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Abstract. The article assesses stiffness of main trusses bolted connections in the railway bridges metal
superstructures. The generally accepted approach for trusses of bridge structures analysis is to replace
joints with hinges. This technique simplifies finding the forces in structure elements, but reduces the
reliability of the design model. In this study, the finite element method implemented in the Ansys Mechanical
software package is used. The process of determining the stiffness of the high-strength bolts joint
connection is described in detail. The paper proposes formulas to determine rotation angles of the truss
elements joint sections according to the finite element model analysis results. For two joints of a standard
design, superstructure stiffness was determined: kN2 = 107183.06 kNxm/rad, kN3 = 137605.56 kNxm/rad.
Graphs of bending moment on the rotation angle dependence were also made. It was concluded that the
beam model of the structure shows underestimated values of the joints stiffness, and the difference with
the stiffness determined for the detailed finite element model can reach 5.635.
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1. Introduction

Nowadays, when designing new and reconstructing existing bridge structures on the Russian
Federation territory, engineers are guided by the SP 35.13330.2011 "Bridges and Pipes" code specification,
which allows replacing rigid joints in connections with hinges when analyzing lattice trusses, if the structure
remains unchanged and the ratio of the truss element section height to its length is ensured to be not more
than 1:15. If the last condition is not met, when analyzing the strength and fatigue behavior of the lattice
trusses elements with high-strength bolts connections, it is necessary to take into account the joints
stiffness, and the elements longitudinal forces can be determined according to the hinge scheme. However,
there are no direct instructions on how to take into account the connections stiffness in the code
specification. Note here, that this approach to the lattice trusses analysis can be found in all specification
documents of the USSR since 1938: in TUPM-38 (Technical conditions for the design of bridges and pipes),
in TUPM-47, in 1955 additions and changes to TUPM-47, as well as in SN 200-62. Therefore, it can be
argued that the question of how to take into account the connection stiffness and its effect on the reliability
and durability of the structure has not yet been finally answered.

However, there are publications on this topic that need to be mentioned here to represent the level
of knowledge on this issue.

First, let us turn to foreign specification documents. According to the fourth edition of the AASHTO
LRFD, a truss can be analyzed as hinged structure when loads are applied to the panel nodes. European
norms introduce a classification of nodes according to two criteria: stiffness and strength. Note, however,
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that although Eurocode 1993-2-2009 refers to Eurocode 1993-1-8 in terms of connections modeling, the
provisions given here are applicable more to the field of building design.

As shown in [1], a number of outstanding scientists of the second half of the 19t century were
engaged in the elimination of the lattice trusses stress-strain state with rigid connections at the joints:
Manderla, Engesser, Azimont, Winkler, Ritter and Landsberg, Miller-Breslau, Mor. At the beginning of the
20t century, the works of national researchers appeared — E.O. Paton, E.V. Zotikov, G.P. Peredery, K.M.
Dubyaga, N.V. Nekrasov. But the obtained results contradicted each other in many ways, therefore,
subsequently, this area practically did not develop.

The works [2-5] are devoted to the necessity of considering the connections as semi-rigid joints in
the analysis of the wooden trusses state. Some methods of taking into account the real characteristics of
connections are given, which show a good approximation to real structures.

Detailed analysis of joints of metal beams and columns of buildings have been carried out [6-12].
The obtained results indicate that the reliability and bearing capacity of the joints is influenced by a whole
set of factors: the geometric dimensions of the joined elements, the configuration of the attachment unit,
the bolts diameter.

The detailed stress-strain state analysis of four different systems taking into account the connection
joints stiffness was carried out in [13]. Taking the stiffness of the hinge connection as 0, and the stiffness
of an absolutely rigid connection as 100 %, the authors showed the presence of a relationship between the
values of internal forces and displacements and the degree of restraint in the connection. Some
continuation of this study can be found in [14], where the analysis of the relationship between the dynamic
characteristics of railway bridge superstructure and the connections rotational stiffness was made.

As shown in [15-17], the most important characteristic of the joint connection is the graph with the
"Angle of rotation" — "Moment" axes. In general, this is a curve that characterizes the dependence of the
bending moment arising in the joint on the angle of rotation; the tangent of the slope of this curve to the
abscissa axis characterizes the joint stiffness, which is expressed by the formula:

Ks=—, 1)

where M is the bending moment, expressed in kN, and 0 is rotation angle, expressed in radians.

Eurocode 1993-1-8 allows simplification of the non-linear relationship between the rotation angle and
the bending moment; thus, bilinear approximation has become widespread (dashed line in Fig. 1).

Bending moment, M
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Figure 1. Dependence of the bending moment on the rotation angle at the joint.

The Eurocode approach to the truss joints classification has some drawbacks: firstly, stiffness and
strength criteria are considered separately, what can lead to difficulties in the choice of a specific category.
Secondly, the possibility of joint category changing at different stages of loading is not taken into account.
In this regard, the need for development of a different classification system devoid of the indicated
inaccuracies arises. The article [18] is devoted to this issue.

Articles [19-21] are devoted to the study of various aspects of the work of gusset plates as part of
bridge trusses and building frames. Analysis of the gussets joints dimensions assigning approaches was
made. A nonlinear model to take them into account when analyzing frame structures and assessed the
stiffness of the attached elements, initial imperfections, eccentricity of load application impact on the stress-
strain state of gussets was proposed.
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According to [22, 23], detailed modeling of bridge structures makes it possible to identify reserves of
bearing capacity, as well as alternative ways of forces distributing in case of bearing elements failure.

Works [24-27] describe various approaches of taking into account the joint connections stiffness
when analyzing the frames of buildings. The authors paid great attention to the mathematical substantiation
of the proposed procedures, and also gave specific examples of structural analysis.

Works [28-31] are devoted to the finite element method application in the study of the operation of
joint connections for various purposes structures. Comparison of the results obtained by experimental and
numerical methods is performed. It is shown that numerical modeling makes it possible to assess the stress-
strain state of a structure with the required degree of accuracy; moreover, data become available that is
not possible to obtain experimentally.

Connections of lattice structures of power transmission line supports were investigated in works [32,
33]. It is shown that bolted joints have a great influence on the deformed state of this type of structures.

Based on the performed review of scientific publications, we can conclude the following: in world
practice, an approach to the consideration of bolted connections of building frames as semi-rigid joints has
become widespread. At the same time, the concept of a semi-rigid connection is practically not used in the
design of metal trusses for transport structures. Despite the external similarity of the aforementioned
structures, the conditions of their operation are fundamentally different: while the columns and beams of
buildings work mainly on static loads (compressive longitudinal force and bending moment, respectively),
the elements of the bridge structures trusses experience a complex dynamic effect from the circulating
moving loads with a predominance of longitudinal compressive and tensile forces. At the same time, as
noted in [34, 35], the joint connection stiffness has an insignificant effect on the results of the static analysis
of structures, but the dependence of their dynamic characteristics on the joints properties is much greater.
The problem of correct determination of the bridge structures dynamic characteristics is becoming
especially urgent now, with the advent of high-speed railways.

The connections of the bridge superstructures main trusses elements have a very complex
composition. For through bridges, this connection, as shown in Fig. 2, represents the area of braces,
chords, stands and crossheams intersection. The elements are joined by overlapping with gusset plates,
followed by the installation of high-strength bolts. Obviously, such a connection is neither hinged nor
absolutely rigid; it has some intermediate properties, and therefore received the name "semi-rigid
connection".

Moreover, there is no doubt that the stiffness of such assemblies depends on many factors: the
connected elements geometry, the thickness and dimensions of the gusset plates, the number and degree
of tension of high-strength bolts. Therefore, the problem of determining the stiffness of bridge
superstructures metal trusses joints is practically insoluble from the point of view of structural analysis
approaches.

Figure 2. Joint of a standard design railway bridge superstructure.

In our opinion, the only possible way to solve the original problem is the finite element method
implemented in software packages such as Ansys. With a certain degree of detail, the created mathematical
model will make it possible to assess the influence of all the above factors on the joint properties.

When writing this article, we set a goal of assessing the bolted connections stiffness of main trusses
for bridge steel superstructures. For this, the following tasks are being solved:
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e a detailed finite element model of a fragment of the analyzed railway bridge lattice superstructure
is being developed;

o stiffness of the main truss joint connections are determined,;

e a comparative analysis of the superstructure beam and detailed finite element models are
performed.

2. Methodology of numerical experiment
2.1. General information

Since the use of software packages implementing the finite element method in the investigation of
complex detailed models requires large computational resources, it was decided to analyze the structure
in two steps:

1. Beam model analysis. This stage is necessary to assess the general stress-strain state of the
structure and to check the correctness of the assignment of general parameters, such as material
properties, sections of elements, support fixings.

2. Within the framework of the beam model, the investigated elements are modeled in detail using
shell finite elements.

2.2. Description of the superstructure under study

The structure under study is a metal superstructure with through trusses, manufactured according to
standard design No. 3.501-30/75. The span of this single-track railway bridge is 55 m. The main elements
of the superstructure are made of 15KhSND low-alloy steel. Lattice truss elements are welded as box-
shaped and H-shaped sections with field connections on high-strength bolts. Box-shaped elements have a
perforated bottom chord, perforation dimensions are 270 x 600 mm, the distance between perforation
centers is 1200 mm. The chords connections are aligned with the main trusses joints and are located at
11 m intervals.

The main trusses are connected by top and bottom braces in the plane of the chords, portal frames
in the plane of the outside braces and struts in the plane of the stands (Fig. 3).

Field connections are made on high-strength bolts with a diameter of 22 mm. All contact surfaces of
the joints and connections are sandblasted before assembly. The standard tension force of a high-strength
bolt is taken equal to 20 tons.

Figure 3. Superstructure beam model.

2.3. Beam model
General view of the superstructure model is shown in Fig. 3.

The analysis was carried out taking into account the linear work of the material, the elastic modulus
and Poisson's ratio were set as E = 2.0x10° MPa and p = 0.3, respectively. The specific gravity of steel
was taken equal to p = 76.98 KN/m3.

Each element of the beam model has its own type of cross-section with dimensions taken from
standard design project. All joint connections are rigid. Supports are installed at the joints of the extreme
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braces and the lower chords intersections: fixed supports on one side and supports with displacements
along the axis of the bridge on the other side.

Dead loads from the self-weight of the superstructure and the weight of the bridge deck and moving
loads from passing trains were applied to the structure.

As a result of the structure analysis, the displacement values of the superstructure finite element
model nodes were obtained for the position of the passing trains, at which the biggest longitudinal forces
arise in the element under consideration. Optimization of the moving load position was performed in the
Midas Civil software package.

2.4. Detailed model

In this work, the stiffness of the joints N2 and N3 of the lower chord of the superstructure main truss
is assessed (Fig. 4).

NI N2 T NI T
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Figure 4. Main truss scheme.

As noted earlier, the actual joint connections of railway bridge trusses are complex assemblies of
main elements and high-strength bolts. Therefore, to perform an accurate analysis, it is necessary to carry
out a detailed modeling of the truss bottom chord panel between joints N2 and N3, in which all the
components that influence the behavior of the structure will be presented in an explicit form (Fig. 5). At the
same time, the study of the stress state of the bolts themselves is not the purpose of this work; therefore,
in the analysis they will be represented by equivalent beams, to which a tension force is applied. The main
elements of the truss and elements of longitudinal bracings, as well as gussets and angles, are
approximated by shell elements. Thus, the stress-strain state of the bottom chord section N2-N3 depends
only on the properties of the contiguous joints.

—— N3 joint N2 joint

Figure 5. Fragment of the detailed analysis model in Ansys Mechanical.

For the structure material Bilinear Isotropic Hardening property was set with the following
characteristics: Yield Strength oy = 345 MPa and Tangent Modulus o1 = 696.2 MPa. The material of

high-strength bolts is 40Ch steel with Yield Strength oy = 785MPa and Tangent Modulus
o7 =2029.7 MPa. All the contacts between elements are Frictional type;-+ Friction Coefficient is set equal
to 0.58.

Truss bottom chord panel with N2 and N3 contiguous joints attached to the beam part of the model
by Fixed Joints. All bolts are tensioned with 196.12 kN Preload force. The total number of high strength
bolts in this model is 454 pcs.

The "Face Sizing" option has been applied to the shell elements with a finite element size of 6 mm.
Total task size is 809748 nodes and 785004 elements.
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As shown earlier, the numerical value of the joint stiffness is the quotient of dividing the bending
moment by the angle of rotation of the section. To determine the latter, let us turn to Fig. 6, which shows
the vertical displacements of a bottom chord panel between joints N2 and N3. The solid line corresponds
to the case of a hinged connection at the truss joints; since in this case only a longitudinal tensile force acts
on the element, this line is straight. The dotted line corresponds to the case of a semi-rigid connection with
real joint characteristics; this line has a certain curvature, which is due to the presence of fixing in the
connections. The angle between the straight and dotted lines is the angle of the section rotation from the
action of the bending moment in the plane of the truss (Fig. 7).

The data for the selected cross-sections required for calculating the stiffnesses of the joints, as well
as the final result are shown in Table 1.
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where Zo, Zn, Zi , Zj are the coordinates along the vertical axis of the first, end, i and jt points of the
curve, Xn, Xi, Xj are the initial coordinates along the horizontal axis of the end, it and j‘h points of the
curve, AXy, AX,, AX;, AXJ- are displacements of the first, end, it u jt points of the curve, obtained as

a result of deformation from the action of applied loads, a; is the slope of the straight line connecting the
first and end points of the curve on the graph.

Table 1. Data for determining the stiffness of joint connections

Joi Angle of rotation, Angle of rotation, Bending moment, Joint stiffness,
oint .
radians degrees kNxm kNxm/rad
N2 0.0001406726 0.0080599478 15.078 107183.06
N3 0.0007581663 0.0434397292 104.328 137605.56

Note: rotation angle Oj corresponds to N2 joint, Qj corresponds to N3 joint.

3. Results and Discussion

Data on the stiffness of joints N2 and N3 is shown in Table 1. However, of greater interest are the
dependence graphs of the bending moment and the angle of rotation in the joint, which clearly demonstrate
the change in the connection stiffness depending on the magnitude of the applied loads. The graphs in
Fig. 8 and 9 are derived from the structure load history analysis in Ansys Mechanical.

20
L ]
.....-0 See gy,
.l
.l
16 -2
Y 4
4=107183.06 kN=mirad
E /
x
=
g
- 12
=
[
£
[=]
13
(=]
c
T 8
& .
[ ]
[ ]
L ]
4 L
[ )
eese Real moment-rotation characteristic
— Simplified bi-linear moment-rotation characteristic
L I [ I
0 0 0.00006 0.00012 0.00018 0.00024 0.0003
Rotation. rad
Figure 8. Graph of the N2 joint stiffness.
200
160 o
o
£
z
= 120 2
€
@
£
g 4 =137605.56 kNxmfrad
o I
5 80 o
=4
L
i
40
eee Real moment-rotation characteristic
—— Simplified linear moment-rotation characteristic
I I I

0 0.0003 0.0006 0.0009 0.0012 0.0015
Rotation, rad

Figure 9. Graph of the N3 joint stiffness.



Magazine of Civil Engineering, 114(6), 2022

Let us remark here that the graph of the stiffness of the N2 joint has the same form as the curves
obtained in [24, 25, 28, 29, 36, 37]. However, despite the indicated external similarity, the obtained values
are very different. Comparing the rotation angles of N2 joint, shown in Fig. 8, and the values obtained in
[28] for the Specimen SC7, we see that the beam-column connection of buildings steel frames are more
flexible — the maximum rotation angles obtained within a numerical experiment differ by 250 times. The
curve corresponding to joint N3 requires further study as part of a separate finite element model.

Conspicuous is the fact that the N3 joint stiffness is 1.284 times higher than the N2 joint stiffness.
The greater flexibility of N2 joint can be explained by the fact that it is aligned with the truss lower chord
connection, while in N3 joint the lower chord is continuous.

An interesting question is how accurate the result on the joint connections stiffness can be obtained
from the beam model analysis. Data on the stiffness of beam model joints N2 and N3 is shown in Table 2.

Table 2. Joint connections stiffness in beam model.

Joi Angle of rotation, Angle of rotation, Bending moment, Joint stiffness,
oint .
radians degrees KNxm kNxm/rad
N2 0.0003222700 0.0184647119 6.13 19021.32
N3 0.0006856034 0.0392821833 50.05 73001.38

In this case, N3 joint stiffness is also greater than N2 joint stiffness, and the stiffness ratio is equal to
3.838.

At the same time, the stiffness of the N2 joint for the case with detailed models of connections is
5.635 times higher than the corresponding characteristic for the case with a full beam model. For N3 joint
this ratio is equal to 1.885. Such a difference in the obtained results can be explained by the fact that the
beam model does not consider the complex stress-strain state in the truss joint. It can also be concluded
that the more complex the construction joint, the less accurate results obtained from the analysis of the
beam model. Based on the above, we can argue that the beam model of the structure is not able to give
an adequate assessment of the complex joint connections stiffness.

Let us note the difference in the graphs of the analyzed joints stiffness. For node N2, two stages of
work are clearly traced: linear, up to the value of the rotation angle 0; = 0.0001406726 radian, and

nonlinear afterwards. For N3 joint the stiffness is linear for all values obtained as a result of a numerical
experiment.

4. Conclusions

1. This work presented an assessment of bolted connections stiffness in steel trusses of bridge
superstructures. In the Ansys Mechanical software package it was analyzed a detailed finite element model
of the truss bottom chord panel as part of the entire structure. This approach makes it possible, without
additional constructions, to determine the joints stiffness when calculating the entire superstructure.

2. Inthe process of writing this work, formulas were obtained analytically to determine the angles of
rotation 0; and Gj of the truss elements joint sections according to the finite element model analysis

results.

3. After analysis of the created finite element model, the stiffness values of two connection joints
were determined: Kn2 = 107183.06 kNxm/rad, knz = 137605.56 kNxm/rad. The obtained results allow us to
conclude that the continuity of the element itself in the connection has a great influence on its rigidity.

4. By comparing the analysis results of the beam and detailed finite element models, we can
conclude that the beam model of the structure shows underestimated values of the joints stiffness. At the
same time, the values of the joints stiffness for the two indicated cases may differ by a factor of 5.635.

5. Based on the analysis of the dependence of the bending moment on the angle of rotation, the
graphs of the stiffness were made for the joints N2 and N3 of the superstructure under consideration. Linear
and bilinear approximations of the obtained data were proposed.

6. Taking into account all the above, we can conclude the following: the connection stiffness is the
joint generalized characteristic, largely dependent on its composition. With an increase in the joint
complexity, the difference between the stiffness of the real connection and the stiffness determined for a
beam model with absolutely rigid connections increases. Therefore, joint connections must be considered
semi-rigid. The question of correct stiffness assessment of the bridge superstructures steel trusses
connections is becoming especially urgent at the present time, with the appearance and development of
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the high-speed railway system. However, in the existing standard documents there are no direct instructions
on the method of determining stiffness of these structures joint connections, especially with respect to static
and dynamic analysis. Therefore, further development of this area of knowledge is necessary.
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