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Introduction

This book presents a modern method for the seating of shipboard machines and
devices as well as various land-based machinery and facilities, on foundations with
the use of chemically curing polymer resins specially developed for this purpose. It
also presents the way of development of such compounds in Poland and the modern
machinery seating technology based on these compounds. The results of 40-year
research and practical applications of the compounds to assembling machines and
devices are also contained in this book.

The book is an up-to- dated and significantly extended version of the previously
edited book (in 2002 and 2005) titled: “Seating of machines and devices on founda-
tion chocks cast of EPY compound”. Since then were performed many new research
and development studies covering much greater range of practical applications of
the compound both in shipbuilding and for assembling many various land-based
objects. In particular, to the book was added a new chapter containing description
and test results of complex physical and chemical features of EPY compound and
its behaviour depending on its curing, temperature and loading rate conditions. In
the new book changes which had place in some rules dealing with application of
resin compounds to assembling shipboard machines and devices, were taken into
account. Also, the granted certificates necessary for application of EPY compound
to assembling crucial machines and devices, especially in shipbuilding and ocean
engineering, have been renewed.

Young scientific workers greatly contributed in conducting research work, novel
practical applications as well as preparation of new material for this book. Within this
scope they prepared a. o. their doctorate dissertations, introduced significant creative
ideas, becoming this way co-authors of this book which is a significantly extended
edition of its earlier version. This book results from multi-year close cooperation
between the Chair of Mechanics and Machine Elements, Polytechnic of Szczecin
(transformed into The West-Pomeranian University of Technology in 2009) with
the Marine Service Jaroszewicz Co in Szczecin. The need of writing this book has
arisen from that the authors considered their duty to gather and put in order the
results of 40-year research work and the resulting scientific and utilitarian effects. The
detailed, chronologically ordered list of scientific research projects (both published
and unpublished) dealing with the resin compound in question and its application
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to engineering practice, carried out first in Polytechnic of Szczecin, and later in The
West-Pomeranian University of Technology, is included at the end of the book.

In practical activity since 1974 till the end of 2014, in total, 11,490 different objects
were seated with the use of the compound, including 10,101 shipboard machines
and devices (2236 main propulsion engines) as well as 1389 other machines and land-
based facilities such as turbines, large reciprocating compressors, mining hoisting
machines, fans, large dimension bearings and toothed rings of brown coal excavators,
bridge span bearings etc. Owing to the results of the specialty research, many original,
innovative first-in-the-world solutions have been obtained in this field and success-
fully tested in practice, winning broad recognition. The EPY compound developed
in Poland and machine seating technology based on it is granted all the necessary
certificates and belong today to the worldwide leading achievements in this field.

The ever-increasing needs of designers, constructors and technology specialists
in shipbuilding and ocean engineering where the seating of ship main propulsion
systems and many other auxiliary devices has become today a standard practice,
were another motivation for the writing of this book. The motivation was also sup-
ported by the fact that the novel machinery chocking technology with the use of
resin compound and possibility of its practical application in various particular cases
and situations has been drawing increasing interest from the side of engineers of
other engineering branches. Therefore the book is addressed not only to designers
and technology specialists engaged in the shipbuilding and ocean engineering but
also to a wide group of other prospective readers dealing with designing, assembling
and operation of various land-based machines and facilities. This is due to the fact
that the way of assembling machines and facilities (especially heavy ones and gen-
erating large dynamic loads) has a significant effect not only on the time and cost
of this operation but also very often on final quality, reliability and life of installed
and mutually cooperating machinery units.

In the book it was demonstrated in a scientific and practical way that an appropri-
ate application of the resin compound to the assembling of machines and devices
can consequently lead to significant technical, economic and operational advantages,
especially to lower noise and vibration levels and improved reliability and service
life of the machines and devices.

Taking into account the broad range of readers (including scientific workers and
students of technical universities) the layout of the book has been arranged in a
way which facilitates the finding of a searched topic or its solution where the resin
compound is applied.

The book also contains the general requirements for the seating of machines
and devices and its evaluation criteria. Kinds and characteristics of traditional seat-
ing methods with the use of steel chocks are also discussed, as well as comparative
analyses are presented, confronting the traditional technology and the modern one
based on chocks made of resin compound cast directly in situ.
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The properties of resin compounds used for machinery seating are also discussed
together with the requirements for them. The background of resin chocking system
design and the methods for casting (ready to use) chocks in situ are highlighted as
well.

Many examples included in the book illustrate various possible applications of
the resin compound to the seating of new machines and devices as well as repair
and modernization of existing objects.

The presented descriptions and results of numerical calculations and experimental
research (@aimed at solving practical problems) make it possible to better understand
various current problems concerning the seating of machines and devices as well
as possible applications of the resin compound for solving the problems in various
fields of engineering.

They also constitute an important scientific basis and a source of data for new
applications and further research on the improvement of properties of the resin
compound as well as the methods of its use for the seating of machinery.

The authors of this book would like to thank all the employees of the Chair of
Mechanics and Machine Elements, Polytechnic of Szczecin, and the Marine Service
Jaroszewicz Co, Szczecin, who participated in the research and development work
as well as in the elaboration of the materials included in this book. Deep thanks are
also directed to many employees of Polish shipyards and other industries and R&D
centres and installation teams, associated with them, for their inspiration and effective
help in the process of implementation of new solutions as well as for many fruitful
discussions stimulating further development of the new method of the seating of
machines and devices with the use of the polymer resin compound in question.

The authors of the book are aware of its imperfections and various glitches may
be found in it. They will be certainly gracious to the readers who convey their remarks
concerning its content and layout. They are also ready to discuss, advise and help in
any matters related to the subject of the book.
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Characteristics and types
of chocking arrangements
used for ship machinery

1.1. Basic tasks and requirements related to chocking of ship machinery

The seating of a machine consists in obtaining its precise alignment in a specified
position and then fixing it securely to foundation in such a way that it is able to fulfil
its functions within the assumed service period. This operation is to be performed
in accordance with the rules of classification institutions and the requirements of
machine manufacturers [1].

Ship machines and devices are not seated directly on the supporting surfaces
of foundations, but on appropriate intermediate elements, i.e. foundation chocks
(Fig. 1.1). This is due to the fact that large supporting surfaces of foundations and
bodies of seated machines are difficult to match in contact exactly, but also to the
often arising need to have the mutually cooperating machines and devices aligned
coaxially with high precision. Introduction of foundation chocks makes it possible
to replace a continuous support surface with a discrete support at a finite number

Fig. 1.1. The layout of a main engine seating arrangement
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1. Characteristics and types of chocking arrangements used for ship machinery

of supporting points (areas). In case the number of points is larger than three the
whole arrangement becomes statically indeterminate. Then it is difficult to determine
the interaction forces between the machine and its foundation in the supporting
points. For shipboard machines and devices the minimum number of foundation
chocks is usually four, but it often may be over a dozen, with main engines having
as many as a few dozens of foundation chocks.

Comprehensive evaluation of a seating technology for ship machines and devices
requires that both technical, economic and service factors are taken into account.
The main technical task is to correctly arrange the machines and devices in space
and in relation to cooperating objects, while providing reliable fixing which should
guarantee their correct and safe operation. It is assumed that the unreliability of the
seating cannot lead to additional overhauls of any machine throughout its service
life onboard.

The evaluation of technical and economic aspects of a seating arrangement should
include:

— Difficulty level of assembly and disassembly procedures;

— Labour and material costs;

— Time of execution of chock fitting and its quality;

— Stress state after the installation.

The following factors are important in service:

— reliability and durability of a seating arrangement;

— number and kind of required maintenance operations;

— good insulation against mechanical vibration and structural sound.

1.2. Seating the machines and devices on metal chocks

Metal chocks made of steel or cast iron, with their characteristic high rigidity, have
been traditionally used in shipbuilding (Fig. 1.2a), hence the seating arrangements
using them are called rigid. The load should be evenly distributed among all chocks
(Fig. 1.1). To this end their suitable arrangement and fitting has been applied.

Resulting from high rigidity of metal chocks, little inaccuracies in their fitting may
lead to a highly uneven loading of foundations, holding down bolts and the bodies
of machines and devices. As this phenomenon is highly detrimental, demanding
requirements have been introduced with regard to precision of fitting the chocks
during the assembling of ship machines and devices [2]. It specially concerns main
propulsion engines, gears and shaft line bearings. Fitting the metal foundation
chocks in a way fulfilling the requirements has been a difficult, labour consuming
and expensive task which includes the need of machining the supporting surfaces
of the foundation on board, machining the chocks themselves and laborious, indi-
vidual hand-fitting during assembling. Moreover, the seating on metal chocks is
conductive to transmitting vibration and structural sound.
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Fig. 1.2. Examples of ship machinery rigid seating arrangements: a) with a uniform metal chock;
b+d) with adjustable metal chocks

In order to simplify and shorten cycle of assembling and improve its accuracy,
new, more effective solutions have been searched for. Special design solutions of
compensation foundation pads have been developed [3] (Fig. 1.2b, ¢, d). Their appli-
cation shortens the time of assembling machines and devices on board but only at
the cost of a longer time of manufacturing the pads of a complicated form. Some
of them (Fig. 1.2b, d) provide an easy adjustment of height of seated objects, other,
with separating spherical surface (Fig. 1.2¢, d) ensure a uniform distribution of pres-
sure on the supporting surfaces of chocks owing to their ability of appropriate self-
alignment in the direction of load action. All the adjustable metal chocks yield finally
arigid fixing of machines and do not introduce any significant changes into the static
and dynamic system of machine-chock-foundation in comparison to the traditional
seating arrangement based on uniform metal chocks. Another disadvantage of the
adjustable foundation chocks is also greater number of their contact surfaces. The
problem is going to be discussed in more detail below.

1.3. Seating the machines and devices on flexible chocks

The problem of noise and vibration has been steadily growing in importance since
the beginning of mechanical propulsion of ships, and in the 1930s [4] it resulted in
developing a new field of ship machinery foundation engineering when it was dis-
covered that a way of joining the machines and their foundations plays an important
role in the generation and propagation of vibration and noise through the ship. [5+6].
As a consequence the so called flexible seating of machines and devices have been
introduced. It consists in applying rubber chocks (pads) instead of traditional steel
or elastic ones of special design solutions (Fig. 1.3) [7].

The flexible seating of ship machines and devices on board yields:

— more uniform distribution of loads exerted to chocks;

— a high degree of insulation of foundation against mechanical vibration and
structural sound generated by the machines (up to abt. 90%), [5, 8];

— ahigh degree of insulation of machines and devices against kinematic excita-
tions and deformations of foundations;
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Fig. 1.3. Examples of flexible seating arrangements of shipboard machinery

— freedom for thermal deformations of the machinery bodies;

— possible application of lighter foundations.

The problem of the flexible seating of ship machines and devices is complex in
its theoretical, technological and operational aspects [9+15]. Solutions can be found
by searching for such chocks and seating arrangement design which, in dynamic
load conditions, would fulfil the assumptions for vibration and noise insulation, and
ensure reliable and firm fixing for the seated objects. The problems posed by flex-
ible seating concept have not been fully solved up so far. Practical implementation
of flexible chocks requires to use both computational and experimental methods
which generally do not guarantee that an optimum solution is achieved [16+18].

The development of flexible seating arrangements for machines and devices strives
for better calculation methods, manufacturing of materials with precisely defined
elastic and damping properties as well as designing such chocks and their arrange-
ments which would properly fulfil the task of insulating and damping mechanical
vibration and structural sound [19+24].

Application of special flexible chocks of complicated design raises the costs of
seating considerably. There is an obvious tendency to maximizing quality indices of
performance of machines and devices at the simultaneous lowering the costs and
ensuring the comfort to the crew and passengers on board. Due to serious technical
difficulties and high costs the flexible chocks are rather rarely applied to the seating
of heavy shipboard machines and devices. An example of such seating applied to
main engine is presented in Chapter 6, where the EPY resin compound was used for
appropriate placing vibroisolators on engine foundation.

1.4. Seating the machines and devices on chocks cast of resin compounds

The progress of chemistry and material engineering which took place in the second
half of 20" century provided many opportunities for developing special structural
materials and technologies whose practical application resulted simultaneously in
large technical, economic and operational benefits. An example of such materials are
special chemically curing composites based on epoxy resins, which were developed
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for foundation chocks of ship machines and devices and many land based objects
as well, requiring exact alignment and firm fixing.

Chemically curing compound of precisely defined properties continually improved
in time proved to be almost ideal material for machinery foundation chocks. Their
introduction to practical applications was decided first of all by the following fac-
tors:

— easy on-site casting of ready-made foundation chocks of any dimensions
and shapes;

— good strength and operational characteristics of the hardened compound;

— significant reduction of time and cost of seating a machine or device on foun-
dation.

Foundation chocks made of resin compounds, ready-cast directly under correctly
positioned and aligned machine (Fig. 1.4), fill the entire space delimited for them
between the foundation top and machine bedplate and ensure excellent fit with
both contact surfaces.

Significant technical, economic and operational benefits resulting from applica-
tion of new materials and modern assembling technology have been proved in
practice and established a new standard for the seating of shipboard machines and
devices [25+30]. Its use is now worldwide, including Polish shipbuilding and repair
yards. Owing to its numerous advantages this technology has been also wider and
wider applied to the seating of many crucial land-based objects [31+33].

Fig. 1.4. Casting of a resin compound foundation chock: 1 — machine bed plate, 2 — foundation,
3 — face plate (sheet), 4 — holding down bolt, 5 — compound chock, 6 — mould barrier (foam)
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1.5. Characteristics of seating arrangements based
on metal chocks and cast resin compound chocks

In order to highlight the problems of the seating process and the progress in this field
as far as used materials and methods are concerned, basic features of the traditional
seating technology based on metal chocks will be discussed below in comparison
to the modern one based on cast resin compound chocks.

The traditional way of seating heavy machines and devices on their foundations
with the use of compensation metal chocks has a few important disadvantages,
including:

— the necessity for exact machining of load-carrying surfaces of foundation
plate and machine bedplate;

— the necessity of pre-machining metal chocks and difficult, laborious and time-
consuming, individual fitting of chocks to the bearing surfaces of foundation and
machine bedplate;

— high rigidity of metal chocks;

— small effective contact area between the chocks and foundation top and
machine bedplate;

— low isolation against mechanical and acoustic vibration.

As a result of high rigidity (large value of the elasticity modulus E) small inaccuracies
in fitting of metal chocks may result in occurrence of high assembling stresses and
deformations in machine bodies and foundations. The stresses and deformations have
a detrimental effect on the performance and life of machines and devices. Apart from
the difficulty in obtaining adequate fitting, and the aforesaid high rigidity, another
important disadvantage of metal chocks is their very small effective area of contact
with bearing surfaces of machine bedplate and foundation top. Even with exact
fitting of foundation chocks according to the relevant criteria [2], any unevenness
of surfaces (roughness, wavy finish, shape errors) appearing after machining makes
that the chocks get contact in separate, randomly distributed ,points” (Fig. 1.5a),
and the total effective contact area is only a small percentage of that nominal [34].
As a result of action of dynamic loads when the machine is running, micro-zones of
effective contact suffer substantial plastic deformations which consequently result
in the so called sagging of connected elements [35], loosening of holding bolts and

“peening” of all the bearing surfaces of foundation, chocks and machine bedplate.
Final consequences may be cracks in the foundation and the machine body, breaks
of foundation bolts, unstable running of the machine, and failures [29].

Application of chocks of chemically curing resin compound, ready-cast in moulds
which are made on metal or concrete foundation under the machine (Fig. 1.4) placed
in its service position, eliminates many operations, simplifies the assembling proc-
ess and shortens it considerably. Apart from a rough cleaning and degreasing of
foundation plate surface no other special preparation is required for it. Existence
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Fig. 1.5. Schematic drawings of a foundation bolt joint: a) with metal chock; b) with cast resin
compound chock

of unevenness, corrosion pits and not exactly parallel position of surfaces, which
make the application of traditional metal chocks difficult or impossible, is of no
importance in case of cast resin compound chocks are used.

The chocks ready-cast under the machine according to an appropriate technol-
ogy, tightly adhere to the load — carrying surfaces of the machine and its founda-
tion [25, 26, 36]. They fill all uneven areas on the contact surfaces (Fig. 1.5b). It is a
specific case of a joint in which the effective contact area is larger than nominal.
This ensures a favourable distribution of normal pressure over the contact surfaces
of joined elements and a high value of effective friction factor (close to 1 or even
greater), which have a favourable effect on the transferring of forces tangential to
supporting surfaces.

Resin compound chocks dampen vibration better and form a substantial bar-
rier against transferring the so called structural sound [37+40]. On the chock con-
tact surfaces neither fretting corrosion nor peeling and other wear phenomena
occur.
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machinery foundation chocks

2.1. General requirements concerning resin
compounds used for foundation chocks

Attempts to rationalise the assembly work, improve the quality and shorten installa-
tion time of ship machinery by using various adjustable or flexible chocks (described
in Ch. 1) did not enter the shipyard practice on a larger scale, especially with regard
to main engines. The traditional seating method with the use of metal chocks (made
of steel or cast iron) began to fade away only when special chemically-curing resin
compounds were developed (in the early 1960s) together with the cast-in-place
technology which allowed foundation chocks to be made directly under already
aligned machines. The first resin compound called Chockfast was developed by
the Philadelphia Resins Corp. (USA) and its name directly implies a “fast foundation
chock”. The first main ship propulsion engine was seated on “Chockfast” foundation
chocks during repair work in 1963 (USA). The new method of seating the machines
and devices on the cast resin compound chocks quickly gained recognition due
to its numerous advantages and began entering shipyard practice not only in ship
repair but also building new ships. The Chockfast compound is now manufactured
in a number of kinds, and the one, named Chockfast Orange became especially
popular for the seating shipboard machines and devices.

The requirements for the resin compounds used for foundation chocks of ship
machines and devices are numerous, varied and difficult to satisfy, especially in
case of main engines, gears, shaftline bearings and other machinery requiring
accurate alignment. The fact that currently only three such compounds obtained
widespread recognition of worldwide classification societies and ship engine manu-
facturers and entered practical use in shipbuilding is the best confirmation of the
above. Apart from the American compound Chockfast Orange and the German
compound Epocast 36, only Polish compound named EPY produced by Marine
Service Jaroszewicz Co (MSJ) with the use of only domestic raw materials, has found
widespread application. In the last decade of 20" century a new resin compound
named “Loctite 7202 Marine Chocking”, produced by Henkel, intended for foun-
dation chocks of machines and devices, appeared on the market. The compound
has been approved by American Bureau of Shipping, Bureau Veritas, Det Norske
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Veritas, Lloyd’s Register and Germanischer Lloyd for the seating of main engines
and auxiliary devices on sea-going ships.

Marine Service Jaroszewicz Co has been cooperating for many years with the
manufacturers of the Chockfast compound (ITW Philadelphia Resins, USA) and the
Epocast compound (H.A. Springer marine + industrie service GmbH, RFN, belonging
presently to ITW Philadelphia Resins, USA) and is authorized to carry out seating work
by using the compounds of their production. Since 2012 the MSJ is also authorized
to carry out the seating of machines and devices with the use of the Loctite 7202
compound (of Henckel).

Development of a resin compound for foundation chocks required finding solution
to many complex problems concerning its composition, design and casting technol-
ogy of chocks, assembling and operation of machines. Moreover, many psychological
and formal barriers put up by classification societies, engine manufacturers, ship
owners, ship designers and shipyards had to be overcome, as it was a common view
that the material of higher strength is a better structural material. Such reasoning
may be correct but not always, and there are cases when it is downright mistaken.
In case of foundation chocks, resin compounds, despite their much lower compres-
sion strength, proved to be a much better structural material than steel or iron. Basic
requirements concerning the compounds for foundation chocks are determined in
the relevant rules of classification societies [41+43]. In liquid state the compounds
should have no air content and good castability, and low shrinkability during curing.
When cured, they should have low creep and high static and fatigue strength under
compression.

A characteristic feature of chock compounds, very important for practice, is their
reactivity [42], which influences the run of the chock curing process and its peak
temperature value. It depends on temperature of the compound when cast into the
mould, ambient temperature, mass and shape of the chock and local heat transfer
conditions. Higher curing temperature yields a higher degree of cross-linking of com-
pound and the resulting chocks have better mechanical properties: higher strength,
hardness and better resistance to creep. Compounds of higher reactivity can have
lower minimum temperature during casting the chocks.

Compounds of low reactivity cannot ensure good cross-linking in chocks at lower
ambient temperatures even in circumstances of high thermal capacity and good
thermal conductivity of foundation and machine bedplate. On the other hand, too
high reactivity may result in appearance of high casting stresses in the chock and
large shrinkage during the process of curing. Total shrinkage is an effect of changes
in volume, resulting from the chemical curing reaction and a thermal contraction
induced by a drop of the chock temperature from the peak value of the exothermal
curve to the ambient temperature. Knowledge of exothermal properties of a given
compound is thus necessary to determine important details of seating technology
such as, e.g., minimum and maximum ambient temperatures during casting, desired
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temperature of compound when cast into the mould, minimum and maximum thick-
ness of chocks, and curing time in function of ambient temperature.

Foundation chocks are in constant contact with wet air, grease, fuel and water,
so they must be resistant to ageing in such conditions and elevated temperature.
How the foundation chock behaves during service is first and foremost dependent
on the operational temperature and pressure exerted on it.

Temperature of the chocks under ship main engines may in some circumstances
reach 80°C, so the chock must have adequate resistance to creep, which is in turn
a limiting factor for maximum admissible pressure. The unavoidable process of com-
pound creeping should cause a possibly low drop in chock height, which should
almost stop after a relatively short time. This is the reason why admissible pressure
on foundation chocks under main engines is limited to only 5 MPa, while the ulti-
mate compressive strength of compounds may reach even 150 MPa. Application
of compounds to foundation chocks for the seating of ship machines and devices
requires approval from the side of ship owner, machinery manufacturers and the
classification societies supervising construction of the ship.

Obtaining the approval certificates from the side of the classification societies is
based on the results of appropriate laboratory and service tests. It is further required
due to specific features of such tests that they are carried out in a recognised labo-
ratory under the supervision of their surveyors or in the own laboratory of a given
classification society.

The requirements of various classification societies differ with regard to the kinds of
tests and the way they should be carried out, as well as to approval criteria. They are
numerous and varied [41+43]. For instance Germanischer Lloyd [43] requires that the
following parameters of a compound under investigation are to be determined:

— longitudinal modulus of elasticity (in compression) acc. ISO R 604;

— surface hardness in Barcol degrees (°B) acc. EN 59;

— tensile strength acc. ISO 527;

— compressive strength acc. ISO 604;

— shear strength acc. ASTM D732;

— bending strength acc. ISO 178;

— impact strength (Izod method) acc. ISO 180;

— shrinkage acc. ASTM D2566 or DIN 53464;

— flame propagation velocity acc. ASTM D635 and ISO R 1210;

— settling under load acc. ASTM D621; for foundation chocks: sample load-
ing time (h): 24; test temperature (°C): —30/423/4+-50/+70/+100; pressure to be
exerted (N/mm?): 3.5/7/14/28;

— longitudinal thermal expansion coefficient (1/K) acc. DIN 53752;

— friction coefficient against steel: for a cast and machined sample with the use
of an anti-adhesive agent and without it;

— curing time in various temperatures;
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— thermal resistance acc. ISO 75;

— resistance to oils, petrol and other agents acc. ISO 175;

— As well as other parameters on request of the society.

Moreover in the referred to GL rules [43] there are many different additional con-
ditions to be satisfied in order to obtain a relevant certificate for the application of
a given compound in shipbuilding industry.

The classification societies, for issuing or extending the certificate, often require
to perform many repeated or additional tests carried out in strictly defined condi-
tions. For instance, Lloyd’s Register of Shipping (LR) has required to perform vast
and expensive tests on EPY compound in order to extend the certificate. The tests
were done in the laboratory of the Chair of Mechanics and Machine Elements, West-
-Pomeranian University of Technology, Szczecin in 2012, under the strict supervi-
sion of LR surveyor. The run and results of the tests were presented in the relevant
report [44] submitted to LR classification society.

In 2009 EU Parliament and Council replaced the former Directive 94/57 by the
new decree (EC) No 391/2009, concerning harmonization of common principles and
standards used by supervision organizations carrying out inspection and testing the
ships [45]. The decree, in its Article 10, puts the duty of carrying out regularly mutual
consultations, on the supervision organizations recognized by the EU (Recognised
Organisations, shortly called RO’s) in order to maintain equivalence of their require-
ments while tending to uniform the used principles and procedures and ways of
their implementation.

The decree entered in force on 1°* January 2013. According to it, any products (i.e.
materials, equipment elements or device components on board a ship) which have
passed certification procedures and obtained the approval certificate for a given prod-
uct (called: EU RO Mutual Recognised Type Approval Certificate, shortly: EU RO MR TAC),
can be installed on all ships without offending rights of a state whose flag a ship
flies. It practically means that the approval certificates for a given product, formally
obtained from one of the EU recognized organizations, should be obviously respected
by any other organization recognized by EU. Any refusal to respect such certificate
should be justified.

The recognized organizations are obliged to harmonize technical and procedural
conditions for mutual recognition of certificates for selected products. The conditions
should take into account the equivalent requirements based on the most stringent
and rigorous ones.

As the certification procedures are new for all EU recognized organizations, all the
products for which a new certification procedure has to be performed, have been
divided into certain groups. The term of certification to be performed has to be
dependent on that to which group a given product belongs. 11 products including
resin compound for machine foundation chocks (Resin chocks code 13350000) were
classified to the first group (marked TR1), for which the new certification entered
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in force by 1°' January 2013. For the 11 products, the comprehensive procedural
and technical requirements which are to be satisfied to obtain the certificate for
a given product, respected by all EU recognized organizations, are formulated in
the document “EU Mutual Recognition Technical Requirements” (p. 12.8), [46]. There
are today 12 organizations which concluded a relevant mutual agreement and have
been recognized by EU, namely:

— American Bureau of Shipping (“ABS”), 16855 Northchase Drive, Houston,
TX 77060, USA;

— Bureau Veritas (“BV”), 67-71, boulevard du Chateau, 92200 Neuilly-sur-Seine,
France;

— China Classification Society (“CCS”), 9 Dongzhimen Nan Da Jie, Beijing, 100007
China;

— Det Norske Veritas (“DNV”), Veritasveien 1, 1363 Hovik, Oslo, Norway;

— Germanischer Lloyd (“GL"), Brooktorkai 18, 20457 Hamburg, Germany;

— Korean Register of Shipping (“KR"), 36, Myeongji ocean city 9-ro, Ganseo-gu,
Busan, Seoul 618-814, Rep. of Korea;

— Lloyd’s Register Group Ltd (“LR"), 71 Fenchurch Street, London EC3M 4BS; UK;

— Nippon Kaiji Kyokai (“NK”), 4-7 Kioi-cho, Chiyoda-ku, Tokyo 102-8567, Japan;

— Polski Rejestr Statkéw S.A. (“PRS”), Al. gen. Jézefa Hallera 126 80-416 Gdansk,
Poland;

— RINAVE - Registro Internacional Naval SA (“Rinave”), X1Pélo Tecnolégico de
Lisboa, Lote 21, 1600-485 Lisboa, Portugal;

— RINA, Via Corsica 12, Genova, Italy;

— Russian Maritime Register of Shipping (“RS"), 191186 St. Petersburg, 8, Dvortso-
vaya Nab., Russian Federation.

In order to obtain, for a given compound intended for machine foundation chocks,
a common certificate (EU MR TRC) issued by the above mentioned organizations it
is necessary to submit relevant documentation to one of them. In the submitted
documentation many various data concerning a given compound, strictly defined
in p. 12.8 (under heading: Resin chocks) of the above mentioned document [46], are
to be included. In particular in the technical data concerning the resin compound
in question the results of material tests performed in compliance with the below
given standards and recommendations, are to be included:

— ASTM D 696-ISO 604 (compressive strength, modulus of elasticity);

— ASTM D 638-I1S0 527 1,2,4,5 (all - in relevant cases) (tensile strength, modulus
of elasticity),

— ASTM D 621-ISO 75-2 (deflection under load),

— ASTM D 256-1SO 180 (impact strength acc. Izod),

— EN 59, wczesniej ASTM D 2538 (hardness acc. Barcol),

— ASTM D4065, former ASTM D 2236 — DIN53445 0-1SO 6721-1 (shear modulus,
logarithmic decrement);
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— ASTM D 790-ISO 178-ISO 14125 in relevant cases (bending strength, maximum
deflection);

— ASTM D 2566 (WITHDRAWN) - ISO 3521 (linear shrink during curing);

— ASTM D 635 - FTP Code, Annex 1, Part V (compound flammability, propaga-
tion of flame);

— DIN 50100 (compression fatigue test);

— DIN 53481 (dielectric resistance);

— DIN 53428 (insulating resistance);

— 1SO 3521 or equivalent one (volumetric shrink);

— 1SO 11357, 1S0 11359 or equivalent one (vitrification temperature);

— 1SO 1675 or equivalent one (density);

— EN 1465 (shear strength of lap joint under tensile load);

— ASTM D 732 (shear strength);

— DIN 53752 (thermal expansion coefficient);

— 1ISO 175 (resistance to action of various agents, oil and water);

— coefficient of friction against steel for machined sample cast with and without
an anti-adhesive agent (its kind is to be determined);

— resistance to creeping;

— determination of exothermic curve.

Notion:
Use of other standards may be also approved provided they are not less effective
(stringent). The tests must be carried out in laboratories recognized by a given soci-
ety or in presence of its surveyor. Samples should be taken from production line
or resources of a resin compound provider. Test conditions are to be given by the
provider.

Foundation chocks can be cast only by firms authorized by the manufacturer of
a given resin compound with maintaining the limiting conditions required for a given
process. Such authorization which confirms that the personnel conducting chock
casting process has been appropriately trained by the compound manufacturer, is
to be submitted to a local surveyor on her/his request.

2.2. Development of Polish resin compounds for foundation chocks
and relevant technology of seating machines and devices

Polish shipbuilding industry striving for freeing itself from the costly import of com-
pounds and seating services from Western countries approached the Technical Uni-
versity of Szczecin in 1969 with the initiative to commence research on development
of own (domestically made) chemically curing compounds for foundation chocks,
and the relevant, based on the compounds, technology of seating ship machines and
devices. As a result, the resin compounds marked EP-551, EP-571 and EP-578 were
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developed and tested by the Technical Mechanics Division of Technical University of
Szczecin. Soon after that they obtained the approval of the Polish Register of Shipping
and were introduced as a practical seating method in Polish shipbuilding industry.
The authors of these developments were: J. Lorkiewicz (DEng), K. Grudzinski (DEng)
and W. Jaroszewicz (MScEng). The first shipboard seating operations were performed
by the Technical University of Szczecin in 1974, on board the training-cargo motor
ship “Kapitan Ledéchowski” (Fig. 2.1). The scope of the work comprised the seating
of an electric generating set and three pumps in the ship’s engine room on founda-
tion chocks made of EP-551 compound.

The developed compound and seating technology based on it passed success-
fully practical exam and began to be introduced step by step to machine seating
practice in Polish shipbuilding and ship repair yards. The first operation of the seating
of a main propulsion engine (HCP-Sulzer 6AL25/30) on foundation chocks made of
EP-551 compound was performed by Szczecin Shipyard on the ferry ship “Karsibor 1"
(Fig. 2.2a) in November 1976. The engine together with the electric generator driven
by it was assembled on a common frame and next the whole unit was seated on its
foundation with the use of chocks cast of the resin compound (Fig. 2.2b, c).

More detailed information on conducted research, properties of developed
compounds and the machinery seating technology based on these compounds as
well as kinds and number of seating operations until 1984 are given in the publica-
tions [25+26].

Since 1978 seating operations have been carried out by specialized teams author-
ized by the Technical University of Szczecin, which operated within:

Fig. 2.1. The training/cargo motor ship,Kapitan Leddchowski” on which the first auxiliary machine
was seated on the foundation chocks made of the resin compound developed by the Technical
University of Szczecin
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Fig. 2.2. The first main propulsion engine installed on foundation chocks made of Polish resin
compound, aboard the ferry ship ,Karsibér I”: a) overall view of the ferry; b) layout of the seated
machine; ¢) view of the foundation chocks cast of resin compound
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— Morska Stocznia Remontowa (Maritime Ship Repair Yard) in Swinoujécie
(its director was then Mr P. Soyka (MScEng) and the head of installation team —
Mr S. Kownacki (MScEng));

— Przedsiebiorstwo Robét Malarskich i Izolacyjnych (Painting and Insulation
Works) “Malmor” in Gdansk (its director was then Mr W. Symoni (Eng) and the head
of installation team was A. Adamkiewicz (MScEng));

— Przedsiebiorstwo Zagraniczne(Foreign Company) “KITI” in Poland, sited in
Warsaw (its director was then Mr A. tuba (MScEng), and the head of installation
team — W. Jaroszewicz MScEng)).

In parallel with the implementation work, research and development projects
on the improvement of the properties of compounds and the machinery seating
technology as well as design, modeling and calculation of foundation joints based
on holding down bolts, were carried out by the Technical University of Szczecin. The
projects were carried out within the framework of the so called “crucial problems” in
close cooperation with Szczecin Shipyard, Centrum Techniki Okretowej (Ship Design
and Research Centre — CTO) and Centrum Techniki Wytwarzania (Production Engi-
neering Centre — CTW) “Promor” in Gdansk, Instytut Podstawowych Probleméw
Techniki Polskiej Akademii Nauk (Institute of Fundamental Engineering Problems,
Polish Academy of Sciences — IPPT PAN) in Warsaw as well as the above mentioned
companies conducting seating operations.

An especially important role in the initiation and execution of many research
projects was played by Serwis Posadawiania Maszyn (Machinery Installation Service
Team) operating within PZ “KITI”. The team was managed by Mr W. Jaroszewicz (DEng),
a former scientific worker of the Technical University of Szczecin (since 1972), who
was involved in this field from the beginning of his scientific research activity. His
work was awarded in 1980 with the degree of Doctor in Engineering Sciences on the
basis of the thesis titled “Foundation chocks made of chemically curing compounds
for the seating of ship main engines and auxiliary devices”. The promoter of this
work was Mr K. Grudzinski (DEng), Ass. Prof., and the reviewers were E. Skrzymowski
(DEng), Ass. Prof., and Mr T. Gerlach, Prof.

Having been in chargé of the Machinery Installation Team within PZ “KITI” since
1982, Mr W. Jaroszewicz has not only conducted broad range of services for the
shipbuilding industry but also actively participated in research and development
projects carried out by the Chair of Mechanics and Machine Elements of the Technical
University of Szczecin. The research projects in this area have been carried out by
ateam including: Mr J. Lorkiewicz (DEng), Mr W. Jaroszewicz (DEng), Mr L. Labu¢ (DEng),
Mr R. Kawiak (DEng), Mr L. Tuczynski (Eng), and Mr J. Markiewicz, under supervi-
sion of Mr K. Grudzinski (DEng), Ass. Prof. The doctorate thesis of Mr R. Kawiak [47]
(concerning problems of modeling and calculation of foundation bolt joints), the
patents [48+50] as well as a new, improved type of Polish chocking compound
(EPAX) were among the results of these projects. This new compound as well as the
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technology for seating ship machines and devices, based on it have been granted
approval certificates from classification societies and ship engine manufacturers.
Seating operations with the use of this compound have been performed on many
ships built or repaired in Polish shipyards for many overseas ship owners under the
supervision of various classification societies such as: Polish Register of Shipping
(PRS), Lloyd's Register (LR), Germanischer Lloyd (GL), Bureau Veritas (BV), Det Norske
Veritas (DNV), Maritime Register of Shipping (MRS).

In July 1986 in Gdynia Shipyard four 16ZV40/48 Zgoda Sulzer engines, each rated
at 10 000 HP were installed aboard the m/f “Stena Germanica” (Fig. 2.3) by using
foundation chocks of EPAX resin compound. In Gdansk Shipyard the first main pro-
pulsion engine (6L40/48 Zgoda-Sulzer engine of 4500 HP rated power) was seated
on EPAX compound chocks aboard the m/t “Dalmor” in October 1986. As far as
Szczecin Shipyard is concerned, the first large main engine (6L50MCE HCP-MAN/B&W
engine of 5181HP rated power) was seated on EPAX compound chocks aboard the
m/s “Kopalnia Halemba” in June 1990.

In 1989 Mr W. Jaroszewicz took over the Machinery Installation Service Team from
PZ “KITI” and started his own commercial company rendering seating services from
its site in Szczecin. A new resin compound, version named EPY, was then introduced
to seating work. Its chemical content ensures fast and effective curing at a very low
shrinkage without emission of by-products.

The properties of the compound stand equal in any respect to those of other
modern resin compounds offered by the specialized companies from Western coun-
tries. This applies in particular to the American compound Chockfast Orange and the
German compound Epocast 36. On the basis of contracts signed with the H.A. Springer

Fig. 2.3. The passenger / car ferry ship “Stena Germanica” with main propulsion engines seated on
EPAX compound chocks
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marine + industrie service GmbH (in August 1995) and the ITW Philadelphia Resins
(in July 2001), MSJ Company is now an exclusive provider of Epocast and Chockfast
compounds and authorized executor of machinery seating operations in Poland,
Estonia, Russia, Czech Republic, Lithuania, Latvia, Slovakia and Ukraine.

Some more important properties of Polish compound EPY against the compara-
tive values of the above mentioned foreign compounds, are presented in Tab. 2.1.
The EPY compound has been approved by the worldwide recognized ship engine
manufacturers and classification societies as equivalent to the Chockfast Orange
and Epocast 36, offered by Western companies (currently incorporated in Illinois
Tools Works, ITW). The EPY compound has also the approval certificates of relevant
domestic institutions which allow for its use in building of roads and bridges as well
as the seating of mining machines and facilities. The list of institutions and engine
manufacturers which issued their approval certificates for EPY compound is given
in Tab. 2.2. Copies of the certificates are presented on pp. 34+42.

A vast number of separate certificates for the compounds intended for machinery
foundation required by various organizations supervising shipbuilding and ship repair
operations, ship machinery manufacturers as well as other institutions is a serious
technical, organizational and financial problem, for the reason of non-equivalent
requirements. Therefore, EU Parliament has undertaken an appropriate action aimed

Table 2.1. Basic properties of compounds used for machinery foundation chocks

. Compound
Parameter Testing method Chockfast
according to EPY’ o Epocast 36°  Loctite 7202*
Orange

Compressive
strength, MPa ASTM D-695 150 131 164 152
Modulus of
elasticity, MPa ASTM D-695 4255 3677 5610 —
Tensile
strength, MPa ASTM D-638 549 34.2 494 379
Shear FED-STD-406
strength, MPa (Method 1041) 591 373 o o
Hardness, °B ASTM D-2583 49.8 40 (min. 35) 55 —
Density, kg/m3 ENISO 1183-1 1570 1580 1640 =
Curing ti
in“:;?{?ti::fo B 24hat20°C 24hat21°C48 24hat21°C  24hat21°C

48 h at 15°C h at 15°C 48 h at 16°C 35 hat 15°C

temperature, h

'http://www.epyresin.eu/2/produkty/pokaz_prace.php?id=145, access 10.02.2013.

% http://www.chockfast.com/2011pdf/659H_Chockfast-Orange.pdf, access 10.02.2013.
*http://www.epocast.com/tech-bull/ep36.pdf, dostep 10.02.2013.
*http://www.loctite-glue.com/sg_obrazki_/00030230_zalac_001.pdf, access 10.02.2013.
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Table 2.2. List of institutions and ship engine manufacturers who issued their approval certificates

for EPY compound

Ne Certificate Certificate no. Dii:i:f Remarks
T American Bureau of Shipping 02-LD293860-2-PDA  18.03.1997  Ppax = 15 MPa, Tj,. = 80°C
? Bureau Veritas 03626/E0 BV 16.11.1989  pmax =5 MPa, Tpax = 80°C
T Bureau Veritas SMS.W.1I/1193/C.0 14.02.1995 Company certificate
T Det Norske Veritas M-11625 23.10.2006  Pmax =5 MPa, Tpax = 80°C
T Germanischer Lloyd 17 395-00 HH 20.12.1991  ppmax =5 MPa, Tpax = 80°C
T Germanischer Lloyd 50652-03 HH 18.12.2003 Annexe 31GL
7 Germanischer Lloyd QS-244 HH 20.07.1994 1SO 9001:2008
T H.A. Springer marine + industrie service EB/Ba 02.10.2001 Contract of 28.09.2001
T Polish Road & Bridge Research Institute  AT/2006-03-0018 21.12.1994  Permissible calculated load

Polish Institute of Maritime

e Tyt e et 08.10.1999 Health certificate

PB/251/348/99

11 Polish Building Research Institute AT-15-4824/2007 28.02.2001 Permissible calculated load

IQNet The International

Certification Network ORI

01.09.2005 1SO 9001:2008

13 ITW Philadelphia Resins 7/09/01 07.09.2001 Contract of 25.06.2001
I Lloyd’s Register MATS/526/3 12.03.1990  pmax =5 MPa, Ty = 80°C
? MAN-B&W Diesel AG 0343/95 12.06.1995  pPmax =5 MPa, T = 80°C
? MAN-B&W Diesel AG 0604/95 06.11.1995  pmax =5 MPa, T = 80°C
17 MAN Diesel & Turbo 1300/BHN/INR/253  25.03.1996  prax = 5 MPa, Tpa = 80°C

18 New Sulzer Diesel Ltd 7056 M. Lithi/bg ~ 08.07.1996  Ppugs =5 MPa, Ty = 80°C

TM/1124/800002/10  06.04.1990  prax =5 MPa, Tpax = 80°C

F Polish Register of Shipping

20 Polish Register of Shipping TM/1125/842502/10  31.05.2004 Company certificate
? Registro Italiano Navale MAC136612XG 15.07.1999  pPmax =5 MPa, Tnay = 80°C
E Registro Italiano Navale 2010 XP 74 01.04.2010 Company certificate
? Russian Maritime Register of Shipping 11.00477.258 20.07.2006  Pmax =5 MPa, Tpax = 80°C
? Russian Register Certification System 11.0823.026 15.12.2000 1SO 9001:2008

10.00271.258
72229207 2011 Q

25 Russian Maritime Register of Shipping

26 State Transport Control Authority

18.08.2005 Company certificate
14.01.2008 PN-EN ISO 9001:2009

27 Wartsilda NSD Co. 465.942 04.05.2000 pmax =5 MPa, Ty.x = 80°C
78 State Mining Authority GM-127/95 10.04.1996 Permissible calculated load
79 Principal Mining Research Institute B/2347/2012 10.04.1996 Permissible calculated load
5 Russian River Register 13716 03.09.2010 Company certificate
? Russian River Register SZF K 12-10 12.08.2010 Permissible calculated load
? Internal Market Harmonization Office 009213117 18.03.2011 Registration Certificate for EPY
? Russian Federation Defence Ministry 236/331/1862 26.06.2013 WMF FR Approval for EPY
; Russian Maritime Register of Shipping ~ 14.09099.381 04.02.2014 EU RO MR DEC

35 Russian Maritime Register of Shipping ~ 14.09101.381 25.02.2014 EU RO MR TAC
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at unification of the requirements and procedures for the obtaining of common
certificates concerning certain products, which have to be respected by all the EU
recognized organizations supervising shipbuilding and ship repair work. The issue
which is the subject of the decree (EC) No. 391/2009 of EU in a general outline has
been in a greater detail discussed in the previous section of this chapter, as far as the
compounds intended for machinery foundation chocks are concerned.

As the decree entered in force on 1** January 2013, MSJ company undertook immedi-
ately an appropriate action aimed at obtaining such new certificate for EPY compound,
which would have a broad range of approval. To this end, it was necessary to perform
relevant tests of the compound in compliance with the requirements contained in
the above mentioned EU decree, choose one of the EU recognized organizations
(ROs) and execute given procedures of proceeding. The relevant documentation
together with the results of the tests (listed in Tab. 2.3) have been sent to Maritime
Register of Shipping which is one of the twelve, EU-recognized organizations (EU ROs),
authorized to issue such documents. The full names of the organizations have been
given in the previous section, and their logos shown in Fig. 2.4.

The submitted test results have been approved as those which fulfilled the relevant
requirements and — in consequence — confirmed by the special certificate “RU RO
Mutual Design Evaluation Certificate”, issued with the date of 4™ February 2014. It
was the basis for issuing the document “EU RO Mutual Recognition Type Approval
Certificate”, with the date of 25™ February 2014. This is the certificate of common
approval of the EPY compound by all the EU-recognized organizations for supervi-
sion of shipbuilding and ship repair operations (listed in Fig. 2.4). The document is
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Table 2.3. List of tests on EPY compound and their results

Recommended
o . .

N Quantity standard/oftasts Method of testing Result Test report
1 Compression strength, MPa ASTMD-695 - 150604  ASTM D-695 - 1S0 604 150 Report ZUT 4-2012; p. 4.2
2 Tensilestrength, MPa ASTMD-638-150527  ASTM D-638 - IS0 527 549 Raport ZUT 7-MSJ-2011; p.3.3
3 Modulus of elasticity, MPa ASTMD-695-150604  ASTM D-695 - 150 604 4255.4 Report ZUT 4-2012; p. 4.2
o | CESIE e ASTM D 4065 15067212 2187 RaportzPD PS 1998; p.4.4, t.3.1

inshear, MPa
Temperature of deflection
5 o ASTMD 621-150175-2  ASTMD 621-150 175-2 96.8 Report ZUT 4-2012; p. 4.5
under load, °C
6  Impactstrength, k)/m? ASTMD 256-150 180 ASTM D 256 - 150 180 16.2 Report ZUT 4-2012; p. 4.4
7 Hardness, °Barcol ASTM D-2583 ASTM D-2583 49.8 Report ZUT 4-2012; p. 4.3
8  Bending strength, MPa ASTMD 790 EN1S0178 733 Raport ZUT 5-2013; p. 3
9 Linear shrinkage in curing ASTM D 2566 ASTM D 2566 0.0002 Raport PS 12-2000; p.4

jo  Fatiguestrength under DIN50100 DIN 50100 60 Report PS 09,1995

compression, MPa

11 Combustibility, mm/min ASTMD 635 ASTMD 635 0 Report ZUT TZ-ASTM D 635A-025-2014
12 Ageing, h - MSJ made 195000 MSJ Reference list
p) [ LB G DIN53752 ASTM D 696-91 (40+50)x10™°  Report PS 1-2004

coefficient, °C

14 Dielectricstrength, kV/mm DIN 53481 PN-86/E-04404 15.7 Raport PS 12.1995; p.5.3
15 Insulation ohmic resistance, Q DIN 53482 PN-88/E-04405 8x10"” Raport PS 12.1995; p.5.4
16 Friction factor - PSmade 0.360.62  Report PS19-1991
17 Oil absorption capacity, % 150175 150175 0.013 Report ZUT 4-2012; p. 4.8
18 Density, g/cm’ 1501675 EN 150 1183-1 1.57 Raport ZUT 6-2013; p. 3
19 Contractionin volume, % 1503521 1503521 2.95 Raport ZUT 7-2013

" o ZUT made; .
20  Glass transition temperature, °C 150 11357 Method DSC 95.6 Raport ZUT 8-2011; p. 3
21 Water absorption capacity, % 150175 150 62 0.164 Report ZUT 4-2012; p. 4.7
ZUT made;
22 (Creep,% - 5MPa, 1000h, 80°C 0.183 Report ZUT 4-2012; p. 4.6
Indicators type $229 SYLVAC
Exotherme temperature ZUTmade;
23 f - Thermometer CHY type 506R 63.1 Report ZUT 4-2012; p. 4.1
measurement, °C
Thermocouple type K
% Compound viscosity in pouring, _ PS made; 47200 Raport PS 23-94

mPas RVT Brookfield's viscometer

of a worldwide validity which results from the fact of belonging them to the group
of EU-recognized organizations (EU ROs), and also similar organizations from other
significant countries (USA, China, Japan and South Korea). Because the above men-
tioned certificates are new and important their copies are presented entirely.

It should be also noticed that the hitherto issued certificates are also respected
in practice. Transition from these certificates to the new, mutually recognized cer-
tificates (EU RO MR TAC) is a process which is verified in practice. Production of EPY
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Fig. 2.4. Logotypes of EU recognized organizations for supervision of ship construction and repair

compound and seating operations of machines and devices, based on it, are carried
out in compliance with the quality management system according to the standard
DIN EN ISO 9001:2009, which is confirmed by the Germanischer Lloyd certificate
No. QS-244 HH, obtained by MSJ Company in 1994, the certificate No. 00.017.258
of the Russian Maritime Register of Shipping, issued in 2000, as well as the certifi-
cate No. 7 351 058 2008 Q granted by the Polish Technical Inspection of Transport
(Transportowy Dozér Techniczny) in 2008.

In the further research and development projects aimed at more detailed recognition
and improvement of operational properties of EPY compound many scientific workers
of the Chair of Mechanics and Machine Elements of the Technical University of Szczecin,
took part, in particular it was: Mr Konrad Konowalski (DEng), Mr Ryszard Kawiak (DEng),
Mr Pawet Grudzinski (DEng) and Mr Jedrzej Ratajczak (DEng), Mrs Magdalena Urba-
niak (DEng). In the implementation work conducted by MSJ company and supervised
by Mr Wiestaw Jaroszewicz (DEng), a significant contribution was given by: Mr Zbigniew
Kepkiewicz (MScEng) (Gdansk Shipyard), Mr Andrzej Skierkowski (MScEng) (Szczecin
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Application limitations:
1. Each specific installation af cast resin chocks is 1o be carried out in compliance with installation drawings
approved an case-by case basis, according te each specific R.OV's Rules. Such specific approval will mormally
taak dsil @ectianl, @8 purREmaem i‘ﬁtfﬂ”ﬂwinx:

- Total deadweight of supported machinery;

- Number, size, arrangement and material of chocks and bolis, complete with relevamt detailed (dimensioned)
drawings

- Bolts pre-loaded andor elongation, complete with details of lightening procedures;

- Locking arrangements for bolts and calculations of balt elongation for bolt connection securing

« Longitudinal and lateral stopping arrangements;

- Sealing arrangenents (for installation in stern tube or shafts strits);

- Anti-rofation devices (for shaft bearings and rudder stock bearings/bushes);

- Manufacturer instructions (isncluding instruction for special cases e.g. Thin small chock height or eracks in
chocks).
2. The chocks may only be powred by companies authorized by the cast resii factirer whilst maintaining
the bowsndary conditions required by the process, Authorization respectively evidence of training the personnel
perfurniing the cast résin process by the cast resin manufacturer has to be presented to the local surveyor.
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Shipyard), Mr Jedrzej Ratajczak (DEng) (PS, MSJ), Mrs Dorota Ratajczak (MScEng) (MSJ),
and Mr Stanistaw Ktoczko (Eng) (MSJ).

In the practical application of EPY compound to repair and modernization of seating
arrangements of large reciprocating compressors in many natural gas compression
plants located over the entire Polish territory, as well as in chemical industry, a signifi-
cant role was played by the Construction and Expertise TECHMARIN Ltd Co. (Zaktad
Konstrukgji i Ekspertyz) in Swinoujécie, managed by Mr Wiodzimierz Kotodziejski. The
novel, developed by him, modernizing solutions dealing with the seating arrange-
ment of compressor units with the use of EPY compound, successfully passed exam
in practice and reached high recognition from the side of specialists and users of
the objects of this kind.

The currently used resin compounds for foundation chocks have been devel-
oped in order to improve the technology and technical quality of machinery seat-
ing operations and to ensure suitable precision and stability to its mounting and
rigidity of fixing. In this range the compounds play their role much better than the
traditionally used metal chocks. As observed in practice, the developed compounds
are also able to contribute in mitigating vibration and noise, and structural sound
in particular. Many users of machines and technical objects are interested in the
problem, on which intensive investigations have been presently carried out by MSJ
company and worldwide.

In order to ensure further development of the technology, Marine Service Jaroszewicz
Company cooperates closely with the Chair of Mechanics and Machine Elements of
the Technical University of Szczecin (transformed into the West Pomeranian University
of Technology in January 2009).

This also includes conducting systematic research and development projects
aimed at further improvement of thermo-mechanical properties of the compound
and machinery seating technology based on it, as well as finding solutions for many
scientific technical problems associated with broadening of the range of application
of this technology to engineering practice.
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Theoretical and experimental
essentials of testing and
description of curing process
of epoxy systems

3.1. General characteristics of curing process of epoxy systems

Curing process of epoxy compounds results from chemical reaction between func-
tional groups (epoxy and hydroxide) contained in resin and curing agent, which
have more than two functional groups. The process is of a poly-addition character
which means that it runs without discharging small particle by products. Cross-
-linking reaction of epoxy resins is complicated due to interaction of chemical reaction
kinetics and other physical processes such as gelation and glass transition, which
cause crucial changes in macroscopic physical features of reacting system [51, 52].
Initially fusible and soluble resin system is transformed into a spatially cross-linked
compound which is non-fusible and non-soluble in organic solvents. Run of cross-
-linking reaction determines morphology of reacting system which passes from
viscous liquid state through an intermediate state (called gelation) up to rigid glass
transition state. Consecutive phases of the cross-linking process are schematically
shown in Fig. 3.1 [53]. The cross-linking reaction begins from the forming and linear
growing of chains which immediately start branching and then joining into a spatial
cross-linked structure.

In the cross-linking process of epoxy resin, reactions initially run very fast, its
molecular weight grows and gelation temperature (Tg) increases as a result of increas-
ing cross-linking density of the material. Reaction rate increases up to a certain state
of mutual reaction of functional groups, at which viscosity of the system rapidly
grows and a cross-linked structure appears. The instant in which the cross-linked
structure appears and the viscous liquid is suddenly and irreversibly transformed
into a flexible gel, is called gelation point. Since then chemical reaction mechanism
(reactivity of functional groups) becomes weaker and its rate drops. The gelation,
a molecular phenomenon takes place in an usually determinable phase of chemical
reaction i.e. at a determined level of reaction progression within the system. Run of
chemical reaction and its progression which is more generally called conversion, is
affected by functionality, reactivity and stoichiometry of reagents. Level of conver-
sion is determined by a level of reaction progression between functional groups
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Fig. 3.1. Two-dimensional diagram of cross-linking process in epoxy systems : a) mixture of monomers;
b) uniform linear growth and branching of chains (below gelation point); c) further formation of
a gelled, but not fully cross- linked spatial structure; d) fully cross-liked spatial structure, [53]

(amine, anhydride and epoxy one etc) which take part in curing reaction. It can be
measured from the beginning of curing up to the instant when content of functional
groups may be still determined and changes in the content are already non measur-
able (after gelation). Further progression of the reaction is measured by increase of
cross-linking rate. The gelation of epoxy systems usually takes place between 0.55
and 0.80 value of conversion rate [53+55]. Its macroscopic consequence is the vis-
cosity of an infinitely large value fast reached by the system and loss of processing
capacity as a result of obtaining elastic properties which have been not yet present
(in pre-gel) [53, 56].

The approaching of epoxy system to the gelation point is accompanied by growth
in size of polymer particle, resulting from the reaction and increasing number of
final groups. The greater number of multi-functional (branching) elements in a par-
ticle chain, the more reacting and more easily adjoining other elements, particle.
Along with reaction progression the branched chains join to each other building this
way huge macro-particles of tens and even hundreds of functional groups capable
of joining other particles which have functional groups. Growth of the particles
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progresses fast and fast and leads to the state in which the whole system become
a huge “macro-particle” of an infinitely large, in molecular scale, molecular weight.
Finally, a physically uniform phase of “rigid body” character (gel) is formed [57].

After reaching the gelation point (postgel), apart from gel fraction a soluble and
fusible fraction (sol) still remains. During further run of cross-linking reaction more
and more particles are attached to the spatial network and cross-linking density
increases. It means that share of gel fraction grows at the expense of sol fraction,
and the mean molecular weight of the system (M,,) as such tends to infinity, though
the increase of the numerically mean molecular weight (M) is rather small [58+61].
The cross-linking density still increases and the gelation temperature as well.

When the gelation temperature becomes equal to the cross-linking temperature
(Ty = To) the phenomenon of glass transition (vitrification) of resin system takes place.
The glass transition is a transition from the elastic state of gel to the glassy state of
not fully hardened gel (sol/gel glass) as a result of increase of cross-linking density.
The glass transition is also possible due to the effect of over-cooling the viscous
liquid, but then it is not preceded by gelation, and this state is in contrast called the
glassy — semi gelation state (sol glass) [51]. The glass transition point signifies a change
in mechanism of the reaction which now passes from the state controlled by chemi-
cal reactivity of functional groups to the state controlled by diffusion [62, 63]. When
the system undergoes glass transition, the mobility of reacting functional groups
becomes more and more limited and the chemical reaction rate drops significantly.
The limitation finally causes that the reaction is practically stopped, making thus
the reacting system to reach full conversion impossible [64, 65]. The glass transition
of the system which occurs at such not fully ended reaction, is a conversion which
can be started again. In a not fully cross-linked material, during its repeated heating,
further cross-linking occurs in its “rigid state” (post cross-linking). The added heat
triggers chemical reactions, that is called devitrification (inverted glass transition) [53].
Due to these reactions the cross-linking density of the consolidating material and —
simultaneously — also its glass transition temperature increases.

When characterizing the epoxy resin cross-linking process, a few remarks and
references to some technological aspects of the process, should be given. The reac-
tions between resin and curing agent are strongly exothermic. The emanated reac-
tion heat causes (especially when curing a large amount of resin in one portion)
temperature of the system to grow. It increases mobility of particles, that accelerates
the running of reactions between epoxy groups and curing agent. The cross-linking
rate depends on reactivity of resin and curing agent, which is determined by their
chemical structure. The low heat conductivity of the resin results in that the increase of
temperature inside large casts in particular may be excessive and thus leading to local
overheating and a state of high residual stresses in the casts, and even to fractures
within them. The excessive temperature growth can be mitigated by adding, to the
resin, a large amount of a mineral filling material (filler) which facilitates to carry away
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the emanated reaction heat. However the addition of mineral fillers results first of
all in lowering the curing shrinkage, that is very important not only for large casts.
Moreover, their addition substantially lowers the linear expansion coefficient of resin
compound, that is especially important in the case when it has to work together with
other materials without a hazard of occurrence of higher stresses and even fractures
under temperature changes. Suitable heat conductivity of the fillers makes that the
emanated reaction heat is carried away faster and the cross-linking process runs more
uniformly. All the above results in that the resin compound thermal resistance and
stability increases and some its mechanical properties improve. However, suscepti-
bility of the fillers to sedimentation may result in non-uniformity of the compound
and, in consequence, also of its properties inside cast mass [66].

The introduction of fillers usually extends the so called life of composition, i.e.
a period in which its casting during a given technological process, is still possible.
The casting is to be performed before the composition reaches the so called critical
viscosity after which its viscosity rapidly increases leading to gelation of the system.
The addition of fillers may also cause an increase in viscosity of the composition, that
makes its processing and — in particular — its de-aeration more difficult. In such
case in order to prepare a cast, heating the composition or using solvents, is neces-
sary. This is the resin compound reactivity dependent on content of epoxy groups,
curing agent reactivity and presence of solvents, which decides on the growth of
viscosity in a given temperature [66].

The cross-linking process, after its initiation, runs very fast up to a certain progress-
ing level of reaction of functional groups, then the rate of the action decreases. The
decrease of reaction rate is caused by growth of viscosity as a result of formation
of spatial network, that makes rate of diffusion of cross-linking substances within
an only partly cross-linked system, lower. The curing process is accompanied with
a rather small drop in volume of the compound due to a shrink resulting from an
increase of its density. In its final phase the cross-linking process occurs in glassy
state [67]. Therefore the cured polymer reaches its optimum mechanical properties
as late as after a certain time. Hence the post- curing of resin system, i.e. holding it
in an elevated temperature, is favourable. It especially concerns polymers curing in
room temperature. The post-curing increases the cross-linking density of the resin
system, and this way elevates its glass transition temperature which determines an
ultimate temperature of application of a given polymer compound. Knowledge of
the run and thermal effect of cross-linking process of an epoxy system, especially
information on the phenomena of gelation and glass transition occurring when the
process is under way, is necessary to characterize the system. Because the gelation
and glass transition decide on physical, chemical and mechanical properties of the
final material. This information is necessary for determination of effective cross-

-linking procedures which should ensure optimum properties of a resin compound
intended for a given application.
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As the gathered information is presented in the form of diagrams of various
kinds, it is possible to describe run of cross-linking process in a possibly simple and
comprehensible manner, both from physical and chemical point of view. The cross-

-linking diagrams may serve as an intellectual basis for analysing and designing
cross-linking cycles of resin systems.

3.2. Cross-linking diagrams for epoxy compounds

3.2.1. General remarks

It is difficult, due to complexity of phenomena occurring in the cross-linking proc-
ess, to determine ad hoc processing conditions in such a way as to obtain optimum
properties of a resin compound intended for various specific applications. To this end,
it is necessary to collect information data on run of cross-linking, gelation and glass
transition in particular, which are needed to characterize an epoxy resin system.

The characteristic data connected with run of curing the epoxy system, such as e.g.
changes in its viscosity, changes in rate of conversion and cross-linking, data on its
gelation and glass transition, obtained with the use of relevant testing techniques, are
usually not available in practice, or difficult for interpretation. However if the results
obtained from experimental tests, e.g. by means of scanning differential calorimetry
or rotational viscometry, are properly collected and numerically elaborated, then it
will be possible to present complex relations between time, temperature and run of
curing process in a graphic form, convenient in using and easy for interpretation. For
analysing and designing the cross-linking cycles of epoxy compounds the following
three diagrams are of crucial importance:

— TTT diagram, i.e. Time—Temperature—Transformation;

— CTT diagram, i.e. Conversion—Temperature—Transformation;

— T,TP diagram, i.e. Glass transition temperature—Temperature—Property.

Elaboration of such diagrams makes it possible to achieve complete insight into
behaviour of a given epoxy system during its cross-linking process and in consequence
to select optimum conditions for its processing dealing with a given application, e.g.
curing conditions for machinery foundation chocks. The above mentioned diagrams,
because of their great theoretical and practical importance, are presented below first
in a general way and then determined and discussed in application to EPY compound.

3.2.2. TTT diagram: Time—Temperature—Transformation

The TTT isothermal cross-linking diagram (Time—Temperature—Transformation),
elaborated by John K. Gillham [51, 68], presents in a simple and clear way complex
relations between time, temperature and phenomenological changes within the
three states: liquid, gel and solid, which epoxy resins undergo during cross-linking
reaction. Every transition occurring within the three states are schematically presented
in the TTT diagram (Fig. 3.2) by the contours of time to gelation and glass transition
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at various values of the cross-linking temperature (T,). The time runs of cross-linking
process are usually contained between the glass transition temperature line for not
fully cross-linked system (T40) and the glass transition temperature line for fully cross-
-linked system (T..). Transitions from one state to another cause significant changes
in thermo-mechanical properties of epoxy system and contain two, macroscopically
clearly observable, phenomenological changes in the resin, namely: the gelation, i.e.
transition from liquid state to gel state and the glass transition i.e. transition from
liquid or gel state to solid (glass) state. In the TTT diagram (Fig. 3.2) the transitions are
illustrated by sets of the gelation and glass transition points which form, respectively,
sloping curve of gelation and S-shaped curve of glass transition of the system. In the
gelation point the resin ends to be liquid and loses capability to further processing,
and in the glass transition point where flexibility of the resin suddenly grows, the
glass transition temperature (Ty) reaches the upper value of processing temperature.
Within the three states in the TTT diagram (Fig. 3.2), a few sub-zones which illustrate
the intermediate states of cross-linking process, dependent on temperature, time and
specific properties of epoxy system, (Tgo, gei Tg, Tgeo), Can be distinguished [51, 53, 58,
69+72]. The sub-zones of the diagram, separated by the gelation curve, the S-shaped
glass transition curve and the complete cross-linking line (Fig. 3.2), represent the
following seven states of the system:
— liquid state;
— sol glass state, i.e. fully not cured glassy material;
— sol/gel rubber state, i.e. fully gelled, but not fully cured material;

& Gelled, fully
7 :
Nq, cured material
\&,
Gelled, not fully 22,
T \redmaterial N7/
oo
-
(9]
s
S
=
©
9]
aQ
IS
i Liquid material
Wy e
T
Glassy, fully not cured material

In (time)

Fig. 3.2. The schematic cross-linking diagram TTT (time—temperature—transformation) for epoxy
resins, which shows their various morphological states [58]
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— gel rubber state, i.e. fully cured material;

— sol/gel glass state, i.e. glassy, not fully cured material;

— gel glass state, i.e. glassy, fully cured material;

— char, i.e. degraded material.

On TTT diagram also other information concerning run of cross-linking, e.g. those
dealing with changes in viscosity (iso-viscosity lines) as well as relations between
conversion progress and glass transition temperature (iso-conversion lines), may be
presented. Such diagram allows to get full insight into thermo-mechanical behaviour
of epoxy composition during cross-linking process and serves as a useful tool for
visualization, understanding, analysing and designing cross-linking cycles of epoxy
systems and determination of their properties. The diagram enables to select an
appropriate cross-linking path expressed in the time —~temperature coordinate frame
so as the gel and glass transition processes, on whose run both the processing and
thermo-mechanical properties of the compound depend, would be carried out in
a controlled way in order to obtain desired features of a final product [58, 72].

The basis for the isothermal cross-linking diagram consists of three characteristic
temperatures: Ty, — the glass transition temperature of non-cross-linked reagents;
gelTg — the temperature in which gelation and glass transition occur simultane-
ously and T,.. — the glass transition temperature for fully cross-linked system, and
moreover: the contours of time to gelation and glass transition of the compound at
various cross-linking temperatures.

The line between the temperatures Tyoand Tg.,, put in the TTT diagram (Fig. 3.2),
determining the time along which glass transition takes place, is of a characteristic
S-shaped form. Its outline results from that reaction rate increases along with tempera-
ture increasing, and the time to glass transition reveals two extremum points within
this interval. The first one occurs in the cross-linking temperature a little above Ty
when the time to glass transition reaches its maximum due to a large amount of
reagents at constant reaction rate. The other — in the temperature a little below Ty,
when the time to glass transition reaches its minimum as a result of lowering con-
centration of reagents and high reaction rate in elevated temperature. Hence the
shape of the glass transition curve is a function of reaction kinetics, values of the
temperatures Ty, g Ty @and Ty.. Of the system as well as the relation between the glass
transition temperature and conversion [51, 71]. The sloping gelation curve depicted
on the diagram (Fig. 3.2), illustrates extension of time to glass transition along with
lowering cross-linking temperature and crosses the glass transition curve at the
characteristic temperature 4Ty, in which gelation and glass transition of the system
takes place simultaneously.

Into the solid state zone in the TTT diagram, limited by the gelation curve
(above 4 Ty) and the glass transition curve (below 4 Ty), iso-viscosity lines are usually
drawn for consecutive orders of magnitude. They illustrate rapidly growing viscosity
of the system [58]. It should be noticed that the glass transition curve below 4T turns
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out to be the contour of iso-viscosity zone. The change of viscosity along with time
is one of the most important technological parameters of the cross-linking process,
and the level of iso-viscosity is usually taken as a practical measure of gelation. And,
the iso-conversion curves in the TTT diagram are drawn approximately parallel to the
line of complete cross-linking and the gelation line as well, because the gelation is
considered an iso-conversion state [58, 73].

When reading the cross-linking runs at particular temperatures T, presented in the
diagram, it should be remembered that generally no chemical reaction takes place
below the temperature Ty, (Fig. 3.2). The lack of reactivity of the system below Ty,
results from the freezing of mobility of particles. Therefore the material is in glassy
state which contains sol fraction only. Hence the temperature Ty, serves for determi-
nation of temperature of storing the resins which has not underwent any reaction.

During the cross-linking process of the system above Ty, its particles react to each
other, grow and branch — thus cross-linking density and glass transition tempera-
ture of the system increases. If curing temperature is maintained within the range
between Ty and 4T, (Fig. 3.2), the initially liquid resin will react without any gela-
tion till the instant when the continuously growing temperature of glass transition
is equal to the cross-linking temperature (T, = T.) and glass transition phase then
starts. As the material undergoes glass transition without gel fraction, such state,
soluble and fusible, is called sol glass state, i.e. fully not cured glassy state. The glass
transition stops chemical reaction and prevents gelation. In the conditions of rap-
idly dropping rate of reaction, any greater number of covalent bonds (rigid, strong
bonds creating the main polymer chain) which are the most favourable as regards
strength of the compound, can be formed. As a result, among particles of the resin
only weak physical interactions (cohesion forces) will prevail. Therefore a potential
strength of the so “cured” resin would be utilised only to an insignificant degree.
The temperature 4Ty, in which gelation and glass transition simultaneously occur,
determines the end of occurrence of this state.

If the cross-linking process runs within the temperature range between g T, and Tg..
(Fig. 3.2), the gelation of the system occurs at first, i.e. the forming of a spatial cross-

-linking structure. The then following glass transition takes place only when the
continuously growing glass transition temperature reaches the cross-linking tem-
perature (Tq = T)). After the gelation, the glass transition temperature increases as
a result of an increase of cross-linking density and the numerically mean molecular
weight (M,)) (sol/gel mixture) [74]. After the gelation, reactive molecules react further
and increase gel fraction until the glass transition significantly constrains molecular
and sub-molecular mobility. Because of a lack of mobility of molecules a still large
number of functional groups present in the system is not able to react and chemi-
cal reactions are practically stopped. Nevertheless a large number of the formed
covalent bonds ensures strength properties of the resin system, equivalent to its
level of reaction progression. At lack of its full cross-linking the vitrified material, in
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temperature between 4Ty and Ty, will contain components of both sol and gel
fraction. Such state of the material is called the sol/gel glass state, i.e. glassy, not fully
cured state, which is non-soluble and non-fusible.

The resin system reactions are close to be completed relatively fast in the cross-
-linking temperature above T,.., and significantly slower during cross-linking in the
full cross-linking temperature (Tg = Tg..) — Fig. 3.2. The glassy state between ge Ty a Tg.
is divided by the above mentioned line into two zones: that below the line, where
the cross-linking process is not yet fully completed, called the sol/gel glass state, and
that above the line, where the resin system has fully undergone the reactions, called
the gel glass state (i.e. glassy, fully cured state).

If the cross-linking process runs above Tg.. temperature, the resin system will
undergo the gelation, but not glass transition, and any increase of cross-linking
temperature will be able to lead to its degradation. The line of the complete cross-
-linking in the zone above T,.. temperature of the system separates the sol/gel rubber
state (i.e. that fully gelled, but not fully cured) from the gel rubber state (i.e. that
fully cured) which can be obtained as a result of the extended isothermal cross-
-linking [51, 53, 58, 70, 71].

At higher temperature values (above T,..) the material is exposed to thermal
degradation [75, 76]. In the TTT diagram two cases of it can be distinguished: devit-
rification after which the material passes from its glassy state to elastic one, and
revitrification which practically is the beginning of charring. The case of devitrifica-
tion is associated with a drop in the glass transition temperature from that above
the isothermal cross-linking temperature to that below it. This drop results from
a lower number of bonds and higher elasticity of the material. The instant in which
this case occurs, is considered a limit of time during which the material is capable of
carrying loads. Another case is the transition from elastic state to glass state of high
rigidity, resulting from an increasing number of bonds or the volatilizing of a more
elastic material having low molecular weight, that leads to a state in which charring
may be triggered [58, 71, 771.

Comparison of properties of different materials may lead to correct conclusions
only if the materials are in the same state of cross-linking. Therefore, the deter-
mination of structure — properties relations is first of all performed for not fully
cross-linked resin systems, which can be obtained most easily by carrying out the
cross-linking in a temperature close to Tg.. for a given resin system without exposing
it to degradation.

3.2.3. CTT diagram: Conversion—Temperature—Transformation

Making use of the data similar to those applied in the case of TTT diagram, Adabbo

and Williams [78] developed another diagram placed in the coordinate frame: con-
version—temperature—transformation, called the CTT diagram, simple and useful

in analysing runs of the cross-linking process in epoxy resins.
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The CTT diagram presented schematically in Fig. 3.3, shows relations between
chemical conversion progression in a chemically cured polymer, increase of glass
transition temperature and phenomenological changes which occur during cross-
-linking [70, 78+80]. Such diagram can be obtained by an appropriate transformation
of TTT diagram (Fig. 3.2), with taking into account the fact that gelation of a given
epoxy system occurs at one and the same level of chemical conversion, disregard-
ing cross-linking temperature [70]. Hence the gelation curve given in TTT diagram
is transformed here into the gel conversion line (a4e), and the glass transition curve
is represented in CTT diagram (Fig. 3.3) by the curve (ag—Tg): conversion of glass
transformation versus glass transition temperature.

Glassy,
not fully-cured
. o
material ©
[

Glassy,
fully
non-cured
material

Conversion, a

Liquid material

T, Teo Ty

90 gellg 9

Temperature, T

Fig. 3.3. The schematic cross-linking diagram CTT (conversion—temperature—transformation) for
epoxy resins, which shows their various morphological states [78]

The CTT diagram shows in a more general way behaviour of chemically-cured
resin composition during cross-linking process. The area of CTT diagram, divided by
the lines: ag4e and ag4 versus Ty, crossing each other in the gelation point, presents four
morphological states of cross-linking system, which take place depending on level
of conversion (cross-linking) and its temperature:

— liquid state;

— sol glass state, representing a glassy, fully non-cured material;

— sol/gel glass state, representing a glassy, not fully cured material;

— rubber state, representing a gelled material.
and, the additionally drawn line of the degradation beginning temperature (T4) makes
it possible to show the decomposition (thermal degradation) zone of the compound.
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Location of the gel conversion line a4 in CTT diagram depends on functionality
of reagents but not on temperature. However, temperature is able to modify reactiv-
ity of functional groups, or to generate group substitution effects or intermolecular
reactions, which in consequence change ag value [78]. The a4 value is here the
conversion which leads to glass transition of the resin system in the glass transition
temperature (Ty). Increase of Ty along with the conversion progressing takes place
due to increasing level of cross-linking [81, 82]. The denotations of particular tem-
peratures (Tqo, el Tg, Tge) in the CTT diagram (Fig. 3.3) are the same as those used in
the TTT diagram (Fig. 3.2), and Tg; stands for the degradation beginning temperature
of the compound.

3.2.4. TgTP cross-linking diagram:

Glass transition Temperature—Temperature—Property
The cross-linking diagram drawn in the coordinate frame: Glass transition temperature—
Temperature—Property, called T4TP diagram, where P stands for a given material
property (e.g. modulus of lossiness, density, rate of physical ageing), is shown in
Fig. 3.4. It was developed by Wang and Gillham [83, 84].

The T4TP diagram forms an overall frame for the formulating and understanding
of relations between progression of cross-linking reactions of the system at vari-
ous temperatures and its properties in particular states —from liquid state to glassy
state [83, 84]. The axis of abscissae of T;TP diagram represents progression of cross-
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Fig. 3.4. The schematic cross-linking diagram TgTP (glass transition temperature—temperature—
property) for epoxy resins, which shows their various morphological states [83]
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-linking reaction expressed by measurements of the glass transition temperature
(Ty) of epoxy system, and the axis of ordinates — temperature of the system. The
straight lines in the diagram represent progression level of the cross-linking conver-
sion, related to the characteristic temperatures of the system, i.e. the temperature
of glass transition (T), the temperature of its beginning (Ty) and its ending (.Ty), the
temperature of B-transition (Tg), as well as the temperature in which gelation and
glass transition occur simultaneously (g(Tg). The diagram is divided by these lines
into six zones which represent different states of a cross-linking material:

— ungelled glass (a glassy, fully not cured material);

— gelled glass | (a glassy, not fully cured material I);

— gelled glass Il (a glassy, not fully cured material Il);

— glass transition (a glassy material);

— sol fluid (a liquid material);

— sol-gel rubber (a gelled, not fully cured material).

The so prepared diagram is aimed at demonstrating the impact of conversion
of the system (measured by Ty value) on isothermal properties of the material. The
zones marked in the diagram, show that structural changes occur along with the
conversion progressing, and particular lines of the diagram make it possible to indicate
maximum and minimum values for selected properties, depending on conversion of
the system. Therefore T,TP diagram makes it possible to determine physical proper-
ties of the material in function of progression level of cross-linking of the system,
depending on its temperature and T, temperature.

T4TP diagram plays similar role as TTT diagram (Fig. 3.2), with the difference that
the first deals rather with the properties of the system after cross-linking process
than during its run [51]. Their ordinate axes (measurement temperature) are the same.
However their axes of abscissae represent different quantities; in T;TP diagram it is
the glass transition temperature, and in TTT diagram — duration time of reaction,
that substantially changes representation of the system’s conversion. In TTT dia-
gram progression level of the conversion is represented by iso-conversion curves,
whereas TyTP diagram shows progression level of the conversion directly on the
axis of abscissae and the glass transition temperature (T is used as its measure.
Measurement of Ty is more exact than that of level of conversion, especially at its
greater values [85], owing to this the measured value of T, better represents progres-
sion leveof the cross-linking reaction and is a more sensitive indicator of changes
in cross-linking structure. Hence the glass transition temperature is associated with
the structure and this way with state and properties of the material. It should be
also mentioned that physical properties of the system in the glass transition state
(e.g. density, modulus, rate of physical ageing) in function of cross-linking progres-
sion level are mainly determined by the temperature interval T,—T [83], and their
changes are caused by T, and Tg transitions, whose temperatures increase along
with cross-linking progression in epoxy system.
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3.3. TTT, CTT and T,TP cross-linking diagrams for EPY compound

3.3.1. Method of preparation of TTT, CTT and T,TP diagrams

Preparation of TTT, CTT and T4TP cross-linking diagrams only on the basis of results
of experimental tests would be extremely labour-consuming and expensive. There-
fore to prepare such diagrams are used not only results of direct experimental tests
but also empirical models of cross-linking process, which describe relations T, and
a versus temperature and duration time of cross-linking process of a given resin
system. The models make it possible, by means of numerical calculations, to appro-
priately process results of made experimental tests and this way to reduce as much
as possible number of tests necessary to prepare the cross-linking diagrams for EPY
compound.

The experimental tests cover determination of:

— characteristic glass transition temperatures (Tgo, Tg..) by means of DSC tech-
nique, using dynamic method;

— cross-linking progression level and glass transition temperature of cross-
-linking compound in various temperatures and duration times, by means of DSC
technique, using dynamic and isothermal methods;

— gelation point of the compound by means of rotational viscometry technique,
using dynamic method;

— degradation initial temperature (Tg;) by means of TG-DTA technique;

— lossiness modulus (E”) by means of DMTA technique.

The empirical models formed on the basis of results of empirical tests, achieved
from DiBenedetto equation [81, 86], make it possible:

— tointer-relate increase of the glass transition temperature (Ty) and the cross-
-linking progression level (a);

— to predict cross-linking progression level during gelation (age);

— toforecast cross-linking progression level, depending on duration time and
temperature.

The models, if appropriately linked, enable to forecast results of experimental tests
and perform the numerical mapping of the contours and lines in TTT, CTT and TyTP
cross-linking diagrams. The cross-linking diagrams obtained in the experimental and
theoretical manner, make it possible to achieve full insight into behaviour of a given
epoxy system under curing without necessity of conducting many experimental
tests. The way of preparation of the diagrams in question is schematically presented
in Fig. 3.5, 3.6 and 3.7, respectively.

3.3.2. TTT cross-linking diagram for EPY compound

The isothermal cross-linking diagram TTT (Time—Temperature— Transformation)
prepared for EPY compound is presented in Fig. 3.8. The characteristic temperatures of
the compound under testing, necessary for depicting contours of the diagram, are the
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Fig. 3.5. Schematic box diagram for preparation of the cross-linking diagram TTT
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Fig. 3.6. Schematic box diagram for preparation of the cross-linking diagram CTT
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Fig. 3.7. Schematic box diagram for preparation of the cross-linking diagram T, TP
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Fig. 3.8. The cross-linking diagram TTT (time—temperature—transformation) for EPY compound,
which shows its various morphological states
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following: the glass transition temperature of non-cross-linked reagents Tqo = —45.6°C
and the glass transition temperature of the fully cross-linked compound T,.. = 111.2°C.
The values were determined experimentally by means of DSC method. Whereas the
temperature in which gelation and glass transition occur simultaneously 4¢ Ty = 12.5°C
was calculated by using DiBenedetto equation [86] and the level of cross-linking
progression at gelation, aqe = 0.58, was obtained experimentally by means of ARES
and DSC methods. The detail descriptions and results of experimental tests as well
as ways of determination of the aforementioned characteristic temperatures are
given in the publications [87, 88].

The TTT diagram (Fig. 3.8) was produced by calculating duration time to gela-
tion and glass transition for different cross-linking temperatures, with taking into
account that the gelation curve and glass transition curve cross each other in
the time point which corresponds to 4T, value. For depicting contours of both
the curves, results obtained from experimental tests and relevant computations,
were used [87, 88]. Into the diagram also iso-conversion contours corresponding
to the values a=0.58 and 0.99, are introduced. The iso-conversion curves were
determined by means of numerical integration of a kinetic model which takes
diffusion into account.

The glass transition curve contour for EPY compound, i.e. a set of geometrical loci
of the cross-linking times in which condition T, = T. is satisfied, was determined by
transforming values of cross-linking progression level into T, values with the use of
a relevant equation based on DiBenedetto relationship [87, 88]. The gelation curve
contour coincides with that of the ideal molecular gelation which occurs (acc. Flory
theory) at the conversion of 0.577 in value, and which corresponds exactly to the value
of agel = 0.58 experimentally determined by using ARES and DSC methods [87, 88]. In
the experimentally determined gelation points it was observed that the conversion
remains almost constant irrespective of heating temperature and its progression in the
system. Hence it can be assumed that the gelation contour is iso-conversional. A good
conformity was observed between the experimental values and those calculated in
accordance with the selected models of gelation and glass transition curves.

The iso-conversion curve corresponding to the cross-linking progression level
a=0.99 was assumed to be the complete cross-linking line. The curve corresponds
to the maximum conversion obtained during the performed experimental tests.

In TTT diagram the glass transition curve is S-shaped (Fig. 3.8), hence values of
the time to glass transition reach their maximum in the cross-linking temperature
just above Tgo, and their minimum — just below T,... The occurrence of the maxi-
mum of time to glass transition is caused by the simultaneously occurring effects
of increasing reactivity and decreasing viscosity along with temperature rising, and
the occurrence of its minimum value — by the effects of increasing reaction rate
coefficient and increasing conversion level at glass transition along with temperature
rising [77, 89].
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The determined contours and lines of TTT diagram (Fig. 3.8) indicate particular
morphological states in which the EPY epoxy compound under testing may be found,
in given cross-linking conditions:

— liquid state;

— sol glass state, representing a glassy, fully non-cured material;

— sol/gel rubber state, representing a gelled, not fully cured material;

— gel rubber state, representing a gelled, fully cured material;

— sol/gel glass state, representing a glassy, not fully cured material;

— gel glass state, representing a glassy, fully cured material.

In compliance with TTT diagram, when the epoxy system is cross-linking, its
glass transition temperature increases along with conversion progressing. When Ty
reaches value of the isothermal cross-linking temperature (T,) the material under-
goes glass transition. In the neighbourhood of the glass transition phase, mobility
of segments drops and the total reaction rate is controlled by a limited diffusion of
reacting components [90].

The temperature Tgo = —45.6°C corresponds to that of glass transition of EPY com-
pound at the conversion progression level a = 0. Below this temperature the com-
pound is a glassy body soluble in appropriate solvents. In the temperature below Ty,
the resin system does not react. The temperature /T, = 12.5°C is that in which EPY
compound simultaneously undergoes gelation and glass transition.

Between Tyoand 4 T temperatures (—=45.6°C < T, < 12.5°C) the system will react
until its continuously increasing temperature reaches the cross-linking temperature
(Ty =To). Then the glass transition phase starts without gelation and the reaction is
controlled by diffusion. At glass transition below 4 Tq the material is of a low molecu-
lar mass and passes from the liquid state to the sol glass state, in which it becomes
glassy, but fully non-cured, and floats under heating.

Between g Tgand Ty temperatures (12.5°C < Tc < 111.2°C) the reacting EPY com-
pound reaches its point of gelation before glass transition. After gelation the cross-
-linking material contains both sol and gel fractions. The initially formed gel is weak
and can be easily disrupted. Beyond the gelation point (the conversion in the gelation
point ag4e = 0.58) more and more particles join the spatial network and the gel frac-
tion grows at the expense of the sol fraction which diminishes up to null when the
material reaches the maximum conversion progression level. At the glass transition
(Ty =To) the reaction is generally blocked as a result of lacking mobility of particles,
with a certain number of not yet reacting functional groups left in the compound.
Consequently, the reaction progression level close to complete one (a = 1) may be
obtained by the system only after additional cross-linking in the temperature above T,
that is shown in Fig. 3.9 for the tested compound.

The zone between the temperatures 4T, and Ty, in which material passes from
the liquid state to sol/ gel rubber state and then to sol/ gel glass state is, for practical
reasons, most inferring for typical cross-linking processes.
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Fig. 3.9. Glass transition temperature (Ty) in function of isothermal cross-linking temperature (T,)
for EPY compound

If the cross-linking reaction runs in the temperature above T.. (111.2°C) the material
undergoes gelation but glass transition will not occur at all. Such high cross-linking
temperature may only lead to its chemical degradation then to thermal one and
finally to loss of all of its usage properties. The initial thermal degradation tempera-
ture of EPY compound is equal to Ty = 258°C, that was determined by means of the
experimental method TG-DTA [87, 88].

3.3.3. CTT cross-linking diagram for EPY compound

The CTT cross-linking diagram (conversion—temperature—transformation) produced
for EPY compound, is presented in Fig. 3.10. It contains relations between progression
level of chemical conversion in the compound in question, rise of glass transition
temperature and phenomenological changes during its cross-linking.

The characteristic temperature values: Tyo = —45.6°C, 4eiTg = 12.5°Ci Tgo, = 111.2°C
for EPY compound (see p. 3.3.2) were determined experimentally or calculated in
accordance with the assumed model (DiBenedetto equation) [87, 88, 91]. And, the
initial degradation temperature Ty; = 258°C of the compound was experimentally
determined by using TG-DTA method [87, 91].

The main profile in the CTT diagram, i.e. the curve which determines level of
conversion progression during glass transition in function of temperature (a vs. Tg),
was determined with the use of DiBenedetto equation [87, 91].
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Fig. 3.10. The cross-linking diagram CTT (conversion—temperature—transformation) for EPY
compound, which shows its various morphological states

Details concerning the determination of the relation of gelation point and cross-
-linking progression level in function of temperature, by using ARES and DSC testing
methods, can be found in the publications [87, 88, 911. As results from them, gelation
of EPY compound runs at cross-linking progression level a4 = 0.58 almost regard-
less of heating rate, generally.

In CTT diagram (Fig. 3.10) the conversion line in the gelation point (a4e) together
with the conversion curve of glass transition in function of temperature (a vs. T),
crossing it in the gelation point, determine four zones which represent morphologi-
cal states of the compound in question:

— liquid state;

— ungelled glass state, representing a glassy, not cured material;

— gelled glass state, representing a glassy, not fully cured material;

— rubber state, representing a gelled material.

Moreover, the line of temperature Ty depicted in the diagram, makes it possible
to represent another morphological state of the compound, namely the state of
degradation (decomposition).

As shown in the diagram (Fig. 3.10), during cross-linking process of the compound
in question its glass transition temperature (T,) increases linearly, beginning from its
initial temperature Ty, = —45.6°C (at the conversion progression level a = 0) through
its value corresponding to gelation, i.e. g¢/Tg = 12.5°C (a0 = 0.58) up to its maximum
value of Ty.. = 111.2°C (at the maximum value of conversion progression level a = 1)
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as a result of cross-linking density increasing. The relation between gelation tem-
perature and conversion, described by the gelation curve, enables to use T, values as
a direct measure of conversion progression level which may serve in practice as an
indicator of thermo-mechanical properties of the compound [92, 93]. In the diagram
it was also shown that, beginning from the temperature Ty = 258°C, the thermal
degradation of the material takes place (loss of all its usage properties) which may
be caused by using an excessively high temperature (T. >> T,.. = 111.2°C) during its
cross-linking process.

It should be emphasized that CTT diagram can be prepared by means of an
appropriate transformation of TTT diagram (Fig. 3.8), with taking into account that
gelation of a given composition occurs at the same chemical conversion, regard-
less of temperature [53, 70]. For this reason the gelation curve of TTT diagram is
now presented as the gel conversion line (ag4e), and the glass transition curve of
TTT diagram is presented in CTT diagram as the glass transition curve in function
of temperature.

Therefore the so produced CTT diagram (Fig. 3.10) makes it possible to have an
insight into run of phenomenological changes in EPY epoxy compound in function
of progressing cross-linking reaction and increasing glass transition temperature,
owing to this it may serve as a useful tool for control and assessment of quality of
cross-linking process [94].

3.3.4. T4TP cross-linking diagram for EPY compound

The cross-linking diagram T,TP (glass transition temperature—temperature—property)
made for EPY compound, is presented in Fig. 3.11, where P stands for a selected
property of the compound, i.e. its lossiness modulus (E”). The axis of abscissae is the
conversion measured by means of Ty temperature value, and the axis of ordinates —
measurement temperature.

The values of EPY compound characteristic temperatures, i.e. Tyo = —45.6°C,
gelTg = 12.5°Ci Ty = 111.2°C (see p. 3.3.2) were determined experimentally or calcu-
lated by using the model (DiBenedetto equation) [87, 88, 95].

The main lines of the T4TP diagram are straight ones (Fig. 3.11) which represent
gelation and glass transition conversions forming material properties. The gelation
is denoted by a vertical broken line which demarcates the zones of sol and sol/gel
fractions in the temperature 4Ty = 12.5°C. And, the glass transition is shown in T;TP
diagram by means of a skew line representing the condition of Ty = T. In the diagram,
the line of the glass transition beginning (T = Ty — 20°C) and its end (T = Tg + 35°C)
is also depicted. The run of changes in the (3-relaxation temperature (Tg), repre-
sented in the range of low conversions by a broken line and in the range of high
ones — by a skew line, is also illustrated. The B-relaxation temperature (Tg) associated
with local movements of sub-segments at 3-transition below T,. The way of deter-
mination of Tg by applying DMTA method is highlighted in the publications [87, 95].
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Fig.3.11. The cross-linking diagram T,TP (glass transition temperature—temperature—property)
for EPY compound

The T,TP diagram (Fig. 3.11) is divided by the above mentioned lines into par-
ticular zones of epoxy material cross-linking progression in a selected cross-linking
temperature. In each of the zones the material is characterized by different physical
properties. When considering properties of the compound in question at different
cross-linking temperatures, in the aspect of changes in its lossiness modulus (E”),
the following zones can be distinguished in the diagram:

— ungelled glass state (within the temperature range of — T <.Ty and

—45.6°C < Ty < 12.5°C) in which the lossiness modulus (E”) linearly increases along
with the cross-linking progressing.

— gelled glass | state, i.e. of a glassy, not fully cured material, (Tg < T < Ty and
12.5°C < Ty < 111.2°C; in which the lossiness modulus (E”) linearly decreases along with
the cross-linking progressing.

— gelled glass Il state (T < Tg and 12.5°C < Ty < 111.2°C) in which the lossiness
modulus (E”) linearly increases along with the cross-linking progressing in a similar
manner as in the ungelled glass state.

— glass transition state (.Ty < T < {Tg and —45.6°C < Ty < 111.2°C) in which the
lossiness modulus (E”) intensively increases along with the cross-linking progressing
as a result of glass transition, reaching its maximum value in the temperature .T,. The
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glass transition zone in the T,TP diagram contains three lines representing: the glass
transition beginning (T, = Ty — 20°C), glass transition (T, = T.) and its end (.Ty = Ty + 35°C),
respectively.

— sol fluid state (T > Ty and —45.6°C < T, < 12.5°C) of a viscous liquid material
having a low value of the modulus (E”) which shows a small gradual increase in the
neighbourhood of the gelation point [51, 83].

— sol-gel rubber state (T > Tg and 12.5°C < Ty < 111.2°C) of a gelled, not fully
cured material, in which the modulus (E”) increases along with the cross-linking pro-
gressing.

Usefulness of the TgTP diagram consists in that Ty values are there used as a meas-
ure of conversion progression, making this way that the critical points such as the
maximum and minimum of the modulus are linearly located, approximately par-
allel to the glass transition line (Ty). It means that properties of chemically curing
compounds in the glass transition state are mainly determined by the temperature
range T;—T of the material. Due to the fact that the relations between the critical
points and temperature run linearly in the T,TP diagram, to prepare it for various
chemically curing materials is easy [83].

3.4. Summary

The cross-linking diagrams TTT (time—temperature—transition) and CTT ones
(conversion—temperature—transition) as well as the complementary diagram
T4TP (glass transition temperature—temperature—property), prepared for the EPY
compound may be a useful tool for analysing and designing its cross-linking cycles,
because in the diagrams all the phenomenological changes which occur during the
complex cross-linking process, are represented. In particular it concerns gelation
and glass transition phases resulting from the chemical reaction which converts
a viscous liquid into a solid material. Along with the progressing of chemical reaction
(conversion), changes occur in the compound lossiness modulus, which show how
far the occurring structural conversions (gelation and glass transition) are important
for the creating of physical properties of cross-linking material.

By means of the cross-linking diagrams it is possible to achieve crucial data deal-
ing with EPY composition processing. Therefore on the basis of the temperature-
dependent gelation lines in the diagram TTT (Fig. 3.8), a time interval during which
the composition remains in liquid state and is still fit for processing, can be deter-
mined. Beyond the gelation line,, a time point to solidification of resin compound,
depending on cross-linking temperature, can be determined. And, from the CTT
diagram (Fig. 3.10) information on cross-linking level of the compound can be gained,
that makes it possible to determine final mechanical and thermal properties of the
compound. Changes in the properties, which take place during cross-linking proc-
ess, are illustrated in the T,TP diagram (Fig. 3.11), in which the straight lines represent
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Summary

run of structural changes in the material: the glass transition (Tg), B-transiton (Tg)
and gelation (4eTg). The lines delineates this way sub-zones in which the material
exhibits different physical properties along with the conversion progressing (both
before and after gelation).

All the cross-linking diagrams for the EPY compound enable to better under-
stand the relation between its reagents, cross-linking path, structure, transformations,
states and properties. Hence, they makes it possible to determine an optimum path
between time and temperature of cross-linking process so as to put gelation and
glass transition under control and — in consequence — to ensure that required
usage properties are reached for a given application of the compound.
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Design of machinery seating
arrangements by using EPY
compound chocks

4.1. Documentation of seating arrangement

The seating of machines and devices on shipboard foundations must be approved
by a classification society supervising the construction or repair of ships. Documenta-
tion to be submitted to get approval of the seating project should contain, according
to Germanischer Lloyd [96, 97], the following:

1. General information concerning the ship, device to be seated, classification
society supervising the construction or repair of the ship as well as a shipyard in
which the ship is built or repaired.

2. The drawing of the seating arrangement (Fig. 4.1a), showing the following data:

location, number and dimensions of all chocks;

location, number and dimensions of all stoppers (front and side);
location, number and dimensions of all foundation bolts (ordinary and
fitted) as well as sleeves (if any);

name of the compound used for the chocks and material for foundation
bolts, nuts, stoppers and sleeves.

3. Drawings of cross-sections of foundation bolt joints (Fig. 4.1b).
4. Information concerning:

load-carrying surface area of chocks;

pressure exerted on chocks, resulting from machinery weight, tension in
foundation bolts and total pressure;

axial force and stress in foundation bolts as well as their elongation under
tightening;

stretching moment for nuts of foundation bolts, or pressure in a hydraulic
tightening device.

4.2. General information for the design of seating arrangement

1. Heights of foundation chocks:

74

minimum: 10 mm,
recommended: 2035 mm,
maximum: 50 mm (in one layer).
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Documentation of seating arrangement
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Fig.4.1. Arrangement of EPY compound chocks (a) and cross-sections of foundation bolt joints of
propulsion shaft bearing, main gear and main engine (b)

In case if chocks thinner or thicker than the above given are to be cast it is neces-
sary to be in contact with MSJ company, in advance.

2. Casting moulds are made of foamed plastics (polypropylene, polyurethane,
micro-rubber, foamed polystyrene) or metal sheets of 1+2 mm in thickness.

3. Breadth of gate of the mould for the casting of a foundation compound chock
should amount to 15+30 mm, and the height of a front wall of the mould should be
such as to ensure forming an overpour (sinkhead) of 15+30 mm in height.

4. Mass of the compound to be used for casting the chocks is calculated from
the formula:
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m, = ap.A.H 4.1
where:
m, — mass of compound, kg
a — acoefficient which takes into account volume of the gate, overpour and of losses, equal
to 1.05+1.20,

p:. — EPY compound density equal to 1.59 - 107 kg/mm?,
A. — effective (total) load-carrying area of chock surface, mm?,
H — nominal chock height, mm.

4.3. Design calculations of the seating on EPY compound chocks

4.3.1. General remarks

The following denotations, units and quantity names shown in Tab. 4.1, have been
assumed (acc. GL design guidelines [97]),:

4.3.2. Calculation of the minimum required load-carrying area of chock surface

w
A, =— 4.2)
Py

where:
W — weight of the object, N,
p. — pressure exerted on chocks by weight of the object, N/mm?.

Limiting conditions:
— pw<0.7N/mm?
— AL <A,

where:
A. — total effective load-carrying area of chock surface.

4.3.3. Calculation of axial force in the tensioned holding down bolt

4.3)

where:
p. — total pressure on chocks, resulting from weight of the object and axial force in tensioned
holding down bolts, N/mm?,
n — number of foundation bolts.

Limiting conditions:
- pt < pa:
— Fp>Fy,

where:
F, — axial force in bolt, resulting from external loads, N,
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Design calculations of the seating on EPY compound chocks

Table 4.1. Denotations, units and quantity names used in machinery seating calculations

Denotation Unit Name
A. mm? Effective (total) chock load-carrying surface area
A, mm? Minimum required chock load-carrying surface area
A, mm?’ Effective surface of a hydraulic bolt stretcher piston
Dn, mm Minimum diameter of a holding down bolt shank
D, mm External diameter of a holding down bolt thread
D, mm Minor diameter of a holding down bolt thread
D mm Diameter of a holding down bolt shank
DoD. mm Successive diameters of a holding down bolt shank related
st to lengths L,—L,
Fo N Axial force in a bolt due to external load
B N Axial force in a tensioned bolt
k — Hydraulic coefficient for settling and elastic recovery
AL mm Theoretical bolt elongation
AL, mm Required minimum theoretical bolt elongation
L_L mm Lengths of successive segments of a holding down bolt shank,
T related to diameters Dy— Dy;
n — Number of holding down bolts
pa N/mm?  Permissible pressure for an applied compound
Pn bar Hydraulic pressure in a bolt stretcher
N/mm? Total surface pressure on chocks resulting from machine weight
Pe and pre-tension of the bolts
By N/mm?  Pressure on chocks exerted by machine weight
P mm Holding down bolt thread pitch
Re N/mm’  Minimum yield point of bolt material
T Nm Holding down bolt nut tightening torque
w N Machine weight
O N/mm’  Reduced stress (accounting for tension and twist)
o, N/mm?  Tensile stress

p. — permissible pressure for a compound to be used, N/mm?,
p.=5N/mm?” (MPa) in T < 80°C — for the seating of main engines, transmission gear etc.
(acc. PRS, ABS*, GL, LRS, RMRS, BV, DNV),
p. =15 N/mm? (MPa) — for the seating of mechanisms for which co-axiality is not required (acc. PRS),
p. = 30 N/mm? (MPa) — for the seating of windlasses and mooring winches, with taking into
account pull force,
pa. < 60 N/mm? at momentary loads (acc. PRS).

* Acc. ABS pa = 15 N/mm? valid since 21.06.2002
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4.3.4. Calculation of stretching moment for nuts of holding down bolts

F.D
T=-+2 4.4)
5000
where:
T — nutstretching moment, Nm,

D, — external diameter of holding down bolt thread, mm,
F, —initial (assembly) tension in holding down bolt, N.

Limiting condition:

The calculation method is applicable to steel holding down bolts of regular thread,
when common oils free from special additives such as e.g. M,S,, are used for lubrica-
tion of the holding down bolt thread and friction surface of nuts.

4.3.5. Calculation of pressure in the hydraulic bolt stretcher

Fp

Ak

p

P, =10

where:
F, — axial force in tensioned bolt, N,
A, — effective surface area of the piston of the hydraulic bolt stretcher, mm?,

k — hydraulic coefficient for taking into account sagging in bolt joint.

Limiting conditions:

k = 0.85, in case if another value of the coefficient k is assumed, results of measure-
ments of actual axial force in tensioned holding down bolts are to be submitted to
the classification society (GL).

4.3.6. Calculation of bolt elongation resulting from assembly tension
AL:Fp(++...+‘J 618 -10°° (4.6)
D

where:
F, — assembly (initial) tension force in holding down bolt, N,
Ly, ..., Li —lengths of successive parts of shank of holding down bolt, corresponding to the diame-
ters Dy, ..., Dg, mm, respectively,
Dsy, ..., Ds — diameters of shank of holding down bolt, corresponding to the lengths L, ..., L, mm,
respectively.
Limiting conditions:
— AL =L, =0.0343p, mm,
— AL, =0.12 for p, < 3.5 N/mm?>,
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4.3.7. Calculation of reduced stress or equivalent tensile stress related to diameter
of foundation screw bolt with taking into account assembly tension

1. Holding down bolts stretched by means of a stretcher:
a) bolts of constant diameter shank (D,, = D,):

FP
c, =15 o2 (4.7)

where:
F, —assembly tension force in bolt, N,
D,, — minimum diameter of foundation bolt shank, mm,
D, —diameter of thread core of holding down bolt, mm.

b) bolts of changing diameter shank (0.8 D, < D, < 1.0D,):

F
c, =172 ng \/0.6 + [[)J, (P +0.2D,) (4.8)

2

m m

where:

P — pitch of thread of holding down bolt, mm.

Limiting condition: o, = 0.9 R4 (Where R.y — minimum yield point of bolt mate-
rial, N/mm?).

2. Hydraulically tensioned bolts:

FP
o,=1274 2 (4.9)

Limiting condition: o, < 0.8 R,y for k = 0.85.

4,3.8. Calculation of tensile stresses related to thread diameter of holding down
bolt with taking into account assembly tension

Fp
o, =1274 % (4.10)

In order to prevent nuts against self backing-off the following condition is to be
satisfied: o, < 150 N/mm? (where: o, — tensile stress in holding down bolt bolt). For
low-speed engines o, < 100 N/mm? is assumed.

4.4. Example design calculations of the seating arrangement

Design input data and results of design calculations for 6MU453C MaK main engine
and G1VY Flender main transmission gear seated on EPY compound chocks are
presented below. The design input data and calculation results as well as relevant
drawings are presented in the form required for submitting to classification socie-
ties for approval.
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Table 4.2. An example of a design documentation of a main engine seating arrangement with
foundation chocks made of EPY compound (Fig. 4.2a, b)

MARINE SERVICE JAROSZEWICZ Szczecin, 14.04.2001 r.
ul. Bielanska 23, 70-703 Szczecin
tel. 48 91 4606624, fax 48 91 4313075

OBLICZENIA POSADOWIENIA SILNIKA GLOWNEGO NA PODKEADKACH Z TWORZYWA EPY
Calculation of chocking of main engine on EPY resin

Nazwa statku / Name of the vessel M/v ,Tejo Chemist”; GL-ID nr 33688
Maszyna, typ / Engine, type Silnik gtéwny MaK 6MU453C
Towarzystwo klasyfikacyjne / Classification society Germanischer Lloyd; Certyfikat nr 17395-00HH
Stocznia / Shipyard Gdanska Stocznia Remontowa S.A.
Opis Symbol  Wartos¢ Jednostka Uwagi
Description Symbol Value Unit Remarks
2 lCL w 206010 N
Engineweight
Efektywna powierzchnia no$na podktadek 2 .
Effective total surface of cast resin chocks Ae 471617 mm LY
Nacisk powierzchniowy od ciezaru obl.ektu B 0.44 N/mm? 520 N
Total surface pressure from engine weight
Srednica gwintu $ruby fundamentowej zwyklej
Outer diameter of thread of holding down bolt Dot e mm 117282
Skok gwintu sruby fundamentowej zwyktej P ) mm o
Pitch of holding down bolt thread hd
Liczba $rub fundamentowych zwyktych szt.
Number of holding down bolts Tl 24 pcs M22
Srednica gwintu $ruby fundamentowej pasowanej D 2 mm .
Outer diameter of thread of fitted bolt of
Skok gwintu sruby fundamentowej pasowanej ) mm .
Pitch of fitted bolt thread Pr
Liczba srub fundamentowych pasowanych n 4 szt. .
Number of fitted bolts f pcs
Liczba odlewanych podktadek fundamentowych szt.
. Nch 14 =
Number of cast resin chocks pcs
Catkowity nacisk powierzchniowy na podkfadki 2 _ 2
Total surface pressure on the chocks P = i P =S
Nacisk powierzchniowy od napiecia $rub ) o
Total surface pressure from bolts tension Prw 4.08 NI Pew= P Pw
Sita poosiowa w napietej Srubie fundamentowe;j r 68775 N Fo=(Pc— pw) Ae/
Preloading bolt force exerted by tightening g /(Npg+ng)
Obliczenia $rub fundamentowych zwyktych
Calculation of holding down bolt
Srednica rdzenia sruby fundamentowej zwyktej D, 2155 mm rys. 2/2/P-08

Thread root diameter of holding down bolt
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Example design calculations of the seating arrangement

Opis Symbol  Wartos¢ Jednostka Uwagi

Description Symbol Value Unit Remarks
Srednica trzpienia $ruby fundamentowej
Shank diameter of holding down bolt Da 17.00 mm
Dtugos¢ rozciggana gwintu sruby fundamentowej .
Stretched thread lenght of holding down bolt L 25.00 mm
Dtugosc¢ trzpienia $ruby fundamentowej
Shank length of holding down bolt L 020 mm
Naprezenie zredukowane w Srubie o 423 MPa Sruby klasy 8.8
Holding down bolt equivalent tensile stress € Ren= 640 N/mm?
Minimalne wymagane wydtuzenie srub _
Req. min. theoretical elongation of bolts Alm 0155 mm Aln=0.0343p,
Teoretyczne wydtuzenie Sruby fundamentowej
Theoretical elongation of holding down bolt AL QRes mm AL>ALy
Moment dokrecajacy nakretke Tog 330 Nm T =F.Dya/5000

pol

Tightening torque of holding down bolt

Obliczenia srub fundamentowych pasowanych w EPY
Calculation of fitted bolts of cast-in-EPY resin

Srednica rdzenia $ruby fundamentowej pasowanej

Thread root diameter of fitted bolt D 2155 mm 0/ PR
Srednica trzpienia $ruby pasowanej

Shank diameter of fitted bolt Da 17.00 mm o
Srednica trzpienia $ruby pasowanej

Shank diameter of fitted bolt D 24.00 mm

Srednica trzpienia $ruby pasowanej

Shank diameter of fitted bolt Ds 20.00 mm o
Dtugos¢ rozciggana gwintu Sruby pasowanej .
Stretched thread length of fitted bolt L 24.00 mm

Dtugosc trzpienia Sruby pasowanej .
Shank length of fitted bolt b 120.00 mm

Dtugosc¢ trzpienia $ruby pasowanej .
Shank length of fitted bolt L 145.00 mm

Dtugosc trzpienia Sruby pasowanej .
Shank length of fitted bolt Ls 1000 mm

Naprezenie zredukowane w Srubie pasowanej o 423 MPa sruby klasy 8.8
Fitted bolt equivalent tensile stress € Rery= 640 N/mm?
Naprezenie w rdzeniu gwintu $ruby pasowanej o 189 MPa .
Tensile stress related to thread root diameter !

Teoretyczne wydtuzenie $ruby pasowanej

Theoretical elongation of fitted bolt AL 0.316 mm AL> ALy
Moment dokrecajacy nakretke sruby pasowanej _
Tightening torque of fitted bolt Ti = Nm T="F,Da/5000
Projektowat 14.04.2001  D.J. Ratajczak
Sprawdzit 14.04.2001  W. Jaroszewicz

Posadowienie SG MaK 6MU453AK na podktadkach z tworzywa EPY
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4. Design of machinery seating arrangements by using epy compound chocks

a) Arrangement of chocks — effective area of the chocks

four 829 holes 24 two 227 holes

for M24x2 fitted bolts for M24x2 bolts

100

2988
Remarks : Designed by[ 14042001 [ ... Ratajczak ey
il i = MARINE SERVICE
;. gtretcnfng moment f;)r nuts. (?f holl;im?‘ dolzlvg bf(:lts T= 330I NM  [Checked by [ 14042001 [ WoJaroszewicz JAROSZEWICZ
- Stretching moment for nuts is to be checked after sea trials Arrangement of 6MU453 MaK main engine | _m/v,Tejo Chemist”
3.Boltclass 8.8, R, = 640 MPa seating on EPY compound chocks Rys.1/2/P-08

b)

M24x2
Bolts fitted in EPY compound Holding down bolts
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Remarks : [Designed by[ 14042001 | D.J-Ratajczak wﬂss .
i i - MARINE SERVICE
1. Stretch!ng moment for nuts (?f holding down bolts T= 330 Nm (o ededy [3082001 | Wosaroszewicz ARt
2. Stretching moment for nuts is to be checked after sea trials — g
Arrangement of 6MU453 MaK main engine m#v,Tejo Chemist
3.Bolt class 8.8, R, = 640 MPa seating on EPY compound chocks Rys. 2/2/P-08

Fig. 4.2. Arrangement of EPY compound chocks (a) and cross-sections of foundation bolt joints of
6MU453 MaK main engine (b)
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Example design calculations of the seating arrangement

Table 4.3. Anexample of a design documentation of a main gear seating arrangement with foundation
chocks made of EPY compound (Fig. 4.3a, b)

MARINE SERVICE JAROSZEWICZ Szczecin, 14.04.2001 r.
ul. Bielaniska 23, 70-703 Szczecin
tel. 48 91 4606624, fax 48 91 4313075

OBLICZENIA POSADOWIENIA PRZEKLADNI GLOWNEJ NA PODKLADKACH Z TWORZYWA EPY
Calculation of chocking of main gear on EPY resin

Nazwa statku / Name of the vessel M/v ,Tejo Chemist”; GL-ID nr 33688
Maszyna, typ / Engine, type Przekfadnia gtéwna Flander G1VY
Towarzystwo klasyfikacyjne / Classification society Germanischer Lloyd; Certyfikat nr 17395-00HH
Stocznia / Shipyard Gdariska Stocznia Remontowa S.A.
Opis Symbol Wartos¢ Jednostka Uwagi
Description Symbol  Value Unit Remarks
Ciezar obiektu W 120663 N o

Engineweight

Efektywna powierzchnia nosna podktadek

2 =
Effective total surface of cast resin chocks Ae 301268 mm /s LY
Nacisk powierzchniowy od cigzaru obiektu 2 2
Total surface pressure from engineweight Pw 040 R B
Srednica gwintu $ruby fundamentowej zwykfej
Outer diameter of thread of holding down bolt Dot 36 mm M36x4
Skok gwintu $ruby fundamentowej zwyktej P 4 mm o
Pitch of holding down bolt thread hd
Liczba $rub fundamentowych zwyktych n 3 szt. .
Number of holding down bolts hd pcs
Srednica gwintu $ruby fundamentowej pasowanej
Outer diameter of thread of fitted bolt Der 36 mm M36x4
Skok gwintu sruby fundamentowej pasowanej 4 mm .
Pitch of fitted bolt thread Pr
Liczba $rub fundamentowych pasowanych n 4 szt. .
Number of fitted bolts ! pcs
Liczba odlewanych podkfadek fundamentowych n 3 szt. .
Number of cast resin chocks = pcs
Catkowity nacisk powierzchniowy na podktadki 2 _ 2
Total surface pressure on the chocks P 4.99 Al = B
Nacisk powierzchniowy od napiecia $rub . 459 N/mm? P—

Total surface pressure from bolts tension

Sita poosiowa w napietej Srubie fundamentowej Fo= (P—pw)Ae/

Preloading bolt force exerted by tightening Fo L7 N (Npg+ny)
Obliczenia srub fundamentowych zwyktych
Calculation of holding down bolts
Srednica rdzenia $ruby fundamentowej zwyktej D, 31.09 mm rys. 2/2/P-08

Thread root diameter of holding down bolt

Srednica trzpienia $ruby fundamentowej

Shank diameter of holding down bolt Da 25.00 mm o
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4. Design of machinery seating arrangements by using epy compound chocks

Opis Symbol Wartos¢ Jednostka Uwagi
Description Symbol  Value Unit Remarks

Dtugos¢ rozciggana gwintu sruby fundamentowej

Stretched thread lenght of holding down bolt L 25.00 mm -
Dtugos¢ trzpienia sruby fundamentowej .
Shank length of holding down bolt b 135.00 mm

Naprezenie zredukowane w $rubie o 334 MPa Sruby klasy 6.8
Holding down bolt equivalent tensile stress € Rey = 480 N/mm?
Minimalne wymagane wydtuzenie srub _

Req. min. theoretical elongation of bolts Abm 0171 mm Aln=0.0343p,
Teoretyczne wydtuzenie Sruby fundamentowej

Theoretical elongation of holding down bolt e 0172 mm AL> ALy
Moment dokrecajacy nakretke _

Tightening torque of holding down bolt Tha 830 Nm T=FpDona/5000
Projektowat 14.04.2001  D.J. Ratajczak
Sprawdzit 14.04.2001  W.Jaroszewicz

Posadowienie przektadni gtéwnej Flander G1VY na podkfadkach z tworzywa EPY

a)

Arrangement of chocks - effective area of the chocks

1290

180 190 180 190 180 190 180 A

‘ ‘ ‘ ‘ ‘ ‘ Detail A —- M30x2 impressing screw

M30x2
impressing screws, 4 pieces

Stern

four 43 holes for eight 43 holes for Remarks :
/ M36 fitted bolts / M36 bolts 1. Stretching moment for nuts of holding down bolts T =830 Nm
2. Stretching moment for nuts is to be checked after sea trials

20 20 20
Designed by| 14.04.2001 D.J. Ratajczak =1
265 350 350 265 ‘ eelone yl I e MARINE SERVICE

Checked by [ 14.04.2001 | W.Jaroszewicz | AROSZEWIC,
Arrangement of GIVY Flender main gear | _m/v.Tejo Chemist”
seating on EPY compound chocks Rys. 1/2/P-08

Fig. 4.3a. Arrangement of EPY compound chocks for G1VY Flender main gear
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Example design calculations of the seating arrangement

b) Bolts fitted in EPY compound Holding down bolts
e M36x4 M36x4
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M36x4
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. vl e Remarks :
' Oring . 9 1. Stretching moment for nuts of holding down bolts T = 830 Nm
! 2. Stretching moment for nuts is to be checked after sea trials
—— 3.Bolt class 6.8, R, = 480 MPa
M36x4
Designed by] 14042001 | D.J. Ratajczak =2
MARINE SERVICE
Checked by [ 14.04.2001 [ W.Jaroszewicz JAROSZEWICZ
Arrangement of G1VY Flender main gear m/v,Tejo Chemist”
seating on EPY compound chocks Rys. 2/2/P-08

Fig. 4.3b. Cross-sections of foundation bolt joints of G1VY Flender main gear
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The technology of the ship
machinery seating with
the use of EPY compound

5.1. The technology of the ship machinery seating
on chocks cast of EPY compound

The ship machinery seating technology on chocks cast of EPY compound will be
discussed on the example of ship main propulsion engine as in this case the require-
ments are especially strict and the technology of its seating is precisely laid down
in relevant procedures used by the shipyard building the ship and also by MSJ Co
carrying out seating operations [98].

The basis for starting the seating work is the documentation of a main engine
(ME) seating arrangement, agreed with its producer, ship owner and the shipyard,
and approved by the classification society supervising the construction of the ship.
The seating operations with the use of EPY compound may be carried out only by
employees of MSJ Co or another personnel properly trained and authorized by this
company.

The execution of the seating process of a main engine consists in positioning it
on the foundation, then proper aligning by means of adjusting screws or wedges,
in accordance with the principles and procedures being in force in the shipyard.
The engine should be placed somewhat over its final position, by 0.001+0.002 part
of chock height, to compensate for shrinkage of the compound in curing and the
deformations resulting from weight of the engine and the pre-tension of holding
down bolts. When the appropriate positioning of the main engine on its foundation
is completed, holes for holding down bolts are drilled in the foundation plate; in
case if fitted bolts are applied the holes should be also bored. All these operations
are carried out by yard personnel in compliance with relevant procedures.

The load-bearing surfaces of the main engine and its foundation are not required
to be especially machined, but only cleaned to remove mechanical contaminations
and oil lubricants. Some classification societies allow to leave a thin, good quality
paint coat on the load-bearing surfaces.

In places where the chocks have to be installed, moulds of foamed polyurethane
or foamed polypropylene, of 20+30 mm thick walls, are made (Fig. 5.1). Their internal
dimensions (L and B — Fig. 5.1b) are to correspond to the chock dimensions given in
the seating arrangement documentation for the object in question. The front dam
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The technology of the ship machinery seating on chocks cast of EPY compound

of the mould (Fig. 5.1a, b) are made of a steel sheet 1+2 mm thick, which is joined
with the foundation by spot welding. The gap between the steel sheet and the
foundation is sealed with a gap filling adhesive.

Flow-in gate
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Fig.5.1. Preparation of casting mould for the foundation chock: a—Db) with holes sealed by pipes of
soft rubber or foam; c) with pre-inserted holding down bolt; d) mould filled with resin compound

The casting moulds have to extend by 15+30 mm over the actual chock area so as
to form a pouring space (ingate) for filling the chocks with liquid composition (Fig. 5.1).

The ingate has to be so arranged as to prevent against trapping the air inside
the mould, that would make its complete filling not possible. In the vicinity of the
ingate the mould walls should be higher by 20+30 mm (Fig. 5.1¢) in order to obtain
an extra volume for the composition, the so called overpour (shinkhead) which is
necessary to account for shrinkage and to ensure proper filling of the mould. In
practice, the shrinkhead (of 15+30 mm in breadth) is formed along the whole chock
length L (Fig. 5.1b).
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5. The technology of the ship machinery seating with the use of epy compound

In order to make disassembling possible, the surfaces contacting the compound
should be sprayed with an adhesive (release) agent-silicone oil (e.g. Silikone Spray
Lubricant, Release Agent PR-225 lub WD-40), before the front dam closes the mould.

Into the holes for holding down bolts pipes made of soft rubber or foamed resin
(Fig. 5.1a, b) are pushed throughout by using only a small force, or alternatively, the
holding down bolts with only slightly tightened nuts (Fig. 5.1c) may be inserted. The
surfaces of the bolts which will be in contact with the compound should be covered
with the release agent (solid grease).

After placing and sealing the casting moulds for all chocks, the main engine align-
ment is checked again (acc. a relevant technological procedure used in the shipyard).

Fig.5.2. Composition mixing: a) manual, by using a driller; b) in a mechanized way

EPY compound consists of two components. It is delivered in steel sheet con-
tainers of 1, 3 or 6 kg capacity of the compound pre-mixed with fillers. In separate
containers appropriate amounts of hardener are delivered. All the preparatory opera-
tions should be completed in advance before mixing the two components together
and their careful stirring because after starting the mixing only 1020 min are left
to gelation of the formed composition. The stirring takes 4+6 min and is performed
manually (with the use of a driller fitted with a special stirrer of MSJ design, at the
rotational speed n = 600+800 rpm — Fig. 5.2a), or in a mechanized way (Fig. 5.2b).
The temperature of the mixed components should amount to 15+25°C, and the
ambient temperature around the chocks — at least 10°C.

During long storage of the liquid compound, fillers tend to sediment, especially
in elevated temperatures. Hence it is recommended to stir preliminarily the com-
pound (i.e. the resin with fillers) inside the container before the hardener is added.
After the hardener is added and carefully mixed with the resin it is recommended
to leave the liquid composition undisturbed for about 5+10 min so as to allow the
air contained in it to escape.
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The technology of the ship machinery seating on chocks cast of EPY compound

The moulds should be filled slowly and in a continuous way (Fig. 5.3), avoiding any
interruptions in flow of the liquid composition so as to make it possible to remove
residual air from it and to prevent against “capturing” a new portion of air. The fill-
ing should be performed continuously until the mould and the sinkhead is entirely
filled up (to at least 15 mm above the highest point of the chock — Fig. 5.3a). The
sinkhead of the liquid composition (15+30 mm) generates the necessary pressure and
ensures certain reserve of the compound for a whole chock; it also guarantees good
contact between the cast chock and the machine bed plate load-bearing surface. It

Fig. 5.3. Mould filling with liquid composition: a) schematic illustration; b) on board a ship

is assumed that the chock sinkhead should contain at least 1% of the whole volume
of the cast. In other cases, e.g. stern bearings in which sinkhead does not cover all
length of compound cast, higher sinkheads containing abt. 1% of the whole cast
volume should be applied, otherwise the casting should be carried out layer by layer.

Fig. 5.4 shows various examples of foundation chocks cast from EPY compound.
Fig. 5.4a presents a standard main engine holding down bolt joint with the foun-
dation chock cast of EPY compound. Its characteristic features are: that the bolt is
loosely inserted throughout common hole in foundation plate, washer and engine
bed plate, and that the whole chock with its sinkhead is cast together in the mould.
One of the ways to avoid serious technological difficulties in casting high chocks
(H > 50 mm) and shortening the time of their casting on board a ship is casting the
chocks with the prefabricated elements marked 9 in Fig. 5.4b [50]). The elements are
cast from EPY compound in advance, curing in optimum workshop conditions and
then inserted into the casting moulds in such a way that they form middle layers of
cast chocks after filling the remaining free space (30+40%) of the mould with liquid
compound.
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5. The technology of the ship machinery seating with the use of epy compound
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Fig. 5.4. Examples of foundation chocks: a) with a common holding down bolt; b) with prefabricated

EPY compound insert; ¢) with perforated element; d) with a bolt fitted to metal elements and compound;

e) with a bolt fitted to EPY compound; 1 — foundation plate, 2 — machine bed plate, 3 — foam

mould, 4 — EPY compound chock, 5 — holding down bolt, 6 — flat bar, 7— EPY compound sleeve
(pipe), 8 — perforated element, 9 — prefabricated EPY compound element

Fig. 5.5. Removal of an allowance (overpour) together with front wall and perforated element

For many foundation bolt joints, especially for MEs with side stoppers, there is
a need to remove chock sinkheads which have only an auxiliary role during chock
casting and do not bear any operational load. Their removal is troublesome provided
that in the casting moulds perforated elements are fitted, marked 8 in Fig. 5.4¢ [99].
The elements can be removed together with the sinkheads after the gelation of cast
chocks (Fig. 5.5).
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The technology of the ship machinery seating on chocks cast of EPY compound

For main engine (ME) foundation joints, some number of fitted bolts (Fig. 5.4d, e),
are often applied whose task is to exactly position the engine against its founda-
tion. Fitting the bolts in the traditional way which consists in bolt shank grinding
and hole boring (Fig. 5.4d), is labour and cost consuming and troublesome for
execution on board the ship. The bolts fitted in EPY compound can fulfil the same
task (Fig. 5.4e; [49]). Fitting the bolts in the compound consists in inserting them
with some clearance into the common holes in foundation plate and ME bed plate
and filling the casting mould with the compound up to the ME bed plate upper
plane.

The duration time for chock curing depends on ambient temperature and amounts
to:

— 72hat10°C,

— 48hat15°C,

— 24 hat20°C.

During chock curing period the principles concerning ME alignment process
should be also obeyed, i.e. any ship ballasting, work in engine room and weight
handling on the ship etc are not allowed. The chemical processes which occur during
the composition curing, are very complex and their run depends on temperature.
The cross-linking of the composition requires some time and the cross-linking pro-
gression actually achieved depends on temperature of the composition in curing.
As the curing reaction is exothermal the temperature of curing composition rises
up to its maximum value and then drops. From the results of the recording of the
composition’s temperature versus curing time a curve called exotherme can be plot-
ted (Fig. 5.6).

In practice, it has been used to treat the maximum temperature value recorded
in curing as exotherme. With a large mass of compound and high ambient tempera-
ture, the temperature of the material may be too high and lead to destruction of the
chocks. If, on the other hand, the temperature of the compound in curing is too low,
it only cures partially and does not fully reach its required hardness and strength.
It is then required to additionally heat the curing chocks from outside. The casting
and curing processes should be so selected as to reach the maximum temperature
(exotherme) of the composition in the range of 80+90°C. Therefore, it is very impor-
tant to select appropriate curing conditions and take into account many factors, first
of all the height of chocks and the temperature of the foundation. According to the
conditions, an appropriate amount of hardener should be dosed, Fig. 5.7. In case
ambient temperature is lower than 10°C heating the chocks from outside should
be provided by means of hot air blowing or heat radiators.

After the chocks are cured, the front sheet dams should be removed from the
moulds (Fig. 5.1, 5.5), hardness of the cured compound should be measured, sharp
edges of the chocks-removed by grinding, the ME alignment-checked again. Hard-
ness of the cured compound measured by means of Barcol hardness tester should
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5. The technology of the ship machinery seating with the use of epy compound
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Fig. 5.6. Exemplary diagram of composition temperature versus foundation chock curing time
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Fig.5.7. Demanded dose of hardener versus foundation temperature and chock height
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The technology of the ship machinery seating on chocks cast of EPY compound
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Fig. 5.8. Hardness diagrams (in various scales) versus Barcol hardness measured in °B units [100]
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Fig.5.9. Identification plate

be at least 40°B. The comparative hardness curves are presented in various scales
in Fig. 5.8 [100].

Then the adjusting screws should be unscrewed (or the alignment wedges -
removed), the nuts of foundation bolts should be tightened (in accordance with
shipyard'’s instruction) and after that the alignment of ME should be checked again.
Finally, a designation plate is fitted (Fig. 5.9) and a protocol (formal report) is writ-
ten.

Cast and cured chocks, together with correctly tensioned holding down bolts,
ensure an exact and reliable alignment of the engine throughout multi-year service
of the ship.

Temperature is the most important factor in seating the machines and devices
on foundations with the use of cast compound chocks. It concerns the temperatures
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5. The technology of the ship machinery seating with the use of epy compound

in all phases of this process, namely : temperature of components before their mixing,
temperature of chock casting and forming during exothermal process of curing, tem-
perature rise rate up to the service conditions and temperature of chocks in service.
The temperature range of 0+-80°C may be considered the possible to occur ambient
temperature range. In this range the difference of 10 degrees may be a difference
between a success and a failure in the resin compound application. For instance, if
the temperature of a composition is too high, it may cure so fast that the mould will
not be fully filled. Too low temperatures may result in a not fully cured compound.

5.2. The technology of seating stern tubes and liners of shaft line bearings

5.2.1. Traditional versus modern method of stern tube seating

EPY compound may be applied not only to casting the foundation chocks for main
engines and gears, electric generating sets, pumps and other auxiliary devices, but
also to seating stern tubes, liners of shaft line transverse (radial) bearings, liners of
rudders, permanent and removable pins, which are usually under large transverse
and axial loads.

Traditional method of stern tube assembling on sea-going ship consisted in
bushing it (pushing in) [103]. It was associated with necessity of application a special
portable boring machine to machining the hole in ship’s stern frame (at maintaining
proper clearance for interference fit) and a hydraulic press of high pushing force
(up to 1000 kN). It was a very troublesome, labour and cost consuming method;
moreover it was very difficult to mend any error which was easy to make during
this process.

In contrast to that, the modern method of stern tube seating with the use of
chemically curing compound (Fig. 5.10), is relatively not complicated, exact and fast.
In this case the hole in the bush of ship’s stern frame, which constitutes the socket for
seating stern tube, should be greater by 20+40 mm than the outer diameter of the
tube. The stern tube is introduced into the hole and aligned by using the adjusting
screws (Fig. 5.10). It provides in effect a ring gap of 1020 mm mean dimension. Such
gap dimension is recommended as it ensures a wide range of possible correction in
position of the stern tube against the hole in case when a misalignment between
the hole and the stern tube takes place, and allows to obtain sufficiently thick wall of
compound cast. Minimum distance between the surfaces should be equal to 8 mm
at least. Next, the pouring space, after its appropriate sealing (both on front and back
side), is filled with liquid epoxy resin mixed with hardener.

The hole where stern tube has to be installed needs not be exactly machined
as no its dismantling is usually foreseen. In case of such a need the hole should be
machined before stern boss or stern journals are welded to stern frame. However its
diameter should be somewhat greater than outer diameter of the stern tube in order
to obtain after its installation mean radial clearance in the range of 10+20 mm.
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Fig.5.10. Stern tube seated in liners cast of EPY compound

Before installation of stern tube or shaft line bearing liner is started, surfaces of
the hole and elements to be introduced, which will be in contact with liquid com-
pound, should be cleaned up from any solid oils, paints, rust and other mechanical
contaminations, and then degreased. After the stern tube is inserted sufficiently
deep into the hole, it requires to be appropriately aligned (centred). It is usually
performed by using as a rule four (sometimes three) radial adjusting screws located
in two planes of its cross-section, respectively, on both sides, possibly close to their
ends (Fig. 5.10).

Holes for the adjusting screws are usually drilled and threaded in ship stern boss
or stern journals, and the adjusting screws are screwed in from outside (Fig. 5.11a).
It is not always possible or needed to drill through the stern journal from outside,
e.g. in case its wall is very thick or a suitable place is not accessible. In some cases
adjusting screws screwed in from the inside may be used (Fig. 5.11b) or external
screws acting on stern tube flange (Fig. 5.11c) applied. In the latter case the screws
are screwed in to the plates welded to front surface of stern journal, in place of stern
tube installation work, and removed after its completion.

The adjusting screws should be uniformly distributed along circumference as
shown in Fig. 5.11a, b, c. However sometimes certain limitations take place and the
screws may be distributed otherwise. Fig. 5.11d shows such practical case. The stern
tube which has two bearings (front and rear one) may constitute a constructional
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FILING H

Fig. 5.11. Screws for adjusting stern tube position in stern boss or stern journal: a) adjusting screws

screwed in from outside of stern tube; b) screws screwed into stern tube wall from inside; ¢) screws

screwed into welded plates and acting on stern tube flange; d) an example of untypical arrangement
of adjusting screws (taken from practice)

element manufactured (turned) from one tubular segment (Fig. 5.10) or a structure
welded from a few tubular segments. The welded stern tubes are usually applied
when their lengths are greater (in the range of 3+5 m).

Propeller shaft bearings, instead to be installed in one stern tube, are sometimes
mounted in two separate bearing journals. Each of them is separately positioned
and aligned in stern frame bush by using adjusting screws placed in two sides (front
and rear) An example of such solution is schematically shown in Fig. 5.12.

Fig. 5.12. Propeller shaft bearing liners separately assembled in ship stern bush
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Exactness of machining the outer surface of stern tube or bearing journal is of
alow importance as they are usually not intended for dismantling. The poured and
hardened compound guarantees to keep the stern tube in firm position against the
hole. However if the dismantling of journal or stern tube is taken into account, its
outer surface is to be machined according to N9 class (R, = 6.3 um) or even more
exactly, and to be covered with an anti-adhesive agent layer. In such cases it should
be properly protected against possible change of its position in service. Stern tube
is usually fitted with a flange which is fastened to the front of stern frame bush with
screws and ensures its stable position. (Fig. 5.13a). Otherwise it should be appropri-
ately secured by using screw bolts (Fig. 5.13b), or by cutting longitudinal grooves
in elements to be connected, which, when the stern tube is already filled with the
compound, will ensure its stable position (Fig. 5.13c).

Fig. 5.13. Exemplary stern tube protection against change in its position: a) by means of a flange
fastened with screws; b) by means of screws; c) by means of longitudinal grooves cut in joint
elements

When the compound is cured, the adjusting screws should be removed and their
holes plugged with screw bolts, or their protruding parts should be cut away and
the places sealed by means of an epoxy sealing compound.

5.2.2. Sealing of pouring space

The proper sealing (packing) of pouring space (from both sides) before filling it with
liquid compound, constitutes an important problem in the assembling process of
stern tube or propeller shaft bearing journal.

There is no problem with the sealing of the rear, easily accessible end of pouring
space because to this operation carried out on flange of the stern tube a metal ring
(screwed or welded) and epoxy sealing compound is used (Fig. 5.14, detail A).

To the sealing of the other side of pouring space, located rather far from the rear
end of stern frame bush, polyurethane foams or soft rubbers are usually applied
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(Fig. 5.14, detail B). The foam may serve either as a permanent sealing element or
temporary one used only during stern tube seating operation. In case the foam is the
permanent sealing element it should have a closed-cell structure, but if the foam seal
has to be removed and a permanent foam seal be used instead (in order to protect
the connection against sea water or oil), it should be of open-cell structure which
makes additional venting of pouring space possible.

To seal the pouring space at the front end of the stern tube, accessible from the
inside of ship, metal rings should be applied, fitted with a rubber seal (e.g. rubber
ring gasket or foam) fastened to the front surface of stern frame bush by means of
screw bolts. (Fig. 5.14, detail C).

Fig. 5.14. Various versions of the stern tube sealing (packing) in easily accessible places

In the internal part of the pouring space (hard accessible) foam strips having
breadth and thickness sufficiently greater than the pouring gap height, are used.
In case there is an access to this part the foam strip should be pushed in to the gap
circumferentially, when the stern tube is already installed (Fig. 5.14, detail B). The
seal is often additionally strengthened and secured by means of an elastic epoxy
compound which provides reliable tightness for a given connection Fig. 5.14, detail E).
Sometimes, when the compound is completely cured, the sealing foam is removed
and reliable tightness of the connection is ensured by means of a special elastic
epoxy paste.
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Flange of stern tube or bearing journal is, together with the compound cast and
cured under it, fastened to the stern frame bush by using bolts. In case the holes
for the bolts fastening stern tube flange or stern journal are drilled and threaded in
advance, the bolts should be secured by an anti-adhesive agent, then loosely screwed
in and properly sealed before the pouring space is filled with the compound. In case
the holes have been drilled in advance only in the flange, wooden pins should be
put in them instead of the bolts (Fig. 5.14, detail D) and then sealed by using putty
or epoxy paste. It is not recommended to drill holes in the compound as it contains
ceramic components which blunt cutting tools.

In case the access to the pouring space is possible from only one side and the
other end is not accessible when the stern tube or stern bearing journal is already
introduced, then the sealing process of this end is difficult and requires high atten-
tion. Various solutions may be applied to this case and necessary sealing elements
are to be mounted in advance before the stern tube or bearing journal is introduced
into their respective holes. A few methods of doing such sealing, which are most
commonly applied in practice, are presented in Fig. 5.15. Figure 5.15a shows the
internal sealing made with the use of foam or soft rubber gasket which is supported
on an offset specially machined in stern frame bush hole for this purpose. The seal-
ing is made on the front surface of the mounted journal, and properly pressed to it.
In case of a longer stern tube, special stopper rings for polyurethane foam seals
should be fastened by screws or welding in appropriate places (Fig. 5.15b). Good
results have been obtained in practice by applying the authors’ original solution
consisting in that a strip of sealing foam is fastened circumferentially to the stern tube
and then its part is flanged out during introduction of stern tube to its respective
hole. In this case the foam strip, on a part of its breadth, is glued first to the stern
tube (by using butadien glue) and then pressed to it by means of a tense tape or
wire. Such sealing is shown schematically in Fig. 5.15¢, and its practical application
is exemplified on a stern tube model under testing, which is described in Chapter 8

(p. 8.5.5, Fig. 8.29).
Q %

Fig.5.15. Exemplary sealing the pouring space of stern tube inside stern boss (in places not accessible
after inserting the stern tube)

/N
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In the case of application of any internal sealing very high caution should be
paid during process of introduction of stern tube into hole because it is then easy
to damage the prior-mounted sealing, that may result in serious complications.

5.2.3. Filling the pouring space with the resin compound and its curing

The pouring space filling with liquid composition may be performed twofold: by
pouring it from the top, or by pumping from the bottom. In practice the pouring
from the top has been found much more convenient as the filling from the bottom
requires a special (expensive) pump and installation as well as its troublesome cleaning
each time after ending the pumping operation. Moreover, in the pouring space an
uncontrolled excessive pressure may occur from the side of the pumped compound,
which may damage the sealing.

a)

Fig. 5.16. Compound pouring into stern tube

For filling the pouring space from the top, an appropriate flow-in and a flow-
-off devices (the latter serves also as a de-aerator) should be provided. In practice,
these are special holes drilled close to the utmost cross sections of the pouring
space to be filled (Fig. 5.16). To the holes which are threaded in a part of their length,
special flow-in and flow-off pipes are screwed in. The ingate pipe should be ver-
tically located, have its internal diameter in the range of 20+36 mm (depending
on a size of stern tube and amount of the compound to be filled) and be ended
with a funnel to make the filling easier. Length of the flow-in and flow-off pipes
should be 250 mm at least so as to produce necessary hydrostatic pressure and
provide an excess amount of the compound to account for shrinkage (thermal and
chemical) which occurs in curing process of the compound, as well as possible
leakage through non-tight spots. In case when to drill vertical flow-in and flow-off
holes is not possible they should be done with a small angle of inclination from
perpendicular (Fig. 5.16b).

Sometimes some difficulties occur in drilling flow-in and flow-off holes in stern
boss or stern journal, in such case the pouring is performed through a ring gap at
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Fig.5.17. Compound pouring through a gap close to flange

the flange. To this end holes should be made in the sealing strip on the flange and
relevant flow-in and flow-off pipes should be inserted (Fig. 5.17a). Various special
solutions for stern tube pouring may be also applied. An example of such solution
is presented in Fig. 5.17b. In this case the compound is poured through a special
hole made at a stern tube outlet which is properly shaped. The compound flows
through the gap at the flange and then fills the whole stern tube pouring space. When
the pouring process is ended the flow-in hole is plugged by means of a threaded
stud.

The pouring should be carried out in a continuous way, maintaining a sufficiently
high head of the compound in the pouring gate as it prevents against entrapping
the air into the flow-in pipe.

On account of compound shrinkage (both thermal and chemical) which occurs in
curing process, the pouring into large spaces is usually performed in two stages: at
first about 25 of compound mass is poured and then, after its gelation, the remain-
ing Ya. Proper overpours (sinkheads) located in the highest points of the pouring
space ensure its correct filling and good adhesive contact between the compound
and surfaces of stern tube and hole for it. When the pouring space is already filled,
levels of the compound both in the flow-in and flow-off pipe should be observed
because to pour an additional portion of the compound before its gelation is some-
times necessary.

After gelation of the compound, the flow-in and flow-off pipes are removed
and, when the compound is fully cured, their holes are plugged by means of bolts
or a special plastic sealing composition. The adjusting screws are removed and their
holes are plugged by means of bolts, cut away and secured by a sealing paste.

In the case when shaft line axis is deflected from horizontal plane the flow-in
pipe should be joined with the top of the lower end of stern tube and the hole
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Fig. 5.18. Filling the pouring space with compound in case when shaft line is deflected from horizontal
plane: a) by pouring from top; b) by pumping from bottom

with flow-off pipe should be located in the highest point of the upper end of stern
tube (Fig. 5.18a).

Pumping the liquid compound into pouring space is usually executed from the
bottom through a hole made in the possibly lowest point of the space. (Fig. 5.18b).
The air-escape and flow-off must be located in the top of the upper end of stern
tube. Pipe installation through which the compound has to be pumped (Fig. 5.18b),
should be fitted with a cut-off valve. When the pouring space is completely filled
the valve should be closed and the compound delivering pipe - disconnected.
In case the pump would not be immediately used again, it should be carefully
cleaned.

Note:
During filling the free space between stern tube and its seat in stern journal large
buoyance forces acting on the stern tube occur in compliance with Archimedes
principle. In the case of large tubes the forces may significantly exceed their weight
and exert very high pressure force onto adjusting screws located in the upper
part of stern tube. As a result, loss of contact with the adjusting screws located
in the lower part of the stern tube and a disturbance of its position may happen.
Therefore the adjusting screws should be properly strained in order to ensure
stable position of the stern tube during process of pouring the liquid compound
to it. However the straining cannot be too high to avoid any deformation of stern
tube.

The poured compound should be properly cured. Curing time of EPY compound
should be equal at least to:

72 h — in temperature range of 10+13°C,

48 h — in temperature range of 14+20°C,

24 h — in temperature > 20°C.
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Fig.5.19. Stern tube assembling in winter conditions with the help of a special booth heated with
warm air (Onega Shipyard, Petrozavodsk, Karelia)

When the site where installation operations are carried out, is directly exposed
to weather conditions, appropriate sheltering measures (umbrella roof or tent) should
be applied. In case the ambient temperature drops below 13°C the site should be
heated by warm air blowing for 24 h at least. In cold climate zones at air temperature
below zero various ways of sheltering and heating the stern tube assembling site are
used. For instance, in Onega Shipyard, Petrozavodsk (Carelia), an ingenious, warm-
-air-heated booth was applied (Fig. 5.19). The stern tube assembly work in question
was carried out in winter (March 2008). The booth has been found very comfortable
and useful in practice. It may be easily moved and used for stern tube installation
on various ships.

5.2.4. Protection of the connection against influence of external factors

In spite of that poured compound well adheres after curing to the surface of the
hole and the surface of stern tube or stern journal installed in it and ensures that
they are exactly positioned, it not always provides perfect tightness of the connec-
tion. It results from temperature change which occurs in practice and significant
difference between thermal expansion coefficients of the compound and metal.
For this reason independent protective means against influence of external factors
(sea water and oil) should be designed and applied to this system, such as it is used
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Fig. 5.20. Various ways of protection against impact of external factors (sea water, oil) used in seating
stern tubes and shaft bearing liners: a) metal ring welded to flange; b), ) sealing made of elastic
epoxy resin (at maintaining or removing the foam sealing, respectively); d) sealing made of elastic
epoxy resin placed on flange; e) plugging the adjusting screw hole with a bolt and sealing it by using
plastic epoxy resin; f) sealing with the use of a screwed-in ring disc and rubber O-ring

in traditional design solutions, i.e. stern tubes assembled with force fit on sea-going
ships. A few such protective means used in seating stern tubes on sea-going ships
are shown in Fig. 5.20. Apart from the methods shown in this figure there are also
other solutions for the protection.

5.3. Health and fire safety issues

EPY compound is based on epoxy resins. In liquid state they are to some extent
aggressive and may cause rash or eczema in allergic persons. Due to this fact utmost
care should be given to avoidance of any liquid resin getting into skin and eyes con-
tact and even more so for the very aggressive hardener. To use protective clothing
is necessary. Vapours of liquid compound may cause irritation of respiration tracts
and eyes, hence ventilation should be used in closed spaces. In case of skin con-
tamination it should be wiped clean with a tampon wetted with acetone, and then
washed with lukewarm soaped water, neutralized with acetic or citric acid washed
with water again and greased with protective cream.

Eating and smoking are prohibited during work with hardener. Hardeners are
flammable liquids which may be extinguished by using water, fire extinguishing
powders, carbon dioxide. Detailed information on these issues is contained in the
relevant hazardous chemical substance characteristics cards [101, 192].
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In the curing process of the compound exothermal chemical reaction takes place,
during which no volatile by-products are emitted. EPY compound, in solid state
after curing, is not harmful to health, that is confirmed by Sanitary certificate no.
172/779/190/2009 issued by Polish Institute of Maritime and Tropical Medicine in

Gdynia.
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of applications of EPY
compound chocks for
the seating of machinery

6.1. General remarks

Practical use of foundation chocks of chemically curing compounds for the seating
of ships machinery dates back to the mid 1960s, when it was initiated in the United
States with the compound Chockfast Orange. Polish resin compound for foundation
chocks, developed at the Technical University of Szczecin in the years 1970+1973,
was first time used in 1974 on the training motor ship “Kapitan Ledéchowski” built
by Szczecin Shipyard.

Chemically curing compounds with exactly defined properties, improved as time
progressed, have proved to be an almost ideal material for machinery foundation
chocks. Their application in industrial practice was decided first of all by the follow-
ing factors:

1. The possibility to mix the composition and easily cast the foundation chocks
of any required dimensions and shapes in site of their installation.

2. Good strength properties of cured compound.

3. Relatively low value of elasticity modulus and very good natural fitting over
a wide area of contact with high coefficient of friction; the factors ensure a reliable
installation without any fretting and wear of contact surfaces.

4. Significant shortening of the duration time of machinery seating on founda-
tions, and lowering cost of the operations.

5. Better, in comparison with steel, mechanical vibration damping properties
and better isolation properties against structural sound.

Compound chocks are convenient for use not only in the seating of new machinery,
but also in the repair operations carried out away from repair workshops. Apart from
rough cleaning and degreasing of foundation surface no special surface prepara-
tion is needed.

Any roughness, corrosion pits and non-parallelism of surfaces, which make use
of traditional metal chocks difficult or impossible, do not constitute any obstacle
in case cast compound chocks are used instead. Significant technical and eco-
nomic benefits and also operational advantages resulting from the modern seat-
ing technology and its new materials have proved themselves in practice, and

106 B CC C 2 0 Dl



Emm CC ¢ 2 <0 I

Examples of the seating of ship machines and devices

consequently a new standard for ship machinery seating has been established.
The technology is also used more and more for the seating of various important
land-based objects.

6.2. Examples of the seating of ship machines and devices

6.2.1. Main propulsion engines and gears

6.2.1.1. General remarks

Ship machines and devices may be seated on their foundations in a stiff or elastic
way. Large main propulsion engines and gears are as a rule inflexibly fastened
to their foundations, which ensures their proper installation and stable position in
service. Metal chocks have been traditionally used in such seating arrangements,
and presently chocks made of polymer resin compounds specially developed for
this purpose are applied. It should be distinctly stressed that application of the
compounds has been conditioned upon that they would be capable of ensuring
the inflexible fastening of an object in a way not worse than that based on tradi-
tional metal chocks. The compounds in question do not belong to the group of
compounds (elastomers) used for elastic pads. They are of a relatively high stiffness,
intended (acc. GL rules [43]) for foundation chocks used for the inflexible seating
of ship machines and devices.

The compounds in question have also found application in the elastic seating of
ship engines. In such cases they are used for foundation chocks placed under shock
absorbers on which the engine is elastically seated. An example of such seating
arrangement is discussed below (in p. 6.2.1.3).

6.2.1.2. Rigid seating arrangement

Compounds for foundation chocks have been developed firstly in order to simplify
the seating of ship main propulsion engines and gears and shorten time of their
installation. The traditional way of seating the machines (by using metal chocks) had
many substantial drawbacks, including: the necessity to machine the foundation
plate and metal chocks, the necessity to fit the chocks manually and many other
troublesome and time-consuming operations. The requirements which apply to the
main engine seating (Fig. 6.1) are very high, hence the operations on the chocks
went on for a very long time (1+3 weeks), were troublesome and their labour costs
were significant.

Application of compound chocks cast in site under the properly aligned engine,
has simplified seating operations, shortened installation time and lowered costs of
the work. Moreover, it gave many technical and operational benefits.

Ship main propulsion engines are the largest group of objects seated on com-
pound chocks. The numbers of engines seated this way are presented in Tab. 6.1,
depending on their producers.
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Fig. 6.1. 6RTA76 HCP-Sulzer main propulsion engine (on test stand)

Table 6.1. List of main engines seated on resin compound chocks in the years 1974+2014

Type Number
of engine of engines
Caterpillar 79
Deutz 106
HCP-Fiat 19
HCP-MAN 85
HCP-Sulzer 356
MAN-B&W 80
MaK 129
Puck 231
SKL 225
Wartsild 15
Wola 158
Inne 653
In total 2236
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An example of the engine seated on EPY compound chocks is shown in Fig. 6.2a.
The engine is mounted on 20 chocks whose arrangement is shown in Fig. 6.2b. Fig. 6.3
shows the main propulsion gear of a ship, also seated on EPY compound chocks.

\\\\\}\\\,‘ AT
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Fig. 6.2. 8RTA68T-B Sulzer main propulsion engine seated on EPY compound chocks: a) overall view;
b) arrangement plan of foundation chocks; c) cross-section of a foundation bolt joint

Holding down bolts fastening the main engine or gear may be inserted with
some clearance (Fig. 6.4a, b) or fitted in their holes (Fig. 6.4¢, d, e). The fitting may
be to metal (Fig. 6.4c) or in compound (Fig. 6.4d, e). In case of loosely inserted bolts,
elastic pipes made of rubber or foamed polyurethane are pushed into their respec-
tive holes before the chock is cast (Fig. 5.1d). In case of bolts fitted to metal (Fig. 6.4c)
at first the holes are drilled and bored, then the fitted bolts are inserted and only
after that the mould is filled with compound. Such procedure is very troublesome
and time-consuming especially in case of large holes (40+60 mm diameter). Bolts
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Fig. 6.3. MAV 100-10 ABB-Zamech ship
propulsion gear seated
on EPY compound chocks

fitted in compound material (Fig. 6.4d, e) are inserted before casting and the chocks
(including the piping) are then cast around them. Fitting of holding down bolts in
compound is an original solution which was patented [49] and approved by clas-
sification societies. The compound piping of wall thickness in the range of 2+10 mm
is cast together with the foundation chock, which eliminates the necessity to fit the
bolts to the holes (of 20+60 mm diameter) in foundation plate and engine bed plate.
As a result, duration time of the operation is significantly shortened and its cost is
reduced as well. Bolts fitted in compound may safely transfer very large static and
dynamic loads in directions tangent to supporting surface. As EPY compound con-
tains ceramic components any machining (drilling and boring) of the holes should
be avoided after the chocks are cast and cured.

6.2.1.3. Elastic seating arrangement with the use of compound chocks

Foundation compound chocks are used not only for the so called stiff seating of ship
main propulsion engines but also in elastic seating arrangements of such objects for
foundation chocks placed under shock absorbers on which the engine is elastically
seated. An example of the engine elastically supported on shock absorbers which
are seated on EPY compound chocks, is presented in Fig. 6.5+6.7. It is ME MaK 8 M32C
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Fig. 6.4. Exemplary cross-sections of ship machinery foundation bolt joints: a), b) with loosely
inserted bolt to hole; ¢) with a traditionally fitted bolt to machine foundation and bed plate; d), ) with
foundation bolt fitted to compound pipe cast together with a whole chock

Emm CC C 2 <0 NI o



Emm CC ¢ 2 <0 I

6. Practical examples of applications of epy compound chocks for the seating of machinery

main engine installed on the m/t NORDERVON, deep-sea fishing trawler. The seating
operation of the engine on compound chocks was performed, on order of NSS Ltd Co
in Szczecin, by MSJ Co in January 2010, under supervision of Det Norske Veritas.
Schematic arrangement and dimensions of the compound foundation chocks
are presented in Fig. 6.6a. Fig. 6.6b shows schematic drawing of the shock absorber
seated on the compound chock. Eight shock absorbers were fastened to the engine
bed plate with the use of bolts, four on each side (Fig. 6.6a). The engine was properly

Fig. 6.5. Fragment of a flexible support of ship engine on shock absorbers seated on foundation
chocks cast of EPY compound
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Fig. 6.6. Schematic arrangement plan and dimensions of foundation chocks (a) and the seating of
shock absorber on EPY compound chock (b)
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positioned on its foundation by using adjusting screws placed in base plates of the
absorbers (Fig. 6.7). On the foundation casting moulds of steel sheets were then pre-
pared and firmly sealed by means of a putty (Fig. 6.7a, b). Polyurethane foam pipes
were installed in the places where the holes for the bolts should be formed in the

4 ~

Fig. 6.7. EPY compound foundation chocks under shock absorbers supporting main engine of
sea-going ship: a) filling the casting mould; b) the mould after filling with compound; c) ready-to-use
chocks after removing the mould
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cast chocks. After checking if the engine is properly aligned the moulds were filled
with liquid resin compound mixed in advance with hardener. When the compound
has been fully cured, the moulds were removed to get ready to use chocks. They
had smooth side surfaces and exactly fit to load bearing surfaces of the foundation
and the shock absorbers fastened to it (Fig. 6.7c). Next, the adjusting screws were
loosened and the holding down bolts joining all the foundation system together
were properly tensioned. The seating arrangement prepared this way ensures high
exactness, stability and reliability. It is resistant to action of water, oils and chemical
agents.

6.2.2. Stern tubes, shaft line bearing liners and rudder arrangement liners

The use of EPY compound in liquid state to the casting of the seating of stern
tubes, shaft line bearing liners and rudder arrangement liners, applied since 1979,
is a technique thoroughly proved in practice. The seating technology of stern
tubes and stern bearing journals was discussed in detail in p. 5.2 of this book.
Due to its many advantages the technology presently has become a standard
in shipbuilding and ship repair work. In the period between 1979 and the end
of 2013 the total number of seating operations with the use of the compound,
completed on stern tubes and journals of various ships, reached 886. Three exem-
plary practical applications of EPY compound for this purpose are presented in
Fig. 6.8, 6.9 and 6.10.

Figure 6.8 shows a typical project of the seating arrangement of a large stern
tube on sea-going ship. Fig. 6.9 presents an example of application of EPY com-
pound to seating the main propulsion shaft line elements on a twin-screw ship, and
Fig. 6.10 — its application to seating the shaft line and ruder arrangement elements
on a sea-going ship.

The assembling of stern tube and elements of shaft line and ruder arrangement
is relatively simple, easy, very exact and fast. There is no need of the centering and
exact machining of large diameter holes.

6.2.3. Application of the resin compound to the seating of bearing liner

on ship shaft line
6.2.3.1. Introductory remarks
The process of seating stern tubes and rudder bearing liners discussed in p. 6.2.2
was carried out with regard to holes in relevant structural elements of ships. The
technology has been already well mastered and proved in practice. It has become
presently a standard in shipbuilding practice.

In this point the following issue is presented: the process of the seating of a large
bearing liner (of 1055 mm outer diameter and 4860 mm length) onto ship propulsion
shaft. This is a novel, original solution which has not been applied so far in practice.
For this reason it is discussed in some detail.
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Fig. 6.8. Exemplary design project of the seating of stern tube on sea-going ship

Fig. 6.9. The exemplary application of EPY compound to the seating of shaft line elements of main
propulsion system on a twin-propeller ship
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Fig. 6.10. The exemplary application of EPY compound to the seating of elements of shaft line and
rudder arrangement on sea-going ship: 1 — EPY compound, 2 — sealing foam, 3 — flow-in holes,
4 — flow-off holes

In hitherto practice, the bearing liners made of bonze have been usually seated
on shaft lines of ships by using thermo-compression bonding. Their assembling
process consists in proper heating the liner and free inserting it onto shaft and then
letting it to cool down to ambient temperature. Such solution was used also in the
case of the shaftin question (Fig. 6.11) during process of building the ship. Two bear-
ing liners were inserted onto the shaft by means of the thermo-compression method.
During general overhaul of the ship it was revealed that to remove one of them and
replace it by another, is necessary. The new liner to be inserted onto the left part of
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21057

Fig.6.12. Shape and dimensions of a new bearing liner intended for the seating with the use
of EPY compound

the shaft, ended with the large flange (Fig. 6.11), had much greater dimensions than
the other one which was in a good state and had to remain on the shaft. Shape and
dimensions of the new liner are shown in Fig. 6.12.

The overhaul of the “Arkhangelsk”, a ship operating in Arctic waters, was carried out
by an Estonian firm (OU Wartsild BLRT) of Tallin, in a Chinese shipyard (Yiu Lian Dock
Yard Ltd, Shenzhan), under supervision of Russian Maritime Register of Shipping. The
shipyard in which the ship had to be repaired, was of no practical possibilities to seat
the so big liner onto shaft by using the traditional, thermo-compression method.
In this situation it was decided to make use of a special polymer compound widely
applied in present to seating many ship machines and devices. The firm which was
repairing the ship, applied to many specialty firms engaged in seating ship machinery
with the use of resin compound, located in that region. However none of them was
ready to execute this novel and risky task. Only Marine Service Jaroszewicz Company
of Szczecin decided to cope with the challenge.

Scope of the work contained: elaboration of a detailed design project of seating
the liner onto shaft, relevant assembling technology and its execution in the Chinese
ship repair yard.
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6.2.3.2. Design project of the seating of bearing liner onto shaft

The design project of the seating arrangement of bearing liner onto ship propulsion
shaft with the use of EPY compound is presented in Fig. 6.13. The shaft is hollow
inside and its outer diameter in the place of seating the liner somewhat varies and
has subsequent values of 968, 967 and 966 mm, over three shaft segments of 1640,
1600 and 1600 mm in length, respectively. In a similar way values the internal diameter
of the liner are also differentiated. (Fig. 6.12); they are equal to 980, 979 and 978 mm,
respectively. The difference in diameters of the shaft and liner is kept constant at
the value of 12 mm. It provides as a result the compound pouring gap of 6 mm in its
nominal height over the entire length of the seating. This is a relatively low height

A B
Flow-in Flow-in
/ Flow-off / Flow-off

C D E

Flow-in Flow-in Flow-in
Flow-off Flow-off / Flow-off

500

968

$967
$966
19,
S

1640 1600 1600

Steel distance element Flow-in / flow-off

2 .,

2

Fig. 6.13. Design project of the bearing liner seating onto ship propulsion shaft with the use
of EPY compound
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(in comparison to large remaining dimensions of the gap), which is associated with
many problems not been investigated so far. They concern proper filling the pour-
ing space in order to obtain a correct cast — of a small thickness and very large
remaining dimensions. As results from the hitherto gained experience, in this case,
to obtain a good effect is very hard and associated with a significant risk. It is worth
mentioning that in the case of seating the stern tube into stern frame bush of ship,
of similar or even significantly smaller dimensions, the applied height of pouring
gap usually is equal to 15+20 mm, that is an important, but not only difference in
comparison to the solution presented in the design project in question.

The total length of the bearing liner (Fig. 6.12) amounts to 4840 mm, and its outer
diameter is constant and equal to 1055 mm. As internal diameters of the liner some-
what differ to each other, its thickness stepwise changes and has a little different
values, namely: 37.5, 38.0 and 38.5 mm.

It was decided, in view of manufacturing difficulties, to prepare three separate
component liners instead one, which should be next, after inserting them onto the
shaft, properly connected together by using lap joints (Fig. 6.13, detail D) to fulfil
their function as correctly as a uniform liner could do. In order to ensure coaxiality
of the liner and shaft and a constant height of the pouring gap as well, 24 distance
elements of 6 mm in height were welded on to the shaft surface (Fig. 6.13, detail B).
The elements welded to the shaft can be seen in Fig. 6.15.

Along the upper generating line of the bearing liner, (before its mounting) five
holes (M30) were drilled and threaded in order to place flow-in and flow-off pipes
in them (Fig. 6.13, details C and D). At both ends of the liner, seals were provided
(Fig. 6.13, details A and E): internal one made of polyurethane foam (for the com-
pound) and external, permanent one to protect the joints against exposure to sea
water action. The latter seal was decided to be made with the use of a special epoxy
sealing paste (Phillybond Orange Sealant Resin, ITW Philadelphia Resins). In the seals
four control venting holes were provided (in the bottom, mid height and in the
top), which should be properly sealed when the liquid compound is seen in them
during pouring. The lap joints of particular component parts of the liner should be
circumferentially sealed by means of a self-adhesive tape. Also in these seals the
control venting holes were provided, to be sealed when the liquid compound is
seen in them during pouring.

The fully cured compound which fills the whole pouring space, should ensure
not only reliability of the connection but also safe transferring the torque exerted
onto the bearing liner. It was assumed that the circumferential forces acting on the
connection should be transferred entirely by integral keys of the compound, formed
in longitudinal key grooves which are machined in internal surface of the liner and
external surface of the shaft. To this end, eight longitudinal grooves located in 45°
angular distances to each other, were designed. Their shape and dimensions are
shown in Fig. 6.13, details F and G. They should be entirely filled with the liquid
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compound, to form, after curing, a properly fit, splined connection between the
compound, shaft and bearing liner.

The compound integral keys located in the grooves are first of all exposed to shear-
ing forces and surface pressure. In view of that, relevant control calculations were
performed. The following input data were assumed:

Maximum shaft power P =15,400 kW
Shaft rotational speed n,= 120 mm™
Radius of action of circumferential force applied
on shaft-compound connection surface R =483 mm
Total length of key (groove) L =4840 mm
Breadth of integral key B =10mm
Depth of key (groove in shaft) H,=3 mm
Depth of key (groove in liner) H;=5mm
Number of circumferential keys (grooves) n =8
Shear strength of the compound R; =59.1 MPa
Compression strength of the compound R =169 MPa
Shaft torque

M, :9550-103ni=1225583 Nm 6.1)

w

Total circumferential force on shaft-compound connection surface

F; = ,\;° =2537438N 6.2)

Shear stresses
F, 2537438

= = =6.55MPa .
T ThBL,  8-10-4840 ©.3)
Surface compression forces
F 2537438
=L -"""" " —2184MPa (6.4)
A, 8-3-4840
Shearing safety factor
n.=R./t =8.95 6.5)

Surface compression safety factor

n,=R/p=7.74 (6.6)
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As results from the above presented calculations, the safety factors in shearing
and surface compression at the ultimate load (shaft torque) exerted on the bearing
liner, are sufficiently high.

It should be noticed that in the calculations extremely unfavourable conditions
were assumed, as neither adhesion nor friction forces of the compound on contact
surfaces with shaft and liner, were taken into account, which really occur increasing
safety of the connection. For the calculations it was assumed that the connection
between the compound, shaft and liner is loaded with the torque of the most pos-
sible value resulting from power of the engine. In usual ship’s service conditions the
shaft transfers the torque from the engine to screw propeller and only a small part
of it is lost to overcome friction which occurs in the bearing. Only this small part
of the torque is really exerted to the splined connection between the compound,
shaft and bearing liner. As a result, the real safety factors in shearing and surface
compression for the compound in usual ship’s service conditions are of values many
times higher than the above calculated de facto for failure state of the bearing when
rotations of the shaft are completely blocked in the bearing. Such situations has not
been reported so far in practice.

Therefore it may be concluded that the designed shaft-liner connection with
the use of EPY compound fulfils safety conditions for its strength, with a very large
margin.

6.2.3.3. Model testing

In spite of 30-year experience gained in seating the ship machines and devices
with the use of the compound, it was decided that some model tests should
be performed in advance in view of a specificity and great responsibility of the
undertaking. The tests were aimed at practical checking the feasibility of the
proposed solution and elaboration of many details dealing with the technology
of its implementation.

The model of the seating of the liner on the shaft with the use of EPY compound
is shown in Fig. 6.14. Its diameter amounted to 1000 mm, and its length — 2000 mm.
The gap height was 4 mm, that was ensured by properly located distance elements.
The conditions assumed for the model were more unfavourable than in the real
object. First of all it concerned the pouring gap height which was smaller by 2 mm
than that in the real object.

The model was made of wood (model plywood wrapped around circular disks
and properly stiffened by ribs). The outer liner was made of plexiglass to make
observing the process of filling the pouring space with liquid compound, possible.
Two holes were drilled along the generating line of the plexiglass liner. Into the
holes, pipes ended with funnels were inserted. They had to serve as the flow-in and
flow-off ways for liquid compound. The distances of the flow-in and flow-off holes
to each other and from the ends were the same as those in the real object. Lengths
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Fig. 6.14. Model tests on run and time of filling the pouring gap between shaft and liner with liquid
EPY compound

of the pipes, equal to 500 mm, had to provide a proper value of hydrostatic pres-
sure for the compound filling the pouring space and to contain a sufficient amount
of the compound for supplementing its lacking portions inside the pouring space
till the instance of its complete curing. The important thing in the experiment was
to practically prove the pouring process through one hole and a mode and speed
of spreading the compound as well as possibly correct filling the whole pouring
space before the commencement of its gelation process. It was also important
to assess a real duration time necessary for execution of the operation in given
temperature conditions.

The sealing of pouring space at its boundary was made with open-cell poly-
urethane foam. It formed an additional way for air escape during filling the space.
In the experiment in question it was important to check the way of spreading the
compound over the pouring space as well as quality of the produced cast after its
curing in ambient conditions.

Results of the experiment turned out to be very useful in elaborating many details
of assembling technology of real liners onto ship shaft line. In the seating technology
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of constructional elements with the use of the compound there are many impor-
tant details which may decide on ending either with success or failure in practical
application of such solutions.

6.2.3.4. Preparation of elements and run of their assembling

The bearing liner segments properly prepared according to the design shown in
Fig. 6.13, as well as a fragment of the shaft on which they have to be installed, are
presented in Fig. 6.15. Eight longitudinal grooves of shape and dimensions shown
in Fig. 6.13 (details F and G) were cut on both the inner surface of the liner and the
outer surface of the shaft. 24 distance elements were welded onto the shaft’s surface,
in appropriate locations. Their height was equal to 6 mm in order to ensure proper
position of the liner against the shaft and uniform height of pouring gap. The distance
elements were properly tapered (Fig. 6.15d) to facilitate the process of inserting the
liner onto the shaft and shifting along it.

Fig. 6.15. Segments of the bearing liner and shaft with cut grooves and welded distance elements
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The inner surfaces of the liner were properly machined by using a boring machine.
The shaft surface was carefully cleaned with the use of glass-paper. Just before the
assembling of the liner onto the shaft their surfaces were carefully degreased by
using acetone. The overall view of the shaft and the first segment of the bearing
liner (hanging on the traverse) are shown in Fig. 6.16a. The liner was inserted onto
the free (thinner) end of the shaft which was in this time placed on the roller support
located in some distance from the end of the shaft (Fig. 6.16b). Next, after proper
fixing the shaft end and shifting off the support rolls (Fig. 6.16b), the liner was shifted
by means of the traverse along the axis of the shaft up to vicinity of its flange. The
next two segments of the bearing liner, mutually connected with lap joint, were in
a similar way inserted onto the shaft and shifted along it. The assembling operation
of the third segment of the liner is shown in Fig. 6.16¢.

The distance elements welded to the shaft ensured proper centering the liner and
proper pouring gap height (Fig. 6.15d). Some minimum clearance was maintained

Fig. 6.16. Run of the inserting operation of particular segments of bearing liner onto shaft
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to make shifting the liner segments possible. Certain margin was provided to the
outer diameter of the liner for finishing its surface after completing its mounting.
When the particular segments of the liner have been already connected to each
other, the steel flow-in and flow-off pipes together with cones welded to their upper
ends were screwed into it. Finally, the pouring space was sealed at its ends and the
liner lap joints, in compliance with the above discussed design project (Fig. 6.13). The
unit composed of the shaft and liner, prepared for filling it with the compound, is
shown in Fig. 6.17a. The length of the flow-in and flow-off pipes amounting to about
650 mm, including cones, was so selected as to generate and maintain an appropri-
ate hydrostatic pressure for filling the entire pouring space. Also, it was an important
thing to obtain an appropriate volume of the flow-in and flow-off system and the
compound contained in it after the filling of the entire pouring space. It was neces-
sary for supplementary filling the additional volumes formed as a result of some
sealing-foam susceptibility to compression, shrinkage of the compound during its
curing, and other factors.

Fig. 6.17. The assembled unit prepared for filling with the compound (a) and a way
of filling operation (b)

Ambient temperature in the workshop, when the seating operations were under
way, amounted to 20+24°C. It was decided to heat the system up to about 30°C before
its filling with the compound, in order to reach effect of better and faster filling the
pouring space. The system (Fig. 6.17a), while covered with a sheltering canvas cover,
was heated by using three small electric heaters for about 24 h. In the instant of
start of the pouring the liner’s temperature was equal to 27°C and the temperature
of the pouring compound — to 30°C. The pouring of the compound was executed
simultaneously through three holes: two extreme and one middle (Fig. 6.17a). The
manner of pouring the compound is shown in Fig. 6.17b. It was run in a continuous
and uniform way.
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The necessary amount of the compound was calculated in advance. In the time
of pouring, the control points located at the end seals and lap joints of the liner,
which served as additional venting ducts, were observed. After the compound
was seen in them, the points were properly sealed. The pouring time reached
3 h. When the pouring space is completely filled the flow-ins and flow-offs were
observed for 2 h and the compound was poured again to supplement the lacking
amounts and keep proper level of hydrostatic pressure. The total amount of the
poured compound was 98.6 |. The process of dropping the compound level in the
flow-ins and flow-offs was ended after 2 h. And, after the next 12 h the flow-in
and flow-off pipes and sealing tapes on lap joints of the liner were removed. The
holes in the liner, which remained in the spots where the pipes were installed, were
finally blanked off with threaded stoppers made of the same bronze material as
that of the liner.

During the pouring and curing of the compound no temperature rise was observed
in the liner. The curing was carried out in the ambient temperature (in the range
of 20+24°C) and lasted 36 h. Hardness of the compound, measured on special cast
samples was 42+46°B. Control on whether the pouring space is completely filled,
was conducted simply by “knocking”, and, in dubious places indicated by surveyor,
by control drilling. No such place was found where the compound was lacking. After
completion of the assembling work the liner’s surface was mechanically finished
to remove the remaining small margin of the material.

6.2.3.5. Final remarks and conclusions

The presented novel project of the seating of large bearing liner onto ship pro-
pulsion shaft with the use of the special epoxy compound (EPY compound) and
the technology developed for its execution and implemented in practice, was
a success. The applied solution passed a practical exam, that was confirmed in
writing by the ship’s operator who reported correct performance of the liner
seated on the propulsion shaft, and the stern bearing as well. No failure has
been claimed so far (for more than four years after introducing the repaired
ship into operation).

Results of the project show one of the possible practical applications of EPY com-
pound to solving difficult and complex assembling questions which may appear in
the building and repairing of sea-going ships.

Owing to the development and implementation of special polymer compounds
it has been possible to solve so far many difficult and complex problems associated
with construction and technology of assembling and repair of many machines and
devices, which later generated many troubles for designers, manufacturers and opera-
tors of such objects. In some cases such solutions are the only practically feasible
in a given situation.
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6.2.4. Deck equipment

The cast compound foundation chocks are used not only for the seating of machines
and devices located in closed under-deck accommodations but also for seating vari-
ous devices installed on ship’s open decks. EPY compound is fully long-term weather
resistant. It is especially applicable to the seating of various winches: windlasses,
towing, mooring and trawl winches. Fig. 6.18 presents the cruise ship “Fantasy” whose
101V14725FW Pusnes mooring winch was seated on the chocks made of Polish EPAX
compound.

Fig. 6.19 shows the seating arrangement of a trawl winch. Number of chocks used
for seating the winches may be various, depending on the type of winch and its size,
and may range from a few to a few dozens.

Fig. 6.20a presents a sea-going ship with slewing cranes installed on the columns,
and Fig. 6.20b — a simplified schematic diagram of such crane. The crane was installed
on a large-size ball bearing (D = 2500 mm).

Fig. 6.20c illustrates a traditional seating method for the bearings, which consists
in exact fitting (by using reddle) the surfaces to be connected, and Fig. 6.20d — the
seating of the same bearing on a thin layer of EPY compound (1+3 mm thick). A manner
of seating the bearing is shown in Fig. 6.21. Due to use of liquid compound for the
seating process, whose excess is pressed out aside, a very good fit between the
contact surfaces was obtained after curing without any need of using the trouble-
some, costly and time-consuming machining operations on the column and crane
contact surfaces. This way, the assembling work takes less time and is cheaper, while
the so seated bearing operates perfectly and is fully reliable.

6.2.5. Tanks installed on the deck and inside the ship

Polymer compounds have turned out very useful for seating various tanks installed
on ship’s decks or also inside ship’s hull spaces. Below, a few characteristic, practically
proved examples of such application of the compound are described to illustrate
many possible variants and ways of its execution.

Fig. 6.22 shows the "Odyssey”, the world-first floating rocket launch platform "Sea
Launch” for launching communication satellites to their orbits. It was built within
the framework of an international project whose participants were: USA (Boeing),
Russia (Energya), Ukraine (Yuzhnoye) and Norway (Kvaerner). The platform, built in
Vyborg Shipyard (Russia) in 1998, is equipped with two cylindrical rocket fuel tanks
of 40 m length and 80 t mass each. The tanks were seated on foundation chocks
cast of EPY compound. Each of the tanks was supported in four points on foun-
dations prepared for them. In the support points of the tanks special side arms
were welded. The seating surfaces of the foundations and arms were in advance
machined to be flat, however as a result of welding operations they become greatly
deformed. It caused that correct mounting the tanks was found not possible even
with the use of traditional, metal adjustment chocks. It was practically impossible
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Fig. 6.18. The cruise ship “Fantasy” with a mooring winch seated on EPAX compound chocks in 1988

——1

Fig. 6.19. Anexamplary seating of trawl winch on EPY compound chocks: a) scheme of seating the
winch on foundation; b) arrangement plan of foundation chocks
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Fig. 6.20. Application of EPY compound for the seating of slewing cranes on shipboard columns:

a) a view of a B567 ship built in Szczecin Shipyard Co.; b) simplified drawing of the crane; c) traditional

method of seating the slewing bearing (D = 2500 mm); d) a novel method for seating the bearing
with the use of a thin layer of EPY compound
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Fig. 6.21. The seating of a large rolling bearing on EPY compound layer: a) cross-section showing

a way of prevention against leakage of the compound; b) cross-section showing screws for bearing

position adjustment; 1 — EPY compound layer; 2 — bearing contact surface; 3 —adjustment screw;
4 — edge sealing; 5 — foam compound plugs

Fig. 6.22. The floating rocket launch platform “Sea Launch” with rocket fuel tanks seated on EPY
compound chocks
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to fit properly the metal chocks to a large area (of abt. 1 m?) of deformed surfaces
of the foundation and arms. In this situation, to use EPY compound foundation
chocks cast directly under properly positioned tanks, was urgently decided. The
solution turned out to be very fast, simple, effective to execute and also very stable
and reliable in service. It guaranteed to obtain simultaneously an ideal fit between
all contact surfaces.

EPY compound turned out to be very useful also in seating the cylindrical tanks
on the deck of chemical tankers, special sea-going ships. The ships which have double
bottoms and sides, are intended for the shipping of acids, alcohols, vegetable oils,
animal fats, molasses, petrochemicals etc. In the years 2001+2007 Szczecin Shipyard
built eight B 588 chemical tankers (Fig. 6.23). They were then the largest and most
modern ships of the kind in the world and fitted with the newest navigation and
safety systems. Their length was equal to 183 m and breadth — 32 m. The ship of the
kind had 40 tanks with total capacity of 52,000 m?, made of duplex stainless steel;
34 of them were located inside the ship and 6 — on its deck. (Fig. 6.23).

The first ship of the series, named "Bow Sun”, put into service in 2003, achieved very
good opinions from the side of shipbuilding industry experts. The Royal Institution of
Naval Architects in London awarded the title of “Ship of the year 2003" to this chemical
tanker, that has been the most prestigious recognition in shipbuilding industry [104].
Odfjell-Seachem company, Bergen (Norway), is the owner of these ships.

The tanks located on the decks of the ships were seated with the use of EPY
compound. The tank is of cylindrical form with 5.3 m diameter and 17.12 m length.

Fig. 6.23. A chemical tanker of B 588 series with tanks seated on the deck by using EPY compound EPY
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Its weight is equal to 422,760 N, its capacity — 377.7 m’, and its total weight with
cargo — 4,199,746 N. Each of the tanks was seated on two semicircular supports
(beds) with the use of EPY compound layer in compliance with the schematic dia-
gram shown in Fig. 6.24a. One of the supports is fixed. The other, movable, makes
its free expanding and contracting in changeable temperature conditions, possible
(Fig. 6.24b). The tanks are fastened to the supports in four points by using four screw
bolts (M56x5.5), but the fastening is unyielding only on one side, on the other side it
allows for some shift. The shift is possible due to oval holes for the fastening screw
bolts, made in the tank arms.
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Fig. 6.24. Overall scheme of seating the tank on ship’s deck (a) and schematic drawings of the
permanent (left) and movable support (right) (b)

Assembling operation of the tank on the ship’s deck is shown in Fig. 6.25. After
proper positioning of the tank and sealing the pouring spaces between the tank
and its beds (Fig. 6.25a), the spaces were filled with liquid compound properly
mixed with hardener. The pouring was carried out from the top through the gap
at the flat support (Fig. 6.25¢). Fig. 6.25d shows the tank arm with the chock cast
underneath.

In the years 2001+2008 48 tanks of the kind were seated on the chemical tankers
of B 588 series. It is worth to mention that also all main propulsion engines and
stern tubes on these ships were seated with the use of EPZ compound. The ships
were equipped with NSD6RTA58TB Cegielski-Wartsila engines of 12,750 kW rated
power each, 11 m in height, 8 m in length and its breadth at the base was equal
to 4 m. Mass of the engine was 322 t. In total, 64 various objects were seated by
using EPY compound on the chemical tankers in question. All the work which was
carried out under supervision of DNV surveyors, successfully passed its practical
exam.

Fig. 6.26 shows installation of other tanks on a ship with the use of resin compound.
It was very large tanks for carrying LNG/LPG liquefied gas, of 3700 m* capacity and
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Fig. 6.25. Installation of the tank on the ship: a) and b) overall picture of the tank during installation;
¢) filling the pouring space with the compound; d) tank arm seated on EPY compound chock cast
on upper flat surface of the bed

Fig. 6.26. Tanks for shipping the liquefied gas LNG/LPG, installed onboard a sea-going ship
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mass of over 300 t, each. They had diameters of about 12 m and 36 m length. The
tanks were seated inside a LNG/LPG gas tanker of 7500 m* capacity, built by Gdansk
Ship Repair Yard Company.

The tanks were inserted into the ship’s hull by means of two floating cranes of
total hoisting capacity of over 5000 kN (500 t) (Fig. 6.26). MSJ Company in Szczecin
is presently the only firm in Poland, which has at its disposal professional personnel
and experience as well as necessary authorization for carrying out seating operations
with the use of resin compound on sea-going ships.

Each of the tanks was seated on two suitably profiled beds with the use of
Epocast 36P compound which had consistency of a putty. The seating process con-
sisted of a few phases. First, a necessary thickness of compound layer was determined
in particular areas of the beds where a given tank had to be seated. To this end,
in certain points on the beds some portion of a putty was placed. Its thickness was
greater than that of the assumed compound layer. Then, the tank was lowered down
to its proper position. This way the coated putty was compressed to an appropriate
thickness in all the points. Next, the tank was lifted up to some height to measure
values of the thickness (Fig. 6.27a) and remove the putty. On the basis of the meas-
urements was determined a necessary thickness of the compound layer to be put
on a given place, in order to ensure proper support over the entire assumed area and
protect against pressing out an excessive amount of the compound aside. Excess of
the pressed out compound results in unwanted loss of material and spoils aesthetic
view of the seating. Next, to the elevated part of the bed some number of flat bars
was transversely welded (Fig. 6.27b), to stop possible flowing out the compound

Fig. 6.27. Preparation of the bed for seating the tank on it
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during its putting on. Fig. 6.27c shows the operation of putting Epocast 36P com-
pound layer on the properly prepared bed.

On completion of the operation on both beds, carried out in accordance with the
values of the compound layer thickness determined in advance for each of the places,
the tank was finally lowered and seated on the compound layer (Fig. 6.28a). The
small amount of the pressed out compound and its uniform distribution (Fig. 6.28b)
proved that the thickness of the introduced compound layer was correct.

Fig. 6.28. Operation of letting down the tank up to its final seating on the beds covered with
a compound layer (a) and a fragment of the seating arrangement with a side-squeezed portion of
the compound (b)

The putting-on of the compound and the final seating of the tank had to be per-
formed within an appropriately planned time interval during which the compound
still maintains its plastic features. Therefore the operation required engaging and
training an appropriate number of workers for mixing and putting-on the compound
simultaneously in many places as well as to properly synchronize all the work. The
operations were carried out by a multi-member team under supervision of Jedrzej
Ratajczak, D.Sc., Eng. Fig. 6.29 shows employees of: the Gdarsk Ship Repair Yard

“Remontowa” Co., Northern Shipyard Co. in Gdansk, and MSJ Co. in Szczecin, who
actively took part in the seating of the tanks on the ship NB 604/1.

In the opinion of all interested parts the seating operations were conducted
perfectly. High quality and reliability of the seating arrangement in question was
confirmed in multi-year service of the ship.

Later, in 2013, two even larger tanks were seated this way on B787 gas tanker
of 9000 m? capacity (Fig. 6.30a). The ship, g/t “Syn Antares”, was built by Gdansk
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Fig. 6.29. Employees of the shipyard and MSJ company, which took actively part in seating the tanks
onboard the ship NB 604/1 at Northern Shipyard in Gdarisk (June 2008)

Fig. 6.30. The tank of 500 t mass (a) introduced to the hold on the ship “Syn Antares” (b)

Shipyard Co. for Cantiere Navale di Pesaro, Italian ship owner. Two large tanks of 500 t
mass each were seated in the holds of the ship (Fig. 6.30b). Their diameter reached
12,140 mm and their total lengths differed a little to each other: for the fore tank it
was 42,525 mm, and for the aft tank — 42,000 mm. The tanks were manufactured
by Gas and Heat, an Italian firm.

As the outfitting of Gdansk Shipyard’s quay with hoisting facilities was insufficient
it was decided to carry out the seating operations of the tanks on B787 ship in the
dry dock No. SD2 located in the terrain of the former Gdynia Shipyard Co. To this
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end it was necessary at first to tow the ship and load the tanks onto pontoons and
move them into assembling site.

The tanks were placed in two holds of the ship, as shown in Fig. 6.30b. Each of
them was seated (acc. the seating arrangement design) onto two properly profiled
beds by using TG7B Phillymasic compound (manufactured by ITW Polymer Tech-
nologies, USA). The run of the seating work was generally similar to that above
described in the case of the tanks seated on Epocast36P compound. However some,
rather important differences took place. The seating operations on the latter tanks
were carried out in June in temperature conditions favourable for the compound
whereas the seating of the tanks in question was conducted on 25 and 26 January
in the ambient temperature equal to —10°C. The low temperature caused many
various difficulties. It was necessary to elevate the temperature and maintain it for
many hours as the compound requires to have positive temperature both during its
putting —on and spreading over the bed’s seating area and its proper curing as well.
The problem was solved by the shipyard itself. The temperature conditions caused
that the installation work lasted for two days.

Fig. 6.31a and b illustrate certain fragments of the performed assembling opera-
tions. They show: the spreading of the compound over the tank support and the
covering of the compound surface, after spreading, with Teflon film, respectively.
By means of the film a sliding support is formed; it protects the ship’s structure and
the tanks against occurrence of large longitudinal forces resulting from temperature
changes.

Fig. 6.31. Fragments of the performed assembling operations showing the spreading
of compound over the tank support (a) and the covering of compound surface with Teflon film,
after the spreading (b)
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Fig. 6.32. MODU “Petrobaltic” and “Balic Beta”;
on the first drilling unit a windlass (in 1984)
and electric generator (in 1994) was seated; the
operations were performed in the Ship Repair Yard
“Radunia”; on the second unit three WAB 1240 D6
electric generating sets and three supporting
bearings were seated; the operations were
performed in sea conditions (2004+2005)

Fig.6.33. MODU “Bredford Dolphin”; main

propeller electric motor was seated under

supervision of DNV; the work was performed in
Gdansk Ship Repair Yard (2007)

Fig. 6.34. MODU “Polarnaja Zviezda” (Polar

Star); 61 various pumps and other auxiliary

devices were seated; the work was performed
in Vyborg Shipyard (Russia, 2009)

Fig. 6.35. MODU “Polarnoe Sijanie” (Aurora

Polaris); 61 various pumps and other auxiliary

devices were seated; the work was performed
in Vyborg Shipyard (Russia, 2010)
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Installation of the tanks was completed successfully and on schedule - in spite of
the unfavourable weather conditions. The proper planning and execution of the task
constituted a huge technical and organizational undertaking which required a sig-
nificant commitment and strict cooperation from the side of many responsible and
qualified persons both from Gdarsk Shipyard Co and Marine Service Jaroszewicz Co.
(specialized in seating operations with the use of the compound). The fact that in
conducting the task as many as 32 employees from the shipyard and 22 employees
from MSJ Company were engaged, may illustrate the scale of the undertaking. After
completion of the seating operations on the tanks the ship was towed back to Gdarnsk
Shipyard in order to continue outfitting work.

6.2.6. Application of the resin compound on marine floating drilling units
(platforms)

EPY compound has found extensive application not only in shipbuilding and ship
repair industry but also for the seating of many machines and devices on marine
floating drilling units. In total, 143 different objects have been seated by using the
cast compound chocks on the floating drilling units. It was: winches, electric motors
and generating sets, pumps, bearings, tanks and other auxiliary devices. The units
on which the seating operations in question were performed, are shown in the photos
Fig. 6.32 through 6.35. The names of the drilling units and certain information on the
objects seated on them are given in the captions of the photos.

6.2.7. The seating of rail track of rotational drum and basket axle spider
on the ship intended for laying the cable on sea bed

One of the original applications of EPY compound in practice has been the seating
of rail track of rotational drum on deck of the sea-going ship intended for the power
cable laying on sea bed. Overall view of the ship is shown in Fig. 6.36.

The ship was built by STX South Korean shipyard in 2011. It was originally intended
for dumping stones and crumble aggregate onto sea bed to cover cables and pipelines.
Its conversion from stone dumping to cable laying function and general overhaul was
performed by the “Energomontaz—Pétnoc—Gdynia” Company in 2013. During the
conversion work all obsolete devices were removed and the ship was outfitted with
full set of new equipment for cable transporting and laying onto sea bed. Among other
things, the rotational drum of 28 m diameter which accommodates 5400 t of power
cable, was installed on the ship. The drum was manufactured by Caley Ocean Systems,
a Scottish firm, and shipped on board a pontoon barge to a dry dock of the former
Gdynia Shipyard where it was installed on the deck of the ship in question.

Installation of the drum on the ship’s deck required a. 0. to prepare a rail track which
enables the drum to rotate around its vertical axis. The track was made in the form
of five concentrically — located, separate steel rings of double T section (Fig. 6.37).
On the rail track was located and fixed a large number of bearing — supported
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Fig. 6.37. Rail track fitted with rollers for supporting the rotational drum which accommodates
winded power cable: a) overall view; b) fragment

rollers capable of transferring the weight of the drum and the cable reeled around
it, and making its rotation possible. The whole rail track, after the exact leveling of
the support plane for all rollers with the use of geodesic instruments and adjusting
screws, was finally seated on the ship’s deck by using the foundation chocks cast of
EPY compound. It should be also mentioned that all the operations aimed at proper
location of the track were executed by the personnel of the firm which carried out
conversion work on the ship in question. Whereas preparation of chock moulds and
casting the chocks was performed by employees of MSJ company under supervision
of Bureau Veritas surveyors.
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The whole weight of the drum and the cable reeled on it was estimated equal
to 80,380 kN. 236 rollers and the same number of foundation chocks cast of EPY
compound were used in order to distribute uniformly the weight over the ship’s deck
surface. The chocks of 500 x 500 mm support surface area were located in the places
where the rollers were installed (Fig. 6.38). Because of significant unevenness of the
deck the cast chocks had to have different heights contained in the range of 5+45 mm.

It should be also added that on the ship, apart from the rail track, the cable basket
axle spider was seated by using EPY compound (Fig. 6.37a). The manufacturing of
236 chocks under the rail track was executed on 16+18 June 2013, and the seating
of the cable basket axle spider — on 9 July 2013.

It is worth to mentioned that structural elements supported in many points (more
than three) constitute multifold statically indeterminate systems which cause many
computational and manufacturing problems, particularly in using the traditional
metal foundation chocks. It is hard to imagine that in the case in question metal
foundation chocks would be individually fitted at so large unevenness of deck sur-
face. Application of the chocks cast in situ is favourable not only that it facilitates
operation and shortens time of their manufacturing. Its main advantage is that they
automatically match up with all uneven areas of contact surface of ship’s deck and
steel rail track to be seated on it. As a result, it brings in the seating arrangement
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Fig. 6.38. A fragment of the rail track with rollers and foundation chocks cast of EPY compound
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of a high technical quality which guarrantees uniform load distribution over all the
chocks and entire area of their contact surface, without introduction of unexpected
assembling stresses and deformations to the system, that often happens in statically
indeterminate systems in case of using metal chocks for their seating.

6.2.8. Application of EPY compound for the seating of oarlocks
on an ocean-going row boat

EPY compound has found practical use not only for the seating of large main propul-
sion engines and gears as well as many other auxiliary devices and large structural

elements (stern tubes, rudder arrangement journals etc) but often also for the seat-
ing of various minor structural elements requiring high reliability and durability.
A peculiar, worth mentioning case in this range is the use of EPY compound in building
“propulsion system” for a single-handed, ocean-going row boat intended for doing
“Trans Pacyfik Solo” voyage. The boat is shown in Fig. 6.39 and a detail description

of the boat and its voyage are contained in the book titled “Ocean Niespokojny”,
written by its hero, Romuald Koperski [164].

On the boat EPY compound was applied to fastening the oarlocks which consti-
tute supporting nodes for the oars. An overall view of the oarlock is presented in
Fig. 6.40a, and a way of EPY compound application to its fastening onto the boat is
illustrated in Fig. 6.40b. For this work the use was made of experience gained from
research and practical application of thin layers of the compound to structural ele-
ment joints as well as bolts fitted in the compound, that was discussed in detail in
p. 8.1 and 8.2 of this book.

[ roL 17E

Fig. 6.39. The single-handed row boat “Pianist” intended for doing cross-Pacific voyage, at the
moment of starting from the port of Choshi, Japan
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Fig. 6.40. The oarlock of the single-handed, ocean-going row boat "Pianist”: a) overall view; b) a way
of EPY compound use for fastening the oarlock onto the boat

Contact surfaces of the structural elements are not ideally smooth. Deviations
from an ideal state which occur on them (roughness, waviness, shape errors) make
that they contact to each other only in separate points (micro-zones) and their real
contact surfaces constitute usually a very small percentage of their nominal contact
surface. In such joints take place unfavourable contact phenomena which often
lead to their fast wear and failure situations. The thin compound layer fills all micro
and macro-gaps occurring between the surfaces joined to each other. After curing
the compound, applied external load is correctly transferred by the whole nominal
contact surface, avoiding this way occurrence of unfavourable contact phenomena
of a local character. EPY compound is resistant to long-lasting action of sea water
and prevents joined surfaces against destruction. As a result, high reliability and
durability is ensured for the described structural joint which is a crucial element of
the “main propulsion system” of this boat.

6.3. Examples of the seating of land-based machinery
with the use of resin compound

6.3.1. Application of resin compound for repair and modernization
of the seating of large piston (reciprocating) compressors
6.3.1.1. General characteristics of large piston compressors and problems associated
with them
Large low-speed piston compressors of rated power ranging from a few hundred
up to a few thousand kW belong to technical devices which generate large dynamic
forces, mechanical vibration and noise strongly affecting their foundations and envi-
ronment. They are installed in chemical industry enterprises, natural gas compression
stations and many other industrial works. Majority of the compressors installed in
Polish chemical industry and gas compression stations are now in the age of 20, 30
or even more years. The compressors were seated in a traditional way, on reinforced
concrete foundation blocks and rigidly fastened with them by means of foundation
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bolts either going through holes or anchored in the concrete, in compliance with
recommendations of their manufacturers. Fig. 6.41 exemplifies such a compressor
mounted in the traditional way, which has been used since 1966.

As results from information obtained from the user of the compressors, that
already after a short time of their operation some problems appeared and that they
caused many troubles which mainly consisted in:

— occurrence of excessive vibrations;

— loosening screw joints and breaking foundation bolts;

— crushing and cracking concrete foundation (e.g. breaking off a corner);

— cracking elements of compressor body, including crankcase;

— high failure frequency resulting in significant economical and financial losses
and large costs of repair work.

Correct operation, reliability and long service life of large piston compressors
depend not only on their design and workmanship but also — to a large extent —
on how they are seated on foundation. High repair costs and large production and
economical losses resulting from non-scheduled shutdowns made it necessary to seri-
ously attempt to the problem not only from technical side but also scientific one.
The problem has been first perceived and then undertaken in an organized manner
in USA where since long time ago many piston compressors have been in use. In
the 1990s many interesting elaborations and reports on the theme were prepared
within the activity framework of Gas Machinery Research Council (GMRC) [105+109].
They have resulted from joint effort of research institutes and engineers practically
engaged in these issues. The efforts have been aimed at finding causes of excessive

Fig. 6.41. Overall view of a reciprocating synthesis gas compressor (of 6HGP/4 type) traditionally
seated on concrete foundation
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vibrations, high failure frequency of compressors, and many technical problems and
economic losses (counted in millions of US dollars) associated with the above men-
tioned problems. It was stated that the main cause of such situation was low quality
and high unreliability of the traditional methods of seating the objects on founda-
tions, used during their installation work. For this reason, the recommendations
were prepared for engineers responsible for installation and repair of foundations
of piston compressors [108, 109]. The guidelines may be useful in improving reliabil-
ity and service life of the machines without any greater troubles in their servicing.

Similar problems concerning piston compressors have occurred and still occur
in EU countries. In 1999 European Forum Reciprocating Compressors (EFRC) which
associated research institutes, designers, producers and users of the machines as
well as the firms engaged in their installation and repair in European countries, was
established. The forum has been established in order to form a platform for mutual
exchange of scientific and technical experience between users and producers as
well as assemblers and researchers of the machines in question, in order to elaborate
unified procedures and guidelines for the measuring and classification of vibration
of piston compressor units, and to analyze causes of generation of the vibrations
and to search for ways leading to their mitigation [110].

The problems of excessive vibrations and high failure frequency of piston com-
pressors are also well known in Poland. It concerns particularly compressors used in
chemical industry (e.g. in ZAP) and natural gas compression stations located in various
places over this country. As unambiguously results from the investigations performed
in this field [111], most of the troubles which occurred in the compressor units, were
caused by a low quality and high unreliability of the traditional arrangement of the
seating of the machines on concrete foundations, made during their installation work.
Therefore, since a certain time ago also in this country (like in other, more economi-
cally developed countries) systematic, repair and modernization projects concerning
foundation work for such objects, have been carried out. To this end, use is prop-
erly made of modern scientific and practical knowledge in this field as well as new
materials, including polymer compounds especially developed for such application.

In a contemporary approach, compressor units should be taken as integral dynamic
systems which comprise three basic components [105+110]:

— machines (compressors and engine);

— reinforced concrete foundation;

— fastening system which contains holding down bolts, supporting plates sunk
in concrete or plastic compound, adjusting chocks made of metal or plastic com-
pound, as well as steel structures (frames) if they are placed between machine and
concrete foundation.

In such integral system the compressor is taken as a vibration generator which
acts on to concrete foundation through the fastening system of determined elastic
and damping properties. It should be taken into account the fact that in reality the
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so called rigid fastening is not ideally rigid. Stresses and deformations and contact
phenomena which occur in its elements, have substantial effect on operational qual-
ity of the compressor and reliability and service life of the whole system.

6.3.1.2. Comparative analysis of the traditional and modern seating arrangements

On the basis of the literature sources [105+109] and these authors’ investigations [33, 111]
it was definitely stated that occurrence of large vibrations and many troubles associ-
ated with them results mainly from substantial drawbacks of the traditional method
of seating such units on concrete foundations. They were caused due to application
of steel support plates sunk in concrete as well as steel washers and packages of
thin sheets (0.1+1 mm thick) used for proper positioning and leveling the particular
elements of compressor unit to eliminate gaps in the support places (Fig. 6.42).

a) b)
Compressor crankcase

Foundation bolt
Compressor

bed plate

Package of thin Steel plate
sheets

Steel plate immersed in concrete

Fig. 6.42. Schematic drawing of traditional seating arrangement of compressor crankcase on concrete
foundation with the use of plates, steel chocks and a package of thin steel sheets (a) and exemplary
practical application of a package of thin sheets (b)

Such method of the seating of heavy piston compressors is very obsolete and
unreliable in practice as it has two significant technical drawbacks, namely:

— itis usually very hard to properly match all chocks (washers) up with support
surfaces of the foundation itself and bed plate of an object to be seated;

— itis not possible to ensure correct contact between surfaces of concrete and
steel plate or chock and two metal surfaces.

The application of steel plates sunk in concrete and adjusting chocks in the tradi-
tional method of the seating of piston compressors (Fig. 6.42) results from difficulties
in mutual fitting of large areas of support surfaces of foundations and bed plates of
objects to be installed, and first of all from the need of exact alignment of mutually
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co-working elements of the unit (e.g. electric motor and piston compressor). Appli-
cation of foundation chocks results in replacement of continuous (surface) support

with a discrete one in the form of a definite number of “points”. In case if such “points”
are three or more in number the system becomes statically indeterminate. It is then

very hard to properly fit all chocks and to determine forces of mutual interaction

of machine and its foundation. In seating arrangements of heavy compressors and

co-working devices number of foundation chocks is much greater than three. Such

systems are multifold statically indeterminate that greatly complicates a way for their
proper seating. Even if the metal chocks and the co-working elements of the com-
pressor unit are only slightly unfit, because of their large rigidity, large unexpected

assembling stresses usually occur in the system during its installation. Consequences

of occurrence of the stresses in combination with thermal and operational stresses

usually appear as late as during service of the machines, leading often to various

failures.

Moreover, as results from the performed investigations, even if particular founda-
tion chocks are nominally well fitted, macro- and micro-uneven areas happening
on their surfaces cause that contact between co-working surfaces is of a discrete
character and really takes place only on the tops of the highest of them (Fig. 6.42a).
Real area of contact surface between an object and its foundation is very small in
comparison with their nominal area. Moreover, adhesion forces on metal-to-concrete
contact surface as well as metal-to-metal one, do not exist. As a result of dynamic
forces micro-chipping very fast occurs under steel plate and upper layer of concrete
is converted into tiny dust particles. In effect it leads to loosening the joint and rise
of vibrations and often also to occurrence of macro-cracks and damage of concrete
in upper layer of foundation. Fig. 6.43 shows an example of serious damages caused
this way in practice. A separate problem is corrosion which occurs on the contact
between steel and concrete, as well as a low resistance of concrete to action of vari-
ous chemical factors.

The method of leveling the machines and eliminating the gaps by using pack-
ages of thin sheets (Fig. 6.42) in application to the exact seating of heavy machines
on their foundations (either concrete or steel one), has many substantial drawbacks
and is presently considered improper from the technical point of view because of
high elastic-plastic susceptibility of numerous metal contact surfaces which mutu-
ally interact to each other. This leads to the so called sagging and knocking-out of
supporting surfaces of chocks and foundation and loosening of screw joints. As
aresult, such traditional way of fastening the crankcase as well as other elements of
the system, as shown in Fig. 6.42, does not properly fulfill its function and in many
cases is the main cause of many troubles which occur and grow along with time of
compressor service.

Some progress has been observed in this field when special polymer compounds
were developed and applied to foundation chocks. The compound chocks cast directly
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Fig. 6.43. An example of complete damage of the upper part of foundation of a reciprocating
compressor with visible package of loosened sheets close to foundation bolts (a) and deep cracks
in concrete and oil leakages (b, ¢)

in situ under properly aligned compressor, to a large extent simplified installation
work and ensured a higher quality of the seating.

The modern method of the seating of machinery on steel or concrete foundations
with the use of the special polymer compound is illustrated in Fig. 6. 44a. In short, it
consists in exact positioning of an object to be seated on its foundation (in service
position) by using adjusting screws or taper keys, building suitable cast moulds of
polyurethane foam and steel sheet between foundation and bed plate of the object
and then filling the moulds with liquid compound composition mixed of resin and
hardener (Fig. 6. 44b).

After curing the composition in appropriate thermal conditions the ready-to-use
foundation chocks are obtained. The chocks formed this way, due to application of
some technological sinkheads which produce hydrostatic pressure, perfectly adhered
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a) b)
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Foundation bolt

EPY compound chock
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Fig. 6.44. Schematic drawing of the seating of compressor crankcase on concrete foundation by
using chocks cast of EPY compound (a) and a way of casting the foundation chock (b)

to all macro- and micro-irregularities of surfaces of concrete foundation and machine
bed plate. The chocks ensured much better matching up the bearing surfaces of
machine and foundation than steel chocks (Fig. 6.44). Also, a good adhesion of the
chocks to concrete was obtained, that prevents it against crushing. As a result, a more
uniform distribution of assembling stresses in the system, its more stable work and
a lower level of mechanical vibrations and noise, were achieved.

6.3.1.3. Modernization of seating arrangements of piston compressors

The above presented repair method of compressor’s seating arrangement which
consists in replacement of used up (loosened) metal chocks with polymer compound
chocks cast in situ, is beyond doubt favourable and provides in effect a substantial
improvement. However it does not remove all problems associated with the seat-
ing of the compressors on concrete foundation, especially those dealing with their
service life. Better operational effects and longer service life of the seating may be
reached by application of a steel structure (frame) inserted between the concrete
foundation and the compressor unit to be seated on it.

The first, original modernization of such a seating arrangement (designed and
executed by TECHMARIN Company of Swinoujscie in 1993) was applied to GMVH12
engine-driven compressor (of 85,000 kg mass and 2026 kW rated power), installed
in KRIO Gas Denitrification Plant in Odolanéw, Poland. The seating arrangements
of the compressor, both original and modernized one, are shown in Fig. 6.45a and
6.45b and ¢, respectively.

After installation of the compressors, the following problems have been identified
(and have worsened in time) during many years of their service:
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Fig. 6.45. Seating arrangement of GMVH-12 motor-driven compressor on concrete foundation:
a) before modernization (seated on steel chocks); b) and c) after modernization (seated on a steel

structure and chocks cast of EPY compound)

cracking of the reinforced concrete foundation block in its upper part;
ruptures of holding down bolts anchored in the reinforced concrete block;
rise of mechanical vibration amplitude and noise intensity;

increasing difficulties in maintaining specified clearances in the compressor

crankshaft system;

150

cracks in engine blocks and heads as well as anti-pulsation cylinders;
high failure rate of the machines.
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It was established beyond doubt that the main cause of these problems were
some drawbacks of the seating arrangement of the compressor units by using metal
chocks. The repair and modernization of the foundation consisted in:

— cutting off the cracked, upper layer of the reinforced concrete block (some
440 mm in height);

— preparing a special steel foundation frame;

— drilling 62 holes of 62 mm diameter and 600 mm deep for M40 bolts used
for fastening the metal frame to foundation;

— pouring the compound around the holding down bolts;

— seating the steel frame on foundation block by means of cast compound
chocks (Fig. 6.45b);

— tightening the nuts on the bolts fastening the frame to foundation block
(after the compound had cured);

— positioning the compressor unit by using adjusting screws on the metal foun-
dation frame in its service position;

— casting EPY compound chocks between the compressor unit bed plate and
the metal foundation frame;

— tightening the nuts on the bolts fastening the compressor unit to the metal
frame (after the compound had cured).

Detail information on this modernization work is presented in the paper [29]. The
same solution was applied to all five compressor units installed in the KRIO plant
and then also in many other plants of the kind in Poland. Expected merits of such
solutions have been confirmed during multi-year, trouble-free operation of GMVH12
compressor units. In particular, as results from measurements carried out by various
institutions as well as opinions expressed by users of the machines, the following
advantages have been obtained:

— much lower level of mechanical vibrations (a dozen or so times lower),
— significantly lower intensity of noise,
— very distinct rise of reliability of the machines.

Modernization of seating arrangements similar to those shown in Fig. 6.45 was
later performed for THB 5K400/250 Halberstadt compressors (Fig. 6.46). They were
installed, in natural gas compression stations, on reinforced concrete foundations in
the traditional manner according to the design and guidelines of their manufacturer.
The seating arrangement of such compressor is schematically shown in Fig. 6.46a.
The compressors in question which have been operated in the gas compression
stations since 1992, practically just after a short time suffered intensive and fast
amplifying vibrations which propagated over a large distance (even to distant office
accommodations). Failures and shutdowns frequently happened and many repairs
were necessary. In view of the excessive vibrations which exceeded permissible
sanitary levels and were also hazardous for technical objects and buildings, Polish
State Labour Inspection stopped further operation of the compressors at a certain
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moment. The main cause of the excessive vibrations and in consequence many
troubles (analogue to those in the case of GMVH12 engine-driven compressors [29])
was the traditional — very unreliable also in this case — method of seating the
compressors on reinforced concrete foundations with the use of steel plates sunk
in concrete and adjusting chocks, as shown in Fig. 6.42. The loosening of the nuts
or also cracking and chipping of concrete in the area of strong impact of the bolts
and steel plates sunk in concrete, occurred relatively soon.

In the situation it was decided to thoroughly modernize the seating arrangement of
the compressor units. The modernization consisted in the designing and manufacturing
of a suitable steel structure to be seated on the existing reinforced concrete foundation
with the use of some number of adjusting chocks cast of polymer resin compound
and bolts anchored in the foundation by means of the same compound (Fig. 6. 46Db).

In view of a cantilever (“gallery”) form of the foundation (Fig. 6.46), only concrete
elements crushed out off its upper layer were removed leaving all the not cracked
part of the foundation in its place as otherwise a given foundation block would be

Halberstadt’s
compressor unit

- et

Holding
down bolts

Reinforced
concrete foundation

Foundation

frame
Anchor bolts

Fig. 6.46. Seating arrangement of THB 5K-400/250 Halberstadt compressors on concrete foundation:
a) before modernization (seated on steel chocks); b) after modernization (seated on a steel structure
and chocks cast of EPY compound)
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weakened. The steel structure which was fit into the existing foundation and seated
on the cast polymer compound chocks, effectively strengthened the foundation;
it especially concerns its cantilevers which considerably protrude beyond the main
block (Fig. 6.46b). The application of the steel structure without removing the thick
concrete layer (as it was in the case of GMVH12 engine-driven compressors, Fig. 6.45)
resulted in some increase, by about 400 mm, in the level of the fastening of com-
pressor and engine.

The modernization of the seating of the first THB 5K400/250 Halberstadt compres-
sor unit was made in 1995. In the next year the analogous conversion of the seating
arrangements of the remaining compressor units installed in the same gas compres-
sion station, was performed. The generated vibrations significantly dropped to their
permissible level (acc. ISO). The units have operated till now without any claims. The
positive effects of the modernization caused that this method has started to be
successively applied also in other natural gas compression stations in Poland.

Fig. 6.47 shows installation of structural elements of one of such compressors
on to the steel frame which has been in advance seated on concrete foundation by
using the cast compound chocks and bolts anchored in the compound. Particular
components of the compressor unit are aligned on the frame by means of adjust-
ing screws and taper keys. Only after checking if all elements and working units are
correctly aligned, the polyurethane foam moulds were prepared for the chocks in
their proper places. This operation is illustrated in Fig. 6.47. The moulds, after closing
them by using smooth steel sheet along accessible edges, were filled with liquid

Fig. 6.47. The aligning of particular compressor components by means of adjusting
screws and wedges
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compound. Due to application of technological overpours (sinkheads) the moulds
became completely filled with the compound and the chocks simultaneously perfectly
matched up with bearing surfaces of the foundation and bed plate of the machine.
After curing the compound, ready-to-use chocks were obtained without any need of
their machining (Fig. 6.48). The technological overpours along the accessible edges
of chocks are usually left on their places. In case of a need they may be so prepared
as to be easily removed (see Fig. 5.5).

Fig. 6.48. Component elements of a compressor unit seated on foundation chocks cast of EPY
compound: a) crosshead casing; b) driving motor

As all the chocks perfectly fit, the stresses involved by tensioning the holding
down bolts are of only local character and does not deform the whole system. The
thing looks different in the case of application of the traditional assembling method
where getting the so exact fitting of all foundation chocks is practically impossible.
In this case during tensioning the holding down bolts large undesirable assembling
stresses occur in the machine body system, which may have a substantial effect on its
deformation and cause the worsening of mutual alignment of particular working
elements and units as well as the centring of crankshaft.

Overall views of the discussed compressor units before and after modernization
of their seating arrangements are presented in Fig. 6.49. Some additional effects of
the modernization are aesthetically designed landings arranged around the com-
pressors, which facilitate access to their upper parts. Such landings were formerly
not necessary as the compressor unit was installed a little lower (by about 400 mm),
without any steel frame. Fig. 6.50 shows 6HGP/4 synthesized gas piston compres-
sor before and after modernization of its seating arrangement, which consisted in
application of a steel frame, holding down bolts sunk in the compound as well as
cast compound foundation chocks.
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Fig. 6.49. Overall view of THB 5K-400/250 reciprocating compressors operating in natural gas pressing
plants: a) before modernization; b) after modernization of their seating arrangements

In closing, it should be distinctly mentioned that all the above discussed opera-
tions concerning repair and modernization of piston compressors were carried out
by TECHMARIN Company, Swinoujscie. The work performed by this enterprise has
been characterized by a highly professional approach and workmanship quality
together with adequate use of up-to-date scientific and practical knowledge in the
area of seating methods and materials (resin compounds) intended for this purpose.
The applied modernizing solutions are to a large extent original and novel.

The solutions have been proved in practice and obtained very good opinions from
the side of users of the machines in question. For instance, let’s refer to only one of
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Fig. 6.50. Overall view of a 6HGP/4 reciprocating synthesis gas compressor: a) before modernization;
b) after modernization of its seating arrangement

the opinions concerning the 6HGP/4 synthesis compressors: The applied solutions
have led to correct foundation of the machines, lowered vibrations and noise emission
and have significantly reduced their failure rate and shutdowns, which consequently
resulted in countable positive effects in production and economy.

6.3.2. Modern seating arrangements for NEUMAN ESSER piston compressors

Fig. 6.51 illustrates the seating arrangement of one of the two 1TZL300 NEUMAN &
ESSER piston compressor units, made under supervision of Marine Service Jarosze-
wicz Co. and commisioned by Koch-Glitsch Schweiz GmbH, a Swiss firm. The seat-
ing work dealt with a new investment and was performed at Pavlodar (Kazachstan)
in 2008 in compliance with the design project and guidelines obtained from the
provider of the machines.
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On request of the commissioner, Chockfast Red S.G. compound (made in USA) was
used for the seating. This is three-component, high-strength polymer mortar applicable
to seating heavy machinery on concrete foundations. In comparison with concrete
the compound has a high compression strength (125 N/mm?), short curing time up
to full strength, high adhesion to metal and concrete, significant resistance to weather
factors, oils and various aggressive agents, low shrinkage and long service life.

The compound is intended for covering (pouring on) the upper surface of concrete
foundation after proper alignment of the object on it by using adjusting screws. The
recommended thickness of the compound layer is 25+100 mm.

Fig. 6.51. General scheme of the seating arrangement of a K-401 NEUMAN & ESSER
piston compressor

Fig. 6.52 shows some fragments of the seating arrangement of the compressor and
its driving motor. The holding down bolts which fasten the devices were inserted into
square holes (14 x 14 mm) and anchored by using the compound. The bolts do not
fasten directly the compressor and its driving motor to the foundation, but they
fasten instead 100 mm steel plate strips to which are fixed the objects to be seated.
The compressor and its driving motor have been in advance properly positioned
on the plate strips and screwed down to them by means of M42 bolts (Fig. 6.52b).

Next, the compressor and its electric motor (together with the plate strips fas-
tened to them) were placed on the foundation and then aligned in their service
position to ensure proper centring of the motor and compressor’s crankshaft. The
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Fig. 6.52. Details of the seating arrangement of compressor crankcase (a) and driving motor (b)

Fig. 6.53. Seating operation of the compressor unit: building the moulds for the compound (a);
b) cast and cured compound layers seen just after taking away the moulds

operations were performed by using the adjusting screws placed in the plate strips.
Between the plates and foundation a rather large distance (of about 30 mm) was
left for pouring the compound. After checking if the compressor and its motor are
properly aligned, on the concrete foundation appropriate cast moulds were made of
wooden boards (Fig. 6.53a), which were then filled with the Chockfast Red S.G. com-
pound properly mixed in advance. The foundation plate strips were poured around
from the bottom up to almost their full thickness according to the design project
(Fig. 6.52). After completing the operation they protruded only by about 15+20 mm
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above the compound surface (Fig. 6.53b). When the compound had been cured the
plate strips were fastened to the foundation by putting the nuts onto holding down
bolts, and tightening them in the way shown in Fig. 6.52.

The seating work on all remaining elements of the compressor unit, shown in
Fig. 6.51, was executed in a similar way. The seating arrangements made with the use
of the Chockfast Red S.G. compound (of high strength and good adhesion to con-
crete and steel) ensure stable installation and high resistance to action of various
external factors.

6.3.3. Application of EPY compound for the seating of mining machinery

Chocks of EPY compound were first used in this field for the seating of a main air
exchange fan in "Wieczorek” hard coal mine in 1995. The layout of the fan's seating
is shown in Fig. 6.54a, and the arrangement of the foundation chocks-in Fig. 6.54b.
Mass of the fan amounted to about 40,000 kg. In the following years another five
fans have been so seated in various coal mines.

In 1996 EPY compound was first used for the seating of a mining hoisting machine
(Fig. 6.55a), which was K-6000 machine serving the "Pufaski” coal-pit (skip way) of

"Wieczorek” hard coal mine in Katowice. During the long service life of the machine
significant shifts of its foundation occurred as a result of mining damage. In conse-
guence irregularities in alignment of main shaft bearings and the stators of machine
driving motors took place (Fig. 6.55b).

The repair had to include a restoration of correct alignment of main shaft of
the hoisting machine and stators of its driving motors. To this end, EPY compound
foundation chocks were used. Vertical corrections in alignment of particular machine
elements ranged from 0 to 35 mm.

The seating operation of the machine was carried out in April 1996 and it has
been since then in intensive service for many years. The technology of repair with
the use of EPY compound chocks has again proved to be fully useful and advanta-
geous. Repair time was greatly shortened, accurate alignment of main shaft bearings
and driving motor stators was obtained. The so repaired machine has been running
stably and no objections have been raised so far.

Similar effects were obtained in the seating of a 4L4000/2400 hoisting machine,
performed in “Zabrze-Bielszowice” hard coal mine, in October 1996. In February 2001
another hoisting machine was seated on EPY compound chocks in “Rudna” copper
mine near Polkowice. Fig. 6.56 shows an example of EPY compound application for the
seating of bearings of the cable wheel of 6000 mm diameter in the hoist tower structure
(shown in Fig. 6.55a). The work was performed in "Wieczorek” hard coal mine in 1999.

The seating of mining machinery on EPY compound chocks have proved the
significant technical and economic benefits which may be achieved by introduc-
tion of this novel method to mining industry. It makes the seating operations more
effective and brings in an improvement of workmanship quality achieved both in
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Fig. 6.54. EPY compound use for the seating of main air exchange fan in “Wieczorek” hard coal mine:
a) fan seating layout; b) arrangement plan of foundation chocks

the new machinery installations and the repairs of existing machinery, also improv-
ing the safety and regularity of its operation.

6.3.4. Application of EPY compound for the seating of elements of excavators
and dumping conveyors used in surface mining industry

Excavators and dumping conveyors used in surface mining industry are very large
objects which operate in especially hard environmental conditions. Assembling
the facilities in place of their service is a complicated and costly task. Manner and
quality of its performing highly affect not only final investment cost of such object
but also — at a large extent — its reliability and service life as well as its service
effectiveness. One of the basic conditions for correct operation of such excavator is
the proper assembling of its large-size bearings. Traditional manner of assembling
the bearings requires to apply very accurate mechanical and manual machining of
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Fig. 6.55. Use of EPY compound for the seating of a K-6000 hoisting machine in “Wieczorek” hard
coal mine: a) the tower and hoisting machine; b) hoisting machine seating layout; c) arrangement
plan of foundation chocks

Fig. 6.56. Use of EPY compound for the seating of a 6000 mm cable wheel on the hoist tower of
“Rozdzienski” pit shaft in “Wieczorek” hard coal mine: a) view of the cable wheel installed on the hoist
tower; b) cable wheel seating layout
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bearing surfaces of the load-carrying structure and the rotational part installed on the
bearing. The technique is very troublesome, cost and labour-consuming, and its
result does not guarantee that a sufficiently high reliability and durability would be
reached. Repair costs and economic losses resulting from non-scheduled shutdowns
are usually very high in case of the objects. Therefore efforts have been undertaken
to improve the assembling work on such objects and increase its quality. The aims
have been reached a. 0. due to application of polymer compound, like in many previ-
ous cases of installation of machines and technical facilities. It brought good results
in practice and provided countable technical, economic and operational benefits.
The approach is presently used not only for assembling large-size bearings but also
other structural elements of excavators and dumping conveyors. Some practical
examples which illustrate a variety of possible applications of the resin compound
to the assembling of such objects, are presented below.

Fig. 6.57 shows a SRs1200 excavator operating in “Konin” brown coal mine where
EPY compound was first applied in 1994. During the overhaul of the excavator a thin
layer of EPY compound was used to seat the segmented ball bearing bed of 8500 mm
in diameter, which supports its turn-table (Fig. 6.57b). The width of the layer was
200 mm and the thickness in the range of 5+20 mm. Static load on the excavator
bed was 12,000 kN. Due to use of the compound a very labour consuming and costly
procedure of machining the bearing surfaces of structural elements co-working with
the excavator bed was avoided and the need to disassemble the excavator was also
avoided. The compound ensured a very accurate fit of all co-working surfaces of
excavator’s structural elements and the bed, as well as a uniform distribution of load
exerted on to bearing balls of 110 mm diameter. The overhaul time was shortened
and its cost was reduced. In the subsequent years EPY compound has been applied
to the assembling of the similar ball bearing beds in another four SRs1200 excava-
tors. Multi-year service of these excavators has proved that the completed seating
arrangement is of a good quality and durable.

Another large and important object whose large-size bearing bed has been seated
together with its toothed ring by using EPY compound, is ZGOT15400.120 dumping
conveyor, completely designed and produced in Poland (Fig. 6.58).

Diameter of the ball bearing bed was 12,500 mm, and ball diameter — 200 mm.
Weight of its rotary part supported on the bed was equal to 34,000 kN. The dumping
conveyor was put into service in “Befchatéw” brown coal mine at the end of 2004.

The largest ball bearing bed (of 18,000 mm diameter) was installed with the use
of EPY compound on K41 excavator in the same mine in 2004.

EPY compound was used in a much wider range for assembling a KWK910 excava-
tor. Apart from the ball bearing bed (of 9000 mm diameter) on which rotary platform
of operator’s cab was supported, EPY compound was also applied to the seating of
toothed ring bearing (of 3808 mm diameter) of loading crane jib as well as toothed
ring of slewing gear of the crane body. Fig. 6.59 shows a schematic assembling
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Fig. 6.57. Use of EPY compound for the seating of a turn-table bearing (2 8.5 m) of a SRs-1200
excavator in “Konin” brown coal mine: a) view of the excavator; b) layout of the excavator and the
cross-section of the turn-table bearing
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Fig. 6.58. ZGOT 15400.120 dumping conveyor with ball bearing bed (2 12,500 mm) seated by using
EPY compound

plan for the above mentioned elements and some details of it as well. Also in this
case, a need of applying the troublesome and laborious machining of construc-
tion co-working surfaces was avoided and accurate and firm installation of all the
elements was ensured. First, all particular elements and units were aligned in their
proper service position by using adjusting screws, while leaving a gap (of at least
5 mm in height) between bearing surfaces of elements to be joined, which was then
filled with liquid compound. After the compound had cured the adjusting screws
were removed and the holding down bolts were tightened.

6.3.5. Application of EPY compound for the seating of power
industry machinery

EPY compound is more and more used also for the seating of various power industry
machines and facilities such as turbines, ball mills, fans etc. The compound finds its
use for the seating of machinery on both concrete and steel foundations. Application
of the compound for ready-to-use foundation chocks cast in situ under pre-aligned
machines, greatly simplifies the assembling work also in this case, shortens the dura-
tion time of their installation and guarantees a better quality than in the case of using
metal chocks. Fig. 6.60 exemplifies schematically the use of EPY compound for the
seating of ball mill gear in “Siekierki” power station.

Fig. 6.61 shows how the compound can be used for the seating heavy machines
and facilities on sliding plates.
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Fig. 6.59. Use of EPY compound for the seating of a ball bearing bed (2 9000) and a toothed ring
(2 3808 mm) in KWK-910 excavator: a) schematic assembling plan; b) ball bearing bed; c) ring bearing;

d) and e) toothed ring

Fig. 6.62a presents a large sorbing agent tank in “Siekierki” power station, which is
seated with the use of foundation chocks cast of EPY compound, on a steel support
structure of 25 min height. A chock arrangement plan and dimensions of particular
chocks are schematically shown in Fig. 6.62b. Height (thickness) of the chocks varied

within the range from zero to 20 mm.
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Fig. 6.60. Schematic plan of the seating of KAU ball-mill gear on EPY compound chocks

Surfaces of both foundation top and tank bottom were very uneven in macro-scale.
Application of metal adjusting chocks to ensure a stable and correct position of the
tank was practically not feasible in this case in view of a large and uneven area of
supporting surfaces. However, application of EPY compound foundation chocks cast
in situ together with a technological over-pour, directly under the tank which had
been properly positioned in advance with the use of adjusting wedges, ensured an
exact fit over whole area of contact surface between tank bottom and foundation
top. The uneven and non-parallel areas of the surface have not been any obstacle
in providing a correct and stable support for the tank.

Previous investigations have demonstrated that the liquid EPY compound used
in this case, very accurately fills all void gaps (spaces) even those of a height close
to zero. The so cast foundation chocks ensure a uniform pressure distribution over
the whole area of contact surface. The total weight of the fully filled tank, estimated
on the basis of available data, was equal to about 58,000 kN (5800 t). The mean value
of pressure exerted onto the chocks was p = 6.8 MPa, that in view of the ultimate
compression strength of the compound, R. = 142 MPa, ensures a very large value of
the safety factor n = 20.9. Its real value is even multifold greater due to a very large
ratio of transverse dimensions of the chock and its height.
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Fig. 6.61. Use of EPY compound for the seating of a turbine on sliding plates: 1 — steel or concrete
foundation of the machine, 2 — lower sliding plate, 3 —EPY compound, 4 — upper sliding plate,
5,6 — shift blocking elements for upper sliding plate, 7 — seals, 8 — machine bedplate
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Fig. 6.62. A sorbing agent tank in“Siekierki” power station seated on EPY compound chocks: a) overall
view; b) arrangement plan and dimensions of foundation chocks; c) a fragment of the seating
arrangement with visible cast compound chock

Emm CC C 2 <0 NI 167



EmE CC ¢ 2 <0 I

6. Practical examples of applications of epy compound chocks for the seating of machinery

6.3.6. Application of EPY compound for the seating of rails on steel structures,
concrete foundations or cross-ties

EPY compound is also more and more used for the seating straight and circular rails
on steel structures, concrete foundations or cross-ties. Fig. 6.63 and 6.64 show the
examples of such applications.

Fig. 6.65 illustrates use of EPY compound for the seating of joint bars of exca-
vator turntable rail track on its chassis steel structure, and also for the stiffening
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Fig. 6.63. Use of EPY compound for the seating of rail track and turntable rail of a port crane
in Szczecin harbour
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2

Fig. 6.64. Away of the seating of a rail on reinforced concrete foundation with the use of EPY compound
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Fig. 6.65. Use of EPY compound for the seating of under-rail bar of turntable rail track of a KWK-1500s
excavator (in“Konin”brown coal mine), on EPY compound: a) layout of the excavator; b) layout of the
seating of under-rail bar; c) a way of pressing the compound into the space below the under-rail bar
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of joints of the structure. After the rail joint bar had been aligned in its speci-
fied service position (by using distance elements and securing the minimum
gap height of about 5 mm), seals had been made and the holding down bolts
had been slightly tightened, the spaces formed between bearing surfaces were
then filled with liquid compound by forcing it under pressure (Fig. 6.65c). When
the compound had been cured, the bolts which fasten down the rail joint bar
were fully tightened. Introduction of a thin layer of the compound into struc-
tural screwed joints (Fig. 6.65b) not only makes them significantly more stiff, free
of micro-sliding, friction corrosion and other forms of wear, but also makes the
transferring of normal and tangential loads more uniform. Experimental tests
presented in Chapter 7 demonstrated that the introduction of a thin compound
layer to joints of structural elements brings positive technical effects. The method
has been also proved in practice.

6.3.7. Application of EPY compound for the seating of bridge span bearings

EPY compound has been also approved by Road and Bridge Research Institute,
Warsaw, (Approval certificate No. AT/2006030018). Fig. 6.66 shows schematically
various practical ways of application of the compound for the seating of bridge span
bearings. Fig. 6.67+6.71 show the examples of such application of EPY compound in
bridge building, for the seating of railway tracks on trestle bridges and rails on steel
structures.

Fig. 6.71 presents a novel application of EPY compound in bridge building. It is
the case of its application to multi-bolted joints of reinforced concrete arc girders
of a bridge built in Rytro, Poland. The reinforced concrete girder segments were
ended with steel plates welded to their reinforcement bars (Fig. 6.71c). During their
assembling the segments were properly positioned and connected to each other
with the use of bolts (Fig. 6.71d, e). A very high accuracy of the assembling work was
required. Any deflection of the girder from its assembling plane greater than £5 mm
was not permitted. Also, differences between real values of coordinates of arc girder
axis and theoretical ones had not exceed 5 mm. Therefore already in the bridge
design stage some gap between the face plates to be joined has been assumed
to make it possible to properly position the segments in space, with a specified high
geodesic accuracy. During the assembling process, after the elements to be joined
had been properly positioned, the gap was filled with liquid EPY compound. When
the curing process of the compound had ended, a compound interlayer which very
well matched up with all uneven areas on joined surfaces, was obtained. This way,
stable joints between the segments were produced, that guaranteed to reach their
proper position in space and correct transferring the compressive and tangential
loads over the whole area of their contact surfaces. As a result of such joining method
no unexpected assembling stresses and deformations occurred in the joined girder
segments. Stresses and deformations of the kind usually appear in fitting "by force”
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Fig. 6.66. Schemes of various solutions for the seating of bridge spans on EPY compound chocks:
1 — span, 2 — pier, 3 — EPY compound, 4 — bearing, 5 — casting mould

4 4 T ri? g!lv ‘;-‘ ‘i

Fig. 6.67. Railway bridge in Wolin with bearings seated (in 1994) on EPY compound chocks
(acc. the scheme shown in Fig. 6.66a)
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Fig. 6.68. The “Siekierkowski” bridge under erection in Warsaw (2001): a) overall view; b) view of
bridge span; ¢) view of a span bearing seated by using EPY compound (acc. the scheme shown
in Fig. 6.66d)

the construction segments during their assembling. Sometimes they may reach even
large values and cause various troubles in service. In such cases, application of the
compound significantly facilitates the assembling work and ensures its high qual-
ity. The fully cured compound has much greater compression strength than that of
concrete, as well as a high creep resistance. Such joint also well transfers transverse
(shear) loads without occurrence of micro- and macro-sliding, fretting and other
kinds of wear. It is resistant to corrosion and action of variable weather conditions.
In effect, the method in question brings a better quality and greater reliability and
service life of the joints.
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Fig. 6.69. A bridge and a trestle bridge along the train of Wolin ring road, with bearings seated by
using EPY compound

Fig. 6.70. Anexample of use of EPY compound for the seating of railway track on a steel over-bridge
(in Szczecin)
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Fig. 6.71. Use of EPY compound in erecting reinforced concrete arc girders of a bridge built in Rytro,

Poland: a) overall view of the bridge; b) a segment of arc girder; c) face connection surface of an arc

girder segment; d) connection of two arc girder segments with visible gap to be filled with compound;
e) a fragment of a multi-bolt joint with the gap filled with EPY compound

6.4. Summary and statistical data on the seating arrangements made
with the use of cast compound chocks in the years 19742014

Resin compounds for foundation chocks have been developed first of all for the needs
of shipbuilding industry, and there they found their first application in practice. They
are now widely used for the seating of main propulsion engines and gears, stern tubes,
rudder arrangement liners and also various auxiliary devices located either inside
ship’s hull or on ship’s deck. Due to their numerous advantages they are presently
used not only in shipbuilding industry but more and more for the seating of various
land-based machinery which operate in engineering, chemical, and power indus-
try, underground and surface mining, building industry, road and bridge building
and many other branches of industry and economy. Application of the compounds
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to foundation chocks for the seating of machinery and facilities has proved in practice
and provide countable technical, economic and operational benefits.

Polish EPY compound which was developed as a result of systematic, scientific
research investigations, belongs to the group of the best-in-the-world compounds
intended for machinery foundation chocks. It won worldwide recognition and has
been deemed as good as recognized foreign compounds of the kind (Chockfast
Orange and Epocast 36). It granted all the certificates which are necessary for its
application to the seating of various shipboard machines and devices and land-
-based machinery as well.

In the period of 40 years of research and development work in this field a very
rich scientific and practical experience have been gained. Polish resin compound
was first used on a sea-going ship in 1974. At the beginning the seating operations
were carried out by the team of Szczecin Technical University and authorized teams
of some firms which gained relevant certificates from the University. Later, in 1989,
Marine Service Jaroszewicz (MSJ) Co., a specialty firm was established in Szczecin. It
has been managed since then by Mr Wiestaw Jaroszewicz, Ph.D, Eng., (formerly the
University's research worker specialized in this field), which took over all tasks dealing
with the manufacturing of the compound and carrying out of all seating operations
with its use. MSJ Company has been in close cooperation with the Szczecin Technical
University, won in a very short time worldwide recognition and obtained significant
results both in the area of research and development work and practical execution of
the seating of machinery on the chocks cast of the compound. Mr. W. Jaroszewicz is
the author or co-author of many scientific research and technical projects and publica-
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Fig. 6.72. Number of machinery seating operations by using cast compound chocks completed
in years 1974+-2014
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Table 6.2. Kinds and amounts of machines and devices seated on resin compound chocks
in the years 1974—2014

Ship machines and devices ':?Tnl)i:sr Land-based machines and devices I:;Jumnbi;r
Main engines 2236 Engines 26
Main gears 822 Gears 57
Shaft line bearings 945 Working machines 47
Steering engines 326 Bearings 354
Stern tubes and tail shaft liners 916 Compressors 54

and motor driven compressors

Rudder line sleeves 761 Railways 84

Winches (anchoring, towing,

mooring, trawling) 1157 Presses 87

Electric generating sets 209 Turbines 37

Pumps 687 Fans 58

Tanks 98 Hoisting machines 6

Other machines and devices 1944 Other machines and devices 579

Total number 10,101 Total number 1389
Ship and land-based units in total 11,490

tions. Many original and novel technical solutions put in engineering practice belong
to his achievements. The working teams which operated under his supervision first
within Szczecin Technical University (1974+1981), then within KITI, a foreign enterprise
in Poland (1982+1989), and since 1990 in the frame of MSJ Company, his own firm,
completed, in the years 1974+2014, seating operations with the use of foundation
chocks cast of the compound on 11,490 various objects in total, including 10,101
ship machines and devices (among them 2236 main propulsion engines) and 1389
land-based machines and facilities. Detailed quantitative data which concern the
seating operations done in successive years, are given in Fig. 6.72 and those dealing
with types of the objects installed in the period 1974+2014, in Tab. 6.2.
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7. General requirements concerning resin compounds
for machinery foundation chocks

There are many resin compounds whose compression strength is higher than the pres-
sure exerted on surface of foundation chocks used for the seating of ship machines
and devices. The conclusion, though very important, is insufficient for selection and
application of a resin compound for this purpose. Apart from sufficient compression
strength it must fulfill many other general requirements concerning resin compounds
used on ships [42, 43], and additional requirements concerning resin compounds
applicable to machinery foundation chocks [41].

In accordance with the general requirements contained in the rules of Polish
Register of Shipping [112] resin compounds used on ships should:

— undergo aflammability test according to the Subsection 2.4 of the regulations [41];

— emit no explosive gases (even in a temperature higher than its normal service
temperature) and no toxic or suffocating gases when burning;

— provide reliable operation of machinery in the following temperature ranges:
from —40°C to 70°C on open deck, and from —10°C to 70°C in ship internal accom-
modations, unless service conditions require otherwise;

— not become brittle and their mechanical properties should not worsen by
more than 30% from their initial values during their service life;

— be resistant to decay and mildew action and should not negatively interact
with other surrounding materials.

Apart from the general requirements, resin compounds used for foundation
chocks must satisfy many additional requirements necessary for preparation of the
design and engineering technology of seating arrangement to ensure reliability of
mounted objects during their long-term service life. The following factors are of
importance when using a chemically cured compound for the chocks cast directly
under the machinery mounted on the ship:

— the method of preparing and using the compound;

— its casting properties;

— curing conditions;

— casting shrinkage and sagging of chocks during assembly work and in service;

— occupational safety and hygiene.
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Due to the casting of foundation chocks directly under properly positioned
machinery, their troublesome and laborious fitting was completely eliminated. Resin
compound, due to its casting properties, should fully fill space intended for chocks
and in particular ensure their proper adhering to bearing surfaces of machine founda-
tion and bed plate. Casting shrinkage of the resin compound and sagging of chocks
during assembling should be as low as possible. The process of mixing, casting and
curing the compound composition should be feasible in the conditions occurring in
shipyards or possible to be reached there (e.g. a required curing temperature).

The above discussed general and additional requirements were taken as a basis
for development of a compound composition suitable for foundation chocks and
technology of their casting and the seating of machinery on the chocks.

7.2. General remarks about research on resin compound
applicable to foundation chocks

The above discussed requirements, hence also the research on resin compounds
used for the seating of shipboard machinery may be divided into two categories:
standard and special.

Standard research is usually conducted on small specimens of resin compound.
The shape and dimensions of specimens as well as the testing method are precisely
determined by relevant standards for resin compounds. Results of such tests generally
serve to control quality of resin compounds and to compare them to other similar or
different materials tested in the same way. Detailed scope of the tests and standards
in force according to which they must be conducted are given in Chapter 2.

Real physical properties of resin compounds, though crucial to cast foundation
chocks, are often not revealed by standard tests of such material. The elasticity
and viscosity properties of resin compounds cause that small specimens behave
differently under simple loads than full-size structural elements (e.g. chocks) made
of the same materials. Resin compounds show especially high strength and volu-
metric strain resistance under three - axial compression. The basic merits of cast
resin compound chocks which are most important for machinery seating, are: an
exact fit to bearing surfaces of machine foundation and bed plate, almost perfect
value of elasticity modulus and high value of effective friction factor in contact with
steel. As a result, it ensures uniform distribution and proper transferring the loads
in normal and tangential directions to the foundation surface. Resin compounds
have of course other important technological and operational advantages, e.g.
they can be easily poured to form in situ ready-to-use chocks of various dimensions
and shapes, and they effectively damp vibration and isolate against propagation of
structural noise. Various advantages of chemically cured compounds contributed
to their wider and wider use first in shipbuilding and ship repair industry and then
also for the seating of various land-based machines and facilities. For rational and
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effective implementation of resin compounds into engineering practice it is essen-
tial to have a sufficient knowledge on their processing and performance in various
service conditions. To this end, many different research projects both standard and
special have been carried out.

Further consecutive subsections of this chapter contain the descriptions and
results of the tests on the resin compound itself to be used as a structural material.
Most of the research tests were standard and carried out in compliance with cur-
rent material standards in force. Results of the research illustrate influence of vari-
ous factors on physical and mechanical properties of standard specimens of this
material. They are of a basic importance, deciding on its quality and applicability
to foundation chocks.

Non-standard (special) tests which illustrate performance of the compound in
various practical applications are presented in the next chapter.

7.3. Research on influence of various substances and
temperature on EPY compound compression strength

During their service life, foundation chocks of shipboard machinery often come
into contact with water and oils. For this reason they are to be resistant to long
term exposure to these media. EPY compound satisfies the condition, which was
confirmed by appropriate tests.

Cylindrical specimens used for the testing had the dimensions: 20mm in diam-
eter and 25 mm in length. They were cast in steel moulds, cured for 3 days at 20°C
temperature, and then held for 2 h at 80°C temperature. All the specimens were
split into four groups. The first one underwent compression test directly after the
specimens were heated and then cooled down to 20°C. The specimens belonging
to three remaining groups were tested in compression after 31 days. During this time
the specimens of 2"%, 3 and 4™ group were kept in air, machine oil and tap water,
respectively. The results of compression tests are presented in Tab. 7.1.

The obtained test results did not show any detrimental effect of exposure to air,
machine oil and tap water onto the chocking compound. Little increase of compres-
sion strength after 31 days of their exposure may be explained by the influence of
the additional time on curing the compound.

Tests on the influence of temperature on the compression strength R, of EPY
compound were conducted on specimens prepared and cured in the same way as
those used for the tests on exposure to oil and water. The specimens were cooled
in methyl alcohol for 24 h at —20°C temperature. All instruments contacting the
specimens during the compression tests were also cooled to the same temperature.
The tests in positive temperatures were carried out in a heating chamber. Before
the compression tests the specimens were held for 2 h in a given temperature. Test
results are shown in Tab. 7.2.
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The tests (Tab. 7.2) showed considerable influence of temperature on the compres-
sion strength of EPY compound. The lower the temperature the distinctly higher the
strength, and the higher the temperature the lower the strength, which is typical
for all chocking compounds based on epoxy resins.

Apart from the above described tests of short-term influence of air, oil and water
on compression strength of EPY compound (Tab. 7.1), the Technical University of

Table 7.1. Results of compression tests on specimens kept in air, oil and water

Group of Substances and storage Ne Compressive strength R, MPa
specimens periods of specimens of specimen Test results Mean values
Air; 1 146
1 Specimens tested directly after 2 148 146
being cast 3 145
Air; 1 151
2 Specimens tested after being 2 151 151
kept for 31 days in the air 3 150
Machine oil; 1 158
3 Specimens tested after being 2 156 157
kept for 31 days in machine oil 3 158
Tap water; 1 150
4 Specimens tested after being 2 151 149
kept for 31 days in tap water 3 146

Table 7.2. Results of specimen compression tests conducted at different temperatures

N2 Test temperature, N2 Compressive strength R, MPa
of series °C of specimen Test results Mean values

181
181 176
167

146
148 146
145

102
108 103
100

98
95 92
84

90
929 90
81

1 -20

2 +20

3 +60

4 +80

5 +100

WN = WN= WN=2 W= WwWwWN =
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Szczecin has also conducted the tests of long-term influence of various media
on strength properties of epoxy compound. The tests started in 1975. Since that
time cylindrical specimens of EP-571 compound, of the diameter d =20 mm and
the height h =20 mm and its composition close to that of EPY compound, have
been kept in glass jars with different substances. The specimens were cured only in
ambient temperature for three days (without any further post curing). After some
time a lot of a few specimens was taken out one by one of the jars and put to the
compression tests. Their results are presented in Tab. 7.3.

As results from the tests, only water, especially tap and distilled water, distinctly
lowered compression strength of the tested compound. In case of tap water the
decrease of strength after 27 years amounted to 40%. In the same period of time
a much lower drop in compression strength (by about 25%) was observed in case
of exposure to sea water (from the Atlantic) action. In contrast, the resistance of the

Table 7.3. Compression strength of EP-571 compound specimens subjected to long-term influence
of various substances

Period of Average compression strength R, MPa
specimen of specimens kept in various substances
storage in a given ) .
substance, Air Hlpql 10 Petrol  Kerosene Sea Distilled Tap
o oil water water water
0.000 102.9 102.9 102.9 102.9 102.9 102.9 102.9
0.164 101.3 99.2 101.1 106.6 96.8 97.9 92.7
1.151 102.5 103.0 104.5 104.2 91.0 93.0 93.7
2137 102.5 105.0 1011 103.2 92.5 90.2 88.6
3.123 106.5 105.4 103.3 103.3 90.1 85.0 86.5
4110 102.2 99.7 98.5 99.8 88.1 79.2 81.0
5.096 98.8 97.8 97.7 98.8 87.1 78.3 75.4
6.082 100.9 101.4 99.5 97.5 89.6 79.1 71.7
20.000 105.1 102.1 99.1 96.2 80.1 74.0 66.1
27.000 107.0 103.1 98.3 95.1 76.9 73.2 62.0

O A\

—
o
o

Compression strength
in % of initial value
o <]
o o
/ ‘:

== Hipol 10 oil

o= Petrol

——o— Kerosene

Sea water

——o—— Dest. Water

——o— Tap water
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compound to long-term exposure to air, kerosene and oil (Hipol 10) is very high, as
no significant quantitative and qualitative changes were noticed in results of the
compression tests.

It should be stressed that the conditions of the laboratory tests were much worse
than hazards to which the real foundation chocks are usually exposed. It results from
their relatively high ratio of surface area and volume. In real foundation chocks only
their free end faces are exposed to contact with gas or liquid environment. Conclu-
sions drawn from the laboratory tests have been fully confirmed by the correct
performance of the applied chocks in service.

7.4. Research on influence of low temperatures on characteristics of the
compound and values of selected compression strength parameters

The research was aimed at determination of influence of low temperature values
(0, =20, —60 and —120°C) on mechanical characteristics of EPY compound additionally
(post) cured at various temperatures (50, 80 and 120°C for 4 h) as well as on values
of selected compression strength parameters.

Compression tests were carried out by means of an 4026-INSTRON computerized
universal testing machine (equipped with a thermal chamber (Fig. 7.1)) with the use
of a special software.

The tests were conducted in the temperatures: 0, —20, —60 and —120°C (in nitrogen
atmosphere) on the cylindrical specimens of the dimensions (10 mm diameter X 20 mm
height), post-cured in the temperatures: 50, 80 and 120°C for 4 h after their curing at
the temperature 22 £1°C for 24 h. The temperatures to which the specimens were
brought in and then kept at the thermal chamber, were controlled (with £1°C accu-
racy) by using thermocouples inserted into additional control specimens in a given
phase of curing.

The so prepared series of specimens (each of 5 pieces in number) underwent uniax-
ial compression test (in the chamber at the above enumerated low temperatures) up
to their damage. The tests were conducted at the machine’s piston travelling speed
reaching 1.3 mm/min (equivalent to the strain rate of 0.208 min™).

Fig. 7.2 shows exemplary runs of low-temperature compression characteristics
of specimens of EPY compound post-cured at 80°C. Fig. 7.3 through 7.6 show a set
of values of selected strength parameters obtained from the compression tests of
specimens made of the compound post- cured in different temperatures. Detailed
descriptions and results of the experimental tests in question are contained in the
publication [162].

As shown in Fig. 7.2, low temperatures make runs of stress-strain diagrams
of epoxy compound similar to those of materials fragile by nature. It may be
observed that along with temperature lowering the modulus of elasticity E fast
increases and the greater and greater shortening of flat plateau on the diagrams
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Fig. 7.1. Thermal chamber of INSTRON testing machine during measurement: a) overall view; b) view
of chamber’s interior
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Fig. 7.2. Compression characteristics of specimens made of EPY compound post-cured in 80°C for 4 h,
determined in various low temperatures

(typical for plastic materials) takes place, so strong that at the temperature —120°C
EPY compound reaches brittle state in which no plastic behaviour can be found.
Such increase of the elasticity modulus E and loss of plastic properties of the com-
pound in low temperatures, due to a specific “freezing” of motion of chains of poly-
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Fig. 7.3. Collected values of some strength parameters of EPY compound cured in 22 £1°C for24 h,
determined in low temperatures
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Fig.7.4. Collected values of some strength parameters of EPY compound post-cured in 50°C for 4 h,
determined in low temperatures
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Fig. 7.5. Collected values of some strength parameters of EPY compound post-cured in 80°C for 4 h,
determined in low temperatures
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Fig.7.6. Collected values of some strength parameters of EPY compound post-cured in 120°C for
4 h, determined in low temperatures
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mer particles, result in the rise of values of compression strength parameters along
with lowering the testing temperatures (Fig. 7.3+7.6). However, the influence of low
temperatures on strength properties of epoxy compound is more complex and ther-
modynamic analysis of load-generated strains, though similar to that used in metal
engineering, is even more complicated and must be considered in the categories of
nucleation and coalescence of shear micro-domains, limitation of molecular motions
and nano-fluctuation of density of cross-linking and concentration of defects in
cross-linking structure [163].

7.5. Determination of relation between glass transition
temperature and cross-linking rate of EPY compound

The direct relation between the glass transition temperature (Tg4) which increases
during curing the chemically cured compounds, and their cross-linking rate (a), can
be described by using the DiBenedetto experimental equation [113] which, accord-
ing to Nielsen [81], is of the following form:

Tt (T,m Ty)Aa

7.1
9= oo ¥ 1-(1-Na 7D

where:
Tgo — glass transition temperature of non-cross-linked resin (a = 0),
Tg.. — glass transition temperature of fully-cross-linked resin (a = 1),
A — astructure dependent parameter which takes values from the interval (0;1).

The parameter A, according to Pascault and Williams [86, 114], can be determined
from the relation as follows:

A= AC,. (7.2)
~ AC,, :

where: AC,... i AC,, — differences in values of specific heat capacity of epoxy system
in glass transition state and elastic (or liquid) state in Ty temperature, respectively,
for fully cross-linked and not-cross-linked resin.

DiBenedetto equation (7.1) in the form given by Pascault and Williams, Oleinik
and Hale, which describes the relation Ty = f(a), is presented for EPY compound in
the publication [92].

In Eq. (7.1) a value is contained within the interval (0;1), and it is usually assumed
that the epoxy-amide system may reach a 100% conversion (a = 1) after additional
cross-linking.

On substitution of value of the glass transition temperature (see Chapter 3, sec-
tion 3.3.2) and value of the parameter A = 0.426 calculated from Eq. (7.2) [87, 88] into
DiBenedetto equation (7.1) the relation between T, and a for EPY compound can be
written as follows:
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(111.2+ 45.6) 0.426a

7.3
1-(1-0.426)a 73

Tg =—-456+

Fig. 7.7 shows this relation in the form of the curve T, =f (a) (continuous line),
whose run indicates that the glass transition temperature of the system linearly
increases from the initial temperature Tyo up to its maximum temperature T,.. along
with growing its cross-linking rate (a). During the cross-linking process of the system,
when its rate is still rather low, T, grows as a result of greater and greater value of
the numerically mean molecular weight of epoxy resin (M), and, beginning from
the gelation point (a = 0.58) [87, 88] further increase of Ty temperature takes place
in consequence of growing cross-linking density of the material.
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Fig.7.7. Glass transition temperature (Ty) in function of cross-linking rate (a) of EPY compound:
DiBenedetto model (continuous line) and obtained experimental results (symbols); the compound
gelation point (Z) is also marked

As results from verification of the used DiBenedetto model (7.1), which has been
conducted above the gelation point of EPY system (0.58 < a < 1), with the use of data
on the specimens cured in 23°C temperature for different periods of time (4+168 h) as
well as on the specimens additionally cured in different temperature values (30+100°C)
for different periods of time (1+4 h), there is a good conformity between the calculated
and experimental results, that is shown in Fig. 7.7 (symbols) as well as in the publica-
tions [87, 88, 93, 94]. A rather low spread of T, values at higher rates of cross-linking
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process is usually attributed to a lower sensitivity of DSC instrument in measuring
conversion level in comparison with that used in measuring T [115].

For the verification of the selected model, the cross-linking rate (a) of the com-
pound was calculated according to the following formula [116]:

AH res

AH

a=1- (7.4)
where:

AH,.; — residual enthalpy of partly cross-linked compound specimen; AH; — stag-
nation enthalpy of reaction, equivalent to that of a specimen of the compound in
a "mixing” state without prior cross-linking (AH = 273.8 J/g) [88].

The relation between glass transition temperature and cross-linking rate, demon-
strated for EPY compound, is independent of cross-linking temperature, therefore
the direct relation between T, and a (7.3) may be used for the mutual transforming of
values of the cross-linking parameters. This way Ty may serve as a reliable measure of
conversion, which is advantageous from practical point of view as T, of resin system
can be measured easier and even with a higher accuracy than conversion, especially
at its greater values at which T, rises even though DSC calorimeter does not show
any changes in residual heat [117].

7.6. Research on influence of curing and post-curing states
of EPY compound on its compression strength characteristics

The research has been aimed at determination of influence of post-curing temperature
(from the range 40+180°C) of EPY compound (preliminarily cured in the temperature
of 22 £1°C) on its mechanical characteristics obtained from compression tests.

The tests were carried out in the temperature of 23°C on cylindrical specimens (of
20 mm diameter and 25 mm length). The specimens, after their casting in steel moulds,
have been first cured for 24 h in the temperature of 22 £1°C, then they were splitinto
eight series (of 5 pieces each) and post-cured for 2 h in the temperatures ranging
from 40 to 180°C in the intervals of 20°C. The so post-cured specimens underwent
compression tests up to their damage, which were conducted at the machine’s piston
travelling speed of 1.3 mm/min (equivalent to the strain rate € = 0.208 min™'). The
tests were carried out by using INSTRON servo-hydraulic testing machine with the
aid of an appropriate software. Moreover, four series of specimens (of 5 pieces each),
post-cured in the temperatures: 40, 60, 80 and 100°C (for 2 h), underwent compression
tests at different values of strain rate €, varying even by one order within the range
of 0.0208+20.8 min™" (i.e. at the machine’s piston travelling speeds ranging from 0.13
to 130 mm/min). The test results are presented in Fig. 7.8 through 7.11.

Fig. 7.8 shows, in the stress-strain coordinate system, characteristics which illus-
trate behaviour of the tested compound during the compression test (at the stan-
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dard strain rate of 0.208 min™) in function of the post-curing temperature (T,) of
the specimens. General run of the stress-strain curves for post-curing temperatures
up to 60°C maintains its typical shape. It reveals zones of fast transition from elastic
to elastic-plastic state and vast zones of almost perfect “plastic” flow. Also, some
rise in strength (oy) and the decreasing of plastic flow zone along with increasing
the post-curing temperature, may be observed. At the post-curing temperature
greater than 60°C, some hardening of the material takes place and its compression
strength (oum) grows.

180

160—-
140-
120-
100-

80

Stress o, MPa

60 —

40 4

20

0 . ; . . . . . . .
0.00 0.05 0.10 015 0.20 0.25

Strain € mm/mm

Fig. 7.8. Stress—strain curves obtained during compression tests with standard strain rate on EPY
compound specimens post-cured in various temperatures

Values of the selected strength parameters (Oy, RCq2, RCo,02, E) and values of their
standard deviations obtained from compression tests of the specimens post-cured
in various temperatures, are shown in Fig. 7.9.

As results from the tests (Fig. 7.9), value of Young's modulus of elasticity (E) decreases
more and more along with increasing post-curing temperature up to a value equivalent
to the glass transition temperature (T,..) of fully cross-linked EPY compound, whose
value measured by using DSC instrument, amounts to 111.2°C (see Chapter 3, Subsec-
tion 3.3.2). The drop of elasticity modulus values may be explained by the fact that
disintegration of second-order links begins along with temperature increasing and
in consequence chain segments may be easily displaced to each other. When grow-
ing temperature exceeds the glass transition temperature T,, polymer compound
starts expanding and occurrence of an additional void space makes sliding greater
clusters of macro-particles possible [118], which results in decreasing values of Young
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Fig. 7.9. Values of some strength parameters of EPY compound post-cured in various temperatures,
determined in the tests with standard strain rate in 23°C temperature; the given value of Ty was
determined from DSC instrument at 10°C/min (see Ch. 3, Subsec. 3.3.2)

modulus of elasticity. Values of compression stresses which determine the conven-
tional yield point (R2) and conventional elastic limit (Reo,02) in the vicinity of glass
transition temperature of tested material, undergo change in a similar way. (Fig. 7.9).

The compression strength (oy) in function of the post-curing temperature (T.) lower
than the glass transition temperature of fully cross-linked thermo-curing compound
(Tg) can be approximated by using the following Lesser’s equation [119]:

0M=0(T—Tg.x.)+013 dlaT=T.<T, (7.5)

where: 0,2 — compression strength at Ty.., a — coefficient which describes linear
increase of oy, when T=T, < T...

In the case of the tested compound, a good conformity (coefficient of correlation
R? = 0.9899) was reached between results of experimental measurements (Fig. 7.10)
and calculation results according to the relation (7.5), that allows to reduce the expres-
sion to the following form:

om=0.6584 (T.—111.2) + 154.0 (7.6)

The equation in this form may be used in practice for the foretelling of compres-
sion strength of EPY compound in function of its post-curing temperature.

The compression strength (o) of EPY compound post-cured in various tempera-
tures (40+100°C for 2 h) increases along with the increasing of strain rate (Fig. 7.11)
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y =0.6584x + 154.0
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Fig.7.10. Compression strength (o) of EPY compound in function of (T—Tj..), both experimentally
obtained and calculated acc. Eq. (7.6)
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Fig. 7.11. Compression strength (oy) in function of strain rate logarithm for EPY compound post-
-cured in various temperatures

and, like in the compound cured only in 22 £1°C temperature for 24 h, the increase
is linear over the whole range of strain rate. And, slope angles of the line oy =f (€)
indicate that along with the increasing of post-curing temperature of compound its
sensitivity to change in strain rate decreases a little.
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The results obtained from compression tests of EPY compound indicate that its
behaviour as well as values of its basic strength parameters (Oy, Reo,2, Reo02, E) greatly
depend on its curing state and strain rate. Detailed results of the tests are presented
in the publications [ 93, 120+122]. The above mentioned factors should be seriously
taken into consideration in various practical applications of the compound.

7.7. Research on influence of strain rate of EPY compound
on its compression strength characteristics

Standard compression test on resin compound specimens, according to ASTM
D695 standard, is carried out with the testing machine’s piston travelling speed
v = 1.3 £0.3 mm/min. In dynamic load conditions of foundation chocks loading force
velocities may be different. Therefore, the strain rate, called also compound’s rate of
deformation, is a significant parameter:

. Ae Y 4

- = i 7.7
€ AC L Min (7.7)

o

where:
v — loading force velocity, L, — initial dimension (length) of specimen.

The tests were aimed at determination of influence of strain rate of EPY compound
specimens on its compression strength characteristics and then, on this basis, deter-
mination of values of selected parameters which characterize crucial mechanical
properties of the compound to be used as a structural material, namely:

— compressive stress oy under maximum load, which determines compression
strength of the compound (marked R, — acc. PN-57/H-04320 standard);

— compression stress 0y, at conventional value of permanent deformation
€ =0.2%, called also conventional yield point (marked R 5,);

— compression stress G, at conventional value of permanent deformation
€ =0.02%, called also conventional elastic limit (marked R 0,);

— Young modulus of elasticity (E).

The tests were performed on cylindrical specimens of the dimensions: 20 mm
diameter and 25 mm length. The specimens, after casting in steel moulds, were
cured at 22 £1°C temperature for 24 h. Their upper face surfaces were planned (pre-
cisely turned) to get a required dimension. The so prepared series of specimens
(of 5 pieces each) underwent uniaxial compression up to damage, under the strain
rate € of values varying in the range from 0.0208 to 20.8 min~' (i.e. at the machine’s
piston travelling speeds ranging from 0.13 to 130 mm/min). Compression tests were
carried out by using an 8501 Plus INSTRON computerized testing machine with the
aid of a special software (Series IX Automated Materials Testing System 8.09.00).
Fig. 7.12 shows a view on the test stand. Results of measurements are presented in
Fig. 7.13 through 7.15.
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Fig. 7.12. Test stand for determination of mechanical characteristics during compression test
at various strain rates

Fig. 713 illustrates behaviour of the tested compound specimens, presented in the
stress-strain coordinate system for various values of the strain rate € 0.0208; 0.208;
2.08 and 20.8 min~" which correspond to values of testing machine’s piston travel-
ling speed ranging from 0.13 to 130 mm/min. Run of the curves indicates that the
compression strength (oy) increases along with the strain rate increasing. Manner of

140 —
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120 AL
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/_/-\_\ 1
100 — do Tl 7 T T e
bl T
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& - T~ o0em et Rl T
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Fig. 7.13. Stress—strain curves for EPY compound cured in 22 +1°C for 24 h determined at various
strain rates
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Fig. 7.14. Manner of determination of values of the selected strength parameters in static compression
test: compression strength oy,conventional yield point (R,;), conventional elastic limit (Re,), and
Young modulus (E)
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Fig. 7.15. Values of selected strength parameters (determined acc. Fig. 7.14) obtained from compression
test on EPY compound specimens (cured at 22 +1°C for 24 h) compressed at various strain rates
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determination of values of the selected strength parameters: oy (Rc), Go,02 (RCo2),00,02
(Rco,02) and E, is shown in Fig. 7.14, and the obtained results of measurements are
shown in Fig. 7.15.

As results from these tests (Fig. 7.15), the greater strain rate the much greater
values of oy (Re), Oo,02 (Reo,2) and G 02 (Reo02), Whereas values of Young modulus (E)
are only slightly dependent on strain rate. Detailed descriptions and results of the
experimental tests in question are contained in the publications [121, 124, 125].

7.8. Research on influence of elevated temperature
on characteristics of EPY compound and values
of selected compression strength parameters

The research was aimed at determination of influence of elevated temperature (rang-
ing from 30 to 160°C) on mechanical characteristics of EPY compound post-cured in
various temperatures (from 40 t0120°C for 2 h) as well as values of its crucial strength
parameters which can be determined in compression test.

The mechanical characteristics of EPY compound under compression at various
testing temperatures and with various strain rates were determined with the use of
8501 Plus INSTRON testing machine equipped with a thermal chamber. The tests
were conducted on cylindrical specimens (of 20 mm diameter and 25 mm height)
post-cured for 2 h at different temperatures in the range from 40 to 120°C (changing
in 20°C intervals) and previously cured at 22 £1°C temperature for 24 h.

Before starting the compression test at an assigned temperature (changing in
10°C intervals with £1°C accuracy, in the range from 30 to 160°C) the specimens were
keptin the thermal chamber of testing machine to heat them thoroughly, and their
heating period (5+30 min) was determined on an auxiliary specimen fitted with
a thermocouple.

The so prepared series of specimens (each of 5 pieces) underwent uniaxial com-
pression test (in the chamber) up to their damage. The tests were conducted with
the strain rate € of values varying in the range from 0.0208 to 20.8 min™' (equivalent
to machine’s piston travelling speed in the range from 0.13 to 130 min™"). The com-
pression test diagrams and values of selected strength parameters related to initial
cross-section areas of specimens, were determined. Results of the experimental tests
on EPY compound are in detail presented in the publications [87, 93, 120, 123+125].
Some results of the compression tests are shown in Fig. 7.16 through 7.24.

Fig. 7.16 shows the averaged compression characteristics of EPY compound speci-
mens post-cured at 80°C temperature for 2 h, which were determined in different
measurement temperatures (23+160°C), with the standard strain rate of 0.208 min™".
General runs of the curves in stress—strain coordinate system, which were obtained
in the measurement temperatures up to 100°C, maintain their typical shape. After
its initially fast rise (linear elastic stage) the compression curve "bends” to form
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a characteristic knee whose middle point corresponds to the yield point o, of the
material at a given temperature. The curve then goes through a slightly elevating
plateau (“plastic” flow stage with some strengthening) ended with a gentle peak
which determines value of maximum compression stress, called the compression
strength oy, and then the curve drops sharply (damage stage). The compression
curves (Fig. 7.16) determined in the temperatures ranging from 110 to 160°C, are of
a completely different course. From the very beginning of the test the strains reach
high values and are of elastic — plastic character. They increase almost linearly until
the peak which determines the compression strength oy, is reached, afterwards the
damage stage follows. The obtained results indicate that the compression strength
om of the compound and its yield point o, distinctly decreases along with the mea-
surement temperature decreasing.

160
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o, MPa

120°C
110°C 140°C
0.15 0.20 0.25 0.30
g, mm/mm

Fig.7.16. Compression characteristics of specimens made of EPY compound post-cured at 80°C
temperature for 2 h, determined at standard strain rate (0.208 min™)

Fig. 7.17 shows (in function of temperature) values of the selected strength
parameters (Om, Oo.2, Oo,02, E) and their standard deviations, determined during the
compression tests on EPY compound specimens (see Fig. 7.16). As expected, Young
modulus of elasticity E distinctly decreases along with the measurement temperature
increasing. On the level of the glass transition temperature (Ty = 95.6°C) of EPY com-
pound (post-cured in 80°C for 2 h) and the fully cross-linked compound temperature
(Tgeo = 111.2°C) (see Ch. 3, Subsection 3.3.2 and Ch. 7, Subsection 7.5), values of the
elasticity modulus E, distinguished by arrows in Fig. 7.17, are over one and a half and
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threefold smaller, respectively, than those in 23°C temperature. The significant drop
of values of E— modulus in temperatures exceeding Ty results from that cross-linking
density decreases, because of heating, as a result of disintegration of second-order
links [118] which constitute a peculiar stiffening for the network. This way, the setting
of the chain segments in motion and the sliding of greater clusters of macro-particles
become possible, that results in worsening strength parameters of the compound.
Therefore, the greater the measurement temperature the much smaller values of
the strength parameters in compression (Oy, Og2 and Gg2).
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Fig. 7.17. Values of selected strength parameters of EPY compound post-cured at 80°C temperature

for 2 h, determined in the compression tests presented in Fig. 7.16, at various temperatures; the given

values of Ty and Tg.. were determined from DSC instrument at 10°C/min (see Ch. 3, Subsec. 3.3.2 and
Ch. 7, Subsec. 7.5)

Fig. 7. 18 presents, in function of (T-Ty), the compression strength oy experi-
mentally obtained at successive measurement temperatures T, for EPY compound
post-cured in 80°C temperature for 2 h (Fig. 7.17). Results of the measurements can
be generally expressed by a simple mathematical relation (at correlation coefficient
R*=0.997) [120]:

om=-0.8193 (T -T,) +76.24 (7.8)

where: Ty — glass transition temperature; for EPY compound post-cured at 80°C
temperature for 2 h, T, = 95.6°C (see Subsection 7.5).

Runs of the curves shown in Fig. 7.19 in stress-strain coordinate frame, which illus-
trate performance of specimens of EPY compound post-cured (at 80°C for 2 h), during
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Fig.7.18. Compression strength (oy) of EPY compound post-cured at 80°C temperature for 2 h,
in function of (T—T,), experimentally determined at standard strain rate and that calculated

acc. Eq.(7.8)
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Fig.7.19. Sress-strain curves (o — €) of EPY compound post-cured at 80°C temperature for 2 h,
determined in compression tests at 80°C temperature and various strain rates

compression test at the measurement temperature of 80°C, and various values of
the strain rate € in the range from 0.0208 to 20.8 min™" indicate that the compound
is very sensitive to changes in strain rate.
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Measurement results for the selected strength parameters (Gy, Reo,2, Reo,02 and E)
of the tested compound in relation to four different values of the strain rate £, are
shown in Fig. 7.20. It may be clearly observed that the greater values of € the much
greater values of oy, 0y, Rco2 and Reg 02, Whereas value of Young modulus of elasti-
city (E) shows only a slight dependence on strain rate.
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Fig. 7.20. Collected values and relative changes of selected strength parameters of EPY compound
post-cured at 80°C temperature for 2 h, determined in compression tests at 80°C temperature and
various strain rates

Fig. 7.21 shows the compression strength oy of EPY compound post-cured in
80°C for2 h, for different measurement temperatures (23+100°C) and different strain
rates (0.0208+20.8 min™"). As results from the tests (Fig. 7.21), oy, linearly increases
along with its strain rate logarithm increasing over the whole test range. It's worth
mentioning, that slopes of the lines oy = f (€ ) decrease along with the compound'’s
measurement temperature increasing. It indicates that its sensitivity to changes in
strain rate decreases.

And, Fig. 7.22 presents the relation between Young modulus of elasticity E and
measurement temperature (from 23°C to Ty + 20°C) for specimens of EPY compound
post-cured in various temperatures (40+120°C), determined on the basis of compression
curves. As results from the tests (Fig. 7.22), Young modulus of elasticity E decreases
along with both post-curing temperature and measurement temperature increasing.
It’s worth mentioning, that in ambient temperature (23°C) EPY compound cross-

-linked (post-cured ) in too low temperatures (lower than 60°C) has approximately
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Fig.7.21. Compression strength (oy) of EPY compound post-cured in 80°C for 2 h, in function of
strain rate logarithm, determined at various measurement temperatures
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Fig.7.22. Young modulus of elasticity (E) in compression for EPY compound post-cured at various
temperatures, determined at measurement temperatures ranging from 23°C to Ty + 20°C); arrows
indicate glass transition temperatures (Ty) [93]
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the same value of E = 4100 MPa. However, the compound cross-linked at rather low
temperatures shows high sensitivity to changes in measurement temperature. A dis-
tinct drop in values of E-modulus takes place only at a greater cross-linking density.
On the level of the glass transition temperature Tq (distinguished with arrows in
Fig. 7.22), value of E-modulus of the compound is about 1%2-fold lower than that in
the temperature of 23°C. The significant drop takes place in value of E-modulus at
temperatures exceeding Tg, as it was already mentioned, as a result of disintegration
of second-order links within the compound [118], that makes setting the chain seg-
ments in motion and sliding greater clusters of macro-particles, possible, and causes
strength properties of the compound to worsen. Comprehensive descriptions and
results of the tests are contained in the publication [93].

Fig. 7.23 presents values of the yield point o, in compression of EPY compound
post-cured in various temperatures (from the range of 40+120°C), determined in
a wide range of measurement temperatures (from 23 to Tq + 20°C). In view of legibility
of the figure, standard deviations of the yield point o, have not been inserted to it
because of their rather low values (less than 3 MPa). Value of the yield point o, of the
compound increases along with post-curing temperature increasing and decreases
as the measurement temperature increases. It should be noticed (Fig. 7.23) that the
relations o, = f (T) have generally a linear form up to the glass transition tempera-
ture (T,) for the compound post-cured in temperatures T, = 60°C.
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Fig. 7.23. Yield point (o,) in compression for EPY compound post-cured at various temperatures
(40+120°C), determined at measurement temperatures ranging from 23°C to Ty + 20°C)
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Values of the function o, = f(T) shown in Fig. 7.24 in the form of o, = f(T-T,), and
also o, = f(T/T,), for the compound post-cured in various temperatures (read from
Fig. 7.23), allow to clearly demonstrate influence of the glass transition temperature (Tg)
on plastic performance of the tested compound.

T-T,,°C

Fig. 7.24. Yield point (o) in compression in function of measurement temperature, obtained by
shifting or normalizing the function argument by value T, (T—T, or T/Ty), for EPY compound post-cured

at various temperatures (40+-120°C); parameter “a” determines slope of tangent lines for T < Ty, and

o, is the yield point extrapolated up to T, (Eq. 7.18)

The relations o, = f (T-T,) for different T (Fig. 7.24) run in such a way, depending
on cross-linking density of the compound, that for a given (T-T,) the yield point
takes a greater value only when compound cross-linking density is lower. Moreover,
in Fig. 7.24 it can be observed that the relations o, = f (T-Tg) tend to run linearly at
higher values (= 80°C) of post-curing temperature of the compound, i.e. at higher
values of its cross-linking density (0.98 < a < 1) [93]. The linear form which may be
obtained with the help of shifting the argument of the function o, =f (T) by value
of Ty, allows to describe plastic performance of the compound, especially that post-
-cured at higher temperatures, by means of a simple algebraic equation.

In case of rather low cross-linking (post-curing) temperatures of the compound
(Tc £ 60°C), when values of the yield point o, do not run along a straight line (Fig. 7.24),
it may be concluded that the yield point value will be affected in a different way
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by a change in testing temperature T, and even more differently by a change in T,
temperature. It means that chemical shift (change in cross-linking density) leads
to an effect which is distinctly different from the simple shifting of measurement
temperature with respect to T,.

Dependence of the yield point o, of thermo-curing compound on the temperature
difference (T-Tg), shown in Fig. 7.24, may be approximated by means of an empirical
equation proposed by Lesser [ 119]:

o,=a(T-T,)+op dlaT<T, (7.9)

where: 0;9 — yield point at Ty; a — coefficient which describes linear decrease of oy,
when T drops below Tj.

Owing to the empirically determined values of the yield point o, for EPY compound
of high cross-linking density (a > 0.98) [93] and the glass transition temperatures
determined by means of DSC method, it was possible to transform the relation (7.9)
into the form as follows:

o,=-0.8617 (T -T,) + 37.88 (7.10)

Due to a good conformity obtained between results of experimental tests and
calculations (with the correlation coefficient R> = 0.987) (Fig. 7.24) the equation (7.10)
may be used in practice for foretelling yield point values of EPY compound post-cured
at the temperature from the range (80 < T, < 120°C), in function of measurement
temperature. Comprehensive descriptions and results of the tests are contained in
the publication [93].

Fig. 7.24 presents also, by means of an additional axis of abscissae, the considered
values of the yield point o, in the reference frame normalized with respect to T, value.
Location of respective data in the normalized reference frame o, = f(T/T,) (open sym-
bols) is very similar to that in the reference frame o, = f(T — T) (full symbols). It results
from simple transformation: (T — T,)/Tq = (T/Tg) — 1, which shifts a little the data and
makes them forming a broken line (Fig. 7.24) with a greater slope. Such normalization
of the data allows to relate epoxy system'’s plasticity to one of its inherent features,
i.e. Ty, that facilitates the analyzing of plastic performance of compound.

The mechanical characteristics of EPY compound, obtained from the tests, indicate
that its performance and values of the crucial strength parameters: (Om, Reo.2: Reo,02/
owm, E) greatly depend on measurement temperature, as values of all the determined
strength parameters decrease along with its rising up to the glass transition tem-
perature (Tg.. = 111.2°C).

The equations in the form (7.8) and (7.10) correctly describe the dependence of
the compression strength oy and yield point o, of EPY compound on measurement
temperature, respectively, and may be used advantageously in engineering practice.
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7.9. Research on susceptibility of EPY compound to deformation
under constant compression load at various heating rates

The tests were aimed at identification of symptoms and determination of influence
of EPY compound heating rate on deformations under constant load, as a result
of the so called softening. Possible occurrence of the softening of chocking com-
pound is a serious drawback which may be very hazardous to objects to be seated
on chocks; therefore some measures should be taken to prevent against its occur-
rence in machinery seating arrangements with the use of the compound.

The tests were carried out on cylindrical specimens of the dimensions: 20 mm in
diameter and 25 mm in length. The specimens, after their casting in steel moulds,
were cured at the temperature of 22 +1°C for 24 h, and a part of them was then post-
-cured at the temperature of 80°C for 2 h.

The 8501 Plus INSTRON testing machine fitted with the thermal chamber (Fig. 7.25)
and WAVEMAKER, special software was used for the test on the softening of EPY
compound. Compression load was generated on tested specimens according
to a uniform procedure which consisted in its linear rising with the rate of 0.314 kN/s
(i.e. within 5 s up to the assigned load value of 1.57 kN) and next maintaining it
(with 0.5% accuracy) for the period of temperature rising from 25 to 120°C. The

Fig.7.25. Test stand for determining compound deformation characteristics under constant
compression at increasing temperature
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assumed load generated the compression stresses 6 = 5 MPa in specimens. It cor-
responds to the maximum permissible stress value applied to calculations of seat-
ing arrangements of shipboard machinery. The tests were conducted at various
heating temperature rates: 5, 10, 20, 40 and 60°C/h.

Process of the conducting of particular tests in the assumed conditions and record-
ing of their results was controlled by a WAVEMAKER, special computer software.
Measured values of the force F and deformations Ah were recorded with an appro-
priate frequency in ASCII files which were then transferred to EXCEL spreadsheet
to be properly processed there and prepared for graphical presentation in the form
of run of particular tests and their results. The test results are graphically presented
in Fig. 7.26 and 7.27.

Fig. 7.26 shows test results of specimens cured at the temperature of 22 +1°C
for 24 h, without any post-curing. Particular curves of this figure illustrate runs
of deformations in function of temperature for different heating rates of speci-
mens (5+60°C/h). The so cured specimens reach a relatively high compression
strength (oy = 97.2 MPa), good elastic properties (R0, = 63.9 MPa) and high value
of modulus of elasticity (E = 4331.2 MPa). A longer curing time in this tempera-
ture only a little improves the properties. From the practical point of view, these
properties are very suitable for the material intended for foundation chocks of
machines which operate in temperatures up to about 45°C. Unfortunately, in
temperature over 45°C the properties deteriorate to a large extent. The com-
pound “softens”, and in consequence of the achieved features characteristic for
an elastic-plastic-viscous material it yields to large permanent deformations even
under low pressure (o = 5 MPa).

As results from the conducted tests (Fig. 7.26), run and range of deformation
values substantially depend on heating rate of the compound. During the heating
of specimen to which a small, constant compression load is applied (o =5 MPa),
two opposite macro-processes take place in it: its lengthening due to thermal
expansion and its shortening due to creeping. Intensity of the two processes
is different at different heating rates. At low heating rates (5, 10 i 20°C/h) an
increase of specimen’s height initially occurs. It means that the effect of creeping
is lower than the effect of heating which results in increasing height of specimen.
At higher heating rates (in the range of 40+60°C/h) a state of balance between
deformations resulting from temperature rise and creeping deformations takes
place initially. It lasts up to some critical temperature at which more or less violent
process of creeping starts. During the process specimen yields to large deforma-
tions. Critical temperature and creeping rate distinctly depend on heating rate of
specimens. Deformation which then occurs, is of elastic-plastic-viscous character,
an undesired effect, commonly called “softening” of the compound. At low heating
rate (5°C/h) the critical temperature (of softening) reaches about 45°C. Intensity
of creeping process and its range are then relatively low. Therefore, foundation
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Fig. 7.26. Deformations (Ah) in function of temperature at various heating rates for EPY compound
cured in 22 +1°C for 24 h, under constant compression load (o = 5 MPa)
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Fig.7.27. Deformations (Ah) in function of temperature at various heating rates for EPY compound
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206 ElE CC C 2 X Kl



Emm CC ¢ 2 <0 I

Research on susceptibility of EPY compound to deformation under constant compression load at various heating rates

chocks should operate in a temperature lower than 80°C, reached with as low
as possible heating rate, in order to protect them against excessive deforma-
tions in service. Such requirement for foundation chocks of resin compound has
been formulated by classification societies which supervise building process of
sea-going ships [41, 42]. As heating rate increases, critical temperature at which
softening starts, a little increases too, and also intensity of creeping process and
its range substantially rises. At the heating rate of 60°C/h, the critical temperature
reaches about 63°C (Fig. 7.26).

Casting and curing processes are subject to a suitable control, in order to elimi-
nate danger of occurrence of the softening of foundation chocks during operation
of an object seated on them. According to the requirements of classification socie-
ties [41, 42, 126] during curing process of foundation chocks cast in ambient tem-
perature, their exotherme should reach — in a natural way (owing to exothermal
features of cross-linking process of epoxy system) — its peak value of about 80°C. In
practice of the conducting of machinery seating operations, if to fulfill the condition
in a natural way is not possible, the after-baking of chocks by heating them from
external energy sources, e.g. warm air blowing, is applied.

To check influence of heating the compound on occurrence of softening phe-
nomenon, the tests were also carried out on specimens post-cured at the tempera-
ture of 80°C for 2 h. The tests were conducted in the same loading and heating
conditions as previously. Fig. 7.27 shows results of the tests. They illustrate per-
formance of the post-cured specimens subject to a rather small, constant com-
pression load (o =5 MPa), at different heating rates. In this case the deformation
characteristics in function of temperature have entirely different run than in the
case of not-post-cured specimens (Fig. 7.26). Initially, just after starting the heating
process (to temperature of 23°C), a rather small shortening of specimens, distinctly
dependent on heating rate, is observed. Next, a distinct, more or less linear rise of
height of specimens occurs up to some temperature (in the range from 95 to 125°C),
depending on heating rate.

The initial decrease in height of specimen (Fig. 7.27) may be explained by occur-
rence of creeping process and a lag in heating the specimen within its entire volume.
The lag grows along with heating rate increasing in thermal chamber where a tested
specimen is placed. Thermal expansion effect which occurs with certain delay, sub-
sequently dominates in the period of the tests. It may be approximately assumed
that thermal expansion coefficient in the temperature range of 20+90°C for post-
-cured specimen is of a constant value (see Subsection 7.10). For this reason runs of
deformations (Fig. 7.27) are approximately linear and parallel to each other in the
above mentioned range of temperature.

On the basis of the conducted tests it may be concluded that in the compound
post-cured in 80°C temperature for 2 h, a weakening of softening effect and its shifting
towards a higher temperature within the range of 90+150°C, depending on heating
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rate, takes place. (Fig. 7.27). This way, such after-baking eliminates possible occurrence
of this dangerous effect in service conditions of shipboard machinery foundation
chocks where their temperature is in the range from 20 to 80°C. As results from the
tests (Fig. 7.27), the ultimate operational temperature value of foundation chocks
cast of EPY compound may be assumed to be 90°C. It means that in this value some
safety margin is practically contained.

The above described phenomenon of softening and limitations resulting from
it concern also epoxy compounds of other kinds applicable to machinery founda-
tion chocks.

7.10. Research on thermal linear expansion
of EPY compound

In order to foretell and analyze performance of EPY compound i various conditions
of its use, apart from many other thermo-mechanical properties, knowledge of its
thermal expansion is also needed. To this end, appropriate investigations concerning
the relative elongation AL/L, were performed on specimens made of EPY compound
cured at 23°C for 24 h, and subsequently post-cured at 80°C for 2 h. Fig. 7.28 shows
a test stand prepared according to the authors’ own design project, and described
in the publications [127, 128]. The project was based on the recommendations of
ASTM D 696 standard according to which a measurement system was built and
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Fig. 7.28. Schematic diagram of test stand for measuring linear thermal expansion of resin compound
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Fig. 7.29. Relative elongation (AL/L,) in function of temperature for EPY compound specimens cured
at 23°C for 24 h and post-cured at 80°C for 2 h

a measurement procedure was adopted. During the tests specimens were heated
from 23 up to 135°C, with the rate of 1.5°C/min. Fig. 7.29 and 7.30 present results of
the investigations.

Fig. 7.29 shows values of the relative elongation AL/L,for EPY compound speci-
mens during their heating. In the case of not-post-cured compound, when heating
temperature reaches about 42°C, slope angle of the curve AL/L, undergoes a radical
change, which is a symptom of glass transition, and the slope reverse point of the
curve AL/Ly may be used for determination of value of the glass transition tem-
perature (Ty) of the material in its curing state. Within the range of temperature
from 42 to 52°C, where the reverse of slope angle of the curve AL/L, takes place,
the compound yields to chemical shrinkage. When the heating is continued, the
compound undergoes further cross-linking as temperature rises, and run of the
curve AL/L, becomes similar to that of the curve determined for an post-cured
compound. And, in the run of the curve AL/L, for the compound post-cured (at
80°C for 2 h) the point of a violent change in its slope angle may be indicated (at
the temperature close to 95°C), which may also serve for determining T, value of
the material in a given state of post-curing. The so determined Ty values of the
compound in the tested curing state are equal to 42 and 96.5°C, respectively, and
are in a good conformity with those obtained by using DMTA method [127]. The
precise tracking down of AL/L, values in the range of interest of T < T, reveals their
non-linear relation to temperature (Fig. 7.29) hence a certain variability of the coef-
ficient of thermal linear expansion (a).

Ema G C 2 <0 NI 209



Emm CC ¢ 2 <0 I

7. Research on resin compounds used for machinery foundation chocks

a) 00 b) 500
150 y=17192x - 4.07
1 R’=0.9542
100 -
O 1 2 O 150
T 50 <
Sy o = o
v 8 ?_ 1001 o
o _s50] D y=0.0852 x +42.75 o y=0.181 12x +43.58 ;
- R R"=0.9563 - R®=0.9634
X -100 i X l
o R O 50| poeeoeoeeoot
-150 A = o !
8 ‘s
2001 3 T.=23°C T.=80°C
-250 ‘ : ‘ ‘ ‘ 0 ‘ ‘ ‘ : :
20 40 60 80 100 120 140 20 40 60 80 100 120 140
T,°C T,°C

Fig. 7.30. Thermal linear expansion coefficient (a) in function of temperature for EPY compound:
a) cured at 23°C for 24 h, b) post-cured at 80°C for 2 h

Fig. 7.30 shows values of the coefficient of thermal linear expansion a for EPY
compound in function of temperature, calculated by means of the formula (7.11):

L AL

a-“=
"TTaT (7.11)

where:
AL— a change in length of specimen caused by change in its temperature by AT, mm,
Lo, — initial length of specimen at room temperature (23°C), mm,
AT — a rise of temperature from T, to T,, after which change in specimen’s length was measured, °C.

At temperatures below the beginning of glass transition, both in case of the
not-post-cured and post-cured compound, a rather small increase in value of the
coefficient a takes place.

For the not-post-cured compound the coefficient a increases from 38.3 x 107°
to 52.3 x 107° 1/°C in the temperature range of 23+32°C (Fig. 7.30a), and its mean
value reaches 44.1 x 107° 1/°C. In this range, a-value may be approximated with the
use of the following equation:

a=1.7192x10°%-4.07x10°°T (1/°C) (712)

in which T is given in Celsius degrees. Coefficient of correlation (R?) equals 0.954.

And, for the post-cured compound a- value increases from 48.8 x 10 ®to 58.1 x 10°°
1/°C (Fig. 7.30b) in the range of 23+85°C and may be approximated by the equation
as follows:

a=0.11811x10"°+43.58x10°T  (1/°C) (7.13)

with the coefficient of correlation (R?) equal to 0.963. In the temperature range of
20-+80°C, which corresponds to the range of temperature in which ship machinery
foundation chocks made of EPY compound usually operate, the mean value of the
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coefficient ais equal to 53.2 x 107° 1/°C. This value corresponds to that of the thermal
linear expansion coefficient (50 x 10~® 1/°C) required, according to Lloyd’s Register
of Shipping [42], for epoxy compound working in the temperature range typical for
ship machinery foundation chocks.

The beginning of glass transition is manifested by a departure from the linearly
approximated rise of the coefficient a, observed both in the case of the not-post-cured
and post-cured compound in 32 and 85°C temperature, respectively, (Fig. 7.30a and b).
When the temperature Ty is reached, molecular mobility of polymer chains grows
and a glassy "rigid body” becomes viscous-liquid, which is manifested by a sudden
change of the coefficient g, as shown in Fig. 7.30a and b. The not-post-cured com-
pound undergoes after-baking during measurement process. The temperature Tgy is
reached close to the value of 100°C (Fig. 7.29 and 7.30a). In the temperature range of
58+100°C a-values continue to grow rather slightly from 47.6 x 10°to 51.3 x 107° 1/°C
(its mean value equal to 49.4 x 107° 1/°C). Beginning from the temperature of about
95+100°C, the coefficient a both for the not-post-cured compound and post-cured
one, rises violently, reaching, at the measurement ending temperature (135°C), the
values of about 162 x 107° and 150 x 107° 1/°C, respectively, (Fig. 7.30a and b).

According to ASTM D 696 standard, the thermal linear expansion coefficient is
not required to be determined in the glass transition range in which the softening
of compound occurs, i.e. 26+-58°C and 82+105 °C for the not-post-cured compound
and post-cured one, respectively, (Fig. 7.30a and b). Nevertheless, in Fig. 7.30 it is
shown (by dotted line) how big contraction takes place in the glass transition tem-
perature range.

Difference between values of the coefficient a for EPY compound and metal (five
times in case of steel: a = 11 x 107° 1/°C [42]) is of a great practical importance as it
contributes in generating thermal stresses in compound-metal joints. In application
of the compound to foundation chocks, the stresses have a favourable effect on fas-
tening the seated objects as they increase a little tension in holding down bolts.

7.1. Research on creep process and heat bending
deflection temperature of EPY compound

EPY compound is characterized not only by good properties of compression strength
but also high creep resistance in elevated temperatures.

Creep resistance of any compound is a crucial factor which limits the permissible
pressure and operational temperature of foundation chocks. Their permissible values
were determined on the basis of results of long-term creep tests of compound, car-
ried out at different values pressure and temperature.

Creep tests were conducted in accordance with ASTM-D621 standard by using
creep testing machines designed and manufactured specially for this purpose at
the Technical University of Szczecin (Fig. 7.31).
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iy

Fig. 7.31. Creep testing machine intended for chocking compound tests: a) overall view; b) simplified
drawing: 1 — base, 2 — specimen counterweight, 3 — specimen deformation (changes in height AH)
measuring system with dial indicator (of 0.001 mm accuracy), 4 — thermal chamber, 5 — tested specimen

Specimens used in the tests had the dimensions: 12.7 x 12.7 x 12.7 mm. They were
cast in special moulds and cured in various ways: at room temperature (23°C) for 24 h
without any additional heating or with additional heating for 4 h at temperatures
ranging from 50 to 90°C. Additional creep tests were carried out on specimens of
the same dimensions cut out from a foundation chock of 300 x 300 x 40 mm, cast
between two steel plates 14 mm thick.

All creep tests at temperatures from 50 to 90°C were done under compressive
stress of 5 MPa. Specimens were put into the chamber of a creep testing machine at
ambient temperature (@bout 23°C) and loaded to a compressive stress equal to 5 MPa.
Sensors were set to zero and the temperature started to increase at a rate of about
8°C/h until the assumed test temperature was reached. Readings of the sensors
were recorded during the heating and the testing when the assumed temperature
was reached. Creep curves were drawn on the basis of mean values calculated from
records of three specimens. The tests took 500 h to complete. The example creep
curves are shown in Fig. 7.32 through 7.34. The detail results of all tests are contained
in the report on creep tests [130].

As results from the curves (Fig. 7.32+7.34), at the beginning, during the heating
of specimens in the creep- testing machine, their height rises as a result of thermal
expansion of the compound. The rise is higher than the concurrent creep. Creep
process is characteristic for all resin compounds and evidently present during the first
period (a few dozen of hours) of load action. In the case of the tested compound, the
process slows down considerably after 200 h and almost stops after 500 h. The rate
of creep for EPY compound depends mainly on the temperature at which specimens
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Fig.7.32. Creep curves of EPY compound at various temperatures for specimens cast in moulds and
cured for 24 h at 23°C + 4 additional hours at 80°C
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Fig. 7.33. Creep curves of EPY compound at various temperatures for specimens cast in moulds and
cured for 24 h at 23°C + 4 additional hours at 90°C
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Fig. 7.34. Creep curves of EPY compound at various temperatures for specimens cut out from

a foundation chock of 300 x 300 x 40 mm cast between steel plates at ambient temperature of
23°C, and cured for 30 h
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are cured, and also on the temperature of the test. Low creep of specimens cut out
from the chock (Fig. 7.34) results from the high temperature of compound exothermal
point (@about 90°C), which was reached when the compound was cured.
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Fig. 7.35. Thermal deflection curve for EPY compound specimen

The heat bending deflection temperature of EPY compound under load was deter-
mined in accordance with the guidelines given in ASTM-D-648-82 standard. The
specimens were cast ready-to-use in steel moulds. Their dimensions were: the length
| =127 mm, height h = 12.7 mm, breadth b = 5.5 mm. They were cured for 24 h at 20°C
and then for 4 h at 80°C. The specimens were symmetrically supported in two points
and bent with transverse force applied in the mid-length, generating bending stress
of o4 = 1.8 MPa. Bending test was performed in the chamber filled with heated air. The
temperature was measured by means of thermometers placed close to the specimen.
The bending deflection temperature (acc. ASTM-D-648-82 standard) for three tested
specimens was equal to: 105°C, 102°C and 105°C [130]. Exemplary diagram which
illustrates run of specimen bending in function of temperature is shown in Fig. 7.35.

7.12. Research on the influence of cooling down EPY compound in liquid
nitrogen on its compression strength and impact resistance

The technological process of assembling the forced - in sleeves requires sometimes
to cool them in order to properly reduce their diameters and make their assembling
without use of any axial force possible. As a result, a so-called forced-in expansion joint
is obtained [131]. In the case of rudder bearing liner, usually made of a special resin
compound (called "Thordon”), its cooling down in liquid nitrogen of temperature as
low as —195°C, is used. The so-cooled bearing liner is then inserted into a steel sleeve
seated in frame with the use of EPY compound, and causes the steel sleeve and sur-
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rounding EPY compound to cool down significantly. Therefore, the question arose:
whether the temporary, significant lowering of EPY compound temperature might cause
its compression strength properties and impact resistance to drop. In order to answer
this question, appropriate compression and impact tests were performed [132].

The compression test was conducted at room temperature in compliance with
ASTM-D695-69 and PN-83/C-89031 standards by using 8501 Plus Instron testing
machine and a computer software of the series IX "Automated Materials Testing
System 7.03.00". Specimens for the test, of diameter d = 20 mm and height h = 25 mm,
were cast in steel moulds, cured for 24 h at room temperature (23°C), post-cured
for 2 h at 80°C, and then kept for 6 days at the room temperature again. After this
time 6 specimens were selected out of the lot and cooled down for 10 min in liquid
nitrogen (of temperature equal to about —195°C). The specimens, after they were
taken out of liquid nitrogen, (Fig. 7.36) were left at room temperature for 4 h. Com-
pression tests were then carried out on 5 non-cooled specimens and 5 cooled ones.
Tab. 7.4 and 7.5 present results of the tests, in a form as achieved directly from the
testing machine.

Fig. 7.36. EPY compound specimens after taking out from liquid nitrogen

The impact test was performed in accordance with PN-81/C-89023 standard at room
temperature by using a Kogel-Leipzig impact testing machine (made in DDR) having
an energy capacity of 0.4 kGm = 3.924 Nm. Plain specimens of 10 x 15 mm rectangular
cross-section and the length | = 120 mm, were used for the tests. The curing and then
cooling down of the specimens in liquid nitrogen was performed in the same way as
in the case of specimens for the compression test. Tab. 7.6 shows results of the tests.

On comparison of the test results contained in Tab. 7.4 and 7.5 as well as in Tab. 7.6,
for specimens cooled in liquid nitrogen and not cooled down, it may be concluded
that there are no significant quantitative differences between the respective results.
By examining the compression test diagrams and the specimen fractures resulting
from the impact test, no qualitative differences between the results, were observed
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Table 7.4. Results of compression tests on EPY compound specimens not cooled down, as obtained
directly from testing machine

Loadat Stressat Strainat Displacement Modulus Stress at Energy to
No. Max.Load Max.Load Max.Load atMax.Load AutYoung offsetYield1 Yield Point

kN MPa mm/mm mm MPa MPa J
1 48.452 154.230 0.211 5.269 4491.805 92.522 8.949
2 49.010 156.007 0.209 5.221 4352.488 95.109 9.543
3 49.135 156.405 0.206 5.146 4549125 94.041 8.937
4 48.768 155.238 0.211 5.271 4561.89 91.706 8.566
5 49.210 156.644 0.212 5.294 4480.378 92.058 8.763
Mean 48915 155.705 0.210 5.240 4487.137 93.087 8.952
S.D. 0.309 0.982 0.002 0.059 83.109 1.439 0.366
CV. 0.631 0.631 1.125 1.125 1.852 1.546 4,085

Table 7.5. Results of compression tests on EPY compound specimens cooled down in liquid nitrogen,
as obtained directly from testing machine

Loadat  Stressat Strainat Displcement Modulus Stress at Energy to
No. Max.Load Max.Load Max.Load atMax.Load AutYoung offsetYield1 Yield Point
kN MPa mm/min mm MPa MPa J
1 49.806 158.541 0.218 5.442 4237.602 98.114 10.537
2 49.468 157.466 0.203 5.065 4447.826 94.976 9.325
3 49.623 157.957 0.213 5.315 4468.742 93.942 9.288
4 50.210 159.828 0.211 5.282 4617.564 93.836 8.827
5 48.393 154.044 0.181 4.517 4560.415 93.517 8.896
Mean  49.500 157.567 0.205 5.124 4466.430 94.877 9.375
S.D. 0.678 2.158 0.015 0.366 145.249 1.890 0.687
Cv. 1.370 1.370 7133 7133 3.252 1.993 7.331

Table 7.6. Results of EPY compound impact resistance tested on specimens both not cooled down
and cooled down in liquid nitrogen

Impact resistance, kJ/m?

State N2 Work to fracture, -
of specimens  of specimen Nm For pa'rtlcular Mean value
specimens
1 1.128 7.69
2 1.422 9.85
Not cooled down 3 1.079 732 8.49
specimens 4 1.471 9.89 ’
5 1.226 8.05
6 1.226 8.14
1 1117 7.79
specimens : 1570 1052
cooled down in ’ ’ 8.26
liquid nitrogen 4 1:422 927
5 1.079 715
6 1.128 7.68
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either. Therefore it may concluded that the short-term (lasting for 10 min) cooling
down of EPY compound in liquid nitrogen (to about —195°C) has practically no influ-
ence on compression parameters and characteristics of the compound as well as its
impact strength measured during the tests conducted at room temperature.

7.13. Research on the influence of constant humid heat
on dielectric properties of EPY compound

The tests were performed in the Electrical Engineering Institute, Technical Univer-
sity of Szczecin [133]. They were aimed at determination of the long term effect of
constant humid heat (O = 96%, T = 40°C) onto:

— dielectric loss,

— permittivity,

— through resistivity,

— dielectric strength,

— surface resistivity.

Experimental tests were conducted in compliance with the applicable Polish
standards (Tab. 7.7). Flat, 3 mm thick disk specimens of 100 mm diameter were used
for the tests. And, five specimens were tested in each test series. Tab. 7.7 shows the
averaged results.

Table 7.7. Results of tests on the influence of constant humid heat (WGS) on dielectric properties

of EPY compound
Dielectric loss Permittivity Th‘rm‘.lgh Dielectric Su‘rf‘:ic‘e
WGS tg 6 c resistivity strength resistivity
h PN-86/E-04403 PN-86/E-04403 . P M S 0
PN-86/E-04405 PN-86/E-04404 PN-86/E-04405
0 0.041 2.8 5.2-10" 15.7 8.0-19"
45 1.9-10"
51 3.84
70 0.083
75 3.70 1.3.10"
100 4.20
150 4.20
164 0.082 440 2.7-10"
191 6.0-10"
240 0.079 410
309 0.074 9.1-10"
341 0.069 3.70 7.5-10™
376 6.2-10"
427 0.064 3.72 3.9-107
470 45.10" 14.3
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7.14. Research on fatigue strength of EPY compound
under compression loads

Apart from constant loads due to the weight of the machinery and tension in hold-
ing down bolts, also variable service loads affect foundation chocks of shipboard
machines and devices. For this reason it was decided to conduct appropriate fatigue
strength tests of the compound under compression. The tests were carried out in
compliance with guidelines contained in DIN 50 100 standard. For the tests special
cuboidal specimens of dimensions 12.7 x 12.7 X 25.4 mm were cast of EPY compound,
then cured for 24 h at 23°C temperature and post-cured for 2 h at 80°C.

0 Time t - >

# 6,=-5N/mm?’ = const. 3 1

f=10Hz )
oy=—(92—60) N/mm

Compression

| Stress &

Fig. 7.37. Loading scheme for fatigue testing of EPY compound specimens

Table 7.8. Results of tests on EPY compound fatigue strength under compression loads
(at upper compressive stress og = —5 N/mm? = const)

o lower Number
pe:‘?\en compressive stress oy of load cycles
N/mm? n n;
2 -92 611 824
3 —92 1135
4 —80 1676
5 -80 1989 1805
6 —80 1749
7 —78 3360
8 —65 >100-10°
9 —65 >350-10°
10 —60 >10-10°

28 B CC C D 0 Dl



Emm CC ¢ 2 <0 I

Research on the dynamic properties of EPY compound

The tests were carried out with the use of a 8501 Plus INSTRON servo-hydraulic
testing machine. The upper value of compressive stresses was assumed con-
stant and equal to o4 = -5 N/mm? while its lower value varied in the range from
—-92 to —60 N/mm?®. The EPY compound specimens were loaded in compliance
with the schematic diagram shown in Fig. 7.37, and the test results are presented
in Tab. 7.8.

The tests showed that EPY compound has a very high fatigue strength under
compression loads. The specimens of a very unfavourable shape in comparison
with foundation chocks (of high slenderness) endured safely 100 x 10%i 350 x 10°
load cycles under variable compressive stresses with its lower value o4 = =65 N/mm?,
and 10 load cycles, with its lower value o4 = —60 N/mm? without being damaged.
Next, the specimens were subjected to a static compression test. The test diagrams
and values of basic parameters concerning the specimens which underwent earlier
the cyclic load tests differed neither qualitatively nor quantitatively from results of
analogue compression tests conducted on specimens of the same dimensions but
not subjected earlier to fatigue loads.

Taking into account the fact that the permissible compressive stresses for chocking
compounds amounts to 5 N/mm?, one can conclude that the fatigue strength of EPY
compound satisfies the safety condition with a very large margin. Therefore, in case
of application of the results obtained from the tests on small compound specimens
of unfavourable shape to machinery foundation chocks, their safety margin both
for static and fatigue strength will be increased many times.

7.15. Research on the dynamic properties
of EPY compound

7.15.1. Preliminary remarks

The striving to reduce mechanical vibration and noise on mechanically driven ships
as much as possible was always present. Following the development of technology,
higher and higher requirements in this regard were laid down to producers of ship
machines and devices and to shipbuilders. Nowadays the mitigation of vibration is
one of the fundamental problems in shipbuilding and ship service.

There are many sources generating vibrations of various frequencies. Unbal-
anced forces and moments acting in main engine produce a fundamental vibra-
tion of a low frequency (up to 60 Hz). Apart from that they also excite vibrations
of higher frequencies. There are many other machines and devices generat-
ing vibrations on ships. Vibrations of higher frequencies (in 1000 Hz band) are
especially nagging for crew and passengers. A part of the vibration is emitted
to surrounding air and results in troublesome and detrimental noise. The rest of
vibration energy, in case of rigid connections, goes to the foundation supporting
a given machine or to other objects joined with it, and is transferred in a form of
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structural sound to all, even very distant elements of ship structure. As a result,
highly undesirable side effects, e.g. noxious noise due to vibration of walls and
various shields, as well as secondary vibration (often resonance ones) excited
in other devices, may occur both in engine room and other ship compartments.
The counteraction to the propagation process of vibration consists usually in
application of rubber pads or special vibration isolators. Their application, how-
ever, is not always possible, as to exactly align a seated objects is required, and
also in view of a large additional cost and serious technical difficulties in case
of use of vibration isolators.

The use of foundation chocks cast of resin compounds brings, apart from many
technological advantages, also favourable effects connected with damping and iso-
lation of vibration usually noticeable by ship crews. Chocking compounds dampen
mechanical vibration better than steel, traditionally used for this purpose. On the
other hand, the contact surface between the compound and steel forms an effective
barrier against structural sound propagation.

The aim of the research on dynamic properties of EPY compound was to deter-
mine:

— thelogarithmic vibration damping decrement and the dynamic shear modulus;

— the dynamic longitudinal modulus of elasticity and the energy loss factor;

— the acoustic impedance.

7.15.2. Determination of logarithmic vibration damping decrement
and dynamic shear modulus

The tests [39] were conducted with the use of a torsional pendulum in compli-
ance with the guidelines contained in PN-83/C-89042 and EN ISO 672 1-2 standards.
Identical specimens (flat bars of dimensions: L =60 mm, b =10 mm and h =1 mm)
made of EPY compound and steel were tested for comparison. The logarithmic
vibration damping decrement and the dynamic shear modulus were determined
experimentally. Fig. 7.38 shows exemplary time-amplitude characteristics of both
the tested materials determined at 20°C temperature, and Fig. 7.39 — the diagrams
of the logarithmic vibration damping decrement and the dynamic shear modulus
in function of temperature for EPY compound and Epocast 36 compound (made
in Germany).

As results from the tests (Fig. 7.38),under the same conditions, fading rate
of free vibration in EPY compound is much greater than in steel. The ratio of
logarithmic vibration damping decrement of EPY compound and that of steel is:
At Ns=0.1326:0.0413 = 3.21. It means that EPY compound used for foundation
has over three times greater vibration damping coefficient than steel, the mate-
rial traditionally used for foundation chocks of ship main propulsion engines.
The dynamic shear rigidity of EPY compound is much lower than that of steel.
The ratio of the two rigidity values (at 20°C) is G;' : G,'= 2511 : 80,000 = 0.0314.
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4 St3 steel; A=0.0413, 1,=0.0067
) 4 EPY; A,=0.1326, 1,=0.0211
3
2 4
| nnnnnﬂ“ﬂ

Fig. 7.38. Time-amplitude characteristics for EPY compund and St3 steel obtained at 20°C and the
frequency f=1.77 Hz
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Results of the tests for the dynamic shear modulus G';:

O  — Polish EPY compound tested by these authors acc. PN-83/C-89042
O — Polish EPY compound tested by these authors acc. EN ISO 6721-2
— — German Epocast 36 compound (data acc. H.A. Springer’s report)

Resuts of the tests for the logarithmic damping decrement A;:
A — Polish EPY compound tested by these authors acc. PN-83/C-89042
x  — Polish EPY compound tested by these authors acc. EN ISO 6721-2
--- — German Epocast 36 compound (data acc. H.A. Springer’s report)

Fig. 7.39. The dependence of the logarithmic vibration damping decrement A; and the dynamic
shear modulus G, on temperature for EPY compounds and Epocast 36 compound
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The feature of EPY compound is very advantageous in comparison to steel. High
flexibility of resin compound chocks together with a high friction coefficient
on contact surface between machine bed plate and its foundation allow for
considerable thermal and mechanical deformations of a machine without slip-
ping. The surfaces of resin compound foundation chocks do not wear off, so
the trend for the loosening of holding down bolts is much lower than in case
of steel ones.

7.15.3. Determination of the energy loss factor and the dynamic longitudinal
modulus of elasticity under compression

In order to collect more comprehensive data on the dynamic properties of EPY com-
pound, useful for the application of the material for machinery foundation chocks,
it was subjected to a relevant compression test (Fig. 7.40). The test was aimed at
determining the energy loss factor n and the dynamic elasticity modulus E4 under
compression.

a) b)

i
€

a

qQ—»
-
qQ—»

T i ]
I |

0 E—» 0 & —
Q) d)
! Hw
(o) o j
A 7 6(e,)
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0 €, &—» 0 t—

Fig. 7.40. Schematic diagrams of dynamic compression test for EPY compound specimens
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The energy loss factor n is a basic measure which quantitatively determines damp-
ing properties of a material. The factor is derived from the following relation:

Wy

=900 " 2n

(7.14)

where:
W — the energy dissipated during one vibration period, related to volume unit,
U — the potential energy of elastic deformation corresponding to maximum dynamic deforma-
tion, related to volume unit,
Y — the vibration energy dissipation factor (the relative dissipation of vibration energy); ¢ = W/U.

Cylindrical specimens of dimensions: 20 mm in diameter X 55 mm in height, cast
of EPY compound in steel moulds, cured for 24 h at 23°C and then post-cured for
2 h at 80°C were subjected to the test in 8501 Plus Instron servo-hydraulic testing
machine.

The energy W was determined by using the method of hysteresis dynamic loop. In
view of the working conditions of foundation chocks the tests were conducted under
compression loads in accordance with the schematic diagrams shown in Fig. 7.40.

The energy W, dissipated during one vibration period (related to volume unit) is
proportional to the area of contained within hysteresis dynamic loop, determined
in 0 - € coordinate frame (Fig. 7.40c). The amount of energy was obtained by means
of numerical integration of the relation:

W =§o(e)de (7.5)

The elastic deformation energy U was determined according to the formula (Fig. 7.40¢):
U=05¢,0(c,) (7.16)

where:

€, — deformation amplitude due to dynamic load (Fig. 7.40c).

For a simple compression test, the dynamic compressive rigidity in a considered
point of static characteristics (Fig. 7.40a) is determined by the dynamic modulus of
longitudinal elasticity E4 derived from the following formula (Fig. 7.40c¢):

oe,)

Ey =tga, = (7.17)

a

The tests were performed for a wide range of variability of values of the param-
eters &g, €, and frequencies f = 1+20 Hz. The exemplary, experimentally determined
hysteresis loop is shown in Fig. 741, and some of the test results are given in Fig. 7.42
through 7.45. Detail reports and results of the tests are presented in the publica-
tions [37+40].
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W =0.000918 J
U =0.003798 J
ol 1 =0.0385

E4=8435 MPa

Fig. 7.41. The dynamic hysteresis loop determined experimentally for the values: o, = 10 MPa,
0,=8MPa,f=12Hz

As generally results from the obtained test results (Fig. 7.42—7.45), values
of the energy loss factor n and the dynamic modulus of longitudinal elasticity
E4 depend on the parameters o, 0,, f and T. The dynamic load frequency f has
the greatest impact on the energy loss factor n, and the temperature T — on the
dynamic modulus of longitudinal elasticity E4. Within the assumed range of vari-
ability the following values of these parameters were obtained for EPY compound:
n =0.012+0.047, E4 = 5000+8500 MPa. The respective values obtained for steel are [134]:
n =0.0016+0.0028, Eq = 2.1 x 10°> MPa.

The values of the energy loss factor n obtained for EPY compound are comparable
to those for vibration isolation materials based on natural rubber (n = 0.02+0.16) [134].
As results from that, this compound may be effectively used for the damping of
mechanical vibration in machines. Research focused on effective implementation
of these properties of EPY compound is under way.

Tab. 7.9 contains the values of the dynamic modulus of longitudinal elasticity E4
and the energy loss factor n for some selected materials.

Table 7.9. Values of dynamic elasticity modulus E4 and energy loss factor n

Material E4, N/mm? n
EPY (0.05—0.085) - 10° 0.012—0.047
Steel 2.1-10° 0.0016—0.0026*
Grey cast iron (0.09—1.1) - 10° 0.036*
Rubber (20+80 Shore’s deg.) 2—24 0.02—0.16*

*acc. [134]
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Fig. 7.42. Exemplary results of the tests on relation of the energy loss factor n and the dynamic
elasticity modulus E4 to frequency and temperature at the stresses: o, = 18 MPa, 0, = 4 MPa
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Fig. 7.43. Exemplary results of the tests on the energy loss factor n and the dynamic elasticity

modulus E4 at 23°C temperature and the mean stresses: 3 and 10 MPa
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Fig. 7.44. Exemplary results of the tests on the energy loss factor n and the dynamic elasticity

modulus E4 at 60°C temperature and the mean stresses: 3 and 10 MPa
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Fig.7.45. The relations between the dynamic elasticity modulus and temperature
for EPY compound

7.15.4. Determination of acoustic impedance

The concept of the acoustic impedance is a useful tool for the analysing of struc-
tural sound isolation. It is a measure of resistance of a medium to propagation of
structural sound. It is known from physics [135, 136] that sound waves propagate
in different media with different speeds. If a sound wave, propagating in a material,
hits another material of a different acoustic impedance, then the flow of energy
becomes very ineffective.

In case of a plane and spherical sound wave travelling far from its source, the
unitary acoustic impedance R can be derived from the following formula for solid,
liquid or gaseous bodies [135]:

R=pv (718)

where:

p — density of a medium, kg/m’,

v — speed of acoustic wave in a medium, m/s.

The speed of sound in the analysed medium depends on the elasticity and density
of the medium. The unitary acoustic impedance for a longitudinal wave propagating
in a solid body can be derived from the following formula [136]:

R =.Ep (7.19)

where:
E — longitudinal modulus of elasticity.

Sound propagating in a material becomes to a large extent reflected when coming
into contact with the surface of another medium (the compound here) and only
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a small part penetrates into the second medium. Then, a part of acoustic energy
transmitted through the barrier changes into heat and disperses. The remaining part
goes to the other side of a chock where it encounters another barrier and becomes
reflected in a major portion again.

If the following values are assumed for steel and EPY compound, respectively:
E, = 2x 10" kg/ms?, p; = 7800 kg/m?, E, = 4915 x 10° kg/ms?, p, = 1590 kg/m?>, then
the following values of unitary acoustic impedance for the analysed materials will
be obtained from the formula (7.19):

— for steel R; = 39.50x 10° kg/m?s,

— for EPY compound R, = 2.85 x 10° kg/m?’s.

Acoustic energy transmitted from body 1 to body 2 through the contact surface
may be calculated from the following formula [135]:

Pyy = IR (7.20)
(Ry+R5)

If it is taken into account that the acoustic energy emitted by a machine and
propagating through EPY compound chock to the steel foundation must go through
two contact surfaces, then such an energy transmitted from the machine to founda-
tion 3 may be calculated according to the formula [135]:
- 2

4RqR>
(R1+R)’

Py = (7.21)

By substituting the above given values to the formula the following is obtained:
- 2

4-39.5-10°-2.80-10°
P13 = 395107280 02 =0.061 (7.22)

(39.5-10% +2.80-10°)

Falling Transferred
energy energy
100% Y 6.1%
Reflected
energy
93.9% |< J
Steel EPY Steel

Fig. 7.46. Schematic diagram which illustrates sound energy fall, reflection and penetration through
EPY compound interlayer (with no loss taken into account)
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This estimate shows that only about 6% of the sound energy is transmitted from
the machine through the EPY compound chock to the foundation. Fig. 7.46 illustrates
the discussed problem.

This is in fact the most favourable situation out of all possible to occur. However
in reality the problem of sound wave isolation by means of a chock is more complex.
It depends not only on acoustic impedance taken into account in the formula (7.21)
but also on parameters of a given system and acoustic wave frequency [136]. Real
value of the impedance may be lower than that resulting from the above presented
calculations.

The propagation of noise on a ship depends also on many other factors. Main
and auxiliary machines seated on compound chocks are fixed to the foundation by
steel bolts which transmit some part of sound energy without much resistance (loss).
The amount of this energy depend on the diameter and length of the bolt, as well
as on the design solution and the rigidity of the connection between the machine
and its foundation.

Application of EPY compound to foundation chocks and separators in various
constructional joints may certainly bring significant effects in mitigating vibration and
noise. However this is neither a simple nor obvious problem. Therefore, further, more
complex research on this matter and development of appropriate design solutions
is required in order to utilize the vibration insulation properties of the compound
in an optimum way.

7.16. Comparative research on static and dynamic properties
of three various machinery chocking compounds

There are only three special chocking compounds which have found wide application
for the foundation chocks of main and auxiliary shipboard machines. Apart from an
American compound called Chockfast Orange (produced by ITW Philadelphia Resins)
and a German compound Epocast 36 (produced by H.A. Springer marine + Industrie
service GmbH), Polish EPY compound produced by Marine Service Jaroszewicz com-
pany in Szczecin obtained the approvals of the classification societies supervising
the construction and repair of ships, as well as the certificates of the manufacturers
of main and auxiliary shipboard machinery.

The principal aim of the research presented in this point was to experimen-
tally determine the basic static and dynamic properties of all three compounds
(Chockfast Orange, Epocast 36 and EPY) in identical conditions so that the Polish
compound can be evaluated in comparison with the best known world products
of this kind.

The static strength tests were aimed at determining the compression character-
istics and the following parameters based on them:
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— compressive strength R,

— proof stress (yield point) Ro 5,

— limit of elasticity Ro,02,

— longitudinal modulus of elasticity (Young's modulus) E.

The testing was conducted at ambient temperature on cylindrical specimens of
adiameter d = 20 mm and height h =25 mm. The specimens of all three tested com-
pounds were cast, cured and kept in the same conditions. Preparations for casting
the specimens were done in accordance with the guidelines of the manufacturers.
Specimens cast in metal moulds were cured for 24 hours at 23°C and then (after their
removal from the moulds) post-cured for 2 hours at 80°C.

Compression test was carried out by means of a 8501 Plus Instron servo-hydraulic
testing machine and a special computer software for static compression tests. This
way it was ensured that the tests on all the specimens and the determination of
values of the selected parameters were carried out in the same way. The results of
compression tests are presented in Fig. 7.47.

BEI00MPa ®R,MPa OR,MPa OR,,MPa

160 146.6

142

140 A

120 A

100 A

80
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20 A

Chockfast Orange EPY Epocast 36

Fig. 7.47. Collected results of static compression tests on three resin compounds

The tests proved (Fig. 7.47) that all three compounds undergoing static compres-
sion tests behave identically in a qualitative sense and the observed quantitative
differences are minor and unimportant for the application of the compounds for
shipboard machinery foundation chocks.

The aim of research into dynamic properties was to determine the dynamic elas-
ticity modulus E4 and the loss factor n for all three compounds.

230 ElE CC C 2 X Kl



Emm CC ¢ O <O I

Comparative research on static and dynamic properties of three various machinery chocking compounds

a) i
4
G |
b)

VL, i — V|

— ==l
IN{(i®

Fig. 7.48. The test stand comprising Instron testing machine: a) overall view; b) schematic diagram
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Fig. 7.49. Time runs of compression stresses (o) and resulting deformations (changes in height AH) in
foundation chock models made of three different resin compounds (s, = 10 MPa, 6, = 2, 4, 6, 8 MPa,
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Fig. 7.50. Dynamic hysteresis loops for foundation chock models made of three different resin
compounds (run of deformations as shown in Fig. 7.49)
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The fundamental characteristic of dynamic tests is the fact that both input quanti-
ties (force for instance) and output ones (deformation for instance) must be treated
as functions of time. The dynamic tests were conducted on simplified axially sym-
metrical models of the chocks (of outside diameter D = 60 mm, inside diameter
d =25 mm and height H = 20 mm). In order to provide test conditions as close as
possible to the real operating conditions of foundation chocks the chock models
were cast and cured between two steel disks simulating the foundation and the
bedplate of a seated machine. The models were cast ready to use in special moulds.
To prevent adhesion of compound to adjoining surfaces, a thin layer of release agent
was put on steel disk surfaces. Cast models of chocks were cured for 24 h at 23°C
and post-cured for 4 h at 80°C.

The models of chocks prepared this way along with the steel disks were com-
pressed by using the servo-hydraulic testing machine (Instron, model 8501 Plus) and
special instrumentation (Fig. 7.48). To measure deformation (change in height AH)
of tested chocks an Instron extensometer was applied. The tests were conducted
at the ambient temperature of 23°C and at 80°C. Application of a special computer
software (Wavemaker) ensured that the dynamic tests were conducted in exactly
the same way for all three tested compounds.

Variable parameters during the tests were: the mean stress (o5, = 5 and 10 MPa),
amplitude of dynamic stresses (o, = 2, 4, 6 and 8 MPa), frequency (f=1, 5, 10, 15 and
20 Hz) and temperature (T = 23 and 80°C). Detailed descriptions and results of the
dynamic tests are presented in the publication [137]. Exemplary test results are pre-
sented graphically in Fig. 7.49 i 7.50. Figure 7.49a presents time runs of compressive
stress, executed as programmed by the testing machine, and Fig. 7.49b, ¢, d, respec-
tively — the time runs of contact deformations (change in height AH) in chock models
made of the three tested compounds. Figure 7.50 presents the dynamic hysteresis
loops of the tested chock models made of the three different compounds.

Time runs of deformations in the tested chock models demonstrate (Fig. 7.49 and
7.50) that the dynamic properties of the three compounds are identical with regard
to quality. Slight quantitative differences are insignificant in practical applications.
Therefore it may be concluded that the tested compounds are in the same class as
far as their static and dynamic properties are concerned.
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8.1. Research on flat direct contact joints and joints
with a thin layer of EPY compound

8.1.1. Contact joints loaded with normal force

Machined surfaces of machinery elements are not perfectly smooth. Existing irregu-
larities (roughness, waviness and shape imperfections) cause that two such surfaces
cannot contact each other over the whole nominal contact surface but only in its
little part (Fig. 8.1a). The actual contact surface is a small percentage of the nominal
contact surface and depends on the value of normal pressure exerted on the sur-
faces [138, 139]. As a result, the actual contact stress distribution and values are rather
much different from the ones obtained on the basis of assumptions or calculations
made for contact joint of perfectly smooth surfaces. Contact stress distribution and
values greatly depend on the type and accuracy of surface finishing operations and
the physical properties of surface layers. Discontinuous contact of machined surfaces
has a significant influence on the mechanical characteristics (Fig. 8.1b) of contact
joints between machinery components, and as a consequence, also on static and
dynamic properties (stiffness and vibration damping) of entire complex mechanical
systems.

Application of a thin layer of compound in the joints between machinery com-
ponents required conducting the research on flat contact joints with the compound
and without it. Figure 8.2 presents the experimentally determined characteristics
illustrating the relation of normal contact deformations to mean pressure in a direct
contact between two steel cylinders compressed together axially in a compression
testing machine. The face of cylinder 1 was milled (R, = 5 um), and the face of cylin-
der 2 — turned (R, = 5.5 um). The tested specimens were pressed against one another
with a mean pressure increasing from 0 to 100 MPa. Next, they were unloaded and
loaded again.

The curves a in Fig. 8.2 illustrate the relation of contact deformations to mean
normal pressure for the contact joint of specimens 1 and 2 without any compound
layer, and the curves b — for the contact joint of the same specimens with a thin
layer (about 0.5 mm) of cured EPY compound. The compound was introduced in
a liquid state and under some pressure of connected components, it exactly filled
the uneven gap between metal surfaces. In order to facilitate the disassembly of
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Fig. 8.1. Contact connection between two machined surfaces and its characteristics: a) schematic

drawing of the connection; b) relation between contact normal deformations and surface pressure

(experimentally determined for contact connection of two steel surfaces of the roughness parameter
R,=5um)
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Fig. 8.2. Relation between normal contact deformations and mean surface pressure for contact

connection of two cylinders without any compound layer (curves a) and with thin compound layer
(curves b)
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the connected components, their metal surfaces were covered with a thin layer of
arelease agent.

The tests (Fig. 8.2) show that the thin layer of the compound significantly changes
the characteristics of contact joints between machined surfaces. Deformations in the
joint of components without any compound layer have non-linear runs (curves a).
Considerable plastic deformations (on the peaks of uneven contact surface) are
present during the first loading. During the subsequent loadings (not exceeding
original values), deformations are elastic and have non-linear runs.

Deformations of contact joint of components divided by a layer of compound
(Fig. 8.2, curves b) are elastic, approximately linearly depending on the applied load,
and much smaller. Compression characteristics of tested joints differ in capability
of vibration damping as well (the surface areas inside the hysteresis loops are dif-
ferent).

The actual contact deformations occurring in the joint without the compound layer
are highly non-uniform. Locally, where the surfaces actually make contact, deforma-
tions exceed the yield point, which results in a so-called surface sagging, which in
turn causes a loosening of the bolts. Under cyclic loads this may lead to “hammering”
on the surfaces and result in failure situations.

The compound layer provides a full contact of connected components as well as
a continuous and more uniform distribution of contact stresses not exceeding the
yield point. It ensures a very good interaction of connected components not only
under static loads, but also under long-term dynamic loads.

In case of thin layers of compound cast between two metal surfaces, the ratio of
the cross-section area A and the height (thickness) H of the compound layer, is very
high. The tests were conducted on steel specimens of 20 mm in diameter and 25 mm
in height composed of two parts with a thin layer (about 0.5 mm) of EPY compound
in between (Fig. 8.3a). The specimens were subjected to axial compression in a com-

a) 920 b) 024.7

0.5 mm

l
|
|
|
|
|
|

Fig. 8.3. Schematic drawing of a steel specimen with compound layer before and after compression test
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pression testing machine until considerable plastic strains occurred (Fig. 8.3b). During
the test, the thin layer of EPY compound underwent plastic deformations together
with the metal parts, increasing its diameter and decreasing its thickness. Neverthe-
less, it maintained its full tenacity and could be easily separated from steel surfaces
due to usage of a release agent.

The maximum value of compression stress during the test was 0,,,= 1000 MPa. In
spite of very high values of compression stress, exceeding the compressive strength R,
of standard compound specimens (20 mm x 25 mm) many times, thin layers of the
compound compressed between two metal surfaces were not destroyed. Very high
compression strength of the compound may be explained by the limited freedom
to transverse deforming and by a complex state of stress in the compound. The
effective friction coefficient between contact surfaces of metal and compound (cast
and cured between metal surfaces) is usually higher than 1, which eliminates any
sliding of the contact surfaces.

Fig. 8.4 presents stress distribution and stress values in the middle cross sec-
tion of 2 mm thick layer of the compound, calculated by using the finite element
method (FEM) for a specimen of 20 mm diameter and 25 mm height, compressed
with uniformly distributed stress o, = 170 MPa. The following data were assumed for
the compound: E; = 5000 MPa, v = 0.37. As results from Fig. 8.4, the compound layer
undergoes three-axial compression which is very favourable. Reduced stress in the
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Fig. 8.4. Stress distribution in the middle cross-section of the compound layer
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compound, calculated on the basis of Huber hypothesis [140], is much lower than
the component stresses. It explains why the compressive strength of thin layers of
compound can be so high.
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Fig. 8.5. Results of compression tests on EPY compound specimens (20x25): a — for freely
compressed specimen; b — for specimen compressed in a steel plate hole (2); ¢ — for overloaded
specimen taken out from steel plate hole and then freely compressed [141]

After the compression tests of thin layers of the compound the question arose
whether after such high compressive stresses (considerably exceeding the com-
pound strength R. which was determined from the tests on standard specimens),
the compound still maintains its original strength properties. To answer this question
a compression test was performed on specimens [141]. Fig. 8.5 shows its results. The
curve aillustrates the compression process of EPY compound specimen, determined
in the standard compression test, and the curve b — shows the compression process
of the same specimen tightly inserted into the hole in steel plate constraining freedom
of the specimen to transverse deformation. The specimen could not be destroyed in
such conditions. After the specimen was taken out of the hole, it underwent standard
one-axial compression test, where it showed its original strength properties, which
is illustrated by the curve cin Fig. 8.5.
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On the basis of the tests and additional theoretical analysis it may be concluded
that a thin layer of the compound, compressed between two metal surfaces, is able
to safely transfer high compression loads. Practical experience gained during 40 years
of activity prove that the conclusion is valid not only in the case of static loads but
also dynamic ones which usually occur during operation of various technical objects.
Results of these tests were applied to the seating of large bearings installed in ship
cranes, dredgers, brown coal excavators, dumping conveyors etc.

8.1.2. Contact joints under constant normal force and variable tangential force

Contact joints of machinery components are subjected not only to normal forces
but the tangential forces as well (Fig. 8.6a). Also in such cases, a thin layer of EPY
compound considerably influences their static and dynamic characteristics, and in
consequence the operational quality, reliability and durability of contact joints so
commonly present in any machinery.

Figure 8.6 presents a model of a bolt joint and the test results [142] concerning its
reaction to a constant axial force and a slowly growing load in direction tangential
to connected surfaces. In the joint, the external (tangential) load is transferred by
a friction force which depends on the friction coefficient and exerted normal force.
The experimental tests were conducted for a direct contact of joint elements (S—S)
and contact with a thin layer of EPY compound cured between two joint surfaces
(S—T—S; Fig. 8.6a). In order to prevent the contact surfaces against permanent adhe-
sion, they were covered with a thin layer of release agent. Detailed test records are
presented in the publications [142, 143].

Static characteristics of tested joints, demonstrating the relation of tangential
displacement and the mean value of tangential stresses, are presented in Fig. 8.6b.
Just like under normal loads, considerable qualitative and quantitative differences
occur also in this case. Static characteristics of a bolt joint without the compound
(Fig. 8.6b, curve 1) is non-linear in the range of the applied loads and shows elastic-
-plastic character of the tangential displacements &.. Irreversible sliding is noticeable.
Besides, there are also elastic displacements which have very low values. On the
other hand, the static characteristics of a contact joint with a thin layer of compound
(@bout 0.7 mm thick) is of a linear and elastic character even under a tangential load
three times higher (Fig. 8.6b, curve 2). Under the load, no relative sliding between
contact surfaces was observed which guarantees a better performance of such joint
in service.

Figure 8.7 presents the characteristics of tangential contact displacements in
a bolt joint under tangential static and dynamic stresses. In direct contact joint (S—S)
considerable sliding of joined surfaces was observed already under low mean stress
(t=1 MPa, Fig. 8.7a) and the dynamic sinusoidal stress with relatively small ampli-
tude. On the other hand, if a thin layer of the compound is present (S—T—S joint),
even three times higher values of mean stress and dynamic stress amplitude caused
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Fig. 8.6. Schematic drawing of a model bolt joint (a) and its static characteristics under constant
normal load and slowly increasing load tangential to joint surfaces (b)
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Fig. 8.7. Dynamic characteristics of a model bolt joint: a) of direct contact; b) with a thin layer of
the compound

little tangential elastic displacement only, which disappeared completely after the
removal of tangential load (Fig. 8.7b). Lack of even low sliding is very advantageous
for the joint, as fretting and abrasive wear do not occur. As a result, we benefit from
high durability of bolt joint and its better operation in service, resulting from much
higher effective friction coefficient in the contact between compound and metal,
in comparison with a contact between two metals.

8.2. Research on models of holding down bolts fit in the compound

Fitted bolts are applied in the seating arrangements of main and auxiliary shipboard
machinery in order to transfer considerable forces acting in directions tangential
to the supporting surface of the mounted machine, which applies in particular to main
engines. Boring and precise reaming of the holes for fitted bolts, especially in case
of cast compound foundation chocks, is difficult and costly. In order to avoid these
difficulties, a concept of fitting the holding down bolts in the chocking compound
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has been developed. For that purpose, the holes in foundation and bedplate should
be made bigger than the bolt diameter by abt. 2 mm. Next, after the engine is
aligned and loosely-fitting bolts are inserted, liquid compound is poured into chock
moulds, also filling the gaps around bolts in the holes in foundation and the engine’s
bedplate. However, any practical application of this method required appropriate
laboratory testing.

The tests were first conducted on the model of a foundation joint presented
in Fig. 8.8. The holes in joined elements 1, 2 and 3 had their diameters bigger by
2 mm than the diameter of bolt shank (5). In order to prevent adhesion between
the bolt and the compound, the bolt was covered with a release agent (Silform AR1).
When the model was positioned in such a way that the axis of the bolt was vertical
with its nut on the top, and when the appropriate mould was arranged in situ, two
chocks of dimensions 100 x 100 x 40 mm were cast in the model including also the
compound sleeves between the bolt and the respective plates. Filling the spaces

195
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Fig. 8.8. Model of a foundation bolt joint with the bolt fitted in the compound
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between the bolt and the walls of the holes in plates was executed only by action
of the hydrostatic pressure of liquid compound column.

When the compound cured, a model of a “double” bolted joint was ready. Half
of the model simulated the real foundation joint subjected to tangential force. The
model was loaded in the compression testing machine. Under the force P = 190 kN,
cracks appeared on the flanks of the chocks. The test was interrupted when the
force P reached 211.2 kN. The force required to remove the bolt was equal to 48 kN.
The maximum value of pressure exerted on the compound layer in the plate holes
amounted to 159.4 MPa. When the bolt was removed, it was observed that the com-
pound sleeve of T mm thickness filled the space between the bolt and walls of the
holes in plates completely and was not damaged (no crushes or cracks). In the place
where force P was exerted, permanent bolt deflection equalled 1 mm.

The test proved that:

— the compound filled the gap (about 1 mm in height) between the bolt and
the walls of the hole, completely;

— the joint with the bolt fitted in the compound can transfer considerable
transverse loads;

— itis possible to disassemble the joint even after some permanent bolt deflec-
tion.

Another test was performed on holding-down bolt shank fitted in the compound
according to Fig. 8.9, in order to check its performance. The shank was fitted in the
hole of steel disk eccentrically, so that the maximum thickness of the compound
sleeve was 1.5 mm and the minimum one was 0.5 mm.

234
6

Fig. 8.9. Schematic loading diagram for the bolt shank seated in the compound: 1 — steel disc,
2 — bolt shank, 3 — compound layer
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Liquid compound was poured into the gap between the bolt shank and the wall
of a steel plate, placed vertically. The shank was covered with a thin layer of a release
agent. The test was performed on two models. In one, the thinnest layer of the com-
pound (0.5 mm thick) was compressed, and in the other — the thickest layer (1.5
mm) was tested. Compression test on the first model was stopped when the force
reached 260 kN, and on the other model — at 200 kN. The test was stopped when
a permanent deformation (bending) of the bolt shank was noticeable.

The disk was cut after the test in order to examine the state of the compound
layer. The compound filled the gap completely providing the desired tight fit for
the bolt shank. Compression stress (250 and 192 MPa) arisen during the test did
not destroy the compound layer (except for its edges). The cast sleeve of the com-
pound did not lose its tenacity either, and it adhered to the walls of the hole in
the plate.

Further tests covered the compression strength of the thin wall sleeve cast and
cured in the gap between the bolt and a semicircular pit in a steel support. The tests
were conducted as shown in Fig. 8.10. The main aim of the tests was to find out how
a thin sleeve made of the compound would behave under very high compression
stress.
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Fig. 8.10. Schematic diagram of compression test of the thin sleeve cast of chocking compound

Specimens prepared for the tests differed in the wall thickness a of sleeve made
from the compound. The surfaces on supports and bolt shank contacting the com-
pound were covered with a release agent (Siliform AR1). The compound was cast and
cured for 10 days at about 18°C. After that, all three models underwent a compres-
sion test. The test was performed in a compression testing machine ZD-100. The
specimens were subjected to radial force growing from 0 to 1000 kN and distributed
on the shank generating line. Compression stress exerted on the compound sleeve
ranged from 635 to 694 MPa depending on the diameter of the shank.
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For all tested specimens, the compound layer was neither destroyed nor noticeably
damaged. There was no outflow of the compound under temporary compression
force of 1000 kN either. However, considerable plastic deformations occurred in bolt
shanks in the places of their linear contact with the pressing plate of a compression
testing machine. The tests proved a high strength of a thin layer of the compound
under static compression when cast and cured between two metal surfaces. No sig-
nificant differences were noticed between the compound layers of 2.1 and 0.1 mm
in thickness.

Modeling and numerical calculations of the tested system were also conducted
by means of FEM method. To this end, an auxiliary model was selected, as shown
in Fig. 8.11. Disregarding boundary effects occurring in the extreme cross-sections
of the considered system, a “slice” having the thickness g = 10 mm (Fig. 8.11b) was
cut out of it, and plane strain state was assumed. Also, full adhesion between the
compound and metal was assumed, that is justified by a high value of friction coef-
ficient (close to 1)and occurrence of high compression stresses in contact area.

a)

Fig. 8.11. Auxiliary model for determining streses in a thin resin compound layer

The following data were used for the calculations: E;=2.1-10° MPa, v, = 0.3,
E,=5.0-10° MPa, v, = 0.38,1 =45 mm, h =30 mm,d =32 mm,b =2 mm, P =2.08-10°N.
Value of the force P was so selected as to obtain pressure value related to the area
dxg equal to po = 100 MPa.

The numerical calculations were performed with the use of MES ANSYS computer
software. Polar coordinates frame was selected, as shown in Fig. 8.12. Fig. 8.13 and
8.14 present results of the calculations.

Fig. 8.13 shows distributions of particular stresses acting in the middle plane
of the compound layer (for r = 17 mm). Fig. 8.14 presents a collective diagram
containing distributions and values of the stresses which occur in the middle
plane of the compound layer under action of the force P (as shown in Fig. 8.11)
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Fig. 8.13. Distributions of the normal stresses (o,, 0, 0,), tangential stresses (t,¢) and reduced stresses
(0yeq) in the middle plane of compound layer

of a value which ensured the calculation pressure on the dxg cross-section area,
po = P/dxg = 100 MPa. It is worth paying attention that distribution of reduced
stresses is almost uniform within the whole compound layer. and their value is
much lower than the set calculation pressure p, and the maximum values of the
normal stress components (o, Oe, 0,. Due to this fact, very efficient transfer of
large external loads is ensured.

The positive results of the laboratory tests and theoretical analysis as well as imple-
mentation work fully confirmed that to apply chocking compound to the seating of
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Fig. 8.14. Collective diagram showing distributions of component stresses and reduced stresses
occurring in the middle plane of compound layer (in angular coordinate O)

the fitted in it holding down bolts of main propulsion engines on ships, is possible.
The considered solution regarded novel, has been granted Polish patent [49] and
approval certificates from the side of ship classification societies.

8.3. Research on optimum application of EPY
compound for the deck machinery seating

8.3.1. Introductory remarks

The permissible compression stress on the compound used in foundation chocks under
main marine engines amounts to 5 MPa. Such low permissible stress was determined
by classification societies because of the creep susceptibility the compound shows at
higher temperatures. As the compression strength of standard specimens made of
the compound is 140+150 MPa, resulting value of compression safety factor is 28+30.
In reality, the strength of the compound in a foundation chock is much higher than
in case of standard specimen because the ratio of its bearing surface and height is
large. As a result, safety factor value is much greater than 30. For the same reason,
the creep of compound foundation chocks is also considerably less than the creep
determined from tests of standard specimens of the same material.

Windlasses and mooring winches as well as other auxiliary shipboard equipment
installed on the deck or inside the ship do not require such precise aligning as main
engines. Therefore, there is no need to apply such excessively high values of the
safety factor. As a result, foundation chocks may be smaller and compound strength
properties may be used more rationally.
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The application of foundation chocks cast of EPY compound instead of steel chocks
under windlasses and mooring winches without introduction of any changes in their
designs, required special research with taking into account compression pressure
much higher than 5 MPa.

The aim of the research was to answer the question whether such compound
chocks used under windlasses and mooring winches could safely endure 15 MPa
pressure during installation, operational pressure of 30 MPa and short-lasting emer-
gency pressure of 60 MPa in the period t = 30 min. To answer the question, some
theoretical analysis was carried out and the experimental tests were conducted
on the chock models.

8.3.2. Theoretical analysis

For a specimen with dimensions of 20 mm diameter and 25 mm height subjected
to free compression a uniaxial state of stress, disregarding friction, may be assumed.
In a real chock a complex state of stress occur, because of limited ability to trans-
verse deformations (except for free edges). The compound in a chock is subjected
to three-axial compression, which is favourable for operational conditions and
ensures a very high static and fatigue strength. By assuming that a cubicoid element
separated imaginatively from a chock cannot be deformed in transverse directions
x and y (Fig. 8.15), we can derive the following relation on the basis of the generali-
zed Hooke’s law [68]:

Vo, vp
[0} =0 = = -
X L Y 1-v

(8.1)

where:
p — surface pressure,
v — Poisson ratio.

By assuming (on the basis of these authors’ research) that Poisson ratio of EPY
compound v = 0.376, we obtain:

0376 p

=0,= —— =-0.6026 8.2

Y 1-0376 P (8.2

Reduced stress in a chock is derived according to the Huber hypothesis [140]
from the formula:

Ored = \/Of +0, +0; —0,0, —0,0, —0,0, (8.3)
By substituting respective stress values expressed by pressure p we obtain:

Oy = 0397 p (8.4)
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Fig. 8.15. lllustration of stress state in chocking compound

The above presented calculations are a rough approximation only. Reduced stress
calculated this way must be lower than a conventional yield point of the compound
determined under uniaxial stress. The yield point for EPY compound, Ry, is in the
range of 90+100 MPa. As a result, the calculated pressure acting on chock surface
must fulfil the following condition: p < Ry,/0.397 = 2.5 R, ,. This provides a 2.5-times
greater value of safety factor than that determined for a standard compound speci-
men tested under simple static compression.

8.3.3. Tests on a windlass foundation chock model
The aim of the tests was to check how a model of an EPY compound foundation
chock measuring 100 x 100 x 15 mm (Fig. 8.16) is going to behave within the period
of 60 min under the force F = 900 kN generating the pressure p = 90 MPa.
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Steel
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Steel

Fig. 8.16. The model of windlass chock tested under surface pressure of 90 MPa
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The EPY compound chock was cast in situ between two steel plates and cured for
3 days at ambient temperature (about 24°C). Such model of a joint (two steel plates
with a chock cast in between) was subjected to the compressive load P =900 kN in
a compression testing machine. The chock was left under the test load (P =900 kN)
for 60 minutes. After that, the load was removed and the chock was thoroughly
inspected. No damage and no changes were found in the tested joint. In conclu-
sion, we may state that the pressure p = 90 MPa (1%2-times greater than the assumed
emergency case pressure) acting for 60 min does not pose any threat to a compound
chock cast and cured between two metal plates.

8.3.4. Research findings

On the basis of theoretical analysis based on the calculations and the tests conducted
on models, we may conclude that to accept installation stress of 15 MPa, operational
stress of 30 MPa and emergency case stress of 60 MPa (acting for 30 min) is safe for
the seating of windlasses and mooring winches on foundation chocks made of EPY
compound, and it will not produce any adverse effects.

8.4. Research on influence of paint coating
on the sagging of shipboard machinery
seated on cast compound chocks

8.4.1. Introductory remarks

Contemporary method of ship hull assembling in a berth consists mainly in con-
necting together smaller or bigger pre-manufactured structural blocks (sections).
In order to prevent corrosion, surfaces of the elements are cleaned and covered
with one or many layers of protective paint coating which is thick from a dozen or
so to about 300 um.

The traditional installation of machinery on ship foundations with the use of
metal chocks requires that the coating must be removed before fitting the chocks
to properly cleaned and machined metal surfaces, which is laborious, time consum-
ing and costly.

In present, chocks of chemically cured compound cast in situ directly under the
machine replaced the traditional metal chocks in the seating of shipboard machinery.
Therefore, the question arose whether and how paint coating would influence the
quality of the seating. To answer the question, it was necessary to plan and conduct
some unconventional tests which would show the influence of paint coating on the
contact behaviour of interacting surfaces in real-life conditions in which main engine
and auxiliary devices are assembled on ships. The tests were ordered by Szczecin
Shipyard S.A.

The main practical aim of the tests was to answer a more specific question: whether,
before commencing the assembly of main engine and auxiliary equipment on a ship,
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paint coating should be removed from load-bearing surfaces of foundations or left
there, so the foundation chocks made of EPY compound can be directly cast on the
painted surfaces under the machine.

8.4.2. Tested specimens and test stand

The tests were performed on cylindrical specimens cut out from steel plate and
coated with anticorrosive paint on one side. Their diameter was equal to 90 mm and
the height to 40 mm. The specimens were made and painted in Szczecin Shipyard
according to a painting plan for B170/11l ships. There were seven specimens, some of
them without any coating and some with a single-layer or multi-layer paint coating
with thickness ranging from 11 um to 289 pum. Details concerning paints, number
and thickness of coatings are contained in the publications [33, 71]. For every speci-
men supplied by Szczecin Shipyard, a steel counter-specimen was prepared whose
diameter was 90 mm and the height of 46 mm.

In order to attach the instruments measuring contact deformations, holes were
drilled, turned and tapped in the specimens (Fig. 8.17). Contact surfaces of the speci-
mens were ring-shaped, and had the nominal area A = 55 cm’.

A modern servo-hydraulic testing machine of Instron (model 8501 Plus) fitted
with special instrumentation was used for the tests. The special computer software

P
Counter-specimen

— { = Extensometer

Fig. 8.17. Schematic diagram showing the method of measuring contact deformations and the
roughness parameters of specimens
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“Wavemaker” managed, according to an assumed plan, the whole control process
of loading and recording the resulting data. Measured values of force and contact
deformations & (extensometer indications) were recorded in function of time with
an appropriate frequency as ASClI files. The files were transferred to Excel spread-
sheet for data processing and graphical presentation of run of the tests and their
results.

8.4.3. Testing program, its execution and example results

The tests were carried out in two rounds: first, all specimens and counter- speci-
mens were compressed without the compound (Fig. 8.18a, c¢) and next, the same
was done with specimens having a T mm thick layer of EPY compound cast in
between and cured (for 48 h in 23°C) (Fig. 8.18b, d). In order to prevent adhesion
of specimens, their contact surfaces were covered with a thin layer of release
agent (Spray FT 36).

All specimens (with and without the compound) underwent loading to the linearly
increasing values of compressive force F and subsequent unloading. Fig. 8.19 through
8.22 present example diagrams illustrating run of the test and its results.

Steel

EPY

Steel

Steel

EPY
Paint
Steel

~1 mm

~11+289 pm

Sk iiiR

Fig. 8.18. Schematic drawings of tested contact connections: a), b) specimens without paint coating;
¢), d) specimens with paint coating
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Figure 8.19 presents, in function of time, the values of the assumed and exerted
surface pressure p and the contact deformations &, and &, caused by the pressure
in specimens without paint coating; 6, refers to the contact connection without the
compound (Fig. 8.18a), and §, — to the contact connection with EPY compound
(Fig. 8.18b). The shape of the curve 6, (Fig. 8.19) demonstrates that the relation between
contact deformations and surface pressure for specimens without the compound
(metal-to-metal) is strongly non-linear. In this case contact deformations (total) are
considerable (8,max = 34 um) and of elastic-plastic character. Lower points of the
curve §, corresponding to zero pressure, indicate plastic contact deformations caused
by the preceding maximum loads.

Curve 6, (Fig. 8.19) presents a time function of contact deformations in specimens
with EPY compound (metal-compound-metal). Maximum contact deformations are
much smaller (8pmax = 4 M), elastic and linear.

The results shown in Fig. 8.19, processed in a way showing the relation between
normal contact deformations and surface pressure, are presented in Fig. 8.20. Con-
siderable qualitative and quantitative differences can be observed between contact
deformation of specimens without the compound (curves §,) and with the compound
(curves &,). Metal surfaces without any EPY compound, because of their roughness,
waviness and shape faults, make contact in a number of “spots” only (Fig. 8.18a).
Actual surface pressure is very high and causes considerable plastic deformations
of the peaks of uneven spots. As a result, apart from the specimens being brought
together in elastic way, there is also permanent closing (so called sagging) of contact-
ing surfaces. EPY compound layer between two surfaces (Fig. 8.18b), filling all the
micro- and macro-pits, ensures a tight contact of the surfaces and a uniform load
on the whole nominal surface area. As a result, very low values of contact deforma-
tions of linear-elastic character, are obtained (Fig. 8.20 — curves &y).

Fig. 8.21 and 8.22 show runs and results of analogue tests on specimens covered
with four layers of paint coating (289 um thick in total). The curve &, illustrates run
of deformations in contact surfaces: metal—paint coating—metal (Fig. 8.18¢). Alike
as in the case of specimens acc. Fig. 8.18a, the deformations &, have large values,
non-linear runs and elastic-plastic character. However, the proportions of elastic and
plastic deformations are different, moreover, some rheological effects occur in paint
coatings (deformation changes in time [36, 143]).

The curves & in Fig. 8.21 and 8.22, which show runs of surface deformations
in contact of the kind: metal + paint coating—EPY compound—metal (Fig. 8.18d),
are linear. Values of the deformations are very small in contrast to those for the
same set of specimens but without a layer of EPY compound, and they are linear
and elastic.

Similar results (qualitatively) were achieved for the remaining sets of speci-
mens with paint coatings [36]. The tests proved very favourable influence of EPY
compound on deformability of contact joints, both with and without paint coat-
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Fig. 8.19. Time runs of surface pressures p and the resulting contact deformations for the specimens
without paint coating: 6, — without the compound, 6, — with EPY compound layer

Surface pressure p, MPa

15
Surface deformation §, um

Fig. 8.20. Relation between contact deformations and surface pressure for the specimens without paint
coating: §, — without the compound, &, — with EPY compound layer, under load as in Fig. 8.19
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Fig. 8.21. Time runs of surface pressures p and resulting contact deformations for the specimens
with four-layer paint coating: §, — without the compound, &, — with EPY compound layer
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Fig. 8.22. Relation between contact deformations and surface pressure for the specimens with
four-layer paint coating: 6, — without the compound, &, — with EPY compound layer, under load
asin Fig. 8.21
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ings. In case of application of EPY compound the presence of paint coatings
11+289 um thick did not show any adverse effect to deformability of the contact
joint or its sagging. The contact joints of the same sets of specimens without
any EPY compound and with paint coatings showed much greater (7+10 times)
deformability and susceptibility to creeping (also vibration-induced) [143], which
results in their sagging.

8.4.4. Conclusions

From the above presented tests, the following conclusions answering the questions
put up in the introduction, can be drawn.

In case of seating the shipboard machinery on foundation chocks cast in situ
from EPY compound, presence of protective paint coating on foundation surfaces
does not have any adverse influence on mechanical properties of contact joints
between the foundation, chock and bedplate. Neither the type of paint coating
nor the number of layers or their thickness (which ranged from 11 to 289 um) have
any practical influence on the tested contact joints. If EPY compound is applied, the
characteristics of contact joints for specimens with and without paint coating are
almost the same.

In conclusion, there is no justified reason to remove protective paint coat-
ings from the surfaces of foundations before the machines are installed on them.
On the contrary: the presence of paint coatings may be beneficial for corrosion
protection.

Mechanical characteristics of contact joints between two clean metal surfaces and
joints between one clean metal surface and a metal surface covered with protective
paint coating differ considerably when there is no EPY compound in between. There
are contact deformations and distinctly noticeable creep in a contact joint with paint
coating. Therefore, in case the machinery is seated on traditional metal chocks, the
removal of paint coating is justified.

8.5.  Analysis of construction and model tests of stern tubes
seated with the use of chocking compound

8.5.1. Introductory remarks
Technical University of Szczecin has started the research on seating propeller shaft
stern tubes with the use of chemically cured compounds as early as in 1976. As a result,
a new assembling technology was implemented in Polish shipyards. The first stern
tube was mounted this way in 1979 by Ustka Shipyard in B410/2 ship. Since that time,
1637 stern tubes and rudder liners altogether have been mounted on various ships
till the end of 2013.

The research and development projects conducted till 1994 concerned stern
tubes of relatively small diameters up to 510 mm. Positive experience gained from
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service of stern tubes installed with the use of the compound gave good grounds
for attempts to use the same technology in the assembling of stern tubes of bigger
diameters and lengths. Nevertheless, to implement the technology it was neces-
sary to do some additional design analysis and check and elaborate many details
of the assembling technology during appropriately programmed model tests in
conditions as close to the real ones existing on ships as possible. Such tests were
carried out in 1994 by Marine Service Jaroszewicz Co. in close cooperation with
the Technical University of Szczecin, Szczecin Shipyard and Gdynia Shipyard. The
detailed description of the tests and their results are presented in the report [144]
and a short summary is given below.

8.5.2. Aims of the tests

The tests were aimed at:

— analysing the thermal insulation properties of compound layer in an assem-
bled construction in comparison with the traditional technology, and formulating
possible requirements concerning cooling;

— analysing thermal deformations of the construction;

— elaborating all details in assembling technology for big stern tubes with the
use of EPY compound, and testing them on an appropriate model.

8.5.3. Analysis of thermal insulation properties of a construction system
containing EPY compound layer

In order to analyse the thermal insulation properties of a tube system with a EPY com-
pound layer, it was necessary to first determine experimentally the thermal conductiv-
ity of the compound. Such research was conducted by the Chair of Heat Engineering
at the Technical University of Szczecin [145]. The value of thermal conductivity for
EPY compound determined at temperature of 20°C is equal to 0.48 W/mK.

A model of three coaxial tubes (Fig. 8.23) was used for the comparative analysis
of thermal conductivity between frame tube, propeller shaft stern tube and EPY
compound layer. Boundary conditions of the fourth kind were assumed for the model,
i.e. a perfect contact of two elements and temperature equality of both bodies along
the surface of contact. A linear model of a specific thermal resistance for a cylindrical
wall in radial direction was applied to the comparative analysis of thermal conductiv-
ity. The resistance was calculated from the formula:

di+1
d.

r, = Lilln
IAw Zni:1)\i

where:
d; — diameters as in Fig. 8.23,
N — respective thermal conductivity coefficient.
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Calculations were conducted for three cases:

1. Propeller shaft stern tube is assembled in compound (as in Fig. 8.23). The fol-
lowing values were assumed: d; = 880 mm, d, = 960 mm, d; = 1000 mm, d; = 1550 mm,
A\ = 0.48 W/mK — for EPY compound, A, = 58 W/mK — for steel. Thermal resistance
calculated according to the formula (8.5) was r;,,, = 0.015 mK/W.

2. Propeller shaft stern tube is assembled by using the negative allowance method
(metal-to-metal). The following values were assumed: d, = 880 mm, d, = 960 mm,
ds; = 1000 mm, d,; = 1550 mm, A, = 58 W/mK. Specific thermal resistance calculated
according to the formula (8.5) was rj,, = 0.016 mK/W.

3. Propeller shaft stern tube is assembled by using the negative allowance method
along a part of its length only; the remaining part was left in the air 20 mm thick
layer). The following values were assumed: d; = 880 mm, d, = 960 mm, d; = 1000 mm,
d, = 1550 mm, A, = 58 W/mK — for steel, A, = 0.026 W/mK — for air. Specific thermal
resistance calculated according to the formula (8.5) was ry,, = 0.025 mK/W.

Frame tube

EPY

Stern tube

d
d
' d
ds

Fig. 8.23. Model of the system: frame tube — propeller shaft stern tube — EPY compound layer

The following conclusions may be drawn from the calculations:

1. Thermal resistance in the radial direction through a cylindrical steel-EPY com-
pound wall is about ten times greater than that for analogue steel-steel wall.

2. Thermal resistance of the wall with air layer is 16.7 times greater than in case
where the compound layer is present.

8.5.4. Analysis of thermal deformations

First, a coefficient of linear thermal expansion was determined experimentally for
EPY compound at various temperatures. To this end, three specimens were tested
in accordance with PN-82/C-89021 standard: “Plastics. Evaluating the coefficient of
linear thermal expansion”. Details are presented in the publication [146]. Mean values
of the coefficient for various temperatures are given in Tab. 8.1.
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Table 8.1. Values of the linear thermal expansion coefficient o, for EPY compound

a3 a.'% 0 100
24.7-107°6,1°C”" 40.4-107%1°C" 68.3-107%, 1°C"

Calculation of the thermal elongation of propeller shaft stern tube

According to the literature [147], in case of very long stern tubes one end must
be fitted freely to enable their unimpeded elongation or shortening in changing
temperatures.

In order to calculate the maximum movement of propeller shaft stern tube end
in relation to the other end in changing temperatures, a simplified model shown in
Fig. 8.24 was assumed with input data referring to an unfavourable situation.

| =7000 mm
Frame tube
EPY
Stern tube
Bearing
t2

Fig. 8.24. Model for computing propeller shaft stern tube elongation

Stern tube elongation caused by rising temperature was calculated by using the
formula:

Al = aglAt (8.6)

where:
a; — thermal expansion coefficient of steel stern tube,
| — stern tube length,
At = (t, - t;) — difference of temperatures.

The following values were assumed: a, = 12.5 - 107° 1/°C, | = 7000 mm, t, = 55°C,
-5°C. The result of calculations according to the formula (8.6) was:

Al=5.25 mm

The obtained value is the elongation of a stern tube deforming freely in extremely
unfavourable conditions. In reality, difference of temperatures At is usually smaller
so elongation Al will also be smaller, respectively.
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If the ends of a stern tube cannot move freely, the following longitudinal com-
pressive stresses will occur:

o. = Ese = E,Al/l =2 - 10°- 5.25/7000 = 150 MPa (8.7)

where

E,=2-10° MPa — Young's modulus for steel.

The change of stern tube outer diameter, AD, assuming that D = 1000 mm and
deformation is free, is:

AD = a,DAt=12.5-107°-1000- 60 = 0.75 mm

It should be stressed that the calculated values of thermal elongation Al and AD
are caused only by the difference of temperatures At = t, - t; = 60°C in stern tube
and frame tube and they do not depend on the fact whether the compound is used
for the seating or not. Therefore, if the compound is used, the stern tube must have
a freedom of movement in its one end, while staying in contact with compound.

In case there is no freedom of mutual longitudinal and radial movement of stern
tube and the compound (Fig. 8.25), stresses are expressed by the formulae:

o= Eati - t)

(8.8)
Os = Eso-s(tl - tz)
where:
o, — stress in compound, E.=4915 MPa,
o, — stress in steel stern tube, 0, =40.9-107°1/°C.

For the assumed extreme values: t; = -5°C and t, = +55°C, the following values were
obtained for longitudinal and circumferential compressive stresses: 6, = —11.9 MPa,
o, =—150 MPa.

Fig. 8.25. Simplified model for determining thermal stresses in the stern tube system at no freedom
of longitudinal and radial displacements
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In reality, there is always some (limited) freedom of deformation and movement
as well as relatively smaller differences of temperatures At = (t, - t;). Therefore, the
actual values of thermal stresses are usually smaller than those above calculated.

8.5.5. Model tests of a propeller shaft stern tube assembling
The aim of the tests was to check in practice all the details involved in installing
a propeller shaft stern tube of a large diameter (about 1 m) with the use of EPY com-
pound. The tests were conducted in Szczecin Shipyard on the model constructed
by the Mechanical Department W-2 (Fig. 8.26 through 8.28).

The model of a stern tube (bearing) of a propeller shaft (Fig. 8.27) was made of
a steel pipe with a welded seam. A flange was welded at one end. On the outer sur-
face of the pipe, two longitudinal grooves 16 mm wide and 14 mm deep modelling

17 1787
100, A 12 1”2 B 120

I
sy ll§gs
png =) o 2 =
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Fig. 8.26. Model of the system of propeller shaft stern tube (1) and frame tube (2) with EPY compound
layer in between
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Fig. 8.28. The model of frame tube (outer pipe)
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Fig. 8.29. Fore packing made of
polyurethane foam and steel band
(before mounting)

Fig. 8.30. The model of the assembled system of propeller shaft stern tube and frame tube, fitted
with sensors for measuring relative displacements of joined elements
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lubricating channels and a groove modelling a channel for oil temperature sensor,
were milled. There were three holes of 10 mm diameter, bored through the bottom
of oil grooves. Qil grooves were covered with steel slats and sealed with silicone.

The model of a frame tube (outer tube — Fig. 8.28) was made of three steel seg-
ments welded together. The pipe had holes for filling and venting, nine inspection
openings with 1.5” threads for plugs and eight holes with M16 threads for adjusting
screws (Fig. 8.26). The outer pipe was put on the stand (Fig. 8.28) with inclination
angle of 3°45', the same as on the slipway.

Fore packing was made of polyurethane foam and a steel band (ring) (Fig. 8.29). The
inner tube was put into the outer pipe together with fore packing by using a gantry crane.

Basic data:

— volume of space to be filled: V = 118.7 dcm?,

— mass of EPY compound to be poured into the space:

M=V-p=118.7 decm?- 1.59 kg/dcm® = 188.7 kg,

— ambient temperature: 19°C,

— temperature of compound before mixing: 28°C,

— temperature of compound before filling: 36°C,

— time of pouring 12.6 kg of compound into a side filling hole (gap g = 20 mm):
about 1 min,

— mass of compound poured in during the first stage of pouring:

M, =10-12.6 kg = 126 kg,

— curing time of compound poured in the first stage: t =5 h,

— time of pouring 12.6 kg of compound through the upper filling hole (gap
g =5 mm): about 5 min,

— mass of compound poured in the second stage: M, =5 - 12.6 kg = 63 kg,

— total mass of compound poured in: M =M, + M, = 126 + 63 = 189 kg.

Stern packing was made of polyurethane foam and a steel band (ring) as well. After
joining the pipes and installing the stern packing, the sensors (Fig. 8.30) were installed
to measure the relative displacement of the pipes while pouring EPY compound into
the space between the pipes and also during the curing phase. Special funnels were
put into filling holes and overflow holes. The methods used for pouring EPY compound
into the model and recording relative displacement of the pipes are illustrated in the
photographs (Fig. 8.31). The test, whose final stage is presented in the photograph
(Fig. 8.32), provided a wealth of useful information, and proved in particular that:

1. The method used for packing the filled space fully passed the exam of the test
during installation, pouring and curing phases.

2. The solution applied for closing the oil grooves prevented the compound
from leaking into them.

3. Stern tube (bearing) of a propeller shaft should be inserted to the frame tube
axially with the use of special equipment ensuring a controlled movement of the
stern tube without any damage to fore packing.
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Fig. 8.31. Pouring EPY compound into model (a) and recording the relative displacements
of joined elements (pipes) (b)

Fig. 8.32. Final stage of model testing of propeller shaft stern tube assembly
(in Szczecin Shipyard)
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4. Stern tube should be aligned with adjusting screws to provide its stable posi-
tion in radial and axial directions.

5. Filling hole (with a diameter of about 40 mm) should be located in the upper
part of the frame tube, in the place where compound is the thickest, and its cor-
responding overflow hole-in the highest place of the filled space.

6. Propeller shaft stern tube should be filled with compound in at least two
stages, at a temperature of 20°C.

7. Inspection in control points showed that compound fully filled the space includ-
ing the places where the layer of compound was thinnest, i.e. amounting 4 mm.

8.5.6. Conclusion

The performed assessment calculations and model testing proved that the propel-
ler shaft stern tubes (bearings) of large diameters (@bout 1 m) can be installed with
the use of EPY compound in real shipyard conditions, and provided a wealth of
valuable information necessary to work out the details of assembling process of
these units.

8.5.7. Epilogue

Having completed the tests in Szczecin Shipyard, the model of the unit consisting of
a frame tube and propeller shaft stern tube with a layer of EPY compound in between
was taken to Marine Service Jaroszewicz Co. where it was exposed to weather action
for along time. After seven years, the outer pipe was cut lengthways with a gas torch
in a few places, and dismounted (Fig. 8.33).

When the model was dismounted, it was observed that the compound filled
the whole space between the pipes, and was coherent and uniform. Metal surface
in contact with the compound was not corroded. It proved that the contact of the

Fig. 8.33. Stern tube assembly model (frame tube and propeller shaft stern tube with EPY compound
layer in between) during its dismounting: a) gas cutting the outer pipe; b) upper part of the outer
pipe, cut-out together with EPY compound layer
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compound with metal surfaces is very tight. Its adhesion to metal was lower than
its tensile strength, which as a result made it possible to separate big chunks of the
compound from the surface.

8.6. Research on possible use of the microwaves for post-curing (additional
heating) of EPY compound and foundation chocks cast of it

8.6.1. Introductory remarks

Basic problem encountered in seating any machinery on cast in-situ compound

foundation chocks is their proper curing. At ambient temperatures lower than 10°C
curing process performs too slow. In order to shorten curing time while obtaining

the required strength properties, chocks can be additionally heated by using external

sources of heat. The most typical method is blowing hot air onto chocks from appro-
priate heaters; in this way the whole foundation and machinery frame are heated as

well. Therefore, it is an arduous and energy-consuming process. In order to overcome

the drawbacks, a research was undertaken on a new original method of curing the

chocks with the use of microwaves. The aim of the research was to examine the

influence of using microwaves for the post curing of EPY compound on its strength

properties, as well as possible application of the method to the seating of machines

and devices on ships. Detailed descriptions and results of the research are contained

in the publications [148+151]. Only a part of the results is presented below.

8.6.2. Tests on EPY compound specimens

Tests on post curing of EPY compound with microwaves of the frequency f = 2.45 GHz
were performed on cylindrical specimens (of 20 mm diameter and 25 mm height)
and on full-size models of foundation chocks. Tests on the specimens were done
for comparative purposes. Some specimens were cured traditionally and some with
microwaves, and then they were subjected to compression tests and creep tests. All
specimens used in the tests were cast from the same batch of liquid compound and
were cured for 24 h at 23°C. Next, they were divided into seven groups of 10 specimens
each. One group was left without additional heating, four groups were additionally
heated for 2 h in an oven at temperatures of 60°C, 80°C and 120°C. Then, two groups
were post-cured in a microwave oven of 850 W power: one for 2 min (non-stop) and
the other — four times for one minute every 5 minutes.

When the specimens cooled down (in about 2 h), a part of them underwent a com-
pression test and the remaining part — a creep test. The compression tests were
carried out in accordance with ASTM standard in a 8501 Plus Instron testing machine,
the creep tests were conducted in a creep testing machines specially intended for
this purpose (Fig. 7.31). The creep tests were performed at a temperature of 80°C
and under pressure o = 10 MPa. Results of the tests are graphically presented in
Fig. 8.34 and 8.35.

268 Bl CC C 2 X Kl



Emm CC ¢ 2 <0 I

Research on possible use of the microwaves for post-curing (additional heating) of EPY compound and foundation chocks cast of it
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Fig. 8.34. Compression strength of specimens made of EPY compound cured in various ways
(traditionally and by using microwaves)
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Fig. 8.35. Creep characteristics of specimens made of EPY compound cured in various ways
(traditionally and by using microwaves)
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Having analysed the results of compression tests and creep tests (Fig. 8.34 and
8.35), the following conclusions may be found:

1. Heating the compound in the oven for 2 h increases its strength. The higher
the temperature of heating, the higher the strength. Heating the compound for
more than 2 h at any given temperature does not have any considerable influence
on the strength of the compound.

2. The additional (post) curing of the specimens in a microwave oven for 1+4 min
produces the same effect as heating them for 2 h in the oven at an appropriately
high temperature. What increases the strength of the compound is its maximum
temperature. In a microwave oven the temperature of specimens reaches 130+140°C
after about 3 min. Too long exposure to microwaves results in an excessive rise of
the temperature in the compound and causes its destruction.

3. There are certain optimum conditions (time and temperature) for the post-

-curing, which depend on many factors.

8.6.3. Tests on models of foundation chocks

Positive results of the tests on post-curing the compound by using microwaves
encouraged these authors to undertake tests on full-size models of foundation chocks.
A special device was made for a post-curing with microwaves, which is schematically
shown in Fig. 8.36.

Tests were conducted on an axially-symmetrical model of chock, whose drawing
is presented in Fig. 8.37. The chock was put on a steel plate and covered with alu-
minium foil. A microwave antenna was inserted centrally into the hole in the chock.
The chock was post- cured 3 times for 5 min about every 5 min. At the intervals, the

a) b)

Generator of
f=2.45GHz

Antenna

Power supply
of 220V

Power supply

Radiometer

Fig. 8.36. The microwave device for post-curing the compund chocks: a) schematic diagram; b) overall
view of elements of the device
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TV Antenna Plexiglass Thermo-copying

/

Aluminium foil
Fig. 8.37. Schematic diagram of microwave emission into the model of EPY compound chock

Steel plate

temperature on the top of the chock was measured with a contact thermometer. After
the compound was post-cured and cooled down, a compression test was performed
on 30 specimens (of 20 mm diameter and 25 mm height) taken from different places
in the chock (Fig. 8.38). Results of the temperature measurements and compression
tests are shown in Fig. 8.39

Experimental tests were also performed on a simplified, axially symmetrical
model of a foundation joint (Fig. 8.40) made of two steel plates 38 mm thick which
simulated the foundation and engine bed-plate. Between the plates, a 30 mm thick
chock of EPY compound was cast. The tests were performed on two chocks. Three
dial indicators, installed circumferentially on the plates, measured the changes in

Fig. 8.38. The places in the chock model where specimens were cut out for testing
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Fig. 8.39. Distributions of maximum values of temperature and compression strength of EPY compound
post-cured with microwaves in the foundation chock model
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Fig. 8.40. The axially-symmetrical model of a foundation joint with EPY compound chock: a) schematic
diagram of microwave post-curing with the marked points where temperature was measured (1, 2, 3);
b) schematic diagram of compression test and measurement of changes in height of the chock

272 Emm G C 2 <0 NI



Emm CC ¢ 2 <0 I

Research on possible use of the microwaves for post-curing (additional heating) of EPY compound and foundation chocks cast of it

Table 8.2. Run and results of tests on models of foundation chock

Run of the tests T, °C T,, °C T;, °C

Casting the chock N1 19 19 19
Gelation for3 h 36 36 36
Microwave heating for 4 min at 600 W 101 82 71
Break between heating sessions — 15 min 52 51 47
Microwave heating for 4 min at 600 W 68 69 65
Break between heating sessions — 15 min 50 48 48
Microwave heating for 8 min at 600 W 88 87 74
Load P =262.5 kN for 5 h at T, = 39—82°C AH =-0.02 mm

Casting the chock N22 20 20 20
Gelation for3 h 36 36 36
Microwave heating for 5 min at 500 W 67 57 48
Break between heating sessions — 15 min 53 50 47
Microwave heating for 5 min at 500 W 65 64 58
Break between heating sessions — 15 min 55 55 55
Microwave heating for 10 min at 500 W 79 71 64
Load P=262.5 kN, for 3 h at T, = 22—84°C AH=-0.01 mm

chock height due to compression in strength testing machine, after the post-curing
with microwaves was completed. Tab. 8.2 presents the temperature cycles and test
results; the temperature T was measured in points 1, 2 and 3 (Fig. 8.40a) after cyclic
heating with microwaves; the mean height change AH of the chock was measured
under pressure p while at the same time oil surrounding the chock was heated
to a temperature of about 80°C. The pressure exerted on the chock and the increase
of ambient temperature correspond to the real conditions in which the engine is
started and operated.

8.6.4. Major conclusions

1. The role of microwaves is mainly to heat the compound. The process occurs
inside the compound in its entire volume and is very fast. A temperature of 100°C and
a high compression strength are reached within a few minutes. Too long exposure
to microwaves causes overheating and destruction of the compound.

2. Weakly cured compound absorbs more microwave energy than a strongly
cured one. It means that stronger cured compound is a better conductor of micro-
waves and the amount of absorbed energy is lower. This matter requires further
quantitative research.
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3. Tests carried out on the models of foundation chocks produced positive results.
They confirmed the possibility of using microwaves for the post-curing of full-size foun-
dation compound chocks and the effectiveness of the device designed for this purpose.

4. Practical shipboard application of the method and the device requires further
elaboration of technical details, work safety conditions and choice of the optimum
parameters of the microwave post-curing process (power, periods of microwave
emission and intervals between them).

5. Prospective shipboard application of microwave post-curing of compound
chocks may significantly reduce the time and energy used for seating the machines
in comparison with the presently used thermal process of post-curing of the chocks.

8.7.  Strength tests on holding down bolts anchored
in concrete with the use of EPY compound

Installation of anchor bolts with the use of polymer composites proves to be par-
ticularly advantageous in the repair and modernization works, when it is necessary
to replace destroyed bolts or to install new ones in places imposed by constructional
changes (for instance in foundation plate).

The aim of the tests described in detail in the publications [152, 153] and presented
in short below, was to examine the practical possibility of using EPY compound for
the anchoring of bolts in concrete blocks.

The testing of the load-carrying capacity of bolts anchored in concrete by means
of EPY compound was conducted on models (Fig. 8.41) with three types of bolts,
whose forms and dimensions are given in Fig. 8.41b, ¢, d.

a) N, b) 9] d)
e ll il i
W ik [l il il
| q i
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| | | |
N\ | | |
\ ey L i

Fig. 8.41. Schematic drawing of the bolt anchoring in concrete (a) and foundation bolts with differently
shaped anchoring parts: with smooth cylindrical surface (b), with helical groove (c), with conical surface (d)
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Diameters and depth of bolt holes were as follows: D = 18 mm and L = 130 mm
and the length of anchoring was I, = 125 mm. Bolts were driven out of concrete by
means of a hydraulic press. Mean values of measured forces N, (load-carrying capac-
ity of anchor), taken at the beginning of the destruction of anchored bolts shown in
Fig.8.41b, ¢, d, equalled respectively 64, 57 and 59 kN. Having analysed the differences
between the values, one may state that they result from the natural spread of data
and the errors of the measuring method, but not from the influence of bolt shape
along the anchoring length [152]. However, the shape of a bolt along the anchor-
ing length influences considerably its destruction process, which is demonstrated
below. Load-carrying capacity of a bolt anchored directly in concrete, calculated in
accordance with Hilti catalogue [154], amounted to N,, = 16 kN.

Bolts anchored in concrete by means of the compound were also subjected to tor-
sional moment rising until their torsional strength was exceeded, which happened at
torsional stress of 1, = 393 MPa. Anchors were not destroyed. Bolt fractures occurred
beyond the length of bolt anchoring.

The model used for the test of adhesion between the bolt and the compound
(or between bolt and concrete) is presented in Fig. 8.42. The term “adhesion” means
the resistance of an anchored bolt when pulled out [152]. The test was performed by
using 8501 Plus Instron testing machine. Example diagrams demonstrating the run
of the test and its results are presented in Fig. 8.43. They correspond to the model of
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Fig. 8.42. Anchor bolt model for testing its adhesion to resin compound
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Fig. 8.43. Diagrams of pulling the bolt out of concrete (A) and resin compound (B and C)
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the following dimensions: D = 16 mm, d = 12 mm, and |, = 144 mm. Curve A (Fig. 8.43)
refers to a bolt of cylindrical anchor length sunk directly in concrete, and curves B
and C — to a bolt with cylindrical or tapered anchor length sunk in EPY compound,
respectively. For the three anchored bolts used for comparison purposes, shear stress T
was calculated as a relation of the tensile force F to the shear cross-section area A..
The maximum values of shear stresses in case of bolt anchored in the compound
are similar and about three-time higher than maximum stress values determined in
pull-out test on bolt anchored directly in concrete. In case of the bolt with cylindrical
anchor length, destruction of the joint is sudden (curves A and B in Fig. 8.43). The
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Fig. 8.44. Shear stress distributions on compound layer surface contacting the bolt over anchoring
length area
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Fig. 8.45. Relation between deformability of the anchor connection and its dimensionless anchoring
length (curve 1) and compound layer thickness (curve 2)
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bolts with tapered anchor length do not lose all their load-carrying capacity at once
(curve Cin Fig. 8.43) which prevents the bolts from failures with serious consequences.

Apart from the experimental tests, also the numerical computations were done by
using the finite elements method (FEM). Data taken from the experiments [152, 153] was
used in the computation. It was assumed that there was perfect adhesion on the contacts
between steel and concrete, steel and compound and also concrete and compound.
The results of computations are presented in a graphical form in Fig. 8.44 and 8.45.

Shear stress Tin a layer of compound (or concrete at h =0 mm) touching the anchor
surface decreases as the distance from a considered bolt transverse cross-section
to concrete surface increases (Fig. 8.44). Maximum values and the rate at which stresses
decrease depend on the compound layer thickness. Therefore, it is the thickness of
the compound layer that considerably influences maximum values of shear stresses.

Figure 8.45 presents the relation between anchoring deformability and the relative
anchoring length (I,/d) and the compound layer thickness. For a given thickness of
the compound layer (h =2 mm), the anchoring deformability calculated as the ratio
of the displacement of the anchored bolt cross-section at the concrete surface and
the force effecting such displacement, does not depend on the anchoring length
I, if its value is higher than 6d (Fig. 8.45, curve 1). While at a given anchoring length
(for example I, = 256 mm), anchoring deformability increases when the thickness of
the compound layer increases (Fig. 8.45, curve 2).

The performed tests proved good strength properties of foundation bolts anchored
in concrete with the use of EPY compound. Their load-carrying capacity is about three
times higher than that of bolts anchored directly in concrete. The optimum anchoring
length (giving the highest load-carrying capacity) may be assumed equal tol,=8d. The
shape of the bolt anchoring shank (smooth cylindrical surface with a spiral groove or
a tapered shank) has little influence on ultimate load-carrying capacity of the anchor-
ing, but it has some influence on the anchoring damage process. In case of a smooth
cylindrical surface, the damage is sudden and brittle in character. However, in case
of a tapered shank the loss of load-carrying capacity takes some time and is of elas-
tic-plastic character, which may give some protection against an immediate collapse.

8.8. Research on adhesion between EPY compound
and foundation bolt shank

8.8.1. Introductory remarks

For repair of reinforced concrete foundations and modernization of seating arrange-
ment of large reciprocating compressors, and lately also for installation of new such
objects, foundation bolts anchored in special polymer compounds are more and
more commonly used (Fig. 8.46a). This method has many significant technical and
operational advantages in comparison with the traditional method of anchoring
foundation bolts in concrete.
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In this process adhesion of compound to steel and concrete plays an important role.
It should be so high as to make it possible to transfer static and dynamic loads acting
onto a given system, safely and without violating its integrity. To know the adhesion
and factors on which it depends is crucial not only for designing and manufacturing
foundation bolt joints but also in modelling and dynamic analysis of seated objects,
which —in a contemporary manner [105+111] — should be considered to be integral
systems consisted of machine, its foundation and fastening arrangement.

Research tests on adhesion, presented in literature [155], and also in preceding
own publications [152, 153], have been of a global character and dealt with adhesion
of concrete or resin compound to steel bar or bolt shank of a rather large anchoring
length.

The main aim of the below presented research was to develop an appropriate
method and to determine magnitude of adhesion related to unit area of contact
surface between EPY compound and shank of steel foundation bolt, as well as walls
of hole made in concrete. Comprehensive tests in this range were conducted in
the frame of the research project described in [156]; only a part of their results are
presented in this section.

8.8.2. Research on adhesion between EPY compound and shank of steel
foundation bolt

8.8.2.1. Test method and specimens used in the tests

Phenomenon of adhesion should be meant in general [155] as a resistance which

occurs in a layer of compound or concrete being in contact with steel bar while

attempting to pull it out from the surrounding material. The factors governing the

adhesion phenomenon are in general as follows [155]:

— adhesion, i.e. intermolecular attraction occurring in contact of two materials;

— mutual catching on uneven areas of contact surfaces of both materials;

— friction occurring in contact of both materials;

— chemical bonding of both materials.

In spite of that a lot of attention has been paid so far to the issue of adhesion
between concrete and steel, there is today no satisfactory theory concerning this
problem, nor standard recommendations determining a testing method as well as
criteria for qualitative and quantitative assessment of results of such tests, are at
one’s disposal.

Tests on concrete or compound adhesion to steel reinforcing bars or foundation
bolt shanks are usually performed for their definite anchoring length | (Fig. 8.46b),
and the length is so chosen as not to cause their breaking [155]. In such cases very
non-uniform shear stress distribution over contact surface of two materials occurs
in the system in question, which is illustrated schematically in Fig. 8.46¢ [157].

The limiting shear stress R,, called also the adhesion stress [155], is usually taken
as an adhesion measure, which is derived from the formula given in Fig. 8.46¢; where
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Fig. 8.46. Modernized seating arrangement of a motor-driven compressor (GMVH-12) with the use of
EPY compound (a), schematic diagram of classical test on anchored bolt adhesion (b) and distribution
of shear stresses occurring in the anchor connection (c)

| |
a) ‘ b) ‘

¢%9 ¢%9

a$0 - eéo

240 |, R 250 N €2
} ol o ' o o
‘ | T ‘ o

230 ~F 230 ~F

Fig. 8.47. Specimens used in the tests on adhesion between EPY compound and steel bolt shank: a) and
b) schematic drawings and main dimensions of the specimens; c) overall view of the specimens

Fonax Stands for a value of force at which a given joint was damaged, and S — contact
surface area between a steel element and a considered anchoring material.

The adhesion stress R, determined this way represents mean value of the adhesion,
which significantly depends on the joint length |. However it does not sufficiently
describe physical phenomenon of adhesion which is independent of the length |
and determines real shear strength of the joint, related to unit area of contact surface.

In order to examine a real (specific) adhesion of EPY compound to steel foundation
bolt shank, experimental tests were carried out on specimens representing small
parts of the joint. Fig. 8.47a and b shows schematic drawings and main dimensions
of the specimens and Fig. 8.47c — their overall view. They are axially symmetrical,
consisted of a steel shank and sleeve, as well as a ring cast of EPY compound, filling
the gap between the steel elements. The selected diameter of the shank (30 mm)
corresponds to that of foundation bolts used for large reciprocating compressors.
A relatively low length of the compound-shank connection (equal to 32 mm, i.e. close
to its diameter) was so selected as to obtain approximately uniform distribution
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a) 1
Fig. 8.48. Schematic diagram of the test on pulling-out the shank anchored in the compound (a)
and its execution by using a strength testing machine (b, c)

a) b)

Force F, kN
Force F, kN

0 5 10 15 20 25 25

Displacement u, mm Displacement u, mm

Fig. 8.49. Exemplary curvesillustrating runs and results of the tests on pulling-out the shanks anchored
in EPY compound: a) for the specimen of 830/040x32, b) for the specimen of 830/650x32

Table 8.3. Results of tests on adhesion between EPY compound and steel obtained from the tests
on pulling out the shank from the compound

Specimens of the dimensions: 30/640x32 Specimens of the dimensions: 30/650x32
Specimen N2 Frmaxs KN Ry, MPa Specimen N2 Fmaxe KN Ry, MPa
1 42.66 14.14 1 37.88 12.38
2 31.26 10.36 2 4135 13.71
3 37.36 12.38 3 2571 8.52
Mean value 37.09 12.29 Mean value 34.98 11.54
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of shear stresses over the joint length. The tested shanks were made of 45 steel by
turning and had roughness parameters of their surfaces, as follows: R, = 5.26+6.43 um,
R, = 25.30+31.67 um. After cleaning and degreasing their surfaces intended for being
in contact with the compound, the shanks were concentrically inserted into steel
sleeves and poured around with liquid mixture of EPY compound and hardener.
Curing process of the compound was conducted at room temperature of 22+23°C. The
adhesion tests were performed after its curing for 5 days.

8.8.2.2. Run and results of the tests on specimens with smooth shanks

The tests were conducted with the use of INSTRON (model 8850)servo-hydraulic
testing machine. It was assumed that force exerted onto a given joint will be increas-
ing with a constant speed of the machine’s head, v =1 mm/min (usual in material
compression tests) not only until the tested joint is damaged, but up to the instance
when the shank sticks out from the compound completely.

Fig. 8.48 shows schematic diagram and run of the test of pulling-out the shank
anchored in the compound, executed by means of the testing machine. Runs of the
tests are illustrated by diagrams shown in Fig. 8.49, and their results are contained
in Tab. 8.3.

As results from analysis of the diagrams (Fig. 8.49), damage of the tested connection
of steel shank with the compound is generally effected by shear stresses occurring
on contact surface between the two materials. The fast, linear and uniform rise of
the load till its maximum value and then its sudden drop show that damage of the
joint (due to shear stresses) appears almost simultaneously over the entire contact
surface of shank and compound. When the cohesion between shank and compound
is lost, the tested joints do not lose completely their load-carrying capacity due
to occurrence of a rather large friction resistance in them. The resistance decreases
which is associated with gradual shifting out the shank from the compound and
smoothing the contact surfaces due to friction.

The quantitative results of the tests, collected in Tab. 8.3, comprise values of the
damaging force F,,c and the adhesion R, derived from the formula given in Fig. 8.46c.
The results show a rather large spread. For the tested specimens they may be com-
pared to the result for a compound layer 5 or 10 mm thick. The observed differences
are contained within spread intervals of the determined parameters.

Mean values of the adhesion (about 12 MPa) determined in the tests, as well
as its maximum value (R,m.x = 15.67 MPa) are evidently lower than shear strength
of EPY compound for which R; = 40+52 MPa. Appropriate implementation of the
strength properties of this compound (higher than for concrete) makes it possible
to significantly improve load-carrying capacity of foundation bolt anchoring in this
compound by shaping surface of their shanks properly.

Some experimental tests were arranged to check possible solutions of a high
importance for engineering practice. Their run and results are presented below.
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8.8.2.3. Tests of adhesion between EPY compound and shanks with cut grooves
In order to additionally prevent bolt anchored in the compound against pulling out,
it is possible, instead of applying a retaining nut (commonly used but troublesome
in practice) placed at lower end of shank, to shape shank surface in such a way as
to increase adhesion effects and more effectively implement strength properties of
the compound. It particularly concerns shear strength of shank, which is much higher
than its adhesion to a relatively smooth steel surface. Such approach is often used for
reinforcing bars dip in concrete, by introducing appropriate ribbing of bar surface.
For foundation bolts the treatment can be easily implemented by cutting some
grooves in bolt surface. Some experimental tests were made to examine such solutions.
Three series of specimens of 3 pieces each were prepared for testing. Shanks of
the specimens were milled (roughly) to get them 30 mm diameter and then cut cir-
cumferential grooves in their contact surfaces. Shapes and dimensions of the grooves
as well as an overall view of the shanks with cut grooves are shown in Fig. 8.50.
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Fig. 8.50. Shanks of the specimens having cut grooves intended for the adhesion testing
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The shanks prepared this way together with steel sleeves, after exact cleaning and
degreasing their contact surfaces,, were put on support steel plates (ensuring their
mutual centring) and poured around with liquid EPY compound mixed in advance
with hardener. When the compound is cured at room temperature (22+23°C), pull-
-out tests on the shanks anchored in the compound were conducted. Schematic
arrangement of such test and its run is shown in Fig. 8.48.

Fig. 8.51 shows runs of particular tests in the form of exemplary diagrams achieved
from testing machine. Quantitative results of the tests are collected in Tab. 8.4.
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Fig. 8.51. Schematic diagrams and exemplary result curves of the tests on pulling steel shanks having
surface grooves of various shapes, out of EPY compound
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Table 8.4. Results of tests on adhesion between EPY compound and steel shanks with various form
grooves cut on their surfaces

Shanks with two Shanks with Shanks with the thread
circumferential grooves a helical groove M30x2
SpecimenN¢  F..,, kN R, MPa | SpecimenN® F,, kN R, MPa |SpecimenN? F., kN R, MPa
1 73.48 24.36 1 64.16 21.27 1 115.3 38.23
2 75.60 25.07 2 66.56 22.07 2 101.9 33.78
3 77.62 25.74 3 63.52 21.06 3 107.2 35.54
Meanvalue 7557  25.06 |Meanvalue 6475 2140 |Mean value 108.1 35.85

Analyzing the diagrams presented in Fig. 8.51, which illustrate runs of the tests
on pulling particular shanks out the compound, one may generally state that they
are qualitatively very similar. The similarity consists in a fast rise of load, violent run
of damage of the joint and its further significant load-carrying capacity resulting
from a relatively high friction drag. This is shear stress acting on the nominal contact
surface (cylindrical) between shank and compound, which decides on damage of
the joint. The friction drag occurring later, decreases, which is associated with the
gradual shifting-out of the shank from the compound and the smoothing of con-
tact surfaces under friction. Tab. 8.4 showing quantitative results of particular tests,
comprises values of the damaging force F,,,,, as well as the adhesion stress R, derived
from the formula given in Fig. 8.46¢. The nominal contact surface area between
shank and compound was S, =11 - 30 - 30 = 3014.4 mm?, and the shear surface area in
specimens with two circumferential grooves was S;=m-30-2.6- 2 =489.8 mm’, i.e.
equivalent to 16.25% of the nominal contact surface area; in specimens with spiral
groove — S, = 7m- 1.1 - 30 = 725.34 mm?’, i.e. equivalent to 24.06% of the nominal
surface area, and in threaded specimens — practically equal to 100% of the nominal
contact surface area. The specimens with one small spiral groove, despite the larger
ratio of shear surface area and the nominal contact surface area (equal to 24.06%),
showed lower strength than the specimens with two circumferential grooves, having
the relative shear surface area equal to 16.25% of the nominal one.

8.8.2.4. Comparison of tests on adhesion of compound to smooth shanks
and those with cut grooves

Fig. 8.52 shows results of all the adhesion tests, both concerning smooth shanks
and shanks with grooves cut on their surface. As results from comparison of the test
results for particular kinds of specimens, there are significant quantitative differences
between them. There was revealed a favourable influence of grooves cut out in
shank surface on drag forces generated during the tests on pulling the shanks out
from the compound. By relating the connection strength of the specimens with cut
grooves to that of the specimens with smooth- turned shanks, the relative increase in
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Fig. 8.52. Comparison of the adhesion R, between EPY compound and steel shanks with smooth
milled surface and those having surface grooves; 1 — smooth milled shank; 2 — shank with two
ring grooves; 3 — shank with a spiral groove; 4 — shank with M30 x 2 mm thread

mean values of the connection strength ranging from 174.6 to 291.5%,were obtained.
The highest, almost threefold rise of the connection strength was reached for the
threaded shanks. The rise is caused by the greater shear strength of the compound
than its adhesion stress to steel shank (nominally smooth). The compound filling
the grooves on shank surface produces catches which resist pulling the shank out.
The catches must be cut by shank during its shifting out to make shank pulling out
from the compound possible. The greater the ratio of shear surface area and nomi-
nal (cylindrical) contact surface area between shank and compound the greater the
strength of joint. However the relation is not simply proportional. Shape and location
of the groove have also an influence.

Attention should be also paid to the significantly lower spread of test results
(Fig. 8.52), manifested by the shanks with cut grooves in relation to the shanks of
smoothly turned surface.

8.8.3. Tests on adhesion between compound and concrete

8.8.3.1. Specimens used for the tests

The tests of adhesion between EPY compound and concrete were carried out
on specimens shown in Fig. 8.53. They represent some, rather short shank seg-
ments of foundation bolt anchored in concrete block with the use of the com-
pound (Fig. 8.46). The specimens constitute an axially symmetrical system of steel
elements, concrete and compound which are in close contact to each other. The
segment length / was assumed very small, equal to bolt shank diameter only, so
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b)

Fig. 8.53. Specimens for the tests on adhesion between EPY compound and concrete

as to obtain a uniform distribution of shear stresses over contact surface area
between compound and concrete.

During preparation of the specimens care was taken to maintain proper similar-
ity to conditions occurring in real systems. First, special moulds for casting concrete
rings were prepared. They comprised steel rings (2108/2114x30 mm) and segments
of plastic pipe, having outer diameter of 40 and 50 mm, respectively. Three moulds
were made for each of the diameters. The moulds were properly sealed and filled
with cement mortar. After concrete solidifying for a few hours the plastic pipes were
carefully removed without violating integrity of concrete. Hardening the concrete
was carried out under a wet fabric (dampened many times) and plastic sheet for
about two months. Simultaneously, a cylindrical specimen (259%x67 mm) was cast
of the same cement mortar to check compression strength of the concrete. The test
yielded the following result: R. = 27.58 MPa.

After appropriate solidifying the concrete rings, steel cylinders (23030 mm)
representing segments of foundation bolt shanks (Fig. 8.54), were inserted to holes
of the rings. Then the space between steel cylinder and concrete ring was filled with

Fig. 8.54. Concrete disc after its curing (a), and with inserted steel cylinders (b), prepared for pouring
with the compound
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liquid mixture of EPY compound and hardener. Six such specimens, including three
with 5 mm thick compound ring and three with 10 mm thick compound ring, were
prepared. Pouring the compound into the specimens and curing it was carried out
in room temperature of 22 +1°C. The compound was cured for 72 h (while only 24 h
period was required).

8.8.3.2. Run and results of the tests

The tests on adhesion between compound and concrete were conducted in 8850
INSTRON testing machine aided by a special computer controlled program. It guar-
anteed that all the tests were carried out in the same way. Fig. 8.55 shows a schematic
diagram of running the tests in practice. The method of pulling the compound out
of concrete by using a steel punch was applied for practical reasons. For sufficiently
short connections the method is equivalent to the drawing-out method, that was
proved in the preceding research [157].

Diameter of the punch was so selected as to reach an almost uniform distribution
of shear stresses over contact surface between compound and concrete. To this end,
numerical FEM calculations were performed first. Value of damaging shear stress,
which determines, in this case, the adhesion of compound to concrete, R,, was cal-
culated with the use of a simple formula given in Fig. 8.46, where F,,,, stands for the
maximum compression force damaging a given joint, and S = mdl — contact surface
area between compound and concrete, over which shear stresses act.

Eventually, the compound-concrete adhesion tests were conducted with applica-
tion of a steel punch of 36 mm diameter — for the specimens of 230/640x30 mm,
and that of 46 mm diameter — for the specimens of 230/650x30 mm. Fig. 8.56
shows shear stress distribution along compound-concrete contact length in case
of application of the punch of 36 mm diameter. The distribution is almost uniform
along the entire length of contact between compound and concrete.

a)

Fig. 8.55. Schematic diagram (a) and execution of the tests in a strength testing machine (b)
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Fig. 8.56. Shear stress distribution along compound-concrete contact length for punch of 36 mm
diameter

Table 8.5. Quantitative results of the tests on adhesion between EPY compound and concrete

Specimens of the dimensions: 830/640x30 Specimens of the dimensions: 30/650x30
Specimen N2 Frnax KN R, MPa Specimen N2 Fonaxs KN R, MPa
1 102.26 2712 1 113.94 2418
2 94.73 25.13 2 128.32 27.23
3 85.83 22.77 3 125.17 26.56
Mean value 94.27 25.00 Mean value 122.48 25.99

The tests were carried out not only till the instance when the load carrying capa-
city of a given joint has been exhausted and the joint damaged, but also till the full
pulling of the compound out of the concrete. Each test was performed at two travel
speeds of testing machine piston: first for 5 min at the speed v = Tmm/min, and next
for 3 min at v =10 mm/min. The speed was automatically switched over during run
of the test. The speed v =1 mm/min was selected the same as that used in standard
compression tests of materials. Next, after damaging the joints, a greater speed was
applied to shorten the time necessary for complete separation of connected ele-
ments. Runs of the tests are presented in Fig. 8.57 and their quantitative results — in
Tab. 8.5. which contains values of the damaging force F,,, for particular specimens
and values of the adhesion R, calculated from the formula given in Fig. 8.46c¢.

8.8.3.3. Analysis of the results

Analyzing the obtained test results one may generally state that the damage of the
direct connections between compound and concrete results from action of shear
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Fig. 8.57. Schematic diagram and results of the tests on adhesion between EPY compound and
concrete: a) for the specimens of 230/640x30 mm dimensions; b) for the specimens of 230/@50x30 mm
dimensions

stresses which occur in contact between the mutually connected materials. The fast,
approximately linear rise of load up to its maximum value and then its sudden drop
show that the damage of the connection runs very fast over the whole contact area
between compound and concrete. Even when the adhesion between compound and
concrete is lost the connections do not lose at all their load carrying capacity owing
to a relatively large friction drag occurring in them. The drag decreases because the
compound is moved out gradually of the concrete and the surfaces are smoothed
due to friction.

Fig. 8.58 shows a picture of the specimen after its damage. The mutually con-
nected elements, both concrete and compound, maintained their integrity during
the test and after it. The damage of the connection between compound and concrete,
resulting from shear stress action, distinctly occurred always on the side of concrete.
This is confirmed by a undamaged thin concrete layer stuck to compound and lack of
it on surface of the hole in concrete. Therefore it may be supposed that for a higher
class of concrete a greater value of adhesion would be reached. However the issue
requires appropriate experimental tests to prove it.
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Fig. 8.58. Picture of a specimen after its damage

The achieved mean values of the damaging force F,,,, depend on diameter of
hole in concrete and are proportional to the hole surface area S. The calculated
mean values of the adhesion R, amount to 25.00 and 25.99 MPa, respectively, and
are practically the same for the connections with the smaller and greater thickness
of compound layer equal to 5 and 10 mm, respectively. The observed differences
are comprised within result spread intervals.

8.9. Experimental tests on models of foundation
chocks made of steel and EPY compound

8.9.1. Introductory remarks

Foundation bolt joints of heavy machines and devices constitute, both structurally
and materially, complex mechanical systems. According to the classical classifica-
tion [158], as well as the rules of classification societies which supervise building
process of sea-going ships [97], the joints in question are numbered among the
category of rigid structural connections (in contrast to flexible connections). It concerns
not only foundation bolt joints with traditional steel chocks but also novel ones with
chocks cast of special polymer compounds. Such classification is purely conven-
tional as it simplifies real conditions and makes this way correct understanding and
solving contemporary scientific and engineering problems on the seating of heavy
machinery on foundations, more difficult. This especially deals with machines and
devices which generate large dynamic forces and vibration.

In real systems for fastening machines and devices to foundations, both made
of steel and concrete, complex phenomena of deformation, vibration, friction and
strength occur. As results from practice, they very often have significant impact
not only on reliability and service life of the seating itself but also on performance
of the entire system formed of a machine, its foundation and a given fastening
system.
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Looking from the side of the complexity of the discussed phenomena, one
should consider and analyze the fastening system as a deformable mechanical
arrangement consisted of many mutually interacting elements. A single bolt joint
connecting machine bed plate with its foundation is an authoritative representative
of such system. Foundation chock which is an integral part of joint elements, plays
important role in the joint. The chock together with holding down bolt form a com-
plex structural unit of determined strength and dynamic features which depend
on many various factors. As results from the tests, in such complex structures an
important influence on their performance under load is associated not only with
geometrical and material features of their components but also to a large extent
contact phenomena occurring in their connections. The phenomena just decide
very often on strength, reliability and service life as well as dynamics not only of
a given structural joint but also to a large extent of the entire system in which it
participates.

In order to understand, formulate and solve contemporary problems on strength,
dynamics and reliability of foundation bolt joints it is necessary to precisely recog-
nize physical phenomena occurring in them. To achieve this knowledge appropri-
ate experimental tests are needed. Such investigations were suitably planned and
conducted in the framework of a special research project financially supported by
Polish Ministry of Science and Higher Education. A detailed description and results
of the research are presented in the report on execution of the project [156]. In this
chapter only some results of the research are discussed.

The research was aimed first of all at the determining of characteristics of normal
deformations of foundation chock compressed between two flat metal surfaces
with taking into account not only chock material deformation (as usual procedure
in its modeling and calculating) but also contact deformations occurring in contact
between the chock and metal surfaces exerting compression load on it. Such tests
were carried out on special models of a traditionally used steel chock and a novel
one, cast of EPY compound. The obtained results were analyzed and compared, and
relevant conclusions were finally formulated.

8.9.2. Models of foundation chocks and a way of conducting the tests
The tests were carried out on simplified, axially symmetrical models of foundation
chocks with taking into account appropriate conditions of their manufacturing and
loads which occur in real foundation bolt joints of many machines and technical
facilities. The models were made of steel and EPY compound. They had form of a ring
(Fig. 8.59a) whose internal diameter was D,, = 30 mm, external diameter D, = 80 mm
and height H =25 mm.

The experimental tests were conducted by using a 8501 Plus INSTRON servo-
-hydraulic testing machine. Fig. 8.59b shows a schematic drawing of the test
stand.
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Fig. 8.59. Models of foundation chocks intended for the testing (a) and schematic drawing of a test
stand for testing their deformations under normal loads (b)

The tested chock was placed between two flat face surfaces of steel discs which
represented segments of steel foundation and bed-plate of seated machine (Fig. 8.59b).
The face surfaces of steel discs exerting compression on a tested chock, were machined
by milling and had the roughness parameters: R, = 13.50+14.53 um, R, = 5.20+59.59 pm,
which are approximately equivalent to those met on real surfaces of metal founda-
tions and bed-plates of seated machines.

The system formed this way, consisted of the steel foundation chock and two
steel disc surfaces being in contact interaction with it, was placed into a special
instrumentation and subjected to several compression tests. In the tests a specialty
WAVEMAKER software for dynamic testing, inherent in the testing machine, was used.
Dynamic tests are specific in that all input and output quantities are considered in
function of time. By using the software were prepared detailed programs of several
tests aimed at conducting selected load cycles differing in time runs and range of
exerted force. Computer control over given load cycles ensured their high exactness
and repeatability.

Closing-up distance between face surfaces of steel discs exerting compression
on a given chock was assumed to be a measure of its effective deformation. This
way, not only material deformations of the chock (of the height H), but also contact
deformations occurring on two contact surfaces between chock and compressing
elements, were taken into account. In case of real chocks the contact surfaces are
those of foundation (steel in this case) and bed plate of a seated machine. In the
considered system it was strived to ensure possibly uniform pressure distribution as
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well as measurement of mean values of the effective chock deformation AH, resul-
ting from the exerted pressure (i.e. sum of chock material deformations and contact
deformations). The deformations were measured by means of an Instron extensom-
eter. Fig. 8.59b shows schematically how they were measured.

8.9.3. Execution and results of the tests on steel chock

The tested chock of the dimensions 30 mm inner diameter/80 mm outer diameter
%25 mm height, was made of St3 common steel. Its contact surfaces were turned,
and their roughness parameters were kept within the ranges: R, = 4.67+6.04 um,
R, =23.28+33.22 um. The chock was put between two steel discs (Fig. 8.60) represen-
ting machine bed plate and its foundation, and then subjected to several compres-
sion tests differing in run and load range. The whole scope of the tests is presented
in the report [156]. Only some of the tests are discussed below.

First, compression tests of the chock were conducted under loads linearly varying
in time according to the scheme of even-armed triangle with gradually increasing
height. Runs and values of loads which were set and executed by testing machine,
as well as deformations generated by them are presented in Fig. 8.61 in the form as
achieved directly from the measurements. Speed of the force increasing and decreas-
ing in loading and unloading phase was v = 10.8 kN/s, which resulted in the increasing
and decreasing of mean compressive stresses in the chock at the rate of 2.5 MPa/s.

As results from the tests (Fig. 8.61), the distinctly nonlinear runs of the deforma-
tions AH(t) correspond to the linear runs of loads, F(t). During the first loading of the
tested system its deformations are elastic-plastic. At the third and further load cycles
(not exceeding preceding maximum values) the deformations are almost elastic.
Fig. 8.61b and 8.62 demonstrate it distinctly.

The rather significant permanent deformations formed in the tested system during
the first loading cycle with increasing force, may be explained by occurrence of plastic
deformations of the roughness peaks on mutually interacting surfaces of particular
components of the tested system. The deformations may sometimes play a significant
role during assembling structural units of precise machines and devices. However,
elastic deformations occurring in connections of this kind, numbered among the
group of rigid joints, show distinctly that they are not perfectly rigid. This highlights
complex physical phenomena which occur in such connections. The deformations
significantly influence deformation characteristics of bolt joints as well as flexibility
(rigidity) of the whole system in which they are placed. Hence they must be taken
into account in modeling and static and dynamic analyzing the machines. It espe-
cially concerns analyzing vibrations which occur in large reciprocating compressor
systems where their fastening systems usually are the weakest links and generate
many troubles in service [105+111].

Fig. 8.62 shows an expanded diagram of stabilized deformation characteristics
of the steel chock in the tested system. In this figure the deformation characteristics
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Fig. 8.60. Execution of the tests on the steel chock in 8501 Plus INSTRON strength testing machine
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Fig. 8.62. Sabilized characteristics of deformations for the tested system with steel chock: experimentally
determined (curve 1); calculated acc. Hooke’s law for uniaxial compression (straight line 2)

of the tested chock, included for comparison, were calculated in accordance with
Hook’s simple low:

_FH _oH 1525

AH=——= =—QF
SE E 2,1-10°

=0.001785 mm (8.9)

Material deformations of steel chock are a linear function of loads and, at given
values of the loads (important from the point of view of engineering practice), they
constitute only a very small part of the total deformations of the tested system.
Contact deformations occurring on contact surfaces of elements, having nonlinear
elastic runs, are dominating. They practically immediately fade at all after unloading
the chock (Fig. 8.62). It shows that the tested system is very stable.

Elastic flexibility of the system depends on current load and decreases as the load
increases. The small hysteresis loop observed in the system (after its stabilization) results
from friction which occur as a result of contact between surface unevenness peaks.

In the next experiments, load runs have two different sinusoidal form: of a constant
mean value and three different amplitudes, and three different mean values and
a constant amplitude. Time runs of the so selected loads and resulting deformations
are shown in Fig. 8.63 and 8.64. They concern the stabilized system.

The tested system distinctly exhibits stable, nonlinearly elastic features and
responses to harmonic excitations by non-harmonic runs of deformations. The deflec-
tions are non-symmetrical in relation to equilibrium state and distinctly depend
on mean value and amplitude of excitation force (Fig. 8.63 and 6.64).
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Fig. 8.63. Time runs of sinusoidally varying force of the constant mean value (o, = 7.5 MPa) and
varying amplitude (o, = 2, 4, 6 MPa) as well as the resulting deformations; the right-hand-side
drawings present the same test results in the F-AH coordinate frame
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Fig. 8.64. Time runs of sinusoidally varying force of the different mean value (o, = 4, 8, 12 MPa)
(0g = 7.5 MPa) and the constant amplitude (o, = 3 MPa) as well as the resulting deformations; the
right-hand-side drawings present the same test results in the F-AH coordinate frame

8.9.4. Execution and results of the tests on the chock cast of EPY compound

The identical tests as for the steel chock system were also carried out upon the chock
made of EPY compound for comparison purposes. The chock was not machined. It
was cast in situ between steel discs which represented segments of foundation and
bed plate of machine. Fig. 8.65a shows a cast mould specially prepared for manu-
facturing the chock.

Chock casting conditions were assumed the same as in practice. The chock was cast
at room temperature of 22 +1°C and cured at least for 48 h at the same temperature.
The so prepared system was subjected to the same tests as those earlier carried out
on the steel chock system. Results of the tests are presented in Fig. 8.66+8.68.
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Fig. 8.65. A cast mould for EPY compound foundation chock (a) and execution of the tests on the
so obtained system by using strength testing machine (b)

a) 160 60 70
140 ; i 50 g 601 //
o AR AN A B O
RN AR L
T AN N N
el NTVTAVTAVIAL 1og Sl /
NN NN e ol
0 vV V 0|, 0
b) 160 60 70
140 60 /
120 A A 0 &
A T
‘5 80 SRR e =
N SAN R R
ol NIVIAVIAVTAL s Fal f
NN N NN e Wl /.
WV V-V VRN :

0 10 20 30 40 50 60 0 20 40 60
Timet,s Deformations AH, pm

Fig. 8.66. Time runs of the applied compression loads F(t) and the resulting deformations AH(t) for
the first cycle (a) and the third cycle (b) of the same loads; the right-hand-side drawings present the
same test results in the F-AH coordinate frame
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Fig. 8.67. Time runs of sinusoidally varying force of the constant mean value (o, = 7.5 MPa) and
varying amplitude (o, = 2, 4, 6 MPa) as well as the resulting deformations; the right-hand-side
drawings present the same test results in the F-AH coordinate frame
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Fig. 8.68. Time runs of sinusoidally varying force of the different mean value (o, = 4, 8, 12 MPa)
(0g = 7.5 MPa) and the constant amplitude (o, = 3 MPa) as well as the resulting deformations; the
right-hand-side drawings present the same test results in the F-AH coordinate frame

Fig. 8.66 shows time runs of linearly varying loads (according to the scheme of
a triangle of gradually increasing height) and resulting deformations.

Behaviour of the tested system containing resin compound chock was funda-
mentally different from that of the steel chock system which was previously tested.
In this case distinctly linearly elastic relations occur between loads and deformations.
The deformations are practically the same at the first, second, third and succes-
sive load cycles. The system behaves stable from the very beginning. In this case
the measured values of the deformations AH entirely result from chock material
deformations. The cast chock precisely sticks to all macro- and micro- uneven-
ness spots on steel disc surfaces and no noticeable effects of contact deformations
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(characteristic for two machined contact surfaces) can be observed. Therefore it
may be deemed that the real contact surface area is equal to nominal one. The
conclusion is of a significant practical importance for transferring mechanical loads.
Effective value of experimentally determined modulus of elasticity for the tested
chock (Fig. 8.66), is equal to:

_ Ao Aol 15-25

Eopy=—— = =~ " —7500MPa (8.10)
Ae ~ AH 0,050

Notice: The determined value of the modulus is greater than its catalogue value
(E = 4915 MPa) obtained from standard compression test on resin compound speci-
mens (of 20 mm diameter X 25 mm height) having machined face surfaces. In such
case additional contact deformations which decrease real value of the modulus,
usually occur. Value of the modulus, determined on longer specimens by measuring
their deformations with the use of an extensometer, is much greater and amounts
to 7000+8000 MPa (see Chapter 7, section 7.15.2).

Fig. 8.67 and 8.68 present results obtained for the system tested under compres-
sion force of the same sinusoidal runs as used for the steel chock system. They show
that the tested system behaves in a linear elastic mode. The deformations, alike the
excitation force, have harmonic runs and their amplitudes are proportional to force
amplitudes. After the unloading of the system, the deformations fade to zero. The
system remains fully stable.

8.9.5. Comparison of the test results and conclusions drawn from the tests

Fig. 8.69 presents normal deformation characteristics experimentally determined

for the steel chock system (Curve 1) and that for the EPY compound chock (Straight
line 2). The figure also shows material deformation characteristics derived from the

classical Hook’s formula (Straight line 1'). A large qualitative and quantitative dis-
crepancy of the obtained results can be observed.

In the steel chock system, contact deformations which are nonlinearly elastic
and have multifold greater values than chock material deformations, play decisive
role within the range of loads important for practice. They result from significant
deformations of the peaks of uneven areas of interacting surfaces. Real contact sur-
face area, because of its roughness, waviness and shape errors, represents, in such
connections, only a very small percentage of their nominal contact surface area. It
strongly influences performance of the connections under load.

The chock cast of resin compound exactly sticks to all uneven areas of metal
surfaces. There are no noticeable contact deformations characteristic for contact
of two machined metal surfaces. Values of deformations measured in such system
result entirely from chock material deformations. They are linearly elastic and their
values well comply with the deformations calculated according to Hooke’s formula.
Hence they are easy to model and analyze theoretically.

Emm CC C 2 <0 NI 299



EmE CC ¢ 2 <0 I

8. Research and modeling of structural joints in which epy compound is applied

70
/ /
60
1 2 / 1
50 K Y, AN

. /

30 /

20 /
) / / //

0 ==

0 10 20 30 40 50 60 70 80
Deformations AH, pm

Force F, kN

(NN

Fig. 8.69. Comparison of normal deformation characteristics determined for the tested foundation chocks

The determined deformation characteristics facilitate to understand and scientifi-
cally highlight why the chocks cast of resin compound fulfill their tasks better than
steel ones. The basic technical merit of resin compound foundation chocks is their
exact sticking to rough metal surfaces. It guarantees a favourable distribution of
loads over the whole nominal contact surface area, consequently, ensures correct
work, high reliability and service life of such connection. From the performed tests
the following general conclusion may be drawn: — the foundation bolt joints, both
with metal chocks and cast compound chocks, should not be considered perfectly
rigid in their analyzing and modeling as they have distinct deformation characteris-
tics greatly dependent on a kind of foundation chock, which seriously affect quality
of operation (vibration), reliability and service life not only of the fastening systems
but also the whole system in which they participate.

8.10. Research on characteristics of structural friction and
relative displacements in foundation bolt joints both
with steel chock and EPY compound chock

8.10.1. Introductory remarks

Foundation bolt joints of machines are loaded not only by forces parallel to bolt
axis, resulting from weight of seated object, assembling tension in bolts and serv-
ice loads, but also by significant transverse forces. They must be so designed and
manufactured as to cause the transverse forces (tangent to support surfaces) to be
fully transferred by friction forces occurring in the joints (Nu > T, where N stands for
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normal force, T— force tangent to support surface, and p — friction factor). If friction
forces in a bolt joint are too small, micro-slips leading to its destruction, will occur in it.

The research in question was aimed at experimental determination of charac-
teristics describing structural friction and relative transverse displacements of joint
elements, for foundation bolt joints with traditional steel chock and novel one cast
in situ of polymer compound, as well as at making comparative analysis and assess-
ment of the two solution.

A comprehensive research on this issue resulting from current needs was carried
out in the framework of the research project N N502 194938. Its detail description
and results are contained in the content-related report on the project [156]. In this
chapter are presented only some results of the research as well as conclusions drawn
from it, both of scientific and practical nature.

8.10.2. The selected systems and a way of their manufacturing

For executing the planned tests special bolt joints were designed and manufac-
tured. They were properly prepared for fastening in testing machine and adjusted
for transferring reversible transverse force. The joints (Fig. 8.70) consisted of two

a) T b)
T
|
i
/*4/
|
i
i
T
i
1o I 1
2l N 2 N
LN NG S SR S PR
AN
1 e s e S _
i
I
i
J
= +

Fig. 8.70. A bolt joint for the testing of structural friction characteristics as well as tangential

displacements (transverse to bolt’s axis): a) schematic test diagram with marked points where

relative diosplacements were measured, b) overall view of the prepared joint elements and the bolt
with glued strain gauges for measuring the force in the bolt
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mutually connected steel elements of high rigidity, a square spacer washer placed
between them (of 80 mm sides and 20 mm thickness, having central hole of 24 mm
diameter), as well as a M20x1.25 threaded bolt with nut. In the steel elements to be
connected, cylindrical holders for their fixing in testing machine jaws, were placed.
The chock was a replaceable element. The tests were carried out first on the joint
with steel chock traditionally used in seating heavy machines, and next on the joint
with chock cast (in situ) of polymer compound (EPY) — the most often applied
today in practice. The bolt together with electric resistance strain gauges bonded
on it was properly calibrated to be used as a force meter in the process of exerting
tension to the bolt and controlling it during the tests. Under the nut, a special spring
washer and an axial ball bearing with a spherical washer (NSK Bearings 52204U) were
inserted to ensure that the loading is applied axially to the bolt.

The tests were carried out with the use of a to-date 8850 INSTRON servo-hydraulic
testing machine. Its heads (Fig. 8.71a) are fitted with hydraulically clamped jaws, that
makes it possible to apply the load to a tested joint reversibly with crossing zero in
a smooth manner.

INSTRON special extensometers (Fig. 8.71) were used for measuring displacements
between joint elements of the tested system. On side surfaces of joint elements
relative displacements were measured in two places marked 1 and 2, and 3 and 4

Fig. 8.71. Execution of the tests by using 8850 INSTRON strength testing machine and extensometers
for measuring relative displacements between the measurement points (indicated in Fig. 8.70)
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in Fig. 8.70a. The extensometer 1 in Fig. 8.71 (of 10 mm reference length) measured

relative displacements of joint elements in the points 1 and 2 located in the same

transverse line in the middle of the joint (where bolt axis is placed, Fig. 8.70a). The

displacements are of local character and generally result from non-dilatational strains

of joint elements, contact tangential deformations as well as micro-slips which occur
in contact of mutually interacting surfaces of the chock and joint elements. The

extensometer 2 in Fig. 8.71 (of 50 mm reference length) measured changes in mutual

distance between the points 3 and 4 located in a rather large distance to each other
(I'=150 mm), in the line complying with load direction (Fig. 8.70a). The displacements

are of a global character. They results from material axial deformations of this part of
the joint which is contained between the above mentioned points, non-dilatational

strains of the joint elements, contact tangential deformations as well as micro-slips

which occur in contact of mutually interacting surfaces of the chock and joint ele-
ments.

In the tests was used WaveMatrix INSTRON professional software (v. 1.5.318)
intended for the dynamic testing, installed in the testing machine. The software
constituted a basis for preparation of detail loading programs and computer con-
trol of their execution with a very high precision and repeatability, as well as for the
processing of measurement results and editing them in various forms. The dynamic
tests are characteristic in that all input and output quantities are considered in func-
tion of time. The tests in question were carried out first for the joint with traditional
steel chock and next for the joint with cast EPY compound chock.

8.10.3. Execution of the tests on the joint with steel chock and their results

Contact surfaces of mutually connected elements were milled and their measured
roughness parameters had the following values: R, = 2.47+2.51 um, R, = 13.40+13.50 pm.
Contact surfaces of the washer (20 mm thick) were turned and had the following
values of roughness parameters: R, = 2.29+3.60 um, R, = 11.69+17.25 um.

The assembling tension force applied to bolt was N = 51700 £200 N, producing
the tension stress o = 199.7 MPa in the bolt and the mean pressure p = 8.69 MPa
exerted on the washer. Fig. 8.72 shows execution of the tests in the strength test-
ing machine.

Several experiments were performed in accordance with various, computer-con-
trolled loading programs. Their detail description and results are contained in the
report [156]. In this chapter only selected results of the research are presented.

The diagram presented in Fig. 8.73 shows characteristics of relative displacements
between the measurement points 1 and 2. It was obtained as a result of slowly
increasing loading and unloading (to zero) cycle of the tested joint when only a set
value of relative displacements between the measurement points 1 and 2 (measured
with the extensometer 1 in the load acting direction) was reached. After the unload-
ing to zero the loading cycle was repeated up to reaching a next set displacement
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value. The last, fifth unloading cycle did not ended at zero. It smoothly passed from
tension to compression exerted to the tested joint. The compressive loading was
continued as long and in such a way as the initial state (null values of deformations
and force) has been reached (Fig. 8.73).

Fig. 8.72. Execution of the tests on the bolt joint with steel chock by using 8850 INSTRON strength
testing machine
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Displacements &, um
Fig. 8.73. Characteristics of relative displacements measured between points 1 and 2 (in the direction of

load action) during the gradually increasing loading and then unloading of the tested bolt joint, expressed
in function of the mean shear stresses T acting on the chock (N =51700 £200 N; p = 8.69 MPa)
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Fig. 8.74 highlights a mechanism of occurrence of the relative displacements &,
between the points 1 and 2, measured with the extensometer 1, and resulting from
the set force, T, tangent to contact surfaces. In this case the measured relative dis-
placements &, result from the elastic non-dilatational strains y in material of joint
elements (8, = yh), contact tangential deformations as well as micro-slips of con-
tacting surfaces.
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Fig. 8.74. Denotation of the measurement points 1 and 2 on joined elements (a), and schematic
diagram which explains mechanism of occurrence of the relative displacements 6, between these
points, caused by the forces T — (b)

Fig. 8.75 presents structural friction characteristics (in rest) for the tested bolt joint.
As results from it, development of static friction force is accompanied with certain
micro-displacements which are elastic only to a small extent. In this case are domi-
nating micro-slips which may reach significant values before breaking the contact
and triggering a macro-slip (Fig. 8.75). Values of elastic tangential contact deforma-
tions (tangent contact deformability) can be easily determined in any point of the
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characteristics by unloading and repeated loading of a given joint. For set normal
pressure tangent contact deformability is constant. It depends however on values
of the pressure. During the unloading and repeated loading (Fig. 8.75) the system
behaves elastically until reaching such point in the diagram, from which the unloading
process has started. When the point is reached and the loading process is continued,
successive micro-slips are produced under a very small increase of force. During the
unloading and repeated loading process very small elastic hysteresis loops occur,
distinctly visible in Fig. 8.75.
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Fig. 8.75. Characteristics of structural friction and resulting elastic tangential contact deformations
and micro-slips in the tested bolt joint (under the pressure p = 8.69 MPa)

Notice: In the above described experiments the tested joint was not loaded up
to “breaking the contact” for fear of damaging the costly extensometers.

In another experiment, behaviour of the system was tested for a selected pro-
gram of relative displacements between the measurement points 1 and 2 (Fig. 8.76a),
controlled by the extensometer 1 (Fig. 8.71). Fig. 8.76b presents the selected program
of relative displacements having sinusoidal form.

Under the displacement program, the testing machine fitted with the software for
conducting dynamic tests (Istron VaveMatrix) has to automatically choose and produce
appropriate loads for reaching the set relative displacements between the points 1
and 2. Effects of fulfilling the task are presented in Fig. 8.77. Diagrams shown in this
figure present time runs of the relative displacements &, between the points 1 and 2,
and of the force which generated the displacements. It may be clearly observed that
the system is non-linear and runs of the force greatly differ from sinusoidal runs of
the displacements. Attention should be paid to very high exactness in producing
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Fig. 8.76. Schematic diagram of the tested system (a), and the programmed time run of relative
displacements between the measurement points 1 and 2, of the subsequent amplitudes 6, =1, 2.5,
5,10and 15 pm (b)

the displacements (of amplitudes reaching 1+15 um only) as well as to an irregular,
complicated time run of the force which generated the displacements.

Fig. 8.78 shows the measurement results, the same as shown in Fig. 8.77, but in
the 6,—r, coordinate frame, where 1 stands for tangential stresses occurring in the
contact (t =T/S, where S — contact surface area between chock and joined element).
In this figure can be also observed hysteresis loops which occur during generation
of the set relative displacements of sinusoidal form, shown in Fig. 8.77a.

As results from the tests (Fig. 8.78), the system in question behaves linearly-elas-
tically only at very small values of relative displacements and tangential stresses. At
greater values of the displacements occur micro-slips producing large hysteresis loops.
They demonstrate that an extensive energy dissipation happens due to structural
friction. Its positive effect is a significant damping of vibrations, and negative one -
an intensive and fast deterioration of the joint. During the process phenomenon of
fretting (friction corrosion) and loosening bolt nuts often occurs.

8.10.4. Execution of the tests on the joint with EPY compound chock
and their results

Schematic drawing of the joint with cast EPY compound chock is shown in Fig. 8.79.
Dimensions of the joint elements and the chock were the same as in the system
with steel chock. The EPY compound chock was manufactured under conditions
used in practice, described in detail in the publication [156]. The chock cast this
way (ready to use) closely adjusts itself to micro- and macro-uneven surface areas
of joint elements.
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Fig. 8.77. Time runs of relative displacements between the points 1 and 2 (a), and the loading causing
the displacements, generated by strength testing machine (b)
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Fig. 8.78. Hysteresis loops occurring under forced sinusoidal displacements of the subsequent
amplitudes of 1,2.5, 5, 10 and 15 um, measured in the points 1 and 2 of the tested system
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After inserting the bolt and its tensioning, several experiments were performed
under a little modified loading programs. The same loading programs were not
possible to apply because the joint (with resin compound chock) behave entirely
different from the previously tested joint with steel chock. The testing conditions
were so selected as to distinctly reveal qualitative and quantitative differences in
behaviour of both the tested joints.

First, the tested system was loaded and unloaded by applying force whose values
were linearly varying with time according to the scheme of even-armed triangles
with gradually increasing heights, as shown in Fig. 8.80a. During the tests relative
displacements between the points 1 and 2 of the system were measured along the
direction of the force T. Results of the experiment are presented in the coordinate
frame T—4; in Fig. 8.80b. As results from the diagrams (Fig. 8.80), a clearly linear rela-
tion between the loading force T and the displacement &, between the measurement

Fig. 8.79. The tested joint with chock cast of EPY compound: (a) schematic drawing,
(b) overall view
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Fig. 8.80. Time run of the force T— (a), and relation between the measured displacements &,
and the force T — (b)
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points 1 and 2, can be observed, and the displacements are elastic at occurrence
of only a small hysteresis loop. In this case also the friction resistance continuously
equilibrating the force Tis linearly dependent on the relative displacements between
the points 1 and 2, without any noticeable micro-slips in contact.

In the subsequent experiment the tested joint was loaded by applying the revers-
ible force linearly varying with time, according to the scheme of triangles of increasing
height values. Fig. 8.81 shows a manner of conducting the experiment and its results.
Fig. 8.81a presents time run of shear stresses (resulting from action of the force T),
and Fig. 8.81b — the displacements &, generated by the applied load. Very linear
relation between the relative displacements and shear stresses can be observed at
occurrence of relatively small, sharply ended, elastic hysteresis loops. The character-
istics determined for the system in question definitely differ from those previously
obtained for the steel chock joint both with regard to its qualitative and quantitative
features. In this case the relative displacements §, between the measurement points
1 and 2 fully result from non-dilatational strains in material of joint elements and first
of all of resin compound chock. The chock tightly sticks to all uneven surface areas
of joint elements. Any contact deformations and micro-slips on contacting surfaces,
so characteristic for machined contact surfaces in joints, do not occur. It should be
stressed that the chock was not glued to joint elements. Contact surfaces of the
elements were covered with a layer of an anti-adhesive agent and thus they could
be easily split off. The applied tangential load is entirely transferred by static friction
forces (without any contact deformations and micro-slips). Owing to the very good
adhesion between contacting surfaces, a large effective value of structural friction
factor is achieved. In the case in question the factor reached the value p = 0.8 which
was not a limiting one. At this value of friction factor (threefold greater than that occur-
ring in the tested steel chock joint) the system behaves linearly-elastically (Fig. 8.81).
An attempt to applying even greater load to the tested system was neglected for fear
of possible damage of extensometers due to a sudden rupture of frictional contact.
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Fig. 8.81. Time runs of the set shear stresses T— (a), and relation between the measured displacements
6, and the applied stresses — (b)
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Fig. 8.82. Schematic diagram which explains mechanism of occurrence of the relative displacements
6, between the points 1 and 2, caused by the forces T in the bolt joint with EPY compound chock

Fig. 8.82 highlights mechanism of occurrence of the relative displacements &,
between the points 1 and 2, in the considered case. There are significant differences
in comparison to the situation presented in Fig. 8.74 showing mechanism of occur-
rence of relative displacements in the bolt joint with steel chock. In the presently
considered joint it was non-dilatational strains occurring in the compound chock,
which had a decisive impact on the relative displacements between the points 1 and 2.
Owing to the very good sticking of the connected surfaces to each other and the large
effective value of friction factor, no tangential contact deformations and micro-slips
occurred in the joint in question. The system is stable and behaves linearly elastically
even under the load threefold greater than limit loads for the system with steel chock.
In the subsequent experiment, behaviour of the system was tested under a selected
program of relative displacements between the measurement points 1 and 2, with
sinusoidal time run controlled by the extensometer 1 (Fig. 8.71). Conditions for this
experiment were identical to those used in the previously conducted tests on the
steel chock joint. Fig. 8.83 shows schematically the tested system and the selected
program of generating the relative displacements between the points 1 and 2. Fig. 8.84
and 8.85 present results of this experiment. Fig. 8.84 shows respective time runs of
the displacements between the point 1 and 2, executed by testing machine, as well
as the mean shear stresses T, acting onto the chock and producing the displace-
ments. A simple, linearly elastic relation between the quantities is clearly visible.
The measured displacements between the points 1 and 2 result first of all from the
non-dilatational strains in chock material and also, to a very small extent, in joined
elements (Fig. 8.82).

Fig. 8.85 shows hysteresis loops revealed in the experiment. They are rather small
and illustrate effects of viscous damping which occurs in chock material. On the
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Fig. 8.83. Schematic drawing of the tested system (a), and the programmed time run of relative
displacements between the measurement points 1 and 2, (b)
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Fig. 8.84. Time runs of the executed dispacements between the points 1 and 2, (a), and the mean
shear stresses acting on the chock and generating the displacements (b)
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Fig. 8.85. Hysteresis loops determined on the basis of the measurement results shown in Fig. 8.84

basis of the loops, values of the shear modulus G and the loss factor n can be easily
determined for the resin compound chock. The following values: G; = 2651 MPa and
n = 0.032 (for the largest loop) were derived on the basis of the relevant calculations
presented in the work [156] for the conditions assumed in this experiment. The values
are in a good conformity with those determined by using other methods [39].

8.10.5. Comparative analysis of test results for bolt joints with steel chock
and EPY compound chock

Only a part of the test results, i.e. these which are collected in below given figures,
was taken for comparisons. Fig. 8.86 shows structural friction characteristics for the
tested bolt joints with steel chock and that cast of EPY compound, which present
the relative displacements of joint elements, measured between the points 1 and 2.
Even at first glance, can be observed significant qualitative and quantitative differ-
ences in the achieved characteristics. Friction characteristics for the joint with steel
chock (Fig. 8.86, Curve 1), is linear from the very beginning. The structural (static)
friction resistance which equilibrates external load, is accompanied with significant
elastic-plastic micro-displacements. Only to a small extent they result from elastic
strains occurring in material of elements and their mutual contact, which are vis-
ible during loading and repeated unloading process. First of all they are caused by
micro-slips which occur in contact of mutually interacting rough surfaces. The slips
appear already at very small load increases and may reach large values before the
contact is broken and a macro-slip (kinetic friction) appears.

Emm G C 2 <0 NI 313



EmE CC ¢ 2 <0 I

8. Research and modeling of structural joints in which epy compound is applied

0.9

" ey D=

0.6 7 N
0.5 % oy
04

0.3 4 ] .

02 ﬁ'——l — 7 /A |

/8 |

| / /

0 20 40 60 80 100 120
Displacements &, um

/p
2
N

Friction factor u

Fig. 8.86. Comparison of characteristics of structural friction and micro-displacements for bolt joints
with steel chock (curve 1) and EPY compound chock (straight line 2)

Structural friction characteristics for the joint with resin compound chock are
of linear form and elastic character (Fig. 8.86, Straight line 2). Micro-displacements
measured in the points 1 and 2, occurring in this case, result from elastic strains in
material of joint elements in which mutually interacting surfaces of the elements
and the chock tightly stick to each other. Owing to this, neither contact tangential
deformations nor micro-slips occur in the joint, despite the loading force is threefold
greater than the maximum one acting onto the joint with steel chock.

Maximum value of friction factor, determined for the steel chock, is equal
to Y = 0.24, and for the resin compound chock — p, = 0.8. The latter is 3.3 — fold
greater than the friction factor value for the joint with steel chock, and this is not an
ultimate value at which friction contact in the joint would be broken. (An attempt
to further increasing the force T was stopped for fear of possible damage of exten-
someters).

In Fig. 8.87 and 8.88 a comparison is made between the dynamic characteristics
determined for the bolt joint with steel chock and that with chock cast of resin
compound, respectively, at identical kinematic excitations of sinusoidal variability,
measured in the points 1 and 2. Amplitudes of the excitations were equal to: 1, 2.5,
5,10 and 15 um (Fig. 8.87b, 8.88b). Time runs of the forces generating the set dis-
placements, are shown in Fig. 8.87c and 8.88¢, respectively, and the hysteresis loops
which then occurred — in Fig. 8.87d and 8.88d.

In the tested system with steel chock, non-linear relations resulting from significant
micro-slips in contact occur already at relatively small excitations. They are clearly
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Fig. 8.87. Schematic drawing of the tested joint with steel chock (a), time runs of the dispacements 6,
(b) and shear stresses T (c), and hysteresis loops occurring in the tests (d)
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Fig. 8.88. Schematic drawing of the tested joint with EPY compound chock (a), time runs of the
dispacements &, (b) and shear stresses T (c), and hysteresis loops occurring in the tests (d)

visible in big hysteresis loops (Fig. 8.87d), where a large work is done by structural
friction forces, resulting in effective damping vibrations. However, along with time
the uneven surface peaks get worn and friction corrosion usually appears leading
to degradation of interacting surfaces and loosening and damaging the joint.
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At the same excitations, the joint with resin compound chock performs entirely
in a different manner. In this case, simple linear relations between tangential stresses
and resulting relative displacements happen within the whole range of excitations.
No micro-slips between interacting surfaces occur, and the measured displacements
result from linearly elastic deformations of material of joint elements and first of all
of resin compound chock. Hysteresis loops are small and manifest damping prop-
erties of resin compound. They can be approximated with the use of sharp-ended
ellipsoidal forms. It is of a great theoretical and practical importance, because such
approximation facilitates modeling and computing such joints and analyzing their
influence on dynamic features of the entire complex system as well. Large value
of effective friction factor (reaching even 1 sometimes), without occurrence of any
micro-slips, guaranties that large tangential forces can be effectively transferred
(transversely to bolt axis). Also, in this case no corrosion phenomena occur, which
consequently ensures that such joints are capable of reaching high reliability and
long service life. The facts were practically confirmed in many objects operating
in ultimately harsh conditions (e.g. in shipbuilding). The performed research high-
lights in a scientific, unambiguous way why the foundation chocks cast in situ of an
appropriate polymer compound better fulfill their technical tasks than the tradi-
tionally used steel chocks. An additional merit of these chocks is that they may be
easily manufactured in any place, have good insulation properties against sound
and vibration effects and resistance to action of atmospheric factors and various
aggressive agents.

8.11. Determination of the states of stress and strain in bolt
joints with chocks made of EPY compound and steel

8.11.1. Introductory remarks

Determination of stress and strain states in foundation bolt joint is a very complex
task which belongs to the field of contact mechanics of deformable bodies, and
which is almost unsolvable with the methods known from material strength science,
principles of mechanical engineering and theory of elasticity, unless many simplify-
ing assumptions are made. However, adopting such assumptions as recommended
in the VDI guidelines [159] leads to obtaining calculation results straying rather far
from reality.

New computation possibilities in the field of complex mechanical systems have
been opened by the finite elements method (FEM) combined with application of
numerical processing on computers [160]. This method was used here in an uncon-
ventional way to determine the stresses and strains generated during the assembling
and appearing in service, for two models of a foundation bolt joint of main ship
engine. The models differed only in chock material — in one model the chock was
made of EPY compound, in the other — of steel.
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The aim of the work was:

— to examine the influence of elastic properties (E and v) of chocking material
(EPY compound and steel) on the size of contact area, distributions and values of
pressures exerted on the chock and the field of displacements in joint elements;

— to determine the values of stress and strain and the operational characteristics
of forces appearing in the bolt under the assumed external load both tensioning
and compressing the examined joint;

— to examine the influence of temperature changes on the values of stress
and strain generated during the assembling in the analysed bolt joint model with
a resin compound chock.

8.11.2. Model of a foundation bolt joint

A simplified axially symmetrical model of a foundation bolt joint was selected for
analysis and computations, Fig. 8.89 [161]. Such model is generally applied to bolt
joints because of the local character of loading. The model is sufficient for compara-
tive analysis and the fulfilling of aims set for this work. The elements of analysed
system (Fig. 8.89), including EPY compound chock, were treated as elastic bodies.
The quantities used as input data to numerical computations were chosen so as
to correspond to mean values occurring in practice.

A discrete model of joint, which was used for FEM numerical computations is
presented in Fig. 8.90. Since the computation and analysis were focused mainly
on the contact areas between the bed-plate, foundation and chock (made either of
compound or steel), two-nodal joint elements were applied in order to enable the

EPY/Steel

M30
260

2200

Fig. 8.89. Model of the foundation bolt joint: 1 — foundation plate, 2 — machine bed-plate,
3 — foundation chock (made of EPY compound or steel)
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Fig. 8.90. FE model of a bolt joint for calculations by means of MES ADINA software

contacting surfaces to open out and slide. Coulomb friction forces on contact surfaces
were taken into account. However, the area in bolt joint lying between the head of
the bolt and the bed-plate was simplified by using one-nodal joint elements.

Only one part of the joint was modelled for computations because of symmetry
of the system (Fig. 8.90). Finite elements axially symmetrical with respect to Z-axis
were used, which significantly simplified the computations.

8.11.3. Determination of the states of stress and strain generated during
the assembling

The following values were taken for numerical computations of the model: dimen-
sions as in Fig. 8.89; material constants E,; = 2.1 - 10° MPa, v, = 0.3, E,, = 6369 MPa,
Vuw = 0.375; friction factors g, = 0.3, Yy = 0.8; bolt pre-tension force P, = 150 kN
generating mean surface pressure on the chock o, =5 MPa. The set assembly pre-
-tension of the bolt in the model (Fig. 8.90) was obtained by displacing the middle
cross-section of the bolt along Z-axis. (Fig. 8.91).

Fig. 8.92 and 8.93 present the field of displacements along Z-axis and the contact
force distribution in the models of bolt joints with a compound chock (Fig.8.92) and
a steel chock (Fig. 8.93), respectively.

Fig. 8.94 presents displacements along Z-axis of bed-plate and chock contact
surfaces under the pre-tension force P, = 150 kN. In one case, the chock is made of
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Fig. 8.91. FE grid deformed under the bolt pre-tension force P, = 150 kN (scale 200:1)

the compound, in the other of steel. In the figure, radius R, defines contact surface
area between bedplate and foundation chock. The areas for both chock materials
differ significantly. Beyond radius R,, contact between the bedplate and the founda-
tion chock breaks up (Fig. 8.94). The differences in break-up areas and the surface
opening range are distinct, again depending on the material of the chock.

Fig. 8.95 presents the contact force distribution o, on the contact surface between
the bed-plate and the chock in bolt joints under the pre-tension force P, = 150 kN.
In one case, the chock is made of compound, in the other of steel. The maximum
value of contact pressure in the case of steel chock is almost threefold higher than
the maximum contact pressure exerted on the compound chock, which results from
the distribution of pre-tension load on a larger contact surface. The horizontal line
in Fig.8.95 indicates a mean computational value of contact pressure (o, =5 MPa)
on the whole nominal contact surface area of the chock and bedplate. Application
of compound chocks provides a much better similarity between the actual contact
force distribution and the nominal one (assumed for design calculations of founda-
tion chocks).
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Fig. 8.92. Displacement field in Z-axis direction and contact force distribution in the model of the
bolt joint with EPY compound chock

ADINA ™o

Fig. 8.93. Displacement field and contact force distribution in the model of the bolt joint with steel
chock under the external force F = —282.743 kN
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Fig. 8.94. Displacement fields in the direction of Z-axis of contact surfaces between machine bed-plate

Contact pressure o,, MPa

and chock made of EPY compound (1) and steel (2), under the force P = 150 kN
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Fig. 8.95. Contact force distributions on contact surface between machine bed-plate and chock

made of EPY compound (1) and steel (2), under the force P, = 150 kN
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8.11.4. Determination of the service states of stress and strain
and the characteristics of loads in holding down bolts

It is assumed now that the initially tensioned bolt joint is loaded with the external
force F distributed uniformly on the circumference of the plates (discs) represent-
ing fragments of the bed-plate and the foundation (Fig. 8.96). External force may
stretch or compress the examined joint. The values of the external force F used as
input data for numerical computations were taken as ranging from -282.743 kN
to +282.743 kN in 400 steps. The “minus” sign is assigned to compressing and the
“plus” sign to stretching the joint.

i

Fig. 8.96. Model of the bolt joint under the external force F

The distributions of forces and displacements of joint elements, determined for
the maximum values of external compressing and stretching force, are presented in
Fig. 8.97,8.98 and 8.99, respectively. As can be observed in Fig. 8.97 and 8.98, in the
case of the compressing of the bolt joint with a compound chock, the force is exerted
on the whole chock more uniformly than in the case of a steel chock. When the joint is
stretched by the maximum external force F, the chock becomes completely unloaded
and the whole external tension force is transferred by the bolt itself. In such case, the
material used for the chock does not make any difference. The fields of displacements
in the bed-plate and the bolt are the same in both models of the joint (Fig. 8.99).

Fig. 8.100 presents the relation between the operational force (P) in the bolt and
the external force (F) applied to the joint in both models. The computation was
done for the values of external force changing from —300 kN to + 282.743 kN. There
are three tension ranges in the model with a compound chock (Fig. 8.100, Curve 1).
Sufficiently high compressive force provides full contact between the chock, bed-

-plate and foundation.
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Fig. 8.97. Displacement field and contact force distribution in the model of the bolt joint with with
EPY compound chock under the external force F = —282.7 kN
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Fig. 8.98. Displacement field and contact force distribution in the model of the bolt joint with steel
chock under the external force F = —282.7 kN
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Fig. 8.99. Displacement field and contact force distribution in the models of the bolt joint with chock
made of EPY compound and steel under the external force F = +282.7 kN
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Fig. 8.100. Relation between the bolt operational force P resulting from the external force F applied
circumferentially to the joined elements (at P, = 150 kN)
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For the values of external force F ranging from about —4 kN to about +25 kN,
the chock, bed-plate and foundation get into contact only on a part of the nominal
contact surface area. The higher external tension force the smaller actual contact
surface area. When the external force F is higher than +25 kN, the bed-plate does
not touch the chock at all (Fig. 8.99).

In case of a bolt joint with steel chock, the bedplate and the foundation chock can
never get into contact over the whole nominal contact surface area (Fig. 8.100, Curve 2).

Such contact is possible to occur only on a part of this area, or none, which hap-
pens under sufficiently large values of external tension force, higher than about
+17.5 kN. Under compressive force, the gap between the joined elements does not
disappear completely. It means that the chock transfers the compressive force only
through a part of its surface.

Fig. 8.101 presents, for comparative purposes, the relation of the force P in the
bolt and the external force F acting along the axis of the bolt joint. This way of apply-
ing the external force is the most typical solution which can be found in the books
on the principles of mechanical engineering [82].

When comparing the diagrams in Fig. 8.100 and 8.101, considerable differences
can be noticed. The diagrams in Fig. 8.101 refer to the joint elements treated as rigid

F;
. [] 1]:]

40

30 1 No
Partial contact

contact

251

1 — for the joint with EPY g ~_ 2
compound chock

2 — for the joint with
steel chock

Bolt operational force P, 10*N

’ 5]
/ Partial .~ No |
/1’{ contact contact
-30 -25 -20 -15 -10 -5 O 5 10 15 20 25 30 40
External force F, 104 N

Fig. 8.101. Relation between the bolt operational force P and the external force F applied in line
to the bolt joint axis (at P, = 150 kN)
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bodies. In reality, they are elastically deformable. Therefore, the diagrams in Fig. 8.100
are closer to reality than those in Fig. 8.101. They show (Fig. 8.100) that the external
tension forces up to about +10 kN and the compressive forces up to about —30 kN
applied to the elements of the joint do not significantly change the initial tension
in the bolt. In particular, the tension does not decrease under compressive force as
it can be seen in Fig. 8.101 (for rigid bodies).Owing to non-dilatational strains in the
elements of the joint, the external force is transferred to the chock without unloading
the bolt, which is especially advantageous for a bolt under dynamic load.

8.11.5. Influence of temperature changes on pre-tension stress and strain in bolt
joints with compound chocks

EPY compound chocks have different thermal expansion coefficients than the steel
elements, and they together constitute a bolt joint as in Fig. 8.89. The values of
thermal expansion coefficient and modulus of elasticity of the compound consider-
ably depend on temperature (within the range from —20 to +80°C). Therefore, if the
assembly of a foundation bolt joint is assumed to be performed at a temperature
of +20°C, the change of ambient temperature will affect the initial stress and strain
values in the joint.

The aim of the presented research was to determine the resulting change of
pre-tension stress and strain in bolt joints with resin compound chocks of the type
shown in Fig. 8.89, with the use of FEM ADINA computing system. It was assumed
that the external diameter of the joint was 240 mm, the assembly was conducted
at +20°C temperature, and the pre-tension force in the bolt was P, = 222,500 N.
The joint was cooled down by 40 K (to —20°C), and then heated up from the initial
temperature of 20°C by 60 K (to +80°C). Pre-tension of the bolt was reached with
stress 0, = 315 MPa applied to the cross-section of the bolt shank at Z = 0, causing
the relative displacement of the section (Fig. 8.102a). Next, freedom of displacements
of the cross-section along Z-axis was locked and thermal stresses were determined.
The following values were taken for numerical computations:

a) for the resin compound (on the basis of these authors’ own research):

— at temperature of +20°C E,, = 6369 MPa, v,,,= 0.375, a, = 30.0-107® 1/K,

— at temperature of —20°C E,,, = 8000 MPa, v, = 0.375, a,, = 24.7-107° 1/K,

— attemperature of +80°C E,,, = 5000 MPa, v, = 0.375, 0, = 40.4-107° 1/K,

b) for steel (constant values): E; = 2.1-10° MPa, v, = 0.28, o, = 12.5-10° 1/K.

The results of computations are presented in Fig. 8.102. Fig. 8.102a presents the
distribution of contact force and the field of reduced stresses in a foundation bolt
joint after its assembly at a temperature of +20°C. Fig. 8.102b and 8.102c present the
same values after cooling the joint down by 40K (to —20°C) and heating it up by 60 K
(to +80°C), respectively.

The computation results show that the changes of temperature in the joint within
the assumed range result in a change of value of contact forces. The temperature
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Fig. 8.102. Deformed FE grids, reduced (effective) stress fields and contact force distributions over
foundation chock in the pre-tension state (a), after cooling down the joint (b) and heating it up (c)
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drop slightly decreases the contact forces, and the rise in temperature increases the
forces. The respective pre-tension stresses in the bolt are as follows:

— atatemperature of +20°C, P, = 222,500 N (initial state),

— atatemperature of —20°C, P, = 217,712 N (decrease by 2.15%),

— atatemperature of +80°C, P, = 267,193 N (increase by 20.0%).

The increase of bolt stress and contact pressure applied to the chock, under
increasing ambient temperature due to running the engine or other machinery, is
advantageous for foundation bolt joints. In reality such high changes of temperature
as the above mentioned seldom ever appear, in particular the cooling down to -20°C.
Therefore, the fluctuations of initial bolt tension occur within much narrower limits
than those given above.

8.11.6. Summary and conclusions

Foundation bolt joint fitted with compound chock is a complex non-linear system
of non-homogeneous bodies, difficult to model and calculate, and the same applies
to bolt joints with steel chocks as well. The modelling of joints requires taking into
account many complex geometrical and material factors as well as complicated
contact effects. Such systems cannot be solved by means of the known analytical
methods based on theory of elasticity, but it has been made possible nowadays by
introducing numerical methods and advanced FEM programs (for example FEM
ADINA software).

The simplified model of a foundation bolt joint with a chock, such as assumed
for the purposes of this work, made it possible:

— to determine the pre-tension and service states of stress and strain in the
joint,

— to carry out the analysis of the impact of the assumed pre-tension conditions,
the applied external forces, and the changes of temperature in the system onto size
of contact surface areas, distribution and values of contact pressure, displacement
fields in joint elements and the actual force in the bolt.

Comparative analysis of the obtained computation results shows that the appli-
cation of resin compound instead of steel for the machinery foundation chocks
provides a greater zone of actual contact between the chock and bedplate, as well
as more uniform distribution of surface forces, which is true both in case of pre-
-tension state and operation conditions. As a result, such foundation bolt joints can
be more reliable and durable.

The temperature increase in the bolt joint with resin compound chock, due to run-
ning the machine or other environmental factors, results in a slight (up to 20%)
increase of tension in foundation bolt joints, which is beneficial for the machinery.
A slight drop of tension in the bolt occurs in lowered temperatures, which may
happen when the machinery is not operated or is stored in the open space, for
example on the ship’s deck.
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Foundation bolt joints of real-life machinery are as a rule geometrically and physi-
cally more complex than the models examined in this work. The analysis of their
static and dynamic states is presently possible, but it can be performed only with
the use of more sophisticated models, more advanced computational programs,
and computers with high processing power, and all these measures are connected

with significant costs.
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Szczecin, Institute of Basic Technical Sciences, Szczecin 1977 (unpublished)

Noise and vibration testing aboard m/s ,Kapitan Ledéchowski”(,Badania drgar i hataséw na
statku m/s ,Kapitan Ledéchowski”). Scientific research report, Maritime University of Szczecin,
Institute of Basic Technical Sciences, Szczecin 1977 (unpublished)

Industrial implementation activities carried out in 1978 within the framework of the subject
“Foundation chocks made of chemically curing compounds for the seating of ship main engines
and auxiliary machinery”(,Prace wdrozeniowe realizowane w roku 1978 w ramach tematu:
,Podktadki fundamentowe z tworzywa chemoutwardzalnego do posadawiania silnikéw gtéwnych
i okretowych mechanizméw pomocniczych”). Scientific research report, Technical University
of Szczecin, Institute of Materials Engineering, Technical Mechanics Section, Szczecin 1978
(unpublished)

Laboratory test activities carried out in 1978 within the framework of the subject “Foundation
chocks made of chemically curing compounds for the seating of ship main engines and auxiliary
machinery”(,Prace laboratoryjne realizowane w roku 1978 w ramach tematu: ,Podktadki
fundamentowe z tworzywa chemoutwardzalnego do posadawiania silnikéw gtéwnych
i okretowych mechanizméw pomocniczych”), scientific research work report, Technical
University of Szczecin, Institute of Materials Engineering,Technical Mechanics Section,
Szczecin 1978 (unpublished)

Grudzinski K., Jaroszewicz W., Lorkiewicz J.: Testing of foundation bolt joints with chocks made
of chemically curing compound (,Badania fundamentowych ztqczy srubowych z podktadkq
z tworzywa chemoutwardzalnego”); in the Materials of 8" Symposium on Experimental
Research in Solid State Mechanics, Warsaw 1978, Papers, Part 1, pp. 176—187

Laboratory test activities carried out in 1979 within the framework of the subject “Foundation
chocks made of chemically curing compounds for the seating of ship main engines and auxiliary
machinery”(,Prace laboratoryjne zrealizowane w roku 1979 w temacie: ,Podktadki fundamentowe
ztworzywa chemoutwardzalnego do posadawiania silnikow gtéwnych i okretowych mechanizméw
pomocniczych”). Scientific research report, Technical University of Szczecin, Institute of
Materials Engineering, Technical Mechanics Section, Szczecin 1979 (unpublished)
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19. Industrial implementation activities carried out in 1979 within the framework of the subject

“Foundation chocks made of chemically curing compounds for the seating of ship main engines

and auxiliary machinery”(, Prace wdroZeniowe zrealizowane w roku 1979 w tematcie: ,Podktadki

fundamentowe z tworzywa chemoutwardzalnego do posadawiania silnikéw gtéwnych

i okretowych mechanizmdéw pomocniczych”). Scientific research report, Technical University

of Szczecin, Institute of Materials Engineering, Technical Mechanics Section, Szczecin 1979
(unpublished)

20. Jaroszewicz W.: Foundation chocks made of chemically curing compounds for installations
of main engines and auxiliary machinery in ships (,Podktadki fundamentowe z tworzyw
chemoutwardzalnych pod okretowe silniki gtdwne i urzqdzenia pomocnicze”). PhD thesis,
Technical University of Szczecin, 1980 (unpublished)

21. Lorkiewicz J., Grudzinski K., Jaroszewicz W.: Manufacturing methods for chemically curing
foundation chocks, used particularly in shipbuilding (,Sposéb wytwarzania chemoutwardzalnych
podktadek fundamentowych, zwtaszcza w okretownictwie”). Patent description no.134437 of
31.12.1980, Patent Office of People’s Republic of Poland, Warsaw 1987

22. ODRA Open Sea Fishing and Fishery Services Co. (,Przedsiebiorstwo Potowéw Dalekomorskich
i Ustug Rybackich ODRA") in Swinoujscie: Letter TT/1452/81 of 12.12.1981 concerning “Combustion
engine installations on epoxy chocks” (Posadowienia silnikéw spalinowych na podktadkach
z tworzyw sztucznych), Swinoujscie 1981 (unpublished)

23. Foundation chocks of chemically curing compounds for the seating of ship main engines
and auxiliary machinery (,Podktadki fundamentowe z tworzywa chemoutwardzalnego do
posadawiania silnikéw gtéwnych i okretowych mechanizméw pomocniczych”). Report of
research activities carried out in 1981, Technical University of Szczecin, Institute of Materials
Engineering, Technical Mechanics Section, Szczecin 1981 (unpublished)

24. Grudzinski K., Lorkiewicz J.: Information about effect of foundation chocks made of chemically
curing compounds on vibration and structural sound propagation (,,Informacja nt. ,Wptywu
fundamentowych podktadek z tworzyw chemoutwardzalnych na drgania i rozprzestrzenianie
sie dZzwiekéw materiatowych”), Technical University of Szczecin, Department of Mechanics
and Machine Elements, Szczecin 1982 (unpublished)

25. Grudzinski K., Jaroszewicz W., Lorkiewicz J.: Installations of machinery on plastic compound
chocks (,Posadawianie maszyn na podktadkach z tworzywa sztucznego”), Przeglad Mechaniczny,
1983, no. 21, pp. 9—15

26. Jaroszewicz W., Kownacki S., Lorkiewicz J., tabu¢ L.: Foundation bolt joint with bolts fitted in
epoxy compound, used particularly for the seating of ship machinery (,Fundamentowe ztqcze
Srubowe ze sSrubami pasowanymi w tworzywie sztucznym, szczegélnie do posadawiania maszyn
iurzqdzen okretowych”). Patent description no. 141627 of 02.07.1984, Patent Office of People’s
Republic of Poland, Warsaw 1988

27. Lorkiewicz J.: Report from a controlled shear test of a bolt fitted in EPAX chocking compound,
by using a model of a foundation bolt joint (,Sprawozdanie z préby scinania technologicznego
Sruby pasowanej w tworzywie EPAX w modelu fundamentowego ztqcza”), Technical University of
Szczecin, Department of Mechanics and Machine Elements, Szczecin 1984 (unpublished)

28. Lorkiewicz J.: Report from compression strength tests of a holding down bolt model fitted in a
thin-walled tube cast of EPAX chocking compound (, Sprawozdanie z préb wytrzymatosciowych
sciskania modelu sruby fundamentowej umocowanej w odlanej, cienkosciennej tulei z tworzywa
EPAX"), Technical University of Szczecin, Department of Mechanics and Machine Elements,
Szczecin 1984 (unpublished)

Emm CC C 2 <0 NI 34



Emm CC ¢ 2 <0 I

The chronological list of research reports and papers concerning polish plastic compounds used for foundation chocks

29.

30.

3.

32.

33.

34.

35.

36.

37.

38.

39.

40.

342

Grudzinski K., Lorkiewicz J.: Results of compression tests of thin-walled EPAX chocking compound
tubes (,Wyniki préb Sciskania cienkich tulejek z tworzywa EPAX"), Technical University of Szczecin,
Department of Mechanics and Machine Elements, Szczecin 1984 (unpublished)
Lorkiewicz J.: Results of additional tests on models of holding down bolts fitted in EPAX
chocking compound cast around them (,Wyniki dodatkowych badar modeli pasowanych srub
fundamentowych zalewanych tworzywem EPAX”), Technical University of Szczecin, Department
of Mechanics and Machine Elements, Szczecin 1985 (unpublished)

Grudzinski K., Jaroszewicz W., Lorkiewicz J.: Chemo-hardened plastic chocks in ship machinery
foundations. Budownictwo Okretowe,1986, no. 11, pp. 479—484

Adamkiewicz A.: Use of chemically curing compounds for the seating of main engines and auxiliary
machinery aboard ships, and land structures (,Zastosowanie tworzyw chemoutwardzalnych
do posadawiania okretowych silnikéw gtéwnych i urzqdzert pomocniczych oraz posadowieri
Igdowych”). Budownictwo Okretowe, 1988, no. 8, pp. 33—34

Jaroszewicz W., Luba A.: Chemically curing foundation chocks-manufacturing methods (, Sposéb
wytwarzania chemoutwardzalnych podktadek fundamentowych”). Patent description no. 158551
of 14.04.1989, Patent Office of Poland, Warsaw 1993

Howson J.C., Tech B., Lane P.H.R.: EPY LR approval of a chocking compound for applications where
alignment is critical, Technical Report no. 88/9621, Lloyd’s Register, Materials Department,
London 1990 (unpublished)

Grudzinski K., Lorkiewicz J., Tuczynski L.: Research results no. 46/90: tensile strength
testing of chemically curing compounds (,Wyniki badari nr 46/90 na rozcigganie tworzywa
chemoutwardzalnego”), Technical University of Szczecin, Department of Mechanics and
Machine Elements, Szczecin 1990 (unpublished)

Grudzinski K., Lorkiewicz J.: Research results no. 47/90 : shear strength testing of chemically
curing compounds (,Wyniki badan nr 47/90 na Scinanie tworzywa chemoutwardzalnego”),
Technical University of Szczecin, Department of Mechanics and Machine Elements, Szczecin
1990 (unpublished)

Grudzinski K., Lorkiewicz J., Tuczynski L.: Research results no. 48/90: Young modulus
testing of chemically curing compounds (,Wyniki badari nr 48/90 modutu Younga tworzywa
chemoutwardzalnego”), Technical University of Szczecin, Department of Mechanics and
Machine Elements, Szczecin 1990 (unpublished)

Grudzinski K., Lorkiewicz J., Tuczynski L.: Research results no. 49/90: creep testing of chemically
curing compounds (,Wyniki badari nr 49/90 petzania tworzywa chemoutwardzalnego”), Technical
University of Szczecin, Department of Mechanics and Machine Elements, Szczecin 1990
(unpublished).

Drewek J.: The chemically curing chocking compound EPY — protocol from thermal conductivity
measurements (,Protokdt z pomiarédw wspdtczynnika przewodnosci cieplnej tworzywa
chemoutwardzalnego EPY”), Technical University of Szczecin, Department of Heat Engineering,
Szczecin 1990 (unpublished)

Grudzinski K., Kawiak R., Tuczynski L.: Water and oil impact on compression strength of EPY
chocking compound (, Wptyw wody i oleju na wytrzymatosc na sciskanie tworzywa podktadkowego
EPY”). Research results no. 14/91, Technical University of Szczecin, Department of Mechanics
and Machine Elements, Szczecin 1991 (unpublished).
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41. Grudzinski K., Kawiak R., Tuczynski L.: EPY chocking compound creep (,Petzanie tworzywa
podktadkowego EPY”). Research results no. 15/1991, Technical University of Szczecin,
Department of Mechanics and Machine Elements, Szczecin 1991 (unpublished)
42. Grudzinski K., Kawiak R., Tuczynski L.: EPY chocking compound creep (,Petzanie tworzywa
podktadkowego EPY”). Research results no. 16/1991, Technical University of Szczecin,
Department of Mechanics and Machine Elements, Szczecin 1991 (unpublished)
43. Grudzinski K., Kawiak R., Tuczynski L.: Linear thermal expansion coefficient of EPY chocking
compound (,Wspétczynnik liniowej rozszerzalnosci cieplnej tworzywa podktadkowego EPY”).
Research results no. 17/1991, Technical University of Szczecin, Department of Mechanics
and Machine Elements, Szczecin 1991 (unpublished)
44. Grudzinski K., Kawiak R., Tuczynski L.: Compression strength of EPY chocking compound
(,Wytrzymatos¢ na Sciskanie tworzywa podktadkowego EPY”). Research results no. 18/1991,
Technical University of Szczecin, Department of Mechanics and Machine Elements, Szczecin
1991 (unpublished)
45. Grudzinski K., Kawiak R., Tuczynski L.: EPY chocking compound friction coefficient against steel
(,Wspdtczynnik tarcia tworzywa podktadkowego EPY po stali”). Research results no. 19/1991,
Technical University of Szczecin, Department of Mechanics and Machine Elements, Szczecin
1991 (unpublished)
46. Grudzinski K., Kawiak R.: Research results no. 20/91 of a foundation bolt joint model (,Wyniki
badarn nr 20/91 modelu fundamentowego ztqcza srubowego”). Technical University of Szczecin,
Department of Mechanics and Machine Elements, Szczecin 1991 (unpublished)
47. Grudzinski K., Kawiak R.: Research results no. 22/91 of a foundation bolt joint model (, Wyniki
badari nr 22/91 modelu fundamentowego ztqcza srubowego”). Technical University of Szczecin,
Department of Mechanics and Machine Elements, Szczecin 1991 (unpublished)
48. Grudzinski P.: Analysis of experimental methods for determination of rigidity and damping
properties of plastics, in the “Report from experimental activities carried out as a part of
statutory activity in the years 1991—1992” (,Analiza doswiadczalnych metod wyznaczania
sztywnosci oraz wtasciwosci ttumiqcych tworzyw sztucznych”, w: ,Sprawozdanie merytoryczne
z prac doswiadczalnych wykonanych w dziatalnosci statutowej w latach 1991—1992"); Task
no. 027-0113/15-02 DzS, Technical University of Szczecin, Department of Mechanics and
Machine Elements, Szczecin 1992 (unpublished)
49. Grudzinski K., Kawiak R.: Testing of selected properties of EPY chocking compound (,Badania
wybranych wtasnosci tworzywa podktadkowego EPY”). Technical University of Szczecin,
Department of Mechanics and Machine Elements, Szczecin 1992 (unpublished)
50. Kawiak R.: Some reasons for decrease in time of bolts pre-tensioning values (, Niektore przyczyny
spadku wartosci napiecia wstepnego srub”). Przeglad Mechaniczny, 1992, no.5—6, pp. 12, 21—22

. Grudzinski K.: Development of Polish plastic compounds and the technology of ship machinery
installation based on these compounds (,Rozwdj polskich tworzyw i technologii posadawiania
na nich maszyn i urzqdzeri okretowych”). Budownictwo Okretowe i Gospodarka Morska, 1993,
July—August, pp. 11—13

52. Grudzinski P.: Research into dynamic properties of plastic compounds used for the seating
of machinery (,Badania dynamicznych wtasciwosci tworzyw sztucznych stosowanych
w posadawianiu maszyn”); report from statutory activity in the years 1991—1992; Task no.
027-0213/018-05-01, Technical University of Szczecin, Department of Mechanics and Machine
Elements, Szczecin 1993 (unpublished)
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Grudzinski P.: Research into damping properties of plastic compounds used for the seating of
machinery (,Badanie wtasnosci ttumiqcych tworzyw sztucznych stosowanych w posadawianiu
maszyn”); in the materials of 17" Symposium of Machine Design Fundamentals, Szczyrk
1993, Announcements, pp. 63—64.

KRIO Gas Denitrification Plant in Odolanéw, Poland: Letter DT/129/93 of 16.12.1993, concerning
the evaluation of effectiveness of installation of GMVH-12 compressor unit according to the
method proposed by Techmarin company, with regard to vibration damping properties in a whole
frequency range noxious to human operators (1—500 Hz), Odolanéw 1993 (unpublished)
Guido B., Lukowiak L., Parosa R., Reszke E.: The concept of a microwave curing method for
EPY chemically curing compound (,Projekt mikrofalowej metody utwardzania tworzywa
chemoutwardzalnego EPY”). Research and Development Company, Wroctaw 1993
(unpublished)

Kawiak R.: Techniques for creep reduction in foundation chocks cast of chemically curing
chocking compound (,Sposoby zmniejszenia petzania fundamentowych podktadek odlanych
z tworzywa chemoutwardzalnego”); in the materials of the 6™ Conference on Non-ferrous
Metals in Shipbuilding Industry, Maritime University of Szczecin, Szczecin—Swinoujscie
1993, pp. 201—207

Jaroszewicz W.: The technique for curing in low temperatures the chemically curing compound and
the foundation chocks made of this compound, in particular (,Sposéb utwardzania kompozycji
chemoutwardzalnej, zwtaszcza podktadek fundamentowych z tej kompozycji, zwtaszcza w niskich
temperaturach”). Patent description no.169265 of 03.02.1993, Patent Office of Poland, Warsaw
1996

Kawiak R.: Protocol no.27/93 from the attempt to fit the ring of Thordon plastic in EPY chocking
compound (,Protokdt nr 27/93 z préby mocowania pierscienia z tworzywa Thordon w tworzywie
podktadkowym EPY”), Technical University of Szczecin, Department of Mechanics and Machine
Elements, Szczecin 1993 (unpublished)

Grudzinski K., Jaroszewicz W., Grudzinski P.: Research into vibration isolation properties of
EPY compound (,Badania wibroizolacyjnych wtasciwosci tworzywa EPY”); in the materials
of the 16" Scientific Session of Shipbuilders, Szczecin—Dziwnéwek 1994, Materials,
pp. 159—165

Kawiak R., Grudzinski K., Grudzinski P., Jaroszewicz W.: Research into strength and vibro-isolation
properties of EPY plastic, Polish Maritime Research, 1994, no. 1, pp. 17—21

Grudzinski K., Jaroszewicz W., Parosa R., Reszke E.: Microwave curing of ship engine foundation
chocks made of EPY chemically curing compound (,Mikrofalowe utwardzanie podktadek
fundamentowych silnikéw okretowych odlewanych z tworzywa chemoutwardzalnego EPY”);
in the materials of the Conference “Progress in Electrical Engineering”, Szklarska Poreba
1994, pp. 81—87

Kawiak R.: Chemically curing plastic compounds in bolt joints (,Tworzywa chemoutwardzalne
w potqczeniach srubowych”); in the materials of the 7™ Seminar on Plastics in Machinery
Design, Cracow 1994

Grudzinski K., Kawiak R., Tuczynski L.: Research into creep and thermal deflection of EPY
compound — a test report (,Raport z badari petzania oraz ugiecia cieplnego tworzywa EPY”),
Technical University of Szczecin, Department of Mechanics and Machine Elements, Szczecin,
1994 (unpublished)
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64. Malinowski L., Jaroszewicz W.: Determination of temperature field in propeller shaft stern
bearing seated by using EPY chocking compound — a test report (,Raport zwyznaczania pola
temperatury w tozysku rufowym watu Srubowego posadowionego przy uzyciu tworzywa EPY”),
Szczecin 1994 (unpublished)

65. Grudzinski K., Skierkowski A., Jaroszewicz W., et al.: Propeller shaft stern tube installation
by using EPY chocking compound — a report from design analysis and model tests (,Raport
zanalizy konstrukcji i badars modelowych montazu pochwy watu srubowego przy zastosowaniu
tworzywa EPY”), Technical University of Szczecin, Department of Mechanics and Machine
Elements, Szczecin 1994 (unpublished)

66. Kawiak R.: Protocol no. 23/94 from the viscosity tests of EPY chocking compound (,,Protokdt
badan nr 23/94 lepkosci tworzywa EPY”), Technical University of Szczecin, Department of
Mechanics and Machine Elements, Szczecin 1994 (unpublished)

67. Wypychowski K., Ratajczak D., Jaroszewicz W.: Quality System Books. Quality Management
System of ISO 9002 standard (, Ksiegi jakosci. System zarzqdzania jakosciq wg normy 1SO 9002”),
Marine Service Jaroszewicz, Szczecin 1994—1997 (unpublished)

68. Grudzinski K., Jaroszewicz W.: Microwave curing of chocks cast of EPY compound for use in
shipboard machinery seating, in the Marine Technology and Transportation, Southampton
UK, Boston, Computational Mechanics Publications 1995, pp. 309—315

69. Grudzinski K., Jaroszewicz W.: ISO 9002 certificate for Polish chocking compound EPY and the
seating of ship engines by using this compound. (,Certyfikat ISO 9002 dla polskiego tworzywa
EPY i posadawiania na nim silnikéw okretowych”). Budownictwo Okretowe i Gospodarka
Morska, 1995, no. 1,pp. 14—15

70. Grudzinski K., Jaroszewicz W., Kotodziejski W., Klimczak R.: New repair technique for heavy
machinery exemplified by the repair of GMVH-12 engine-compressor units (,Nowy sposéb naprawy
posadowienia ciezkich maszyn i urzqdzen na przyktadzie motosprezarek GMVH-12"). Przeglad
Mechaniczny, 1995, no. 21, pp. 21—24

71. Control tests of vibration parameters of a compressor unit after modification of its seating
arrangement (,Badania kontrolne parametréw drgan po wykonaniu przebudowy posadowienia
zespotu sprezarkowego”), executed in Gas Industry Plant in Rembelszczyna by the team
under direction of Prof. G. Bak (Eng), Warsaw 1995 (unpublished)

72. Ratajczak J.: Vibration isolation characteristics of EPY compound used for ship machinery
foundation chocks (,Wibroizolacyjne wtasciwosci tworzywa EPY stosowanego na podktadki
fundamentowe maszyn i urzqdzeri okretowych”), MSc thesis, Technical University of Szczecin,
Faculty of Maritime Engineering, Szczecin 1995 (unpublished)

73. Ratajczak D.: Microwave curing of EPY compound used for ship machinery foundation chocks
(,Mikrofalowe utwardzanie tworzywa EPY stosowanego na podktadki fundamentowe maszyn
i urzqdzenr okretowych”), MSc thesis, Technical University of Szczecin, Faculty of Maritime
Engineering, Szczecin 1995 (unpublished)

74. Grudzinski K., Konowalski K.: Fatigue compression strength testing of EPY chocking compound —
atestreport (,Raport zbadan wytrzymatosci zmeczeniowej na sciskanie tworzywa EPY”), Technical
University of Szczecin, Department of Mechanics and Machine Elements, Szczecin 1995
(unpublished)

75. Grudzinski K., Kawiak R., Konowalski K., Tuczynski L.: Theoretical and experimental fundamentals
of an installation procedure for rudder assembly liner by using EPY chocking compound (,Podstawy
teoretyczno-doswiadczalne montazu tulei zestawu sterowego przy uzyciu tworzywa EPY”);
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a document ordered by Szczecin Shipyard, Technical University of Szczecin, Department
of Mechanics and Machine Elements, Szczecin 1995 (unpublished)

Grudzinski K., Kawiak R., Jaroszewicz W.: Problems of contact between machine elements by
using a thin layer of chemically curing compound (,Zagadnienia kontaktu elementéw maszyn
przy zastosowaniu cienkiej warstwy tworzywa chemoutwardzalnego”); in the materials of
the Scientific Technical Conference on “Contemporary Problems in Machinery Design and
Service”, Technical University of Szczecin, Faculty of Mechanics Engineering, Szczecin 1996,
pp. 83—92

Grudzinski K., Ratajczak J.: Determination of loss factor and dynamic rigidity of EPY chocking
compound (,Wyznaczenie wspdtczynnika strat oraz dynamicznej sztywnosci tworzywa EPY”); in
the materials of the Scientific Technical Conference “Contemporary Problems in Machinery
Design and Service”, Technical University of Szczecin, Faculty of Mechanics Engineering,
Szczecin 1996, pp. 93—102

Grudzinski K., Jaroszewicz W., Orzechowski S.: The seating of heavy mining machinery on
foundation chocks cast of EPY chocking compound (,,Posadawianie ciezkich maszyn i urzqdzen
gorniczych na podktadkach fundamentowych odlewanych z tworzywa EPY”); in the materials
of the Scientific Technical Conference on “Mine Shaft Transport” 1996, Gliwice 1996, Vol. 2,
pp. 151—155

Grudzinski K., Ratajczak J.: Research into damping properties of EPY chocking compound
used for heavy machinery foundation chocks (,Badanie ttumiqcych wtasciwosci tworzywa EPY
stosowanego na podktadki fundamentowe ciezkich maszyn”); in the materials of the 2™ Scientific
Technical Conference on “Polymers and Constructional Composites”, Silesian University of
Technology, Department of Machine Design, Ustron 1996, pp. 279—286

Report concerning vibration measurements on engine-compressor units in Mackowice pumping
station, (,Sprawozdanie z pomiardw drgari motosprezarek w przepompowni Mackowice”). Polish
Naval Academy, Institute of Technical Maintenance of Ships, Gdynia 1996 (unpublished)
Witek A., Grudzinski P.: Identification of elasticity and damping parameters of epoxy compound
chocks in forced vibration conditions (,ldentyfikacja parametréw sprezysto-ttumiqcych
podktadek z tworzyw sztucznych w warunkach drgari wymuszonych”); a paper presented at
a meeting of Mechanical Engineering Committee, Polish Academy of Sciences, Szczecin
1996 (unpublished)

Grudzinski K., Konowalski K., Ratajczak J., Tuczynski L.: Research into usage of EPY chocking
compound for the seating of windlasses and mooring winches (,Badania tworzywa EPY w aspekcie
jego zastosowania na podktadki fundamentowe wind kotwicznych i cumowniczych”). Report
no. 3/96, Technical University of Szczecin, Department of Mechanics and Machine Elements,
Szczecin 1996 (unpublished)

Konowalski K., Ratajczak J., Tuczynski L.: Research into effect of liquid nitrogen cooling of EPY
compound on its compression and impact strength (,Badania wptywu oziebienia tworzywa
EPY w ciektym azocie na jego wytrzymatos¢ na sciskanie oraz udarnosc¢”). Report no. 2/96,
Technical University of Szczecin, Department of Mechanics and Machine Elements, Szczecin,
1996 (unpublished)

Grudzinski K.: Mechanical characteristics of direct contact joints and joints with a thin layer
of plastic compound (,Charakterystyki mechaniczne potqczen stykowych bezposrednich oraz
z cienkq warstwq tworzywa”); in the materials of the 3 Professors’ Workshop, Mechanical
Engineering Committee, Polish Academy of Sciences (PAN), Koszalin 1997
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85. Grudzinski K., Konowalski K., Kawiak R.: Report no.1/97 on the testing of the effect of paint
coat presence on the sagging of main engines (or other machinery) seated on their foundations
(,Raport no. 1/97 z badan wptywu powtok malarskich na osiadanie silnika gtéwnego i innych
mechanizmdéw na fundamentach”), Technical University of Szczecin, Department of Mechanics
and Machine Elements, Szczecin, 1997 (unpublished)

86. Grudzinski K., Jaroszewicz W., Konowalski K.: Research into effect of paint coat presence on
the sagging of ship machinery seated on chocks made of EPY compound (,Badania wptywu
powtok malarskich na osiadanie maszyn i urzqdzen okretowych posadowianych na podktadkach
z tworzywa EPY”). Budownictwo Okretowe i Gospodarka Morska, 1997, no. 10, October,
pp.23—28

87. Witek A., Grudzinski P.: Identification of elasticity and damping parameters of plastic compound
chocks in joints of machine units (,Identyfikacja wtasnosci sprezysto-ttumiqcych podktadek
z tworzywa sztucznego w potqczeniach podzespotéw maszyn”); in the materials of the
18" Symposium on Fundamentals of Machine Design, Kielce—Ameliéwka 1997, Part Il
pp. 293—298

88. Grudzinski K., Jaroszewicz W.: A special chocking compound for foundation chocks of ship
machinery (,Specjalne tworzywo na podktadki fundamentowe maszyn i urzqdzen okretowych”);
in the materials of the Scientific Technical Conference on ,New materials and new material
technologies in shipbuilding and mechanical industry”. Szczecin—Swinoujscie 1998, Vol. |,
pp. XXII—XXX

89. Grudzinski K., Konowalski K., Jaroszewicz W.: Seating the deck machinery on foundation chocks
cast of chemically curing compounds (,Posadawianie urzqdzen poktadowych na podktadkach
odlewanych z tworzywa chemoutwardzalnego”); in the materials of the 4™ Conference on

“Shipbuilding and Maritime Engineering”, Miedzyzdroje 03—05.06.1998, publ. Technical
University of Szczecin, 1998, pp. 123—132

90. Grudzinski P, Ratajczak J.: Research into rheological properties of EPY epoxy compound used for
machinery foundation chocks (,Badania reologicznych wtasciwosci tworzywa EPY stosowanego
na podktadki fundamentowe maszyn”); in the materials of the Scientific Technical Conference
on “New materials and new material technologies in shipbuilding and mechanical industry”.
Szczecin—Swinoujscie 1998, vol. I, pp. 661—666

91. Ratajczak J., Grudzinski K.: Research into elasticity and damping properties of EPY epoxy
compound at low values of compression stresses (,Badania sprezystych i ttumiqgcych wtasciwosci
tworzywa EPY przy matych wartosciach naprezeri sciskajqcych”); in the materials of the Scientific
Technical Conference on “New materials and new material technologies in shipbuilding and
mechanical industry”. Szczecin—Swinoujscie 1998, vol. I, pp. 679—684

92. Kawiak R.: Research into load-carrying ability of bolts anchored in concrete by using EPY epoxy
compound (,Badanie nosnosci zakotwieri Srub w betonie wykonanych przy uzyciu tworzywa EPY”);
Report no. 1/98, Technical University of Szczecin, Department of Mechanics and Machine
Elements, Szczecin 1998 (unpublished)

93. Grudzinski K., Konowalski K., Tuczynski L.: Experimental determination of the creep characteristics
of chocking resins. Report no. 2/98, Technical University of Szczecin 1998 (unpublished)

94. Witek A., Grudzinski P.: Experimental examination of elasticity and damping properties of plastic
compounds in forced vibration conditions (Doswiadczalne badania wlasciwosci sprezysto-
ttumiqcych tworzyw sztucznych w warunkach drgari wymuszonych), in: the Proceedings of
the Conference on Computational Methods and Experimental Measurements ‘99, Sorrento,
Italy 1999, pp. 483—491
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Witek A., Grudzinski P.: Accuracy analysis of an identification method of the parameters of
plastic compound chocks used for machine seating arrangements (Analiza doktadnosci metody
identyfikacji parametréw podktadek stosowanych w posadowieniu maszyn); in the Proceedings of
the 4™ International Conference on Computational Methods in Contact Mechanics, Stuttgart,
Germany, September 1999, UK, WIT Press 1999, pp. 401—410

Kawiak R.: Anchoring of foundation bolts by using polymer composites (,Osadzanie srub
fundamentowych za pomocq kompozytéw polimerowych”); in the materials of the
19™ Symposium on Fundamentals of Machine Design, Zielona Géra—Swinoujscie, September
1999, Materials, vol. |, pp. 481—486

Grudzinski K., Kawiak R.: Polymer composites in bolt joints (,Kompozyty polimerowe w potqgczeniach
$rubowych”); in the materials of the 19" Symposium on Fundamentals of Machine Design,
Zielona Géra—Swinoujscie, September 1999, Materials, vol. |, pp. 55—60

Grudzinski K., Kawiak R.: Report no. 17/99 on strength tests of rope cone endings filled with EPY
compound by casting (,Raport nr 17/99 z badan wytrzymatosci zamocowania liny w koricwkach
stozkowych zalanych tworzywem EPY”). Technical University of Szczecin, Department of
Mechanics and Machine Elements, Szczecin 1999 (unpublished)

Grudzinski K., Witek A. et al.: Research into dynamic properties of resin compounds used for
foundation chocks in machinery seating arrangements (,Badania dynamicznych wtasciwosci
tworzyw sztucznych stosowanych na podktadki fundamentowe w posadawianiu maszyn
iurzqdzen”). Report on the execution of the research project no. 7T07C01611, Technical
University of Szczecin, Department of Mechanics and Machine Elements, Szczecin 1999
(unpublished)

Kawiak R.: Polymer composites in anchoring of holding down bolts (,Kompozyty polimerowe
w zakotwieniach srub fundamentowych”). Technologia i Automatyzacja Montazu (a quarterly),
1999, no. 3, pp. 48—50

Kawiak R., Konowalski K.: Experimental research into rigidity and damping properties of contact
joints transferring tangential loads (,Doswiadczalne badania sztywnosci i ttumienia stykéw
obcigzonych w kierunku stycznym”); in the materials of the International Scientific Technical
Conference on “Technology impact on the condition of the material upper layer — WW'99”,
Poznan University of Technology, Mechanical Engineering Committee, Polish Academy of
Sciences (PAN), Poznan, Studies and Materials, vol. XVII, pp. 261—256

Grudgzinski K., Urbaniak M.: Research into mechanical characteristics of epoxy composites
reinforced with glass fibres under compression loads (,Badania charakterystyk mechanicznych
kompozytéw epoksydowych z wtéknem szklanym przy obcigzeniach sciskajqcych”); in the
materials of the Conference on “Polymers and Composites in Constructions”, Ustror 2000,
Silesian University of Technology, Scientific Reports of the Department of Machine Design,
2000, no. 1, pp. 245—250

Grudzinski P., Ratajczak J.: Rheological model of EPY compound used for machinery foundation
chocks (,Reologiczny model tworzywa EPY stosowanego na podktadki fundamentowe maszyn”);
in the materials of the Conference on “Polymers and Composites in Constructions”, Ustron
2000, Silesian University of Technology, Scientific Reports of the Department of Machine
Design, 2000, no. 1, pp. 251—256

Grudzinski K., Konowalski K., Jaroszewicz W.: Fatigue and static tests of EPY compound used for
machinery foundation chocks (,Badania zmeczeniowe i statyczne tworzywa EPY stosowanego
na podktadki fundamentowe maszyn”); in the materials of the Conference on “Polymers and
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Composites in Constructions”, Ustron 2000, Silesian University of Technology, Scientific
Reports of the Department of Machine Design, 2000, no. 1, pp. 239—244

105. Grudzinski K., Ratajczak J.: Research into dynamic properties of EPY chocking compound used for
machinery foundation chocks (,Badania dynamicznych wiasciwosci tworzywa EPY stosowanego
na podktadki fundamentowe maszyn”); in the materials of the 19" Scientific Session of
Shipbuilders “Marine Technology 2000”, Szczecin—Dziwndéwek 2000, pp. 127—136

106. Grudzinski K., Konowalski K., Ratajczak J.: Comparative research into mechanical properties of
plastic compounds used for machinery foundation chocks (,Badania poréwnawcze wtasciwosci
mechanicznych tworzyw sztucznych stosowanych na podktadki fundamentowe maszyn”);
in the materials of the 19™ Scientific Session of Shipbuilders “Marine Technology 2000”,
Szczecin—Dziwndéwek, May 2000, p. 117—126

107. Kawiak R.: Identification of parameters of a foundation chock model made of polymer composite
(,Identyfikacja parametréw modelu podktadki fundamentowej z kompozytu polimerowego”);
in the Proceedings of the International Scientific Conference MECHANICS 2000, Rzeszéw,
June 2000, Scientific Bulletins of Rzeszéw University of Technology, no. 179, Mechanics 54,
pp. 153—156

108. Kawiak R.: Comparative deformations of chocks made of polymer composites (,Odksztatcenia
poréwnawcze podktadek zkompozytéw polimerowych”). Composites, Western Pomeranian
Branch of Polish Composite Materials Society, and Materials Science Commission of Polish
Academy of Sciences, Poznan Branch, Maritime University of Szczecin, Szczecin 2000,
pp. 89—94

109. Urbaniak M., Grudzinski K.: Usage of grinded epoxy compound waste for re-use in machinery
foundation chocks (,Wykorzystanie rozdrobnionych odpaddw tworzywa epoksydowego do
ponownego zastosowania na podktadki fundamentowe maszyn”); inthe materials of the
2" Scientific Technical Conference on “Recycling of plastics”, Ustron Zdréj 2001, Silesian
University of Technology, Scientific Reports of the Department of Metals and Polymers
Processing, pp. 141—146

110. Grudzinski K., Urbaniak M.: Modification of an epoxy compound used for heavy machinery
foundation chocks by applying volatile ashes (,Modyfikacja popiotami lotnymi tworzywa
epoksydowego przeznaczonego na podktadki fundamentowe ciezkich maszyn i urzqdzenr'”);
in the materials of the 15™ Scientific Conference on “Modification of polymers”, Swieradéw
Zdrdéj 2001, Wroctaw University of Technology, Scientific Reports of the Institute of the
Organic Compounds and Plastics Technology, pp. 203—206

111. Grudzinski K., Ratajczak J., Jaroszewicz W.: Application of chemically curing compounds
in the construction and modernisation of mining machinery (,Zastosowanie tworzywa
chemoutwardzalnego w budowie i modernizacji maszyn i urzqdzeri gérniczych”), in the materials
of the 2" International Scientific Technical Conference on “Effective and Safe Transport
Systems in Mining Industry”, the Mining Industry Mechanisation Centre KOMAG, Gliwice
2001, Vol. I, pp. 247—259

112. Grudzinski K., Jaroszewicz W., Orzechowski S., Ratajczak J.: The seating of mining hoisting
machines on foundation chocks cast of EPY epoxy compound (,Posadawianie gérniczych maszyn
wyciggowych na podktadkach fundamentowych odlewanych z tworzywa EPY”), in the materials
of the 4™ International Scientific Technical Conference, Krakéw 2001, AGH University of
Science and Technology, Scientific Technical Bulletins, 2001, no. 22, pp. 52—64

113. Grudzinski P.,, Witek A.: Identification of dynamic parameters of plastic compound chocks — an
accuracy analysis (,Analiza doktadnosci identyfikacji parametréw dynamicznych podktadek
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z tworzyw sztucznych”), in the materials of the 20™ Symposium on Machine Design
Fundamentals, Polanica-Zdroj 2001, Opole University of Technology, Scientfic Bulletins,
Mechanics, 2001, no. 270, issue 68, pp. 361—368

Kawiak R.: Shape factor effect on deformations of foundation chocks (,Wptyw wspétczynnika
ksztattu na odksztatcenia podktadek wyréwnawczych”), in the materials of the 20 Symposium
on Machine Design Fundamentals (PKM), Polanica-Zdréj 2001, Opole University of Technology,
Scientific Bulletins, Mechanics, 2001, no. 270, issue 68, pp. 473—478

Kawiak R.: Experimental research of bolt joints (,Badania doswiadczalne potqczer srubowych”),
in the materials of the 5" Scientific Conference on “Experimental methods in design and
operation of machines”, Wroctaw University of Technology, Institute of Machine Design and
Operation, Wroctaw — Szklarska Poreba 2001, vol. Il, pp. 31—38

Grudzinski K., Urbaniak M., Tuczynski L.: Research into effect of room temperature curing
time of EPY epoxy compound on its strength properties determined in the static compression
test (,Badania wptywu czasu utwardzania tworzywa EPY w temperaturze pokojowej na jego
wiasciwosci wytrzymatosciowe wyznaczane w statycznej prébie sciskania”), Report no. 1/2000,
Technical University of Szczecin, Department of Mechanics and Machine Elements, Szczecin
2000 (unpublished)

Grudzinski K., Urbaniak M., Tuczynski L.: Research into effect of Z-1 hardener amount on the
strength properties of EPY epoxy compound determined in the static compression test (,Badania
wptywu ilosci utwardzacza Z-1 na wtasciwosci wytrzymatosciowe tworzywa EPY wyznaczane
w statycznej probie sciskania”), Report no. 2/2000, Technical University of Szczecin, Department
of Mechanics and Machine Elements, Szczecin 2000 (unpublished)

Grudzinski K., Urbaniak M., Tuczynski L.: Research into effect of glass fibre amount on the
strength properties of EPY epoxy compound determined in the static compression test (,Badania
wptywu ilosci wtékna szklanego na wtasciwosci wytrzymatosciowe tworzywa EPY wyznaczane
w statycznej prébie sciskania”), Report no. 3/2000, Technical University of Szczecin, Department
of Mechanics and Machine Elements, Szczecin 2000 (unpublished)

Grudzinski K., Urbaniak M., Tuczyniski L.: Research into effect of silica flour amount on the
strength properties of EPY epoxy compound determined in the static compression test (,Badania
wptywu ilosci mgczki kwarcowej na wtasciwosci wytrzymatosciowe tworzywa EPY wyznaczane
w statycznej prébie sciskania”), Report no.4/2000, Technical University of Szczecin, Department
of Mechanics and Machine Elements, Szczecin 2000 (unpublished)

Grudgzinski K., Urbaniak M., Tuczynski L.: Research into effect of a type of material resources
on the strength properties of EPY epoxy compound determined in the static compression test
(,Badania wptywu rodzaju bazy surowcowej tworzywa epoksydowego EPY na wtasciwosci
wytrzymatosciowe wyznaczane w statycznej probie Sciskania”), Report no. 5/2000, Technical
University of Szczecin, Department of Mechanics and Machine Elements, Szczecin 2000
(unpublished)

Grudzinski K., Urbaniak M., Tuczynski L.: Research into the effect of heating rate on the transition
temperature from glassy to high-elasticity state, in case of EPY epoxy compounds, Chockfast
Orange and Epocast 36 (,Badania wptywu predkosci nagrzewania tworzyw epoksydowych EPY,
Chockfast Orange i Epocast 36 na temperature przejscia ze stanu szklistego do stanu o duzej
elastycznosci”), Report no. 6/2000, Technical University of Szczecin, Department of Mechanics
and Machine Elements, Szczecin 2000 (unpublished)

Grudzinski K., Urbaniak M., Tuczynski L.: Research into effect of modifiers on the strength
properties of EPY epoxy compound reinforced with glass fibres, determined in the static compression
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test (,Badania wptywu srodkéw modyfikujgcych na wtasnosci wytrzymatosciowe tworzywa EPY
zwitdéknem szklanym wyznaczane w statycznej probie sciskania”), Report no. 7/2000, Technical
University of Szczecin, Department of Mechanics and Machine Elements, Szczecin 2000
(unpublished)

123. Grudzinski K., Urbaniak M., Tuczynski L.: Research into effect of a type of hardener on the
strength properties of EPY epoxy compound determined in the static compression test (,Badania
wptywu rodzaju utwardzacza na witasnosci wytrzymatosciowe tworzywa EPY wyznaczane
w statycznej probie sciskania”), Report no. 8/2000, Technical University of Szczecin, Department
of Mechanics and Machine Elements, Szczecin 2000 (unpublished)

124. Grudzinski K., Urbaniak M., Tuczynski L.: Research into effect of glass balls on the strength
properties of EPY epoxy compound determined in the static compression test (,Badania ilosciowego
wptywu kulek szklanych na wtasnosci wytrzymatosciowe tworzywa EPY wyznaczane w statycznej
probie Sciskania”), Report no. 9/2000, Technical University of Szczecin, Department of
Mechanics and Machine Elements, Szczecin 2000 (unpublished)

125. Grudzinski K., Kawiak R., Ratajczak J., Tuczynski L.: Tests of hardening exotherm end creep of
the EPY compound for the purpose of updating the Lloyd'’s Register of Shipping Certificate for this
material, Report no. 10/2000, Technical University of Szczecin, Department of Mechanics
and Machine Elements, Szczecin 2000 (unpublished)

126. Grudzinski K., Urbaniak M., Tuczynski L.: Research into the effect of a proportion and granulation
of a smoke-box dust from “Dolna Odra"power station on the strength properties of EPY epoxy
compound determined in the static compression test (,Badania wptywu udziatu i granulacji
pytéw dymnicowych z Elektrowni, Dolna Odra”na wtasnosci wytrzymatosciowe tworzywa EPY
wyznaczane w statycznej probie ciskania”), Report no. 11/2000, Technical University of Szczecin,
Department of Mechanics and Machine Elements, Szczecin 2000 (unpublished)

127. Grudzinski K., Urbaniak M., Tuczynski L.: The determination of linear contraction during curing
process of the compounds : EPY, Chockfast Orange i Epocast 36 (,0znaczenia skurczu liniowego
podczas utwardzania tworzyw: EPY, Chockfast Orange i Epocast 36”), report no. 12/2000,
Technical University of Szczecin, Department of Mechanics and Machine Elements, Szczecin
2000 (unpublished)

128. Grudzinski K., Konowalski K., Urbaniak M., Tuczynski L.: Testing the mechanical properties of
resins distinguished by FR1, FR2 and EPY symbols, Report no. 1/2001, Technical University of
Szczecin, Department of Mechanics and Machine Elements, Szczecin 2000 (unpublished)

129. Grudzinski K., Urbaniak M., Tuczynski L.: Research into effect of elevated temperature on the
strength properties of EPY epoxy compound (,Badania wptywu podwyzszonej temperatury na
wtasciwosci wytrzymatosciowe tworzywa EPY”), report no. 2/2001, Technical University of
Szczecin, Department of Mechanics and Machine Elements, Szczecin 2001 (unpublished)

130. Grudzinski K., Urbaniak M.: Research into effect of long-time exposure to various media on the
compression strength properties of chocking compound (,Badania dtugotrwatego wptywu
réznych osrodkéw na wytrzymatosc na sciskanie tworzywa podktadkowego”), Report no. 2/2001,
Technical University of Szczecin, Department of Mechanics and Machine Elements, Szczecin
2002 (unpublished)

131. Grudzinski K., Ratajczak J., Sobczak t., Jaroszewicz W.: Application of a chemically
curing compound for the seating of propeller shaft stern tubes (,Zastosowanie tworzywa
chemoutwardzalnego do osadzania pochew watéw srubowych”), in the materials of the 20™
Scientific Session of Shipbuilders,the Polish Shipbuilders Society "KORAB”, Gdansk 2002,
Conference materials, pp. 215—225
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Urbaniak M., Fabrycy E., Grudzinski K.: Research into the EPY epoxy compound cross-linking
process by using a differential scanning calorimetric method (DSC), and its selected mechanical
properties (,Badania procesu sieciowania tworzywa epoksydowego EPY metodq kalorymetrii
skaningowej (DSC) i jego wybranych wtasnosci mechanicznych)”, in the materials of the
5t Scientific Technical Conference on “Polymers and Composites in Constructions”, Ustron
2002, pp. 221—226

Urbaniak M.: Investigations of filler sedimentation in the resin compounds (,Badania sedymentacji
napetniaczy w kompozycjach zywicznych”). Report no. 2/2003, Technical University of Szczecin,
Department of Mechanics and Machine Elements, Szczecin 2003 (unpublished)

Urbaniak M.: Determination of the coefficient of linear thermal expansion of EPY compound in
the temperature range from 20 to 130°C. (,Wyznaczenie wspétczynnika liniowej rozszerzalnosci
cieplnej tworzywa EPY w zakresie temperatur od 20 do 130°C”), Report no. 3/2003, Technical
University of Szczecin, Department of Mechanics and Machine Elements, Szczecin 2003
(unpublished).

Grudzinski K., Ratajczak J., Urbaniak M.: Bestimmung von E-modul und Druckfestigkeit fiir
das Formstoff EPOCAST 36-P bei Raum- und Tieftemperatur, Report no. 5/2003, Technical
University of Szczecin, Department of Mechanics and Machine Elements, Szczecin 2003
(unpublished)

Grudzinski K., Jaroszewicz W.: Ustanovka masin i ustrojstv na fundamentnych podkladkach
litych iz plastmasy EPY (in Russian), Publ. ZAPOL Spétka Jawna, Szczecin 2003

Urbaniak M., Grudzinski K.: Investigations of visco-elastic properties of EPY epoxy compound
applicable to machinery foundation chocks, by using dynamic thermo-mechanical analysis
method (,Badania metodq dynamicznej analizy termomechanicznejlepko-sprezystych wtasciwosci
tworzywa epoksydowego EPY stosowanego na podktadki fundamentowe maszyn”), in the
materials of the 16" Scientific Conference on “Modification of polymers”, Polanica Zdréj 2003,
Wroctaw University of Technology, Institute of Organic Technology and Plastics, Scientific
reports, Conferences, no. 52, 2003, pp. 424—427

Urbaniak M., Grudzirski K.: Thermal investigations of cross-linking process of EPY epoxy compound
used for machinery foundation chocks. (,Badania termiczne procesu sieciowania tworzywa
epoksydowego EPY stosowanego na podktadki maszyn”), The 10" Seminar on “Plastics in
Machine Design”, Technical University of Cracow, Institute of Applied Mechanics, Cracow
2003, pp. 397—401

Grudzinski P.: Analysis of stresses in a thin layer of polymer compound and its strength tests
(,Analiza naprezen w cienkiej warstwie tworzywa polimerowego i badania jej wytrzymatosci”),
the 21st Symposion on ,Machinery Design Fundamentals”, Ustrorr 2003, Publ. WNT, Warsaw
2003, Vol. |, pp. 289—294

Grudzinski K., Ratajczak ., Jaroszewicz W.: A modern method for the seating of machines and
devices with the use of special chemically-cured resin compounds (,Nowoczesna metoda montazu
maszyn i urzqdzenr z uzyciem specjalnych tworzyw chemoutwardzalnych”). A paper presented
during plenary session of the 21° Symposion on “Machinery Design Fundamentals”, Ustron,
September 2003, Publ. WNT, Warsaw 2003, vol. |, pp. 79—88

Urbaniak M.: Determination of the coefficient of linear thermal expansion of EPY compound in
the temperature range from —25 to 60°C (,Wyznaczenie wspétczynnika liniowej rozszerzalnosci
cieplnej tworzywa EPY w zakresie temperatur od —25 do 60°C”), Report no. 1/2004, Technical
University of Szczecin, Department of Mechanics and Machine Elements, Szczecin 2004
(unpublished)
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142. Grudzinski K., Jaroszewicz W.: “Seating of machines and devices on foundation chocks cast of
EPY resin compound”, Publ. ZAPOL, Szczecin 2004

143. Urbaniak M., Grudzinski K.: Thermal investigation of curing process of EPY epoxy system, Polimery
2004, Vol 49, No. 2, pp. 89—93

144. Urbaniak M.: Research into effect of means for slowing-down filler sedimentation process in
EPY composites (,Badania wptywu srodkdéw spowolniajqcych proces sedymentacji napetniaczy
w kompozycji EPY”), Report no. 2/2004, Technical University of Szczecin, Department of
Mechanics and Machine Elements, Szczecin 2004 (unpublished)

145. Urbaniak M.: Research into curing process and its effect on mechanical properties of EPY
epoxy compound used for machine foundation chocks (,Badania procesu utwardzania i jego
wptywu na wtasciwosci mechaniczne tworzywa epoksydowego EPY stosowanego na podktadki
fundamentowe maszyn”), PhD thesis, Szczecin University of Technology, Mechanical Faculty,
Szczecin 2004

146. Ratajczak J., Markiewicz J.: Technical test of adhesion between EPY compound and metal surface
protected with a grounding epoxy paint. (, Techniczna préba adhezji tworzywa EPY do powierzchni
metalowej zabezpieczonej farbq epoksydowq do gruntowania”), Protocol no. 42/2004, Technical
University of Szczecin, Department of Mechanics and Machine Elements, Szczecin 2004
(unpublished)

147. Grudzinski K., Urbaniak M., Markiewicz J.: Comparative investigations on EPOCAST 36 epoxy resin
connected with a change of the binder, Report No. 53/2004, Szczecin University of Technology,
Department of Mechanics and Machine Elements, Szczecin 2004 (unpublished)

148. Grudzinski K., Jaroszewicz W.: Seating of machines and devices on foundation chocks cast of EPY
compound (,Posadawianie maszyn i urzqdzeri na podktadkach fundamentowych odlewanych
ztworzywa EPY”) Publ. ZAPOL Dmochowski & Sobczyk, Spotka Jawna, 2" Ed., Szczecin 2005

149. Urbaniak M., Grudzinski K.: Research into thermo-mechanical properties of EPY epoxy compound
(,,Badania wtasciwosci termomechanicznych tworzywa epoksydowego EPY”), Tworzywa Sztuczne
i Chemia, 2005, no. 6(25), pp. 30—33

150. Urbaniak M., Grudzinski K.: Thermal and mechanical properties of EPY epoxy compound
used for machinery foundation chocks. (,Wtasciwosci termiczne i mechaniczne tworzywa
epoksydowego EPY stosowanego na podktadki fundamentowe maszyn”) in Modification of
polymers (,Modyfikacja polimeréw”), Editors : D. Zuchowska and R. Steller, Wroctaw, Publ.
Wroctaw University of Technology, Wroctaw 2005, pp. 646—651

151. Grudzinski K., Urbaniak M., Ratajczak J., Markiewicz J.: Tests on cure exotherm and creep of the
EPY compound carried out in order to update the Lloyd’s Register of Shipping Certificate for this
material, Report No. 59/2005, Szczecin University of Technology, Department of Mechanics
and Machine Elements, Szczecin 2005 (unpublished)

152. Grudzinski K., Ratajczak J., Jaroszewicz W.: Application of EPY polymer compound to the seating
of bridge bearings. (,Zastosowanie specjalnego tworzywa polimerowego EPY w posadawianiu
tozysk mostowych”). The International Conference EKO MOST 2006, Kielce, Organized by
Research Institute of Bridges and Roads, Warsaw 2006, Papers, pp. 125—133

153. Grudzinski K., Ratajczak J., Jaroszewicz W.:The special polymer compound EPY® and its use for
the seating of machines and devices on ships and land facilities. (, Specjalne tworzywo polimerowe
EPY i jego zastosowanie w posadawianiu maszyn i urzqdzeri okretowych i lqdowych”), Inzynieria
Materiatowa, no. 3(151), vol. XXVII, May—June 2006, pp. 597—600
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Urbaniak M., Grudzinski K.: Research into and prediction of thermo-mechanical properties
of an epoxy compound. Application of EPY polymer compound. (,Badania i prognozowanie
wiasciwosci termomechanicznych tworzywa epoksydowego. Zastosowanie specjalnego tworzywa
polimerowego EPY®"). The "™ Scientific Technical Conference on Polymers and Structural
Composites, Istebna-Gliwice, 12—14.09.2006, Organized by Silesian University of Technology,
Mechanical Faculty, Institute of Polymer Materials and Metals, Materials, pp. 161—166
Urbaniak M., Grudzinski K.: Research into visco-elastic properties of EPY epoxy compound.
(,Badania wtasciwosci lepkosprezystych tworzywa epoksydowego EPY”), Tworzywa Sztuczne
i Chemia, no. 2, March/April 2006, pp. 32—35

Urbaniak M., Grudziniski K.: Research into rheological properties of EPY epoxy compound.
(,Badania wtasciwosci reologicznych tworzywa epoksydowego EPY”), Tworzywa Sztuczne
i Chemia, no. 3, May/June 2006, pp. 48—51

MpynsuHbckm K., Apowesuny B., JlunkaH T.: CospemMeHHas mexHo102us MOHMAXa cyo0osbix
MAwWuH u ycmpoucme ¢ NpuMeHeHUeM cneyuasabHeIX NOUMPHbIX Mamepuasos (in Russian),
CypocTpoeHue 1 CygopemoHT, no. 15—16, 2006, pp. 40—43

Urbaniak M., Grudzinski K.: Effect of strain rate on mechanical characteristics of EPY epoxy
compound under compression load. (,Wptyw szybkosci odksztatcania na charakterystyki
mechaniczne tworzywa epoksydowego EPY poddanego obcigzeniom Sciskajqgcym”). Kompozyty,
2006, no. 4, pp. 24—28

Urbaniak M., Grudzinski K.: Effect of temperature on mechanical characteristics of EPY epoxy
compound under compression load. (,Wptyw temperatury na charakterystyki mechaniczne
tworzywa epoksydowego EPY poddanego obcigzeniom Sciskajgcym”). Kompozyty, 2006, no. 1,
pp.20—25

Ratajczak J.: Application of microwaves to the manufacturing process of foundation chocks
cast of EPY epoxy compound. (,Zastosowanie mikrofal w procesie wytwarzania podktadek
fundamentowych odlewanych z tworzywa epoksydowego EPY”). PhD thesis, Szczecin University
of Technology, Mechanical Faculty, Szczecin 2006

Urbaniak M.: Research into effect of low storing temperatures of the compounds: EPY, Epocast
36 and Chockfast Orange on their mechanical properties. (,Badania wptywu niskich temperatur
przechowywania tworzyw EPY, Epocast 36 i Chockfast Orange na ich wtasciwosci mechaniczne”),
Report no. 172006, Szczecin University of Technology, Department of Mechanics and Machine
Elements, Szczecin 2006 (unpublished)

Urbaniak M., Markiewicz J.: Creep tests of the compounds : EPY, Epocast 36, and Chockfast
Orange (,Badania petzania tworzyw EPY, Epocast 36 i Chockfast Orange”), Report no. 2/2006,
Szczecin University of Technology, Department of Mechanics and Machine Elements, Szczecin
2006 (unpublished)

Urbaniak M., Grudzinski K.: Time-Temperature-Transformation (TTT) cure diagram for EPY epoxy
system, Polimery, 2007, vol. 52, no. 2, pp. 117—126

Urbaniak M.: Gelation and physical ageing during cross-linking of EPY epoxy compound
(,Zeszklenie i starzenie fizyczne podczas sieciowania tworzywa epoksydowego EPY”), Tworzywa
Sztuczne i Chemia, 2007, no. 2 (33), pp. 38—43

Urbaniak M., Grudzinski K.: Conversion-Temperature-Transformation (CTT) cure diagram for
EPY epoxy system, Polimery, 2007, vol. 52, no. 4, pp. 255—258

Urbaniak M.: Use of Argon’s plasticity model for prediction of strength properties of EPY epoxy
compound (,Wykorzystanie modelu plastycznosci Argona do prognozowania wtasciwosci
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wytrzymatosciowych tworzywa epoksydowego EPY”), Inzynieria Materiatowa, 2007, vol. 28,
no. 1, pp. 26—30

167. Urbaniak M., Markiewicz J.: Research into effect of nano-silicon dioxides on sedimentation
process of fillers in a resin composite and on mechanical properties of EPY epoxy compound
(,wptywu nanokrzemionek na proces sedymentacji napetniaczy w kompozycji Zzywicznej oraz na
witasciwosci mechaniczne tworzywa EPY”), Report no. 1/2007, Szczecin University of Technology,
Department of Mechanics and Machine Elements, Szczecin 2007 (unpublished)

168. Grudzinski K.: Comparative analysis of the seating of piston machines on concrete foundations
and steel structures (ordered by the Gas Piping Operator GAZ-SYSTEM Co., Warsaw) (,Analiza
poréwnawcza posadowieri maszyn ttokowych na fundamentach betonowych i konstrukcjach
stalowych” (wykonana dla Spotki Operator Gazociggdw Przesytowych GAZ-SYSTEM S.A.
w Warszawie), Report No.1/08, Szczecin University of Technology, Department of Mechanics
and Machine Elements, Szczecin 2007 (unpublished)

169. Grudzinski K., Ratajczak J., Jaroszewicz W.: Application of EPY polymer resin compound to
seating the machinery used in surface mining industry (in Polish). Gérnictwo Odkrywkowe,
2008, no. 1, pp. 51—56

170. Urbaniak M.: Glass transition temperature-temperature-property (T,TP) diagram for EPY epoxy
system, Polimery, 2008, vol. 53, no. 7—38, pp. 537—543

171. Urbaniak M.: Thermal characteristics of EPY epoxy compound crucial for its application to
foundation chocks of machines (,Charakterystyki termiczne tworzywa epoksydowego EPY
istotne dla jego zastosowania na podktadki fundamentowe maszyn”), Tworzywa Sztuczne
i Chemia, 2008, no. 3 (40), pp. 60—65

172. Urbaniak M.: Plasticity models of Eyring and Robertson concerning EPY epoxy compound (,Modele
plastycznosci Eyringa i Robertsona dotyczqce tworzywa epoksydowego EPY”), Polimery, 2008,
vol. 53, no. 1, pp. 40—46

173. Urbaniak M.: Use of Bowden’s model for yield point prediction of EPY epoxy compound
(,Wykorzystanie modelu Bowdena do prognozowania granicy plastycznosci tworzywa
epoksydowego EPY”), Inzynieria Materiatowa, 2008, vol. 29, no. 1, pp. 37—41

174. Urbaniak M., Mieczkowski W., Markiewicz J.: Research into effect of low temperatures on
resin compound mechanical properties (,Badania wptywu niskich temperatur na wtasciwosci
mechaniczne tworzywa"), Report nr 37/2008, Szczecin University of Technology, Department
of Mechanics and Machine Elements, Szczecin 2008 (unpublished)

175. Urbaniak M., Mieczkowski W., Markiewicz J.: Investigations of low temperature (—120°C) effect on
EPY compound mechanical properties, Report no. 38/2008, Szczecin University of Technology,
Department of Mechanics and Machine Elements, Szczecin 2008 (unpublished)

176. Grudzinski K., Grudzinski P.: Traditional versus modern method for the seating of heavy
reciprocating compressors on concrete foundations (,Tradycyjny i nowoczesny sposéb
posadawiania ciezkich sprezarek ttokowych na fundamentach betonowych”). Przeglad
Mechaniczny, 2009, no. 5, pp. 15—21

177. Grudzinski K., Grudzinski P.: Analysis and evaluation of moderniziation of foundations and pipe
clipping of synthesis gas compressors in Putawy Nitrogen Works Co. (ordered by ZKiE TECHMARIN
Co., Swinoujscie), (,Analiza i ocena modernizacji fundamentowania i uchwytowania rurociggéw
na sprezarkach gazu syntezowego w Zaktadach Azotowych Putawy S.A.”), Praca wykonana dla
ZKiE TECHMARIN w Swinoujéciu, Techpunkt, Szczecin 2009 (unpublished)
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Grudzinski K., Kawiak R.: Pulling-out tests on holding down bolts anchored in concrete blocks
by using Epocast Industrie compound. Test Report No. 96/09, West Pomeranian University
of Technology, Szczecin, Department of Mechanics and Machine Elements. Szczecin 2009
(unpublished)

Urbaniak M., Markiewicz J.: Research into effect of a kind of quartz dust on selected strength
properties of EPY compound (,Badania wptywu rodzaju mqczki kwarcowej na wybrane witasciwosci
wytrzymatosciowe tworzywa EPY”), Raport nr 4/MSJ/2009, West Pomeranian University of
Technology, Szczecin, Department of Mechanics and Machine Elements. Szczecin 2009
(unpublished)

Urbaniak M., Markiewicz J.: Research into selected strength properties of cured epoxy compounds
of Epidian 57 and Epidian 6 (,Badania wybranych wtasciwosci wytrzymatosciowych utwardzonych
Zywic epoksydowych Epidian 57 i Epidian 6”), Report no. 5/MSJ/2009, West Pomeranian University
of Technology, Szczecin, Department of Mechanics and Machine Elements. Szczecin 2009
(unpublished)

Urbaniak M., Markiewicz J.: Investigation of selected mechanical properties of EPY material,
Report no. 12/2009, West Pomeranian University of Technology, Department of Mechanics
and Machine Elements, Szczecin 2009 (unpublished)

Urbaniak M., Markiewicz J.: Research into selected strength properties of compounds based on
EPY resin composite cured by using Chockfastn Orange, Epocast 36 and EPY hardeners (,Badania
wybranych wtasciwosci wytrzymatosciowych tworzyw przygotowanych na bazie kompozycji
zywicznej EPY utwardzonej utwardzaczami Chockfastn Orange, Epocast 36 i EPY”), Report
no. 6/MSJ/2009, West Pomeranian University of Technology, Department of Mechanics
and Machine Elements, Szczecin 2009 (unpublished)

Grudzinski K., Grudzinski P.: Analysis and evaluation of repair of the seating arrangements
of the compressor units No. 1 and No. 2 placed on one continuous footing in Hotowczyce Gas
Compression Plant (ordered by the Gas Piping Operator GAZ-SYSTEM Co., Warsaw) (,Analiza
iocena remontu posadowier zespotow sprezarkowych Nr 1 Nr 2 umiejscowionych na jednej tawie
fundamentowej w Ttoczni Gazu Hotowczyce”). (Praca wykonana dla Operatora Gazociggéw
Przesytowych GAZ-SYSTEM S.A. w Warszawie). Techpunkt, Szczecin 2010 (unpublished)
Urbaniak M.: The effect of conversion degree on the dynamic and static mechanical properties
of the EPY epoxy material, Inzynieria materiatowa, 2010, vol. 31, no. 6, pp. 1446—1452
Urbaniak M.: Prediction of progression of cross-linking process of EPY epoxy compound
(,Prognozowanie postepu procesu sieciowania tworzywa epoksydowego EPY”), Tworzywa
Sztuczne w Przemysle, 2010, no. 6, pp. 37—40

Urbaniak M., Markiewicz J.: Research into effect of the moistening - dispersing agent BYK-W969
on mechanical properties of EPY compound modified with this agent, (,Badania wptywu dodatku
srodka nawilzajgco-dyspergujgcego BYK-W969 na witasciwosci mechaniczne modyfikowanego nim
tworzywa EPY”), Report nr 1/2010, West Pomeranian University of Technology, Department
of Mechanics and Machine Elements, Szczecin 2010 (unpublished)

Grudzinski K., Grudzinski P., Jaroszewicz W., Ratajczak J.: Technical, economical and
operational advantages from application of polymer compounds in mounting machines
and devices (,Techniczne, ekonomiczne i eksploatacyjne korzysci ze stosowania tworzyw
polimerowych w montazu maszyn i urzqdzen”). Technologia i Automatyzacja Montazu
4/2011, pp. 19—24
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188. Grudzinski P.: Modelling and strength analysis of a foundation bolt anchored in concrete block by
using a polymer compound (,Modelowanie i analiza wytrzymatosciowa sruby fundamentowej
zakotwionej w bloku betonowym przy uzyciu tworzywa polimerowego”). Modelowanie
Inzynierskie, vol. 11, no. 42, December 2011, pp. 147—154

189. Urbaniak M.: A relationship between the glass transition temperature and the conversion degree
in the curing reaction of the EPY epoxy system, Polimery, 2011, vol. 56, no. 3, s. 240—243

190. Urbaniak M.: Tests of selected mechanical properties of EPY compound (batch no. 403) (,Badania
wybranych wtasciwosci mechanicznych tworzywa EPY (nr partii 403)”), Report no. 7/2011, West
Pomeranian University of Technology, Department of Mechanics and Machine Elements,
Szczecin 2011 (unpublished)

191. Grudzinski P.: Analysis of rigidity and strength of foundation bolts anchored in concrete block
(,Analiza sztywnosci i wytrzymatosci srub fundamentowych osadzonych w bloku betonowym”),
Kierunki badan i rozwoju, vol. 3, Publ. Gdarisk University of Technology, Gdansk 2011,
pp. 546—555

192. Urbaniak M.: Determination of gelation temperature of EPY compound by using DCS method
(,Wyznaczenie temperatury zeszklenia tworzywa EPY metodq DSC”), Report no. 8/MSJ/2011,
West Pomeranian University of Technology, Department of Mechanics and Machine Elements,
Szczecin 2011 (unpublished)

193. Urbaniak M.: Possible prediction of thermo-mechanical properties of polymer materials exemplified
by EPY epoxy compound used for the seating of heavy shipboard machines and land facilities
(,Mozliwos¢ prognozowania wtasciwosci termomechanicznych materiatéw polimerowych na
przyktadzie tworzywa epoksydowego EPY stosowanego w ciezkich maszyn i urzqdzeri Igdowych
i morskich”); the 2" International Fair of Plastics and Rubber — EPLA, Conference, Poznan,
13 March 2012

194. Grudzinski K., Grudzinski P., Jaroszewicz W., Ratajczak J.: Practical applications of EPY epoxy
compound to the seating of machines and devices (,Praktyczne zastosowania tworzywa
EPY w montazu maszyn i urzqdzen”). Technologia i Automatyzacja Montazu, 1/2012,
pp. 18—23

195. Grudzinski K., Grudzinski P., Jaroszewicz W., Ratajczak J.: Assembling of bearing sleeve on ship
propulsion shaft by using EPY resin compound, Polish Maritime Research, vol. 19, no. 2/2012,
pp. 49—55

196. Grudzinski P., Konowalski K.: Research into adhesion between EPY compound and steel used for
foundation bolts anchored in this compound (,Badania przyczepnosci tworzywa EPY do stali
w Srubach fundamentowych zakotwionych w tym tworzywie”), Modelowanie Inzynierskie
vol. 13, issue 44, September 2012, pp. 101—108

197. Grudzinski P.: Determination of joint diagrams for a foundation bolted joint with the bolt anchored
in a polymer plastic, Part I, Joint diagram for the assembly state, Archiwum Technologii Maszyn
i Automatyzacji, vol. 32, no. 3/2012, pp. 35—47

198. Grudzinski P.: Determination of joint diagrams for a foundation bolted joint with the bolt anchored
in a polymer plastic, Part Il, Joint diagram for the operational state, Archiwum Technologii
Maszyn i Automatyzacji, vol. 32, no. 3/2012, pp. 49—57

199. Grudzinski P., Konowalski K.: Studies of flexibility of a steel adjustable foundation chock, Advances
in Manufacturing Science and Technology, vol. 36, no. 2/2012, pp. 79—90

200. Urbaniak M., Kostrubiec H.: Tests of selected thermo-mechanical properties of specimens
cut out of a foundation chock made of Chockfast Orange (,Badania wybranych wtasciwosci
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termomechanicznych prébek wycietych z podktadki fundamentowej z tworzywa Chockfast
Orange”), Report no. 24/2012, West Pomeranian University of Technology, Department of
Mechanics and Machine Elements, Szczecin 2012 (unpublished)

Urbaniak M., Kostrubiec H.: Tests on curing exotherm and selected mechanical and
physical properties of the EPY compound, carried out in order to update the Lloyd'’s Register
of Shipping Certificate for this material, (,Badania egzotermy utwardzania oraz wybranych
wtasciwosci mechanicznych i fizycznych tworzywa EPY przeprowadzone celem odnowienia
certyfikatu towarzystwa Lloyd’s Register of Shipping”) Report no. 4/2012, West Pomeranian
University of Technology, Department of Mechanics and Machine Elements, Szczecin 2012
(unpublished)

Urbaniak M.: Determination of EPY compound properties in bending (,Wyznaczenie wtasciwosci
przy zginaniu tworzywa EPY”), Report no. 5/MSJ/2013, West Pomeranian University of Technology,
Department of Mechanics and Machine Elements, Szczecin 2013 (unpublished)

Urbaniak M.: Determination of EPY compound density (,Wyznaczenie gestosci tworzywa EPY”),
Report no. 6/MSJ/2013, West Pomeranian University of Technology, Department of Mechanics
and Machine Elements, Szczecin 2013 (unpublished)

Urbaniak M.: Determination of total volumetric contraction of EPY compound (,Wyznaczenie
catkowitego skurczu objetosciowego tworzywa EPY”), Report no. 7/MSJ/2013, West Pomeranian
University of Technology, Department of Mechanics and Machine Elements, Szczecin 2013
(unpublished)

Urbaniak M., Kostrubiec H.: Tests of compression strength and Barcol hardness of specimens
cut out of a fragment of foundation chock made of Chockfast Orange compound (,Badania
wytrzymatosci na Sciskanie i twardosci Barcola probek wycietych z fragmentu podktadki
fundamentowej z tworzywa Chockfast Orange”), Report no. 26/2013, West Pomeranian
University of Technology, Department of Mechanics and Machine Elements, Szczecin 2013
(unpublished)

Urbaniak M.: Tests of liquid-state viscosity and gelation point of EPY compound (,Badania
lepkosci w stanie odlewniczym oraz punktu zelowania tworzywa EPY”), Report no. 56/2013,
West Pomeranian University of Technology, Department of Mechanics and Machine Elements,
Szczecin 2013 (unpublished)

Grudzinski P.: Research into vibro-isolation properties of EPY compound and its possible use for
moderation of vibration and isolation of structural sound (,Badania wibroizolacyjnych wtasciwosci
tworzywa EPY oraz mozliwosci jego do redukgji drgan i izolacji dZzwiekéw materiatowych”), The
subject-matter report concerning execution of the research project no. N N502 194938, West
Pomeranian University of Technology, Department of Mechanics and Machine Elements,
Szczecin 2013 (unpublished)

Dobrzynska R.: Tests of combustion rate of materials placed in horizontal position (,Badania
szybkosci spalania materiatéw w pozycji poziomej”), Report no. TZ/ASTM D 635/025/014, West
Pomeranian University of Technology, Laboratory for Testing of Materials Fire Features,
Szczecin 2014 (unpublished)

Urbaniak M., Kostrubiec H.: Tests of compression strength, Barcol hardness and creep of specimens
made of EPY compound having a modified composition (,Badania wytrzymatosci na Sciskanie
oraz twardosci Barcola i petzania prébek tworzywa EPY o zmodyfikowanym sktadzie”), Report
no. 1/MSJ/2014, West Pomeranian University of Technology, Department of Mechanics and
Machine Elements, Szczecin 2014 (unpublished)
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210. Grudzinski P, Konowalski K.: Experimental Investigations of normal deformation characteristics
of foundation chocks used in the seating of heavy machines and devices. Part |. Theoretical
fundamentals and investigations of a steel chock. Advances in Manufacturing Science and
Technology, Vol. 38, No. 1, 2014, pp. 63—76

211. Grudzinski P, Konowalski K.: Experimental Investigations of normal deformation characteristics
of foundation chocks used in the seating of heavy machines and devices. Part Il. Experimental
investigations of a chock cast of EPY resin. Advances in Manufacturing Science and Technology,
Vol. 38, No. 2, 2014, pp. 51—61
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