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The article evaluates the current use of robotic systems (RS) in the decommissioning of a legacy radiation hazardous
facility and specifies the aspects restricting their large-scale implementation. The article describes the tests of the
ROIN RTS R-100 and Betonolom-2000 dismantling systems manufactured in the Russian Federation at the Moscow
branch of FSUE RADON that confirmed the operability of the equipment and the high potential for its further imple-
mentation given proper adaptation to the decommissioning tasks at hand. The paper specifies the technical param-
eters for various operations and presents the calculated performance indicators for the hydraulic hammer. It provides
recommendations on further efforts that are expected to enhance the efficiency of the equipment and were formulated
based on the practical results achieved to date. The paper notes that the RS efficiency is influenced by numerous
factors with the operator's qualifications and skills being of greatest importance, which should be considered in the
decommissioning work planning. It highlights the prerequisites for further RS introduction considering the achieved
safety level and lower negative impact of harmful production factors on the personnel.
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Introduction

The efficiency in nuclear decommissioning de-
pends directly on the equipment at hand, techni-
cal and engineering designs, the choice of which
is often limited by certain practices that have al-
ready been established at the enterprises, i.e., when
the preference is given to already well-established
methods with no proper consideration of alterna-
tive and often more profitable options.

Performance level achieved under the decom-
missioning projects have been continuously moni-
tored under the Federal Target Program Nuclear
and Radiation Safety in 2016—2035 (FTP NRS-2)
to improve the performance indicators. Areas re-
quiring further technological advancement were
previously identified and described for various ac-
tivities associated with nuclear decommissioning
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and radioactive waste (RW) management: these are
expected to see the introduction of RS, advanced
technologies and equipment that have already
proven themselves successfully in other related in-
dustries [1].

Dismantling of building structures and equip-
ment, which is currently performed mainly manu-
ally using large construction equipment, is seen
as a promising area in this respect [2]. Only in rare
cases do they resort to purpose-designed machines,
for example, to dismantle reactor units [3]—[5], to
perform post-accident cleanup in cases of severe
accidents [6] or when dealing with other very spe-
cific tasks. Nevertheless, positive experience from
RS application in the Rosatom State Corporation
and its enterprises [3] turned out to be insufficient
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for their mass introduction into decommissioning
practices while supporting the general trend for ro-
botization in the nuclear industry. Quite obviously
this situation is mainly driven by:

- high costs for imported equipment;

- difficulties faced when searching for Russian ana-
logues comparable to foreign equipment in terms
of cost and quality;

long development, manufacturing and implemen-
tation cycle for robotic equipment accompanied
by the need for personnel training and maintain-
ing their qualifications;

areas enabling further application of such equip-
ment upon completing its operation under a single
decommissioning project are required to be identi-
fied to achieve a positive balance between the cost-
effectiveness and performance indicators, which is
difficult to attain within a single organization;
certain degree of inertia in the nuclear industry
in general and especially in nuclear decommis-
sioning, and personnel unpreparedness to further
transformation of current operational activities.
At the same time, the changes that have been tak-
ing place over the last few years that were fostering
the establishment of a safe working environment
and rapid development of Russian RS fleet have ad-
ditionally contributed to a systematic approach and
laid the foundations for the robotization trend in
nuclear decommissioning [8]. At the same time, a
clear trend is observed towards the introduction of
Russian-made robotics and, according to cautious
forecasts, existing foreign machines are expected
to be gradually displaced at nuclear enterprises as
far as their service life expires.

Relatively small RS with a curb weight of 1.5 to
4.5 tons and their functionality largely depending
on a variety of complete attachments are currently
being envisaged as basic equipment for indoor and
outdoor dismantling operations in nuclear decom-
missioning. If such equipment available on the
market turns out to be unsuitable to perform cer-
tain highly specialized tasks, operational industrial
prototypes can be manufactured in a fairly adequate
timeframe provided their subsequent implementa-
tion via the rapid prototyping technology.

This study mainly evaluates the maturity of Rus-
sian dismantling equipment for its practical appli-
cation in nuclear decommissioning and indicates
the need and the potential for its further upgrad-
ing. The presented evaluation and the recommen-
dations provided regarding further development
in this area were supported by the studies of most
advanced and popular models of robotic disman-
tling systems that were tested at relevant objects
(prototypes) operated at a pilot site of the RADON’s
Moscow branch (hereinafter referred to as the Site).
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Description of the dismantling systems

Particular dismantling systems were selected for
testing purposes in keeping with a previously de-
veloped methodology and selection criteria [1]:

- high degree of technological and/or commercial
maturity;

- competitive cost;

- high implementation potential in addressing the
decommissioning task;

- flexibility of interaction with the manufacturer
when one needs to implement some new and non-
standard engineering designs;

- availability of demonstration samples or proto-
types with similar characteristics that can be pro-
vided by the supplier for testing.

Based on the completed comprehensive analysis
of similar equipment, three RS were selected: ROIN
RTS R-100 (JSC MGK INTEKHROS, Voronezh), Be-
tonolom-2000 (OO0 Robotics, Mytishchi) and AT-
LANT 4000 in its modification of 2013 (OO0 Spe-
cial Construction Equipment, Perm). This article
describes in detail the demolition machines RTK
ROIN RTS R-100 and Betonolom-2000 (Fig. 1, 2)
considered as more advanced based on the com-
pleted testing studies.

Fig. 1. Dismantling system ROIN RTS R-100

Fig. 2. Dismantling system Betonolom-2000
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Table 1. Technical characteristics of the RS and
specification of their attachments

Betonolom-2000 ROIN RTS R-100

Characteristic

Overall dimensions,

mm 1,245x780%2,475 1,502x1,000x3,100
Weight, kg 2,000 3,300
Maximum weight of
the attachments, kg 250 350
Engine power, kW 22
Track material reinforced rubber metal
new machine,

Technical condition  operating time of

at the time of testing 12,000 engine hours ceE e

production line

hydraulic hammers  hydraulic hammer

PT200, Erigos SB202;  Erigos SB302;

Composition direct and reverse hydraulic shear

of complete bucket; concrete [talmec IC 1.8;
attachments shovel Darda; bucket; grab for
hydraulic clamp (own  gripping DGM20;

development) crusher HPO1

RS is operated remotely from the
operator's console; additional visualization
means (video monitoring) are not provided

Control system

Columns

Concrete foundation blocks

The RTS R-100 model is referred to the light series
with its weight slightly exceeding 3 tons (Table 1).
The machine is equipped with a fully rotating tower,
which, together with the maximum boom exten-
sion of up to 5.4 m, enables some considerable ex-
pansion of the working area, and when operating
in cramped conditions, minimizes the need for its
further movement.

The ROIN RTS R-100 is applied in various indus-
tries [9]. Moreover, machines of this series were
specially modified to meet the needs of the nuclear
industry under the contracts signed with PA Mayak
and E. I. Zababakhin’s RFNC - VNIITF [10].

The dismantling RS Betonolom-2000 (Fig. 2) is
the lightest and most compact of all the machines
massively produced in the Russian Federation and
tested at the Site (Table 1). Due to its small size, it
is able to perform a wide range of tasks, especially
when used in confined spaces.

Test scenarios
Individual test scenarios seen to character-

ize most exhaustively the functionality and per-
formance of a given RS were developed for each

Fragment of a foundation slab

Brick fence

Fig. 3. Examples of test objects found at the Site
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machine taking into account the existing limita-
tions of the Site and the range of attachments sup-
plied by the manufacturer. In particular, the devel-
oped scenarios included certain tests designed to
assess the cross-country ability, to determine the
travel speed on asphalt concrete pavement and
soil surfaces. To establish the duration of the work
cycle and performance characteristics, typical op-
erations were performed with various attachments,
also providing for their replacement. Some of the
tests performed also involved oversized objects and
those located in hard-to-reach places. Fig. 3 shows
some individual examples of test sites and objects.

In the study, solid foundation blocks (SFC) with
an average size of 2,260x570x550 mm (volume
~0.7 m®) and strength of 48 MPa were used as com-
parative test samples. The RS performance was
evaluated based on concrete structure fragmenta-
tion operations performed by hydraulic hammers.

One of the Site sections with vertical reinforced
concrete columns with a square cross-section of
0.4x0.4 m and height ranging from 4.3 to 5.4 m
(Fig. 3) was selected to test ROIN RTS R-100 perfor-
mance in dismantling operations.

The relatively small size RTC Betonolom-2000
was tested in a confined space (Fig. 4). The figure
shows the order (indicated in numbers), in which
the foundation fragments were dismantled, and the
RS unloading location.

S
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Fig. 4. Layout of the RS testing area in a confined space

During the tests, the duration and convenience
of operations were monitored with the follow-
ing parameters that were recorded along the way:
power consumption (kW-h), size of the resulting
fraction (m), time spent (s), distance traveled (m).
Power consumption was measured based on the
electric meter integrated into a portable electri-
cal panel. To perform subsequent calculations, the
linear dimensions (m) and strength (MPa) of the
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test samples were preliminarily measured by RGK
SK-60 sclerometer.

The reliability of the equipment was monitored by
visual inspections for hydraulic fluid leaks, as well as
the changes in the engine temperature during and
after continuous operation for at least four hours.

Analysis and discussion of the test results

The indicators specifying the preliminary ope-
rations, RS movement, rebaiting, RS operation
in fragmentation, demolition, squeezing and ob-
ject handling modes were analyzed via test data
processing.

RS preparation for dismantling operation takes
no more than 10 minutes, which includes its con-
nection to the power supply system, checking the
switching state of the hydraulic and electrical com-
ponents, installation of attachments (if necessary)
and installation on outriggers.

Table 2 summarizes the travel speeds calculated
for the dismantling robots.

Table 2. The travel parameters calculated for

dismantling robots
Specific power Specific power
consumption, consumption,
kW-h/m (x10%) | K™/N | woh/m (x10%)
Betonolom-2000 ROIN RTS R-100
Asphalt 1.1 16.5 269 58
| Filled soil 072 203 252 75

The study shows that the payload does not affect
the speed indicators. An increased specific power
consumption was recorded for the Betonolom-2000
robot, which can be explained by several reasons:
a jerky pace of its movement on a complex terrain
which required certain maneuvering; operation
of wheel hydraulic motors in load areas close to
maximum.

For heavy dismantling robots, despite the lower
power-to-weight ratio, the long base of the tracked
chassis enables better longitudinal stability, there-
by providing relatively high average speed, as can be
seen from the tests of the ROIN RTS R-100. When
overcoming terrain protrusions, a long machine ex-
periences smaller deviations in the transverse axis
and vertical acceleration, and the risk of its tipping
over turns out to be lower. In case of short-wheel-
base machines, such as Betonolom-2000, the maxi-
mum travel speed is often limited in their design
to avoid tipping over despite comparable or even
greater hydraulic system performance.

Attachment changeover operations were per-
formed using self-contained items (Table 1). In a
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1. Bringing the RS boom, upon a command
from the control panel (CP), to a position ))
considered convenient and safe
for manual manipulations

2. Manual manipulations to release
the attachments (depending
on the RS boom design)

3. Manipulations with RS boom launched
)) from the CP to remove the attachments
from the suspension and simultaneously

place them on a pallet

¥

6. Manual manipulations performed
to connect and fix interchangeable ((
attachments

5. Bringing the RS boom, upon a command
from the CP, into a position convenient
and safe for manual manipulations

4. Transfer of the RS boom to the attachment,
(( docking of the attachment connectors and the RS
boom launched from the CP (replaceable
attachments in the work area)

Fig. 5. Schematic flowchart followed to replace the RS attachments

single cycle, one tool had to be removed and an-
other one installed. The workflow is shown in Fig. 5.

The duration of tool replacement operations
amounted to up to 10 minutes regardless of the
attachment type. The study showed that the dura-
tion could be limited by two factors: the design of
the mechanism providing the connection between
the attachment and the RS boom and the hydrau-
lic system; the experience and qualifications of the
operator. In general, the operation turned out to
be resource-intensive and at the same time quite
unproductive. Therefore, under local nuclear de-
commissioning plans, the operations should be ar-
ranged in such a way that the number of necessary
tool replacements is minimal. In addition, it is ad-
visable to use adapter plates and so-called “quick
couplers” enabling remote replacement of the at-
tachments and completely eliminating manual op-
erations. A case in point is the OQ system (OilQuick,
Germany) supported by large manufacturers of
purpose-designed equipment that produce attach-
ments compatible with it.

Table 3 summarizes the performance indicators
calculated for dismantling RS under the imple-
mented comparative tests of standard foundation
block (SFB) demolition (Fig. 6). Betonolom-2000
was equipped with two types of hydraulic hammers
of Russian, RT200 (OOO Traditsiya-K) and for-
eign, SB202 (Epiroc Ab, Sweden) production, which

allowed to compare the results. Since the tests were
performed under identical conditions, the discrep-
ancy in the indicators is explained by more ad-
vanced design of the SB202 hydrostatic mechanism.

Table 3. Summary of tests in the SFB fragmentation
mode involving the application of hydraulic hammers

Betonolom-2000 | ROIN RTS

: R-100,
Characteristic hydraulic hydraulic
hammer | hammer | hammer
SB202 SB302
Average performance, m/h 3.7 3.1 2.5 ‘
‘ Average fraction size*,m 0.2 0.2 0.3 ‘
Electricity consumption per 1 m?,
KW-h 3.1 3.6 4.0

The relatively low performance of the heavier
ROIN RTS R-100 machine with the SB302 hydraulic
hammer was explained by the gentle mode of the
RS operation.

It was demonstrated that RS performance natu-
rally decreases in operations involving massive and
complex objects, and vice versa. For example, in
case when high-rise columns (Fig. 3, 7) made of du-
rable concrete (56 MPa) had to be dismantled, the
performance of the ROIN RTS R-100 tends to get
lower by several times with electricity consumption

Fig. 6. Comparative tests for SFB demolition
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Fig. 7. Dismantling of high-rise columns by ROIN RTS R-100

that was getting higher by up to 3.5 times (rela-
tive to the data in Table 3). This circumstance is

explained by hydraulic hammer operation at the
upper point of the RS boom extension, when the
buffer stop cannot be provided by the machine's
own weight and, therefore, its full power cannot be
exerted while maintaining the same energy con-
sumption level. Depending on the type of a struc-
ture subject to dismantlement (in our case, a brick
fence and foundation fragments of 0.4 m® (Fig. 3)),
the performance of the Betonolom-2000 machine
varied by several times: 27.3 and 4.32 m3/h with
power consumption equal to 0.4- and 3.3 kW-h per
1 m3, respectively. Thus, the RS performance ap-
pears to be a variable value governed by numerous
factors, such as the properties of the objects, the
operating modes of the equipment, the operator's
skills, etc.

The gripping and manipulation modes were
tested for the Betonolom-2000 RS, since the corre-
sponding attachments were provided by the manu-
facturer, i. e., a hydraulic pincer grip developed by
Robotics 00O (Fig. 8).

To demonstrate the performance of precise opera-
tions by the gripper, various small objects sensitive

Fig. 8. Examples of fine manipulations performed by a hydraulic gripper
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hammer

Dismantling 1 m3

Installation of concrete
shears

Fragmentation to fraction
size of 20-30 cm
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Fraction containment and
collection

Removal of attachments

Setting up to enable further
traveling
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Fig. 9. Cyclogram of a typical RS operation scenario
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to the compression force were moved (Fig. 8). The
tower rotation drive, boom bending drive and grip-
per rotator were tested. The RS power consumption
averaged 5.3 kW indicating an insignificant load on
the machine. This circumstance can be explained
by relatively low work intensity of smooth manipu-
lations. Although, the kinematic characteristics of
the Betonolom-2000 RS provide opportunities for
precise manipulation of small objects, its power
is way too excessive. The machine can be advis-
ably used in this mode only in quite specific cas-
es, i. e., for continuous operation, a robot with an
unladen weight of less than 1 t appears to be more
appropriate.

To compile a cyclogram, a typical scenario (Fig. 9)
providing for a hydraulic hammer applied to dis-
mantle some 1.0 m3 of building structures and to
create a passage in a wall given subsequent reload-
ing of the resulting rubble (construction waste) into
soft containers of the "big bag" type was considered.

Further development trends

Since the dismantling RS considered in this paper
are largely applied in the construction and metal-
lurgical industries, some adaptation to the tasks
specific for nuclear decommissioning is required.
Based on the test results, the following areas could
be identified for further development:

I. RS operational safety is viewed as an important
aspect. A program providing automatic equipment
shutdown should be implemented in case of evacu-
ation in normal and abnormal situations. Current-
ly, all tested dismantling complexes are powered
through electric cables and stationary electrical
panels, thereby, potentially contributing to objects
hitching along the RS route. The possibility of us-
ing autonomous power supply systems while main-
taining their weight and size parameters should be
considered.

I1. The functional capacity of dismantling RS can
be expanded provided the development of an en-
tire line of specialized attachments, i.e., devices for
mechanical decontamination of building structures
with dust suppression or dust collection systems,
cutting devices for large-sized equipment, devices
for container packaging and sealing of packages
with radioactive waste, etc. First of all, it is proposed
to develop attachments that are not available on
the Russian market, but being demanded by those
performing some tasks specific for nuclear decom-
missioning. It is also advisable to evaluate the pros-
pects for the development of standard attachments
as a worthy alternative to imported devices.

III. The use of remote attachment replacement
systems thanks to which the operator would be

able to replace the working tools from the control
panel provided no physical contact with the dis-
mantling system and the attachments is seen as
another promising focus area. This function was
implemented neither in the ROIN RTS R-100 nor
the Betonolom-2000 machines that took part in the
tests. Thus, their designs should be feasibly fitted
with an adapter plate and the feasibility of using a
lighter robot assistant in such operations should be
evaluated as well.

IV. Some design options seen to protect the RS
equipment or improve its designs and thereby to
minimize dust localization zones and to ensure
remote decontamination with solutions should be
considered with an account taken of the fact that
dust fraction tends to get compacted near the en-
gine, which subsequently can be removed only by
the operator.

V. A top-priority goal for the future is seen in
identifying the weight and size characteristics of
machines being in highest demand and able to ad-
dress a wide range of tasks conceiving that that the
development of a universal RS is fundamentally
impossible. At a minimum, it seems necessary to
divide the equipment by the type of the functions
it was designed for: rough operations, i.e., involv-
ing the use of hydraulic hammers, concrete shears,
etc.; fine operations requiring precision position-
ing of the working tool. This aspect affects both the
payload of the RS and the design of the hydraulic
system. Considered of interest are the systems with
their weight and size characteristics reduced by ap-
proximately 1.5 times relative to those considered
in this study given the same or slightly lower per-
missible mass of the payload.

Conclusion

Two demolition RS, i.e., ROIN RTS R-100
(INTEKHROS, Voronezh) and Betonolom-2000
(000 Robotechniks, Mytishchi), produced in Rus-
sia were subjected to in-situ testing. The imple-
mented tests confirmed the performance indicators
and the declared functionality of these RS. At pres-
ent time, it seems quite feasible that these can be
used in nuclear decommissioning operations.

The tests revealed the factors influencing the
efficiency of the RS application with the operator
qualification viewed as an essential one. The study
showed that RS performance was a rather volatile
indicator depending on the environmental condi-
tions, the initial configuration of the objects, the
types of operations performed, etc. Thus, large
uncertainties are still hampering reliable estima-
tion of the costs associated with the operations
involving RS. Therefore, this circumstance should
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be taken into account in nuclear decommissioning
plans.

Most probably, personnel safety is supposed to
account for a weighty argument supporting larger-
scale RS application. The authors believe that the
following aspects can be considered as such uncon-
ditional prerequisites:

- dose rates in the working areas preventing the
operations from running smoothly without fre-
quent personnel replacements, the absolute share
of such operations is not large, but still has to be
dealt with;

risks not associated with radiation factors, for
example, rundown structures may collapse and
harmful aerosols may result from the dismantling
of structures containing asbestos and other harm-
ful chemical substances (HCS) requiring the use of
personal protective equipment;

multiple factors of influence in the working area,
including physical, chemical, biological and psy-
chophysiological aspects, the total potential dam-
age from which is quite difficult to assess.

RS of foreign brands operated in the organiza-
tions of the State Corporation Rosatom should be
feasibly tested in relevant conditions to compare
them based on the practical results of research
which is supposed to provide data on competitive
advantages and subsequently implement them in
Russian designs.
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