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Abstract. Tubular truss and column members with bolted connections widely used in construction. The object
of this research was the flange joint of a truss bottom chord. The flange joint coaxially connects two coldformed closed welded rectangular hollow section profiles. The flange connects with high-strength bolts of
strength class 10.9. The stress-strain state of the joint was numerically and experimentally investigated.
Experimental studies were performed on a full-size sample of a flange joint using strain gauges. Numerical
calculations were performed at ANSYS. The bilinear isotropic hardening model simulated the metal elements
performance of the joint. The “Frictional” model was chosen for the friction forces between the flanges. The
microstructure of the bolt material was studied using an optical microscope. The study results showed that the
model solution for a flanged provides a uniform distribution of stresses at the junction due to its spatial rigidity.
The presence of stiffener ribs provides the absence of the clearance between the flanges and promotes the
joint performance of welded units and high-strength bolts. The design of the flange joint using the developed
finite element model indicates that the results of numerical and experimental studies are sufficient for practical
application. The difference between finite element model calculations and experimental data in the most
loaded elements of flange joints does not exceed 10 %. It is proposed for high-strength bolts of strength class
10.9 and higher to introduce regulatory restrictions on the number and size of non-metallic inclusions that
affect the delayed brittle fracture of bolts. To improve the performance that bolts, it is proposed to use steel
grades with a bainitic or bainitic-martensitic structure, which are formed by microalloying them with
molybdenum, vanadium, niobium, titanium, boron and heat treatment.

1. Introduction
Bolted joints have been widely used in steel structures of buildings. One of the most effective of them
is bolted-flange connections with high-strength bolts. The advantages of these joints include the simplicity of
assembly, the possibility of work in any climatic conditions, high reliability, and the ability to disassemble them
without damage to structural elements [1–6]. Bolted joints may be subject to the combined action of axial
compression, bending moments and shearing under the combination of dead, live, wind loads or earthquake
action.
Flange connections in structures are subject to tension, compression, tensile bending, seismic actions,
and vibration loads with the number of cycles of constant loading up to 105 with an asymmetry coefficient of
at least 0.8 [4, 7].
The disadvantages of flange connections include high requirements for the accuracy of their
manufacture since this type of connections does not have a proper compensating ability. In particular,
experience with flange connections indicates that combinations of unfavorable structural and technological
deviations, such as non-planarity of matching surfaces, displacement of hole axes, misalignment of nut and
bolt bearing surfaces, etc., increase the likelihood of their failure, especially when using bolts of the strength
class 10.9 and higher [8–10].
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The design of flange connections is a rather complicated task [10, 3, 11]. As a result, the main provisions
of the regulatory methods for calculating flange joints are formulated, which establish three types of design
models (rigid, semi-rigid and flexible), which differ in the development of fracture mechanism [12, 13].
In the case of using flexible flanges, the destruction of the joint occurs due to the development of
significant plastic deformations in the flange. The bearing capacity of the connection in this case is determined
by the bearing capacity of the flange itself, while the forces acting in the bolts do not reach their ultimate state.
When using semi-rigid flanges, their bending stiffness increases, and the destruction of the joint occurs due
to the destruction of the bolts during the partial development of plastic deformations in the flanges. For joints
with rigid flanges, the ultimate state is the destruction of a high-strength bolt, while the stress-strain state of
the remaining elements of the flange is characterized by the elastic behavior of the material. The flange
thickness has a considerable impact on the connection properties, while the bolt edge distance and the flange
edge width were found to have a smaller effect [4, 5, 14, 15].
The design rules for calculating flange joints are mainly based on the experimental results of T-shaped
joints’ models, which have been tested and refined concerning specific types of joints. For example, in the EU
countries, flanged joints with double and four-row arrangement of bolts without stiffeners are widely used,
which are more technologically advanced and less demanding to manufacture [12], however, they are
unbeneficial in terms of strength and stiffness when compared to flange joints with additional stiffening ribs. In
particular, flanged joints without stiffeners with a double-row arrangement of bolts can provide only 30...40 %
of the profile strength of the connected elements, and with a four-row arrangement can provide 60...70 % of
the profile strength [16].
It should be noted that the design rules for flange joints are valid for certain types of structural solutions
and for a limited range of flange thicknesses, which does not allow us to use them in the design of flange joints
for technically complex and unique structures. In this regard, the most universal tool for determining the stressstrain state of flange joints, considering the combined behavior of its elements (flanges, bolts and welded
joints), is the finite element method. The use of the finite element method allows us to avoid using idealized
models and standard design models and to examine in more detail the behavior of individual elements of
flange joints considering their geometric and physical nonlinearity.
The effectiveness of applying the finite element method to consider the influence of structural factors
on the stress-strain state of flange joints is doubtless [17, 18]. At the same time, it should be noted that to
ensure the accuracy of the calculation of the stress-strain state of flange joints, it is necessary to use finite
element models validated with experimental tests. The absence of such models is one of the main factors
restraining the use of the finite element method as a method for calculating flange joints.
The calculation of the stress-strain state of a flange joint is a necessary but not sufficient condition for
ensuring its safe behavior, especially for cases in which its ultimate state is the destruction of high-strength
bolts. Single-direction high-strength bolts are mostly used in column-beam joints and conventional highstrength bolts are mostly used in flange connections. Experimental results show that two types of the bolt have
different failure models [19]. The failure of the single-direction high-strength bolt is due to the pullout of the
bolt, which is caused by the extrusion bending deformation of its outer sleeve [19].
In flange joints, conventional high-strength bolts of strength class 10.9 and higher are characterized by
an increased tendency to hydrogen embrittlement [20, 8], in which relatively insignificant changes in the
structure, properties and stress-strain state of the bolt, if the combination is unfavorable, can initiate the
process of delayed brittle fracture.
Delayed brittle fracture of high-strength bolts is one of the most difficult to predict types of ultimate state
[21–26], for which no design rules have yet been developed. Therefore, to reduce the risk of its occurrence,
the standard [27] recommends using experimental methods for assessing resistance to delayed brittle fracture,
which allows building designers to properly choose a material, manufacturing technology, and anticorrosive
protection of bolts.
It follows from the review that the connections of steel structures with rigid flanges, stiffening ribs and
high-strength bolts have not been adequately studied. In particular, there is no analysis of the influence of the
technological heredity of high-strength bolts on the general characteristics of the flange connection.
Technological heredity is the transfer to the finished product in the process of manufacturing errors,
mechanical and physical and chemical properties of the original billet or properties and errors formed in the
billets in individual operations of manufacturing the product [28].
The work aims to develop recommendations for improving the design of flange joints, as well as
recommendations for improving the standards for the quality of high-strength bolts with the risk of delayed
brittle fracture.
The objectives of the study are:
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1. Analysis of the effectiveness of a typical solution of flange joints according to the results of
experimental and numerical studies of the stress-strain state.
2. Studies to assess the influence of technological heredity factors on the performance of high-strength
bolts, develop proposals for regulatory restrictions on the number and size of non-metallic inclusions that affect
delayed brittle fracture of bolts, develop proposals for the selection of steel grades for the manufacture of bolts.

2. Methods
2.1. The investigated flange joints
This paper experimentally investigated the flanged joint of the truss bottom chord. The flanges were
connected by high-strength bolts with a diameter of 24 mm, strength class 10.9 (Fig. 1). The section of the
bottom truss chord is made of a cold-formed closed welded rectangular hollow section profile 140×140×4 mm
of the S345-3 steel grade according to Russian State Standard GOST 30245-2012 “Steel bent closed welded
square and rectangular section for building. Specifications”.
The connection flange is made of 30 mm thick sheet steel of the same grade C345-3 steel grade. The
S345-3 steel grade is specified by Russian State Standard GOST 27772-2015 “Hot-rolled steel for building
steel structures. General specifications”. The properties of S345-3 steel are given in Tables 1, 2.
Table 1. The S345-3 steel grade chemical decomposition.
Mass fraction, %

Steel
grade

C

Mn

Si

Cr

Ni

Cu

Al

S

P

S345-3

≥ 0.15

1.30–1.70

≥ 0.80

≥ 0.30

≥ 0.30

≥ 0.30

0.015–0.06

≥ 0.025

≥ 0.030

Table 2. The S345-3 steel grade mechanical properties.
Steel
grade
S345-3

Thickness
[mm]

Yield strength y

Ultimate strength

Elongation A5

Impact strength

KCV-40

[MPa]

u [MPa]

4-10

≥ 345

≥4 90

≥ 21

≥ 34

20-40

≥ 305

≥ 460

≥ 21

≥ 34

[%]

[J/cm2]

The connection of the chord (Tag No. 287) with the flange (Tag No. 34) is made by equal-angle fillet
welds with a 4 mm leg (Fig. 2). The stiffeners (Tag No. 75) are connected to the chord by equal-angle fillet
welds with a 5 mm leg. All welds are made by mechanized welding in a protective gas medium with welding
steel wire of the steel grade Sv-08G2S with a diameter of 1.2 mm. The welding steel wire is specified by
Russian State Standard GOST 2246-70 ”Welding steel wire. Technical specifications”. The quality of the welds
is confirmed by visual, measuring, and ultrasonic testing.

Figure 1. Analyzed joint.
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Figure 2. Building block of the full-scale model of the flanged joint of the bottom chord of a truss.
Additional stiffening ribs of this flange connection increase strength and stiffness and reduce its ductility.
Such flange connections are in demand for telecommunication towers, masts, frames of high-rise buildings,
and other structures. For them, the main requirements are the rotation and displacement angles of individual
elements and the structure during operation.

2.2. Experimental investigation
The study was carried out in stages. At the first stage, experimental studies of the stress state of the
elements of flange joints by strain gauges were carried out. To measure the relative strains, single-axis foil
strain gauge sensors (strain gauges) 2FKP-5x200 with a change base of 5 mm were used. The measuring
system received and processed signals of strain gauges. SIIT-3 system is designed to measure up to
100 output signals with a polling speed of at least 20 measurements per second.
The total number of sensors was 75 pcs. The number of sensors at each specific point depended on
the orientation of the main stress areas (Fig. 3). If the directions of the main stresses were known, then two
strain gauge sensors were installed: one was glued along the direction, and the second was glued across. In
all other cases, three sensors were installed according to the rosette-like outline.

Figure 3. Location of strain gauges on the surface of the flange joint.
The tests were carried out at the South Ural State University (Russia) on the universal testing machine
MUP-100 by uniaxial static tension. The load was started from 19.6 kN and applied in increments of 98 kN up
to 314 kN. Above 314 kN, the load was applied in increments of 49 kN. The increment values were chosen on
the base on FE calculation. At each stage of loading, the readings of the strain gauges were automatically
recorded. These readings were then averaged over the results of three measurements.
Before starting the test, the bolts were previously tightened with a force of 267 kN by Tohnichi
DBE2100N-S torque wrench.

2.3. . FE models
The Finite element model of the joint was created in ANSYS WorkbenchFE. In the development of the
flange connection FE model, the following design features were taken into account [29–32]:
1. The bending moment and the lateral force were not considered in the joint under the applied external
load.
Vatin, N., Gubaydulin, R.G., Tingaev, A.

Magazine of Civil Engineering, 99(7), 2020

2. The external load was uniformly distributed between the bolts.
3. The analytical model cannot be represented in the form of a flat beam system. Therefore, it is
necessary to take into account the spatial behavior of the joint in two orthogonal planes.
4. The stress-strain state of the flange and bolts depends on the ratio of the stiffness properties of the
connected elements.
To take these features into account, the following assumptions were made:
1. A tensile force is applied along the centerline of the chord.
2. The bolt is modeled by a cylinder. The cross-sectional area of the cylinder in the bolt’s thread
segment is equal to the net area of the bolt. The cross-sectional area of the cylinder out of the bolt’s thread
segment is equal to the gross area of the bolt.
3. The contact between the surfaces of the flanges is a tight connection of two surfaces. A shift of one
surface along another causes a friction force.
4. The contact of the inner surface of the bolt head and the outer surface of the flange does not interrupt
during loading. The friction of one surface relative to another is allowed.
5. To describe the nonlinear properties of the material, a bilinear model with isotropic hardening was
chosen. The model establishes the following relationship between load  and strain : The transition from an
elastic to a plastic state is determined by the von Mises criterion.


 y / E
  E, E (  / E ), when
when    / E ,
y
y
 y T


where  is the current value of the relative deformation of the specimen, 𝑦 is yield strength, 𝐸𝑇 is the tangent
module of elasticity, 𝐸 is Young's modulus. The values of the tangential modulus of elasticity 𝐸𝑇 and Young's
modulus 𝐸𝑇 for steel grade C345-3 are taken equal to 0.92 GPa and 206 GPa, respectively, the remaining
values are taken from Table 2.
In numerical modeling of flange joints, it is important to choose the models of the contact parts of the
joint [30], [33]. ANSYS allows users to set different models for each contact pair, which are based on different
physical and mechanical conditions for the interaction of real objects. In this study, the contact between the
flanges in the joint is described using the "Frictional" model, which takes into account the sliding friction force
proportional to the magnitude of the normal reaction with a friction coefficient of 0.25. The inner face of the
bolt head and the upper face of the flange are connected by the “Bonded” contact, preventing them from
moving along the axis of the bolt. In the model of flange joint, solid finite elements with a sampling interval of
10 mm were used. The number of finite elements in the model is 130630. The number of nodes is 224048
(Fig. 4).

Figure 4. FE model of the joint.
The calculation of the model was carried out in a geometrically and physically nonlinear formulation in
the following sequence. Initially, the force of the preliminary tension of the bolts was created, then this state
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was fixed, and only after that, the design load equal to 451 kN was applied to the joint. The calculated load
was applied with a uniform distribution over the cross-sectional area of the square section profile of the test
joint. The restriction on all degrees of freedom as boundary conditions was used on the opposite side of the
joint, i.e., the opposite side of the joint was absolutely rigid fixed.

2.4. Metallographic test of bolts
At the third stage of the research, metallographic studies were carried out to assess the effect of nonmetallic inclusions on the performance of high-strength bolts. Non-metallic inclusions are a factor in the
technological heredity of bolt stock. The typical non-metallic inclusions are oxides and sulfides. At present,
non-metallic inclusions are not regulated and are not a defect in assessing the quality of high-strength bolts.
A significant fraction of the failure of high-strength bolts is associated with contamination of steel by nonmetallic inclusions [34, 35].
The microstructure of the bolt material was studied using an Axio Observer D1.m optical microscope
equipped with a Thixomet Pro hardware-software complex for image analysis. The Estimation of the amount
and shape of non-metallic inclusions was studied on etched thin sections. To identify the microstructure, the
bolt samples were etched in a 4 % solution of nitric acid in ethanol. The hardness was measured by FM-800
microhardness tester with a load of 300 g and by Rockwell hardness tester TP 5014.

3. Results and Discussion
3.1. . Experimental and numerical studies
The results of experimental and numerical studies of the stress-strain state of the analyzed joint are
compared in Fig. 5–10. In these figures, the numerator shows the results of the experiment, and the
denominator shows the results of numerical calculation.

Figure 5. Scheme for marking the surfaces of
the sample.

Figure 6. Stress values
on surface B, MPa.

Figure 7. Stress values on surface C, Mpa.

Figure 8. Stress values on surface D, Mpa.
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Figure 9. Stress values on surface F, MPa.

Figure 10. Stress values on surface E, Mpa.

Fig. 7–10 show that tensile forces act in along direction on the part of the chord which is above the
stiffening ribs. Those forces create stresses of 160–220 MPa. Compressive forces act in the transverse
direction to the chord. The compressive forces create stresses of up to 35 MPa. On the transition area from
the free chord to the area with stiffening ribs, the tensile stresses decreased to 120–160 MPa. In this case,
the stress created by the compressive forces remains at approximately the same level. Partial unloading of
the chord in this section is due to the performance of stiffening ribs, which are in the complex stress state.
It should be noted here that the main stress plates in this case do not coincide with the axes of the strain
gauges glued to the stiffening rib. Therefore, the stress values shown in Fig. 7 are somewhat different from
the stresses acting in the main stress plates. In particular, the main tensile stresses at this point are 75 MPa,
and compressive – 15 MPa. In the other areas, where the rosette of the sensor sticker was used, no significant
differences were found.
Maximum stresses in the flange occur in areas under the head and nut of high-strength bolts. The
magnitude of these stresses is about 170 MPa (Fig. 11) and is due to the preliminary tension of the bolts. In
other parts of the flange, the stress level is much lower and does not exceed 35 MPa. The maximum clearance
between the flanges is observed at the installation site of the stiffening ribs, and is 0.2 mm. Under the square
section profile, it is slightly smaller and does not exceed 0.15 mm.
The external force applied at one bolt is much less than the force of its preliminary tension. So, for
example, when a load of 608 kN is applied to the assembly, only 76 kN falls on one bolt, which is 3.51 times
less than the force of its preliminary tension. Due to this fact, any significant changes in the stress-strain state
of the bolts were detected neither by experimental nor numerical methods. The clearance between the flanges
under the bolts did not appear. The maximum stresses arise in the body of the bolt and is about 600 MPa
(Fig. 12).

Figure 11. von Mises equivalent stresses on the flange surface [MPa].
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Figure 12. von Mises equivalent stresses in Fasteners [MPa].

Figure 13. von Mises equivalent stresses in the joint [MPa].
From the analysis of the stress-strain state, it follows that the joint has a large safety margin of strength
and that the stress-strain state is non-optimal by the distribution. For example, the most part of flanges and
stiffening ribs turned out to be unloaded in comparison with the square section profile. In the chord itself, in
the area where the stiffening ribs are adjacent to the profile, in its upper part, the stress is 1.5 times greater
than in the rest of the section (Fig. 13).
In most elements, the calculated and experimental values of stresses practically coincide. The maximum
difference between them in the most loaded elements does not exceed 10 %. To illustrate the capabilities of
the developed finite element model in the studied unit, the thickness of the flanges and the diameter of the
bolts was reduced to 20 mm, and the height of the stiffening ribs was increased to 210 mm. From the
calculation results it follows that when the design load is applied, the clearance between the flanges under the
bolts did not appear, the material of the flange joints behaves elastically.
The increase in the height of the stiffening ribs (L) to the value recommended in [36] with L > 1.5 H, but
not less than 200 mm, did not significantly affect the stress-strain state of the horizontal cross-section (Fig. 14).
Where H is the cross-sectional depth of the horizontal cross-section.
The decrease in the thickness of the flanges led to an increase in the equivalent stresses in them under
the hydraulic fracturing to 62 MPa (Fig. 15), and the clearance between flanges increased to 0.3 mm. The
clearance between the flanges under the stiffening ribs has not changed. Thus, it can be stated that the
optimized assembly is in a completely operable state and provides material savings and a reduction in the
diameter of the bolts.
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Figure 14. von Mises equivalent stresses in a modified joint [MPa].

Figure 15. von Mises equivalent stresses on the surface of a modified joint flange [MPa].

3.2. Metallographic studies
The performance of a flange joint depends on the bearing capacity of high-strength bolts. Bolts are
critical elements for this type of flange connection. The determination of the bearing capacity of a bolt during
its viscous destruction is regulated by current regulatory documents and does not cause difficulties. Problems
arise when evaluating the performance of a bolt in the presence of a risk of delayed brittle fracture. Such
destruction depends on the saturation of the metal with hydrogen diffusion, the magnitude of tensile stresses,
the structure of the steel, and the contamination of its non-metallic inclusions.
Delayed brittle fracture of high-strength bolts is a dangerous type of fracture. It occurs at nominal
stresses below the creep limit of the material and is determined by the strength of the grain boundaries in the
metal. The state of metal grains depends on several internal factors and varies over time. The main causes of
damage are non-metallic inclusions, the size and quantity of which are not regulated by the current regulatory
documents for the manufacture of high-strength bolts [34, 35].
Fig. 16 shows the surface crack formed under the head of the M30×160 10.9 bolt. The bolt was made
of steel of the Russian grade 40X (Table 3). The crack was detected by visual inspection of the quality of the
anti-corrosion coating applied by electrolytic galvanizing.
Table 3. The chemical composition of the steel according to Russian State Standard
GOST 4543-2016 “Metal products from structural alloy steel. Technical specifications”.
Mass percentage, %

Steel
grade

C

Mn

Si

Cr

Ni

Cu

S

P

40X

0.36–0.44

0.5–0.8

0.17–0.37

0.8–1.1

> 0.30

> 0.30

> 0.035

> 0.035

From the results of metallographic studies, it was found that the microstructure of the bolt material is
troostosorbite tempering, which preserves the needle orientation of martensite (Fig. 17). The steel at the crack
is not decarburized, the hardness of the bolt meets the requirements of ISO 898-1-2014. The bolt’s crack is
radial, sinuous, and runs along the grain boundaries. Opened and closed cavity cracks are associated with
sulfide inclusions lines. The beginning of the crack lies on the surface of the bolt rod.
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The studies of non-etched samples taken from the bolt showed the presence in it of many sulfide
inclusions lines. The inclusions identified by Russian State Standard GOST 1778-70 “Steel. Metallographic
methods for the determination of non-metallic inclusions” as 2-3 points (Fig. 18, inclusions type 1). Most of
these inclusions are located near the crack. In the remaining fields of view of the sample, mainly point oxides
and sulfides are present and identified as 2 points (Fig. 18, inclusions type 2).
It can be assumed that crack formation occurred during bolt hardening as a result of the separation of
grain-boundary sulfides from the metal matrix under the action of tensile stresses. The final crack opening
appeared, most likely, at the stage of electrolytic galvanizing of the bolt due to diffusion of atomic hydrogen
into the prefracture zone, which led to a decrease in the cohesive strength of the interphase boundaries
between the metal matrix and nonmetallic inclusions.

Figure 16. Crack panorama.

x200
x500
Figure 17. The microstructure of the bolt with a crack passing
through the grain boundary inclusions.

x500
x500
Figure 18. Sulfide inclusions lines under the head of a bolt on a longitudinal non-etched section.
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Fig. 19 shows a photograph of the fracture surfaces of bolts M30-6gx160 of strength class 10.9 made
of steel 40X. The destruction occurred as a result of the separation of the heads in the process of tensioning
the bolts with a force less than the designed.
Studies have shown that the main reason for the failure of bolts is the low quality of bolt stock, namely
the presence of large precipitates of sulfides along grain boundaries (Fig. 20). Initially, after rolling, the sulfides
are oriented in the rolling direction, which coincides with the axis of the bolt shaft. This is not critical for the
given scheme of loading the bolt in the seam assembly. However, during stamping of the bolt head, nonmetallic inclusions were deformed along with it and, repeating the configuration of the head, extended in the
direction perpendicular (with respect to the initial state). When a bolt is tensioned with inclusions oriented
perpendicular to the axis of the bolt, grain-boundary sulfides detach from the metal matrix at voltages lower
than the design ones (Fig. 21).

Figure 19. Fracture surfaces of severed bolt heads.

Figure 20. Sulfide precipitation along austenitic grain boundaries.

Figure 21. Cavities and cracks oriented perpendicular to the bolt axis
under the bolt fracture surface, x50.
The examples of fracture of high-strength bolts discussed above show the need to consider delayed
brittle fracture in regulatory documents for the design, manufacture, and assembly of flange joints. The quality
of steel for non-metallic inclusions can be ensured by various types of out-of-furnace processing of steel,
during which the quantity, size, and shape of non-metallic inclusions are optimized.
For bolts of strength class 10.9 and higher, it is necessary to use microalloyed steel with vanadium,
niobium, titanium, and boron. The presence of these elements prevents the growth of austenitic grain during
steel hardening, and under certain heat treatment conditions, it allows the formation of a finely dispersed
bainitic or bainitic-martensitic structure [9, 37–40]. Such steels have high strength and toughness, better resist
delayed brittle fracture, and are not so sensitive to stress concentrators.
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Considering the influence of technological heredity on the bearing capacity of high-strength bolts
requires more in-depth study and proper reflection in regulatory documents. For example, in the current
regulatory documents for the manufacture of bolts, the shape of the hollows of the thread is not regulated and
can be either rounded or flat-cut. For high-strength bolts with a strength class of 10.9 and higher, a thread with
a rounded hollow profile is preferable, since has a lower concentration of stresses and better resists crack
nucleation [9, 41]. The presence of a small and unregulated transition radius at the base of the depression of
a plane-cut profile contributes to the formation of microcracks at medium voltages less than design.
Fig. 22 shows macro slices of a flat-section profile of a threaded cavity of a high-strength stud of strength
class 10.9 made of steel 30KhGSA in the initial state and after the destruction. The hollow of the thread shown
in Fig. 21b was in the third from the place of destruction of the pin, which collapsed after 45 days after its
installation.
a)

b)

Figure 22. Flat-cut profile of the thread cavity
of the stud 2M48-6gx500 10.9 before (a) and after (b) fracture.

4. Conclusions
The flanged joint of the bottom chord of a truss made of a cold-formed closed welded square profile is
studied. The joint included rigid flanges with stiffening ribs and high-strength bolts. The stress-strain state of
the flange joint was determined by strain gauges testing the full-scale unit. The numerical simulation was
performed in ANSYS. Studies of the technological heredity of high-strength bolts were carried out by
metallographic and durometric methods.
The results obtained allow to draw the following conclusions:
1. The model solution for a flanged coaxial connection of two square section bent closed welded strip
profiles (Fig. 1, 2) provides for the most part a uniform distribution of stresses at the junction due to its spatial
rigidity. The presence of stiffening ribs provides the absence of the clearance between the flanges and
promotes the joint performance of welded units and high-strength bolts.
2. The disadvantages of this connection include the incomplete loading of flanges and stiffeners in
comparison with a square section bent closed welded strip profiles. Stresses in flanges and stiffeners do not
exceed 50 MPa. The Field tests of full-size flange joints showed that the destruction of such joints occurs
along the body of a section not reinforced with stiffening ribs.
3. The calculation of the flange joint using the developed finite element model indicates that the results
of the numerical and experimental studies are sufficient for practical application. The difference between them
in the most loaded elements of flange joints does not exceed 10 %.
4. To ensure the bearing capacity of high-strength bolts of strength class 10.9 and higher, which are
part of rigid flange joints, it is proposed to introduce regulatory restrictions on the number and size of nonmetallic inclusions that affect the delayed brittle fracture of bolts.
5. To improve the performance of high-strength bolts of strength class 10.9 and higher, it is proposed
to use steel grades with a bainitic or bainitic-martensitic structure, which are formed by microalloying them
with molybdenum, vanadium, niobium, titanium, boron and heat treatment. The strength of such steels reaches
1400–1600 MPa, while their toughness, fracture toughness, as well as resistance to delayed brittle fracture
increases.
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