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Abstract
Introduction. Pressure-operated thick-walled hull structures are the most common type of high-duty welded structures.

When these structures are loaded with internal pressure, a complex biaxial stress field arises in them, which is summed
up with the fields of residual welding stresses. Therefore, when selecting a technology for manufacturing critical
welded structures, the results obtained during conventional uniaxial tests of samples are insufficient. The variety of
factors affecting the performance of structures, and the difficulties of separate assessment of their influence, caused the
need to maximize the approximation of experimental conditions to the real working conditions of the structure.
Materials and Methods. Testing of full-scale structures has a number of advantages, but they are extremely expensive,
and, as a rule, only one, the weakest link, is identified, the bearing capacity of the other structural elements remains
unclear. For testing, UDI radiometric installations designed for different sample sizes were used. The presented
installations allow testing samples of various shapes, types of welded joints (butt, T-bar), changing the position of
welded parts.

Results. Without rejecting the results obtained during the testing of full-scale structures in the works of the Bauman
Moscow State Technical University, DSTU, NRC “Kurchatov Institute” — CRISM “Prometey”, and the authors
proposed to conduct the basic scope of the research on individual structural elements that would reflect the
characteristic features of loading, manufacturing technology, and operating conditions. The design of the “fitting-sheet”
connections was applied, which made it possible to increase the indicators of the failure initiation and propagation to the
level of the base metal.

Discussion and Conclusions. Schemes of structures for obtaining a biaxial tension or bending field in samples were
presented. Samples tested according to the proposed schemes allowed us to draw conclusions about the performance of
welded joints under conditions close to the actual operation of the structures under study. The proposed test scheme is

used by research laboratories in our country and around the world.

Keywords: tests of full-scale structures, design experience, installations for biaxial tension and bending, durability,

“fitting-plate” connection.
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Introduction. Thick-sheet hull pressure-operated structures are the most common type of high-duty welded
structures. When these structures are loaded with internal pressure, a complex, predominantly biaxial stress state occurs,
in which the fields of residual welding stresses are summed up with the stress fields from the external load. Under these
conditions, there is often an increased sensitivity of both the base metal and welded joints to the presence of stress
concentrators or a local change in the mechanical properties of the metal associated with the manufacturing process,
which can cause a sharp decrease in strength. Currently, despite a number of fundamental studies on the strength of
welded sheet and hull structures, there is still insufficient systematic data on the patterns of resistance to the initiation
and development of destruction of large-sized elements of welded structures, depending on structural, technological,
and operational factors. Therefore, for the choice of material and manufacturing technology of critical platework, the
data obtained through conventional uniaxial tests of samples is sometimes insufficient. The variety of factors affecting
the operability of structures and the difficulties of separate assessment of their influence necessitates bringing the course
of the experiment to real conditions as close as possible. This has led to the spread of methods for testing full-size
structures or their models. To conduct such tests in our country and abroad, stands equipped with sophisticated testing
and diagnostic instruments have been created. One example is as follows: for testing full-size large-diameter pipes,
there are stands in UralNITI, Volga Pipe Plant, VNIIST, CRISM “Prometey”, and in other laboratories. There are
stands of a similar purpose in Japan. In the USA, there are more than 300 installations for testing structures operating
under static and pulsating pressure.

Tests of full-scale structures have a number of advantages:

— real technology of manufacturing the structure is preserved, as a result of which the uncertainty associated with the
influence of simulation of the manufacturing process on the test results is eliminated;

— real scheme of loading of individual elements and components of structures is preserved,;

— they enable to establish the actual distribution of failures in the structure and to specify the accepted design
scheme;

— they provide assessing the resistance to the initiation and development of fracture of only one of the weakest
structural elements;

— they enable to study the effect of stress concentration and residual stresses on fatigue strength.

Despite the undoubted value of field tests to assess the structural strength of the product, it is extremely irrational to
use such tests to study individual factors affecting the strength of the structure. The abundance of factors simultaneously
affecting the course of the study makes it difficult to analyze the causes of premature fracture and does not allow us to
separately assess the degree of influence of each of them. As a result of testing of full-size structures, as a rule, it is
possible to identify the weakest link, whereas the bearing capacity of the rest of the sections (elements) of the structure
remains unknown.

The above disadvantages can be practically eliminated if the bulk of the research is carried out on reduced-size
models of shell structures. Such tests allow us to get answers to questions related to the structural strength and
reliability of the product, to identify the degree of danger of the initiation and development of crack-like defects, to
evaluate the effectiveness of various ways to increase durability.

Without rejecting the test results obtained on simple uniaxial samples and when testing full-scale structures at the
Bauman Moscow State Technical University, DSTU, NRC “Kurchatov Institute” — CRISM “Prometey”, the authors
propose to transfer the bulk of the research to testing individual structural elements that reflect the characteristic

features of its loading, manufacturing technology, and operating conditions.
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In relation to shell and hull structures, during testing, it is required to take into account:

— stress state (biaxial with equal or unequal components of the primary stresses);

— loading condition (static or repeated static with different loading cycles);

— environmental impact;

— influence of operating temperature.

Materials and Methods. This paper describes the experience of designing installations for testing metal and welded
joints under biaxial stress.

The analysis carried out in [1-5] has shown that the working conditions of metal and welded joints in steel-plate
structures are most fully reproduced when tested under hydrostatic buckling. In this case, the sample is fixed or
supported along the contour and loaded with hydrostatic pressure.

The stress state that occurs in the sample metal depends on the shape of the sample, the conditions of its fixation
(pinching or loose support on the die), the shape of the die. Figure 1 shows the loading schemes and the resulting biaxial
bending or stretching stresses.

When a flat sample supported along the contour of the circular hole of the die is loaded with hydrostatic pressure, a
biaxial bend occurs. A significant part of the external convex surface of the sample is subject to uniform stretching with
equal stress components o; = o, (Fig. 1 a). If the flat sample is securely pinched along the contour of the die hole, then
biaxial stretching is applied to the biaxial bend. In the case of loading not a flat sample, but a spherical segment with a
sufficiently large ratio of the diameter of the die hole to the thickness of the sample, the bending component is small,
and it can be assumed that the central part of the sample is subject to the biaxial stretching with o,/0,=1 (Fig. 1 b).
Biaxial stretching with unequal components within the ratio c,/c,=1.0...0.75 can be obtained by buckling the sample

according to the scheme shown in Figure 1b, using dies with elliptical holes.
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Fig. 1. Loading schemes of samples to obtain a biaxial stress field in them :
a — loading of a flat sample with equal stress components; b — loading of a spherical segment;
¢ — loading of a sample in the form of a cylindrical panel
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A further decrease in the ratio oy/c; = (0.7... 0.3) is obtained using the scheme shown in Figure 1 b, where a
cylindrical-panel sample, pinched by a flange part between the cylindrical die and the cylindrical punch, is loaded with
hydrostatic pressure [3, 4].

For steel-plate pressure-operated structures, two types of loading are characteristic: single (static) and low-cycle
(repeated static). For the first, it is reasonable to use schemes a and b (Fig. 1). Under static loading, the scheme test can
be carried out both on samples in the form of flat sheets and the pre-formed spherical segments [5-7].

Plates are preferable, since their production is less labor-intensive. Samples in the form of a spherical segment can
reduce the edge effect of fixing the sample along the contour. However, the preparation of such samples requires plastic
deformation, and this can cause a change in the mechanical properties of the material, which is not always correctable
even by subsequent heat treatment.

When testing under low-cycle loading conditions, all three schemes shown in Figure 1 can be used. However,
preference should be given to biaxial bending according to scheme a, since it provides testing large thicknesses.

The resistance to fracture nucleation and development under tension is usually evaluated using schemes
b and c (Fig. 1) on pre-formed samples that are made in the form of a spherical segment or a cylindrical panel.

The environment has a particularly strong impact on the results of long-term and repeated static tests. Of great
interest is the resistance of materials under repeated static loading in corrosive environments [8—10].

To study the processes of nucleation and the development kinetics of fracture in the elements of hull structures, a
series of installations has been developed in DSTU together with the NRC “Kurchatov Institute” — CRISM
“Prometey””: UDI-550, UDI-980, UDI-1300. Their key characteristics for biaxial bending are presented in Table 1.

Advantages of these installations:

— powerful force actuators are not required for loading;

— it is possible to test samples with a relatively uniform distribution of stresses on a large surface;

— it is possible to test individual elements of welded structures with almost complete preservation of technological
features and the pattern of stress distribution in the area of welds, to take into account the influence of the corrosive

environment.

Table 1
Characteristics of power units of installations for testing base metal and welded joints under biaxial bending conditions
_ Geometry of test samples Yield stre_ngth of Maximum pressure P,
Installations diameter, mm thickness, mm materials MPa
' ' 60.2, MPa
UDI-550 550 20-40 <900 <1,000
UDI-980 980 30-60 <900 < 1,000
UDI-1300 1300 60-100 <900 < 1,000

The created installations make it possible to determine the cyclic strength of various materials in air and in a

corrosive environment, to obtain information about the failure pattern with different structural and technological design

of welded joints of full thickness, to evaluate the efficiency of various methods to increase durability.

The design of the installations intended for testing under conditions of biaxial bending of welded joints made of

sheet metal with a thickness of 20-100 mm with a yield strength up to 15 MPa is shown in Figure 2. They consist of

four blocks 1, in which samples are fixed, a control panel 2 and pumping stations, which are not shown in the figure.
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Fig. 2. Design of installations for testing under biaxial bending conditions:
1 — test installation; 2 — control panel

The basic design of the power units of UDI-550, UDI-980, and UDI-1300 installations is the same and is shown in
Figure 3.
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Fig. 3. UDI-type power unit of installations for testing welded joints under biaxial bending:
1 — die; 2 — hydraulic clamp; 3 — test sample; 4 — base; 5 — locking device (cup); 6 — inner ring groove;
7 — ring locking sectors; 8 — protective casing; 9 — hydraulic jack

The installation contains a die 1 and a hydraulic clamp 2, between which a sample 3 and a locking device 5 are
placed, which is fixed on the base 4. The locking device is made in the form of a fixed smooth cup with an internal
groove 6, in which annular locking sectors 7 (eight pcs.) are located along the entire perimeter, having an L-type shape
in axial section.

The installation works as follows. The sample 3 in the form of a round disk is mounted on the hydraulic clamp 2, a
die 1 is mounted on top of it. Then, eight removable annular sectors 7 are laid in the groove of the locking device 5,
pressing them tightly together so as to provide minimal gaps between them.

The installation is covered with a protective casing 8. After that, the pumping station is turned on, and pressure is
applied to the cavity A formed by the bottom of the locking device 5 and the hydraulic clamp 2. Under the impact of
pressure, the hydraulic clamp 2 moves upwards, presses the sample 3 to the die 1, and the die — to the annular
sectors 7. The sectors rest against the support surface of the annular groove and the inner surface of the cup 5,
preventing the movement of the die 1, thereby fixing the sample 3 in the installation.

Then, the liquid flow is directed into the cavity B under the sample 3. Under the influence of pressure, the sample,
resting on the edge of the hole in the die 1, bends, and biaxial tensile stresses arise on its outer side. The magnitude of
tensile stresses on the surface is regulated by the pressure in the cavity B. The hydraulic system allows for repeated

static loading of samples with a loading frequency of ten cycles per minute.
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The scheme of disassembly and extraction of the sample is shown in the right part of Figure 3.

After the end of the tests, a hydraulic jack 9 is installed on the sample 3, which rests with its paws on the projections
on the annular sectors 7. When connecting the jack to the hydraulic system of the installation, its piston presses on the
sample and moves it together with the hydraulic clamp 2 down to the start position, which provides disassembling of
the installation.

In the process of testing, the number of cycles before the failure (crack length 8-12 mm), the crack development
kinetics, and the destruction of the sample (in this case, it is loss of tightness) are recorded.

The electrical and hydraulic circuits of the installations allow for static or repeated static loading. The loading cycle
can be pulsating or with a positive coefficient of asymmetry. The frequency of loading samples is adjustable from two
to ten cycles per minute.

In cases where the effect of a corrosive medium is of interest, it is poured into the cavity formed by the sample and
the die 1. To protect against corrosion, the die should be coated with a layer of epoxy resin or varnish, or an annular
rubber collar should be glued to the sample, preventing the spreading of the corrosive medium beyond the test part of
the sample.

Depending on the testing purpose, samples of various types and sizes are used. Some of them are shown in Figure 4

as an example.

a) b)

Fig. 4. Samples providing for assessment of the corrosive environment impact (3% NaCl solution): a — from the basic;
b — linear notch; ¢ — annular notch

To assess the resistance to the nucleation and development of the base metal fracture in a biaxial stress field under
the simultaneous action of a corrosive medium, it is reasonable to use smooth and notched samples. Comparative tests
of these samples in air and in a 3 % NaCl solution have shown that this medium accelerates the processes of nucleation
and development of fracture. When tested in air, as a rule, one crack nucleates and develops. In the presence of a
corrosive medium (3 % NaCl solution), even in the presence of stress concentrators, a multifocal pattern of the
nucleation and development of cracks is observed, which significantly accelerates the destruction process —
by 2-2.5 times [11-13].

The paper considers a method for increasing low-cycle fatigue of welded joints of the “fitting — plate” type. It is
proposed to increase durability by reducing stresses on the stretched surface, where a corrosive environment acts,

through reducing the average stresses in the joint [14, 15]. Figure 5 shows the proposed welded joint.
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Fig. 5. Section of the welded joint of “fitting — plate” type: 1 — fitting; 2 — plate (shell)

The sample was tested on UDI-550 installation in a 3 % NaCl solution at rated voltages of 850 MPa. The test results
showed that the number of cycles before the failure initiation doubled, and cracks appeared on the base metal. Photos of
macrosections of the test results are shown in Figure 6.

a) b)
Fig. 6. Test results of “fitting — plate” welded joints in a corrosive environment:
a — fitting connection with symmetrical welds; b — fitting connection
with reinforcing weld on compressed fibers (photo of the authors)

Analysis of the test samples allows us to establish that the durability of the fitting connection made by the proposed
method turns out to be longer. In addition, due to the reinforcing influence of the weld metal from the side opposite to
the action of the corrosive environment, the magnitude of the maximum tensile stresses in the most dangerous zone
decreases; therefore, the resistance to the fracture initiation and development increases [16].

Research Results. Using the experience of designing individual installations and assemblies intended to test welded
joints under biaxial bending conditions, scientists of DSTU and NRC “Kurchatov Institute” — CRISM “Prometey” have
developed a series of installations designed to test sheet metal welded joints with a thickness of 20—100 mm with a yield
strength up to 15 MPa under the biaxial bending conditions [17].
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Discussion and Conclusions. 1. Equipment and testing methods of welded joints of the “fitting — plate” type, which
operate under biaxial axisymmetric bending in a corrosive environment, were developed. This allowed us to evaluate
the resistance to the fracture nucleation and development. The large size of the samples and the preservation of welding
technology brought the results of these tests closer to the assessment of the bearing capacity of full-scale structures.

2. To assess the feasibility of using new technological or design solutions, it is required to test samples of full-scale
thickness.

3. Failure of welded joints made according to serial (factory) technologies starts simultaneously at several sites
along the fusion line, where there is a combination of unfavorable factors. The main role is played by factors of local
stress increase, residual welding stresses, and the presence of corrosive environment.

4. To increase durability, designs of welded joints with an asymmetrical arrangement of welds relative to the plane
of the sheet are proposed, which have a smaller weld leg from the side of the action of tensile stresses and corrosive
environment than from the opposite side.

5. Installations and test methods have been implemented in the People's Republic of China and in the Republic of
India.
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