri-
ori models of the rolls service life are obtained in them by the
methods of mathematical statistics applicable for prediction
of the mill roll life as the object of studies [3—5]. There is a
need for a priori models of operability based on probabilis-
tic-physical reliability methods.

Studying the nature of roll failure, specialists came to
the conclusion that the processes of interaction of work
rolls with metal and back-up rolls play an important role in
the problem of durability. Along with the region of adhe-
sion, there is a slipping region in the contact zone in which
fretting processes occur where start and propagation of
failure occurs in the IT mode (transverse shear) [6]. It was
established that the threshold value of SIF for steels with
AKp=3...6 MPa-m®?, which is 1.5...3 times smaller than
the threshold value of SIF for the I mode of failure (nor-
mal breakaway) [7, 8]. When the rolls contact with each
other, alternating tangential (reverse) stresses amounting
hundreds of MPa appear in their subsurface layers. Since
these stresses vary cyclically within the surface contact
area, presence of a discontinuity of one hundredth of milli-
meter or several structural units of material is sufficient to
initiate failure [6]. For such huge parts as the rolling mill
rolls, this means that failure starts practically from the
beginning of operation. Reverse stresses are responsible
for appearance of internal cracks which cause delamination
of metal pieces from the roll (spalling), a common type of
failure of rolls in finishing stands [8]. Presence of tangen-
tial friction forces in the contact areas leads to movement
of tangential stresses from the depth to the surface. This is
especially pronounced when the rolling process is violated
with formation of strip folding (cobbling) [9]. As a result,
sagittal cracks appear and propagate obliquely from the
surface into the depth of the roll body [10]. Cracks of the
IT mode resulting from contact fatigue cannot bring about
roll breakage since SIF decreases with their growth. At
some metallurgical plants, presence of surface cracks is not
considered a defect. Further development of such cracks re-
quires additional conditions with new failure mechanisms.
For example, roll spalling (pitting) is associated with de-
velopment of a sagittal crack by the I mode because of its

hydraulic wedging with the roll lubricating and cooling liq-
uid [10]. Under specific conditions of deformation of a real
part, various scenarios of alternation of failure mechanisms
are possible which results in a subsequent stage of the roll
life [6]. This work is devoted to revealing the mechanisms
of final roll breakage after development of the defects
brought about by surface phenomena.

Thus, early crack formation makes it expedient to con-
struct diagnostic models of rolls based on the methods of
fracture mechanics [11]. Similar models were used since
the 1970s for the designed ‘5000’ plate-rolling mill [12].
Strength criteria of brittle fracture are widely used to
substantiate what is the ultimate size of defects in the roll
body [13]. The period of development of a crack-like defect
is considered only for surface phenomena that initiate
volumetric destruction [14]. Particular attention is paid to
studying the processes of roll spalling occurring in rolling
shops. In particular, the processes of thermal cycling can
cause appearance of subsurface cracks in plate-rolling work
rolls [15]. Also, development of small cracks into propagat-
ing cracks is of interest [16]. Most often, contact fatigue is
the cause of appearance of surface cracks in plate-rolling
back-up rolls [17]. However, insufficient attention is paid
to prediction of the roll life based on the data of ultimate
roll failure.

3. The aim and objectives of the study

This study objective was to work out a diagnostic algo-
rithm for assessing technical condition of the plate rolling
rolls and predicting the remaining roll life.

To achieve this objective, the following tasks were set:

— consider the character and evaluate probability of
defect formation in the roll metal during rolling under the
influence of internal force factors on the roll durability in
conditions of cyclic loading;

— establish sequence of action of the destruction mecha-
nisms and stresses at the stage of defect development;

— develop an algorithm for determining survivability
of rolls and test its effectiveness for a continuous plate-
rolling mill.

4. Evaluation of survivability of the rolling mill roll

4.1. Internal force factors of the roll during rolling

The roll is a short beam working under conditions of
transverse bending. The action of transverse forces leads to
formation of tangential stresses which can be estimated in
engineering practice from the shear stress:

P

T, =, 1

sh 2 . A ( )

where P is the rolling force; A is the cross-sectional area.
Tangential torsion stresses are determined as:
M

T, =—7F, 2

tr 0,2 . D3 ( )

where M is the moment of rolling:

M=P-h.



For the roll (Fig. 1), relationships between tangential
stresses induced by the moment and the force of rolling and
the normal bending strains ¢ brought about by the rolling
force look like this:

T, /06=1/8Yy, 3
Tsh /Ttr = 1/ 8’Y1h’ (4)

where y;,=L/D, yj,=h/D are the arm coefficients for bending
and torsion, respectively.
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Fig. 1. Strip rolling in cages of quarto type: the diagram of
loading of the work roll and the back-up roll by distributed
forces p(x) and g(x) from the rolling force P and the bending
force (a); diagram of location of a spherical defect in the
surface layer of the roll (b)

Taking into account that yp,<1 and y,<<1 for plate roll-
ing rolls, the tangential stresses tg, are comparable with the
bending stresses o and exceed the torsional stresses 1. Since
the stress 1y, is taken into account when calculating rolls for
strength margin, it makes no sense not to take into account
stresses Tgp, especially since the frequency of changes in the
stresses g, is much higher than for the stresses 1, (Fig. 2, a).
It corresponds to the frequency of revolution of the rolls. The
frequency of variation of torsional stresses is determined,
first of all, by the period of exit of the rolled strip from the
rolls. Consequently, intensity of accumulation of fatigue
damages from the stresses g, should be higher.

This applies not only to the roll barrel where the surface
degradation processes are active. As a rule, normal stresses
in the roll necks are insignificant and it is difficult to explain
fractures in these zones with the help of the conventionally
used model of the roll strength in a form of resistance to the
joint action of bending and torsion. But it is condition of the
necks that largely determines full life of the roll before its

discarding since it is difficult to restore rolls by repairs. De-
fects here appear because of the action of the cooling liquid
and have a corrosive origin.

Sulfides entering the roll surface significantly reduce its
fatigue strength [18].
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Fig. 2. Stressed state of the roll: distribution of tangential
stresses in the cross section (a); distribution of normal
stresses in the longitudinal section; deformation of the cross
section along the roll length (c); distribution of tangential
stresses in the longitudinal section (a)

In addition, the desire of process engineers to improve
flatness of the rolled products thru stiffening the stands
prompts the use of multi-row bearings in the roll supports
the gaps in which disappear at relatively low rolling forces
and the roll is deformed as a fixed beam. As a result, under
the bearings, the roll is subjected to an additional fatigue
process from bending and rotation with the amplitude equal
to the bending moment in the roll barrel. Since the diameter
of necks is less than that of the barrels, stresses and damages
are higher there. This confirms relevance of studying the
effect of fracture of a mixed nature on the roll life.

A number of features that most clearly manifest them-
selves in prismatic specimens were discovered by the authors
when testing various steels for a three-point bending. Effect
of the distance between the specimen supports (span length)
on fatigue resistance was investigated. As in the roll situa-
tion, this factor is characterized by the coefficient of arm y,
as the ratio of the specimen height to the half-length of the
span. With its decrease and increase in the stress gradient
including that occurring in the longitudinal direction of the
specimen, regularities of crack growth change. The semicir-
cular crack with the ratio of semi-axes ¢/a=1 (Fig. 3) origi-
nated on the elongated bottom face of the specimen tends to
turn into a rectilinear edge crack of breakaway when spans
increase. If the maximum cyclic stresses are sufficiently high
to reach critical SIF Ky, then fracture occurs when the
crack front is still curvilinear. The surface crack grows more
intensively in the bottom face.

When the span decreases, the rate of growth in this
direction decreases and the c/a ratio increases, that is, the
crack retains a round shape for a longer time. A further span
decrease results in that the current shape of the fracture
changes noticeably: the value of ¢/a ratio becomes larger
than one since a more intensive crack growth upward along
the lateral face is observed. To quantify the crack shape,
relationship between the ¢/a ratio and its relative depth ¢/D
is used. Usually, a power function is used for this model but
one can limit himself to a linear dependence in this case:
¢/a=1+q(c/D). Intensity of the change of the shape of ¢ is:
q=-1.2(y=5); 4=-0.7(v1»=2); ¢=0.1(vi=1) (Fig. 3).

It is quite obvious that with the growth of the arm coeffi-
cient, influence of the IT mode of fracture increases.



The critical value of the crack depth ¢, obtained for the
conditions of y;,=5 is not the same for the conditions of y,=1
and does not lead to an instant brittle fracture. Instead,
crack growth with a rate of 107 to 10" m/cycle is observed
in the direction of maximum shear stresses ty, where there
are no bending stresses. In this case, the cracks start to
deviate from the direction perpendicular to the bottom
face which is typical for the transverse shear. In analysis of
the mixed fracture, the limiting state was estimated by the
equivalent SIF:

0.5

K,=(K;+K},) ",

where Kj and K7y are the effective SIF for the corresponding
mode [19]. For edge cracks, taking into account the calibra-
tion corrections applied to K; and Kjj [20], shear strains in-
crease K, by 12—15 % and reduce the value of ¢, by one-third
or one-quarter.
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Fig. 3. Change in the crack shape in prismatic specimens of
low-alloy steels in a three-point bend: y;,=5 (1); v.,=2 (2);
Y=1(3)

Another feature of behavior of materials in transverse
bending is associated with an increase in the cyclic strength
with reduction of the span if normal stresses are used for
the criterion. Fatigue tests of a viscous 09Mn2 steel (op=
=462 MPa, 67=328 MPa, y=0.56) testify to this: when the
arm coefficient is reduced from y;,=2.5 to y,=1, the fatigue
limits expressed in the maximum conditionally elastic stress-
es of the cycle increase by 20 %. It can be assumed that this
difference for the true stresses will be insignificant taking
into account the early appearance of plastic deformations in
the given steel. However, for thermally strengthening steels,
e. g., 40X steel, (63=1480 MPa, 69 ,=1180 MPa, y=0.43), an
increase in durability is observed, practically by an order of
magnitude y;,=2.5 to y;,=1. In this situation, the true bend-
ing stresses are approximated to conditionally elastic normal

stresses. Here, the arm factor yj;, manifests itself in the same
way as the stress concentration factor but unlike it, the fa-
tigue limit in the multi-cycle region does not decrease. This
is because of the nature of distribution of normal stresses
at y;,=1 and deformation of the cross sections in transverse
bending (Fig. 2, b, ¢). The above facts convince that normal
stresses for the working conditions of rolls do not completely
control the processes of accumulation of fatigue damages in
the roll body.

4.2. The history of the roll loading

The roll metal is under conditions of a complex stress
state for which criterion of equivalent ultimate state is usual-
ly established. For large sections, such models are not always
reliable. Currently, the local-deformation approach is more
effective, assuming that the elementary volume of the metal
(defect) is successively subjected to various types of defor-
mations resulting in a mixed (combined) load history. In this
aspect, histories of stress variation during on roll revolution
for all fracture modes have been developed (Fig. 4).
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Fig. 4. Variation of stresses at a mixed roll loading for
the |, Il, lll failure modes

Main parameters of cyclic process, i.e. the range of
stresses At and Ao as well as the coefficient of cycle asymme-
try R are calculated by formulas:

AG, =0, R, =-1; )
At =28-1,, R,=-1; (6)
Aty =2(141,+71,), Aty =2(141,+1,). (7

Presence of the IIT mode is determined not only by the
torque transfer by the rolls but also by the change of direc-
tion of the tangential stresses 1y, relative to the defect. These
stresses are amplitude-related for the process II1 and the
stresses from torsion 1, play here the role of the mean cycle
stress.

For the work rolls of quarto stands, the bending and
shearing stresses are determined by the forces of the count-
er-bending system and for the back-up rolls, torsional stress-
es are determined by the idle stroke moment.

4. 3. Determination of the defect development rate by
the method of survivability curves

By integrating the Paris equation, a relationship be-
tween the crack growth period N and the effective nominal
stresses o are obtained. The range between initial and final
crack dimensions is taken here as a parameter. By analogy
with the fatigue curve, such 6-N diagram can be called
the survivability curve. Having obtained the survivability
curves for each mode of breakage, it is possible to calculate
total life for a mixed non-stationary process by summing up
relative lives [2, 6].



In the analytical form, this integration can be carried
out if the calibration correction to the SIF does not de-
pend on the crack depth. In this case, it is a circular (in
the cross-section) crack which was taken for the model of
a permissible defect [11, 12] as applied to the rolls. Such
somewhat simplified model looks legitimate since the
globular nonmetal microscopic inclusions found in metals
cause fracture in the contact-fatigue processes [21, 22].
This makes it possible to use formulas of the same type to
calculate the acting SIF [11, 12]:

AK,=1.13-AcNa; AK, =1.33-At,a;
AKy, :0'93'ATIH\/;' 8)

A schematic diagram of fatigue failure for various
modes has been developed applied to the roll materi-
als. Having adopted the SIF threshold value for the sec-
ond mode AKjj,=4 MPa-m®°, conditionally critical SIF
AK*=AK*=40 MPa-m®5, AKy;*=53 MPa-m®5 (correspond-
ing to the crack growth rate v=107 m/cycle) were deter-
mined using the obtained model. Threshold SIF are set
as: AKjp=12.6 MPam®° (corresponds to =10 m/cycle),
AKn=5.3 MPa-m®5 (corresponds to =101 m/cycle, as
for AKjyn). This gives the following indices of inclination of
the Pary’s section in the diagram: n;=4, nj;j=n;;;=3. For the
value of n=3, solution of the Paris equation for determining
the number of cycles of survivability is known:

3
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where i=I, II, III is the failure mode; y; is the SIF sensitiv-
ity to the cycle asymmetry; f; is the calibration correction
(/11=0.75, /111=0.52); ag and a, are the initial and final radii
of the defect, respectively.

Here, the value aq implies the initial size of the defect
from which the final stage of its development starts and fin-
ishes with a “volumetric” failure of the roll. It was defined as:

[AK,, (1-R)" ]2

ci

: (10)

where f1,=1.28, f11,=1.77, f111,=0.85 are correction coeffi-
cients for determining the defect size.

It was assumed that y;=0.75, y;1=x111=0.5 and for ay, it is
necessary to substitute Ac in (6).

The final value of a, can be chosen as a critical proceeding
from the brittle fracture conditions or from the possibilities
of the roll diagnosing. In this case, it is convenient to take a
100-fold increase in the initial defect which actually can be
detected during operation. For the value y,=0.25 taken in
the example, the critical value ag>100aq;; which excludes
contribution of the I mode at this stage of fracture. Influence
of the factor a, on the survivability period is less significant
than the influence of other factors which is explained by the
high crack growth rates as it approaches the critical size [23].

Combining equations (5) and (6), equations of the in-
clined sections of the survivability curves are obtained:

AT’-N,=B, (11)

where Bi=B1=9.7-10? for the 1st period of fracture due to
the II mode when ac=aomr; Bi=Bir’'=8.5-10° for the 2nd
period of fracture due to the II mode when a.;;=100aq;;
B1=B111=73.6-109 for the 2nd period of fracture due to the ITI
mode when a.=a.1=100a0;;.

Equality of the exponent in equation (7) m=2 follows
unambiguously from (5) and (6) for the accepted models of
fracture resistance. This causes a rather steep inclination of
the survivability curves which speaks of a relatively weak
influence of stresses on the period of crack growth.

Then, for the set of stresses with parameters of the steps
Aty and C; (relative duration), an equivalent stress is deter-
mined by formula

Tshe = \/ ZCj : Arfhj

and then it is possible to find equivalent crack growth rates
(Table 1) as the ratio of the interval (a.—ag) to the period N.
From the survivability curves (7), the number of cycles Ny
is determined for the first period of fracture which corre-
sponds to the number of revolutions of the roll. The number
of cycles Nii” and Nypp for the second period of fracture is also
determined.

Table 1

Determination of the rates of development of a circular
defect for the roll body zone where v,,=0.25 for y,,=0.0025
and UC||/00||=100

Toher | ot | o, | Nird077, | Nyor 1077, | 0111010, | 059108,
MPa | mm | mm rev. Tev. m/rev. | m/rev.
) 40 148 38.5 30.4 2.8 1.0
10 10 | 37.0 9.6 7.6 2.8 1.27
15 45 | 16,7 41 1.9 298 2.2
20 2.5 9.2 2.4 1.9 2.8 1.27
25 1.6 6.0 1.5 1.2 2.85 1.28
30 1.1 41 1.1 0.9 2.8 1.25

35 0.8 3.0 0.8 0.6 2.8 1.2

When the roller is subjected to a combined loading by
the IT and III modes (the second period), the number of cy-
cles of survivability will be:

Nir=[0.5 (1/Nun+(1/N)] (12)

In the roll speed numbers, this will be half: N5»=0.5
Nitn. The total number of revolutions of the roll which
determines its survivability will be:

NZ:N11+N22. (13)

Different growth rates vy and vyy are observed in the
periods 1 and 2 but as follows from the results their value,
is practically independent of the level of tangential stresses.
In the period 1, v17=2.8:1071" m /rev. can be taken, and in the
period 2, v59=1.25-10% m rev. Calculations for 1,,,=5 and
10 MPa should be considered as conditional since the chosen
value of a, is larger than the roll dimensions. Here, calcula-
tions of velocity v are of interest.



5. Discussion of the results obtained in the study of the
roll survivability

To diagnose the rolls, the results obtained in the study
make it possible to use the crack growth curve approximated
by two straight sections with different slopes proportional to
the rates v (Fig. 5). Constancy of the crack growth rate for
the mixed fracture mechanism is confirmed by the fatigue
tests of specimens with shorter spans presented above: frac-
ture occurred smoothly up to the specimen disintegration
without a characteristic jerk that makes the test machine
shake. The larger value of 14, corresponds to the smaller
value of ag; and agry; which reduces both survivability Ny
and its total period Ns.

This conclusion is of high practical importance. Operat-
ing conditions of the rolls in different stands of the rolling
mill differed considerably from each other. Work rolls of the
reducing and pre-finishing stands are subject to considerable
dynamic and thermal loads. This is explained by the large
reductions with a long arc of contact of rolls with the rolled
metal and a low speed of their rotation (several tens of rpm).
In the last finishing stands, a significant decrease in strip
temperature was observed resulting in a decrease in the strip
metal plasticity. This brought about a significant shortening
of the contact arc. At the same time, the mechanical loads
acting on the rolls remained at a considerably high level and
the loads decreased in magnitude and frequency. The speed
of rotation of the rolls in the last finishing stands was several
hundred rpm. Thus, viscosity of the core of these rollers must
be matched to the high hardness of their working layer. Rolls
of intermediate stands perceive high loads, both mechanical
and thermal, and obviously are in the most vulnerable state.
A question arises in which stands the rolls are damaged more
intensively.
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Fig. 5. Schematic graphs of development of a circular defect
for various values of T,eq (thin line) and T4 (heavy line) in
the roll

The speed of rotation of rolls of the ‘1680 plate-rolling
mill was in the range from 20 to 500 min!. According to the
obtained data (Table 1), for the value ty,=20 MPa (which is
established for many mills and is considered safe), the service
life was from 1433 to 35,833 hours. Achievement of this
range is observed in production conditions. This confirms
relevance of the problem of necessity to diagnose the roll
stock and the rational route of their rearrangement in cages.
In the considered case, the running time of the roll (the total
number of revolutions) was a sufficient diagnostic parameter
for evaluating its technical state. This is usually performed
by ultrasonic testing. After detecting a defect of size ag, the

date of the next check must be set. If the size of the defect is
ao>aor, then the number of revolutions of the roll until the
limit size a. is:

Ay — Gy n a. — Ay .

N. =

z

(14)

0, [

11 z2

The optimal inter-control interval will be equal to half
the life Ny found by (10) [24]. However, in order to use this
algorithm, it is necessary to estimate in detail characteristics
of fracture resistance of the roll material.

During their operation, rolls are subjected to a number
of damaging factors that lead to their inoperable state when
quality of the rolled product deteriorates and to the loss of
operability when rolling is impossible. The defective state, as
a rule, precedes the inoperable state. The first state is asso-
ciated with the surface damaging processes and the second
with “volumetric” destruction. Although the roll surface is
periodically restored, crack-like defects, which were devel-
oped from the surface phenomena remain in the near-surface
layers of the barrel and in the roll necks. The mechanism
that leads to the gradual development of such a defect has
been identified.

In the tests of viscous and brittle steels under con-
ditions of transverse bending, features of change of the
crack front shape with the crack growth were observed
and the influence of the coefficient of the bend arm yj,
on the cyclic strength was also established. These facts,
together with analysis of roll fracture, indicate that the
tangential shear stresses induced by the rolling force can
play a key role in such fracture. This is explained by the
low threshold values of the SIF IT mode for roll materials
and the fact that the stresses g, form a symmetric cyclic
process of the IT mode in each roll revolution. In addition,
the change in direction of the tangential stresses relative
to the defect generates an asymmetric cyclic process of the
I1T mode during rotation of the roll transmitting torque.
The sequence of changes of stresses in one revolution of
the roll was established to form parameters of the mixed
fracture mechanisms.

The proposed solutions are of a particular relevance for
relatively short rolls of tube rolling mills. For such rolls, the
number of failures connected with the defective work surface
is smaller in comparison with the failures caused by fracture
of shanks and necks. This is because of growth of the effect of
the transverse stresses induced by the rolling force.

An algorithm for predicting the survivability period
was developed based on a linear defect growth model. The
problems of effect of the mixed mechanism of failure and
non-stationary loading of rolls were solved by the method
of survivability curves. This approach was demonstrated
earlier in [25]. It was further developed in this work which
allowed us to establish new regularities. It is of interest to
use the method of survivability curves for the scenarios of
the mixed fracture of the contact surface of rolls.

Similar models of solids under conditions of cyclic inter-
action are based on the criteria of material fracture during
growth of fatigue cracks. The residual service life was esti-
mated using the algorithm of incremental crack growth de-
veloped by the method of singular integral equations of the
theory of elasticity for bodies with curvilinear cracks. As a
result, models of residual contact durability were established
which, in fact, are the survivability curves for the steels used
in making rolls, rails and wheels [26].



For the IT and I1T modes of failure, survivability curves
of the inner transverse circular crack have an inclination
index m=2. The gradual growth of defect by the II mode
provokes appearance of an additional process of failure by
the ITT mode which is accompanied by a noticeable jump of
the crack growth rate (more than 200 times). Within the
framework of the developed model, the stress level affects
the period of survivability by variation of initial and crit-
ical dimensions of the defect for the corresponding failure
mechanism.

6. Conclusions

1. As a result of study of the effect of internal strength
factors on spherical defects in the roll body, a scenario of
the roll fracture under the action of the mixed mechanism
was revealed. An important role in this process is played by

deformations of the IT mode which were taken into account
earlier only when evaluating degradation of the roll surface.
The contribution of tangential shear stresses from the rolling
force to the process of volumetric fracture of rolls has not
been taken into account up to this time.

2. The mixed mechanism of fracture leads to an increase
in the defect growth rate by more than two orders of magni-
tude. Residual life and survivability of the roll are reduced in
the same proportion. A reliable prediction of these indicators
makes it possible to effectively operate rolls and maximize
the degree of use of the service life.

3. An algorithm for predicting residual service life of
rolls was developed on the basis of the method of survivabil-
ity curves. Testing of this algorithm in the conditions of the
continuous hot plate-rolling mill proved the possibility of
using an algorithm of monitoring the residual service life of
the rolls. At the same time, the diagnostic parameter is the
working time of the roll.
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Pospobdaeno memoo pozpaxynky 60K06020 Mucky epym-
my Ha WNYHmMosy CMiHKY 3 KoHmpopcamu piznoi gop-
MU — npamoxymuoi, mpaneuyeioanvHoi 3 pozwupen-
HaM Oonuzy, mpaneueidanvhoi 3 pozwupennsm 0020-
pu. Ilposedeno mamemamuumne Mo0ea08aAHH CUCMEMU
<«unynmosa cminka 3 Kkonmpdopcamu — pynmoge cepe-
dosuwes. Jlocaidceno enopu 0iun020 MUCKY 2pyHmy Ha
WnYHmMoe6i cminku 3 konmppopcamu. Ompumano KitoKicna
ouinka pozeanmaicyionoi 0ii xoumpopcie piznoi popmu

Kniouoei crosa: memoo po3paxynxy, wunynmoea cmim-
Ka, xoHmppopcu, 60K06Ul MUCK pyHmMY, PO3BAHMANCY-
8ANLHUIL 6NIUG

[m, ]

Paspaboman memoo pacuema 60x06020 dasnenus epym-
ma Ha WnYHmMosyro cmeHKy ¢ KoHmpgopcamu pazauunou
dopmul — npamoyezonvrol, mpaneyeudanvHoil ¢ pacuu-
penuem KHU3Y, mpaneueuoaivioil ¢ pacuuperuem Keep-
xy. IIpoeederno mamemamuueckoe mooeauposanue cucme-
Mol <WNYHMOBAsL CMEHKA ¢ KOHmpgopcamu — epynmoeas
cpedas. Hccnedosanvl snopovt 60K06020 0asaeHus epym-
ma na wnynmosyio cmenxy c koumpgopcamu. Ilonyuena
KOJIUMeCMBEeHHAA OUEHKA PA3epyncalow,e2o 0elicmeus Kom-
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1. Introduction

The development of the ports of Ukraine requires the
construction of deepwater berthing facilities for servicing
modern large-tonnage vessels. The existing construction
solutions for deepwater berths are labor-intensive and
material-intensive if they require, for example, complex
tonguing and grooving [1, 2] or using transverse rows of
sheet piles [3]. Therefore, it is necessary to develop and im-
plement innovative design solutions in hydraulic engineer-
ing. Nowadays, the most rapidly constructed structures are
sheet pile walls [4], so the creation of new design solutions
with sheet piles is important. One of the proposed solutions
is a sheet pile wall with counterforts [5], which has received
a patent for the invention itself [6] and a utility patent
for the construction method [7]. Counterforts contribute
to a significant reduction of lateral earth pressure on the
front wall and a rational distribution of material in the
construction. However, the use of a new design in practice
necessitates the development of a method for calculating
the lateral earth pressure, taking into account the relief
effect of the counterforts. It is also necessary to conduct
research on the stress-strain state of the system “a sheet
pile wall with counterforts plus the soil environment”. The

solution of the task is an important link in the study of the
new type of construction, which will allow introducing it
into engineering practice.

2. Literature review and and problem statement

The main load on retaining walls is produced by lat-
eral earth pressure. To study the joint effect of the soil
backfill and the construction, numerical calculation mod-
els [8] are developed and approaches for optimal design
are sought [9]. In order to reduce earth pressure on the
retaining wall, various relief devices are offered, such as
horizontal shelves located on the backfill side [10, 11] or a
relief platform [12].

Counterforts are also one of the types of relief elements
in the structure. Calculation methods for defining the relief
influence of counterforts are based on theoretical, laboratory
and field studies. Moreover, a method has been proposed for
calculating the screening effect of counterforts, which pro-
vides for correcting the active earth pressure using empirical
dependence obtained on the basis of tests [13]:

o=(yz+q)A, (1-k), )




