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Abstract: This paper discusses the use of bar analogues for calculation of internal forces in the cross-sections of building structures,
which are modelled by a set of finite elements. It also introduces the concepts of bar analogues, explains their basic theoretical
premises and provides the results of the calculations of verification problems.
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CTPOMTEJIbHBIX KOHCTPYKIIUM
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AHHOTanus: B craree paccMaTpuBaeTcss HOBBIM MOAXOZ K MOAEIMPOBAHUIO HECYIUX KOHCTpykuui. Ilonxon 3akirouaercs B
HCTIOJTF30BAaHUH CTEP)KHEBBIX aHAJIOTOB JJISI BRIYMCIICHUS YCHIMH B IMOMEPEYHBIX CEUCHHUIX CTPOUTEIBHBIX KOHCTPYKINH, MO-
JIETUPYEMBIX COBOKYITHOCTHIO KOHEUHBIX 3JIEMEHTOB. BBOISATCS MOHATHS CTEPIKHEBBIX aHAJIOTOB, Pa3bsCHSIIOTCS MX OCHOBHBIC
TEOPETUYECKUE MPENOCHUIKH, PUBOJIATCS PE3YJIbTAThl pacueTa BepU(PUKAITMOHHBIX 3a]1ad.

KnroueBble cjioBa: CTCPIKHEBBIC aHAJIOT'Y, KOHCYHBIC DJICMCHTBI, MOJACITIUPOBAHUEC KOHCprKL[PIfI, BHYTPCHHUEC yCUIINA

Information about the object and its stress-strain
state when calculating the bearing system, as a rule,
differs from the actual work of the structure. When
using the finite element method for modeling, the
choice of a particular type of finite element, firstly,
is done in order to ensure a sufficient degree of
correspondence between the mathematical model and
the actual operation of the simulated structure under
the given conditions [1]; secondly, it is important
to correctly model the joints between the elements,
which is necessary, first of all, for the analysis of
the calculation results and further design. Modern
software systems for strength analysis and design,
such as the LIRA-SAPR software package [2], when
calculating according to the classical model, make
it possible to determine the internal forces arising in
structural elements and use them to perform other
applied calculations: for strength, stability and for
the design of reinforced concrete, steel and reinforced
masonry structures. The values of internal forces in
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structural elements are indirectly influenced by the
choice of types of finite elements in modeling.
Modern BIM technologies imply obtaining a design
model in an automatic mode from architectural
models that operate on three-dimensional structural
elements. In this case, a number of load-bearing
building structures such as pylons, lintel zone,
deep beams, prefabricated floor slabs, diaphragms,
building stiffeners, etc., can contain only lamellar and
sometimes volumetric finite elements.

However, by the nature of their work, these structures
are similar to the pivot ones. The cross sections of
these structures are represented in the design models
by a set of finite elements and nodes. For a detailed
analysis of these structures, it is useful (and for
applied calculations it is necessary) to determine the
internal forces in their compound cross-sections,
similar to the forces in the cross-sections of the rods.
In the Software Package LIRA-SAPR, this problem
is solved by the system “Rod analogs”.
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Concepts of bar analogues

A bar analogue (Fig. 1) is a group of finite elements
and their nodes, logically connected according to
a certain rule that determines a special algorithm
for calculating internal forces in one bar finite
element. Internal forces in the design sections of
the "rod analogue" are calculated not based on the
displacements of its nodes, but by summing nodal
reactions from sets of selected finite elements. It is
assumed that each such set of finite elements forms
a composite cross-section of the analyzed structure,
and the nodes, reactions in which are summed up,
lie in the plane of this section. Such nodes and
elements will be called the original objects of the
"rod analogue".

The nodal reactions (nodal forces) of a finite element
mean the resultant force and the resultant moment
applied at the element node, which are the impact
of other model elements on the given node of this
finite element.

Figure 1. Bar analog: a—initial objects of the model,
b—nodes and elements of the initial section, ¢ — nodes
and elements of the final section, d — target bar ("bar
analog").
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The vector of nodal reactions of the i-th finite element
is calculated by the formula (1):

R =K -Uj, (1)

where K, is the stiffness matrix of the i-th finite
element, U, is the vector of displacements of nodes
related to the i-th finite element.

The initial finite elements of a bar analog can be bar,
plate, volumetric finite elements, special elements, as
well as all kinds of their combinations. In this case,
the original elements and nodes can be those for
several "core analogues".

In order to determine the forces in the design sections
of the "bar analogue", sets of initial nodes and
elements are specified that form planar composite
sections of the structure under consideration. The
set that forms a composite section includes nodes
lying in the plane of this section and finite elements
adjacent to the section plane with nodes: rods — one
node, plates — one node or edge, volumetric FE —one
node, edge or face.

"Bar analogue" has two design sections — at the
beginning and at the end. If the analysis of a
composite structure requires a greater number of
design sections along its length, then it is necessary
to create a chain of bar analogues. The "bar analogue"
must be in a certain position in relation to the
considered composite structure: the planes of its
initial and final design sections must coincide with
the corresponding planes of the original composite
sections of the structure.

Algorithm for calculating internal forces

Internal forces in the calculated cross-section of the
"bar analogue" are calculated as follows.

1. The whole model is calculated, nodal reactions
from all elements are calculated.

2. In the composite section formed by n initial nodes
and m elements, the summed nodal reactions R and
M _ from these elements are calculated (Fig. 2).

2.1. The geometric center C of the composite section
is determined on the basis of the abutment areas A].
with the centers of gravity (xj; v zj) (2) of the original
finite elements to the plane of the composite section:
for a bar, its abutment area is calculated based on the
section area, for a plate — based on the plate thickness
and the distance between the nodes, for a volumetric
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FE — as the area of the face adjacent to the plane of
the composite section.
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2.2. Nodal reactions from the initial elements — R,
(4) and M, (5) — in the composite section are summed
taking into account the shoulder d (3) between the
node point N, and the geometric center of the section C.
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Figure 2. Calculation of the summed nodal reactions

3. The summed nodal reactions reduced to the center
of the composite section are interpreted as internal
forces in the corresponding design section of the
target bar by converting from the global coordinate
system to the local coordinate system of the composite
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section. The local coordinate system of a compound
section is defined as a coordinate system with origin
at the geometric center of the compound section and
axes parallel to the local axes of the target bar.

Scope of ""bar analogues"

"Bar analogues" in SP LIRA-SAPR can be used to
determine internal forces at
1. linear static and dynamic calculations, except for
time-history dynamic analysis [3],

2. nonlinear calculations at the last stage of loading
(full load) [3],

3. calculations using engineering nonlinearity
techniques [4, 5,7],

4. calculations with a changing design scheme
(modeling of installation and dismantling processes),
provided that all the original elements of the bar
analogue have the same stages of assemblage and
disassemblage (target bars are recommended not to
be included in the process of changing the design
scheme or to be determined at the same stages of
assemblage and disassemblage, as the original objects
of the corresponding rod analogs) [6, 7, §].

A "bar analog" can be a two-node finite element
of any type, except for special ones, which allows
solving problems with various characteristics of the
scheme. By default, when creating a “bar analogue”,
FE type 10 is used — universal spatial bar FE.

Calculation of ""bar analogues' in SP LIRA-SAPR

Calculation of “bar analogues’ occurs when performing
a complete calculation of the model at its final stage.
The result of the calculation of "bar analogues" are
the forces obtained in their design sections, calculated
for all loadings. The forces obtained should not be
interpolated along the length of the "bar analogues";
they are valid only at the points of its initial and final
design sections. This should be taken into account
when viewing the calculation results in the form of
diagrams, or use the presentation of forces in the form
of mosaics and / or in tabular form.

The calculated internal forces in the sections of the
"bar analogues" are further used to determine the
forces for the calculated combinations of loads and
forces, as well as in the operation of the structural
systems.
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Verification problems

Let's consider examples of verification problems that
can illustrate the operation of the “bar analogues”
system in the LIRA-SAPR software package.

Problem No. 1.

We consider a vertical cantilever bar with a square
cross section, loaded with axial and transverse
concentrated loads at the free end (Fig. 3).

N
Px

4

7

Figure 3. Design scheme for problem No. 1

Elasticity modulus is £=3.0 - 107 Pa; Poisson's ratio
is 1 = 0.2; length of the bar is / = 10 m; cross section
dimensions are b = h = 0.5 m; axial force that acts
along axis X, P_= 10 kN; cocpenorouennas cuia,
JEUCTBYIOIIAsl BAOJb OCH Y, Py = 10 xH; transverse
force that acts along axis Z, N = 10000 kN.

It is necessary to determine the internal forces in the
support cross-section of the bar.

The solution to the problem is presented in [9]. For
non-deformed schemes, the axial force from a vertical
load, as well as shear forces and bending moments from
horizontal loads, are calculated by the formulas (6):

N(0)=N;
0(0)=P; 0(0)=P; (©)
M(0)=P[; M(0)=P].

When calculating in SP LIRA-SAPR, three design
models were considered. These models were made of
finite elements of various types: bar FE 10 (universal
spatial bar FE); shell FE 48 (universal quadrangular
FE shell with intermediate nodes on the sides);
volumetric FE 35 (universal spatial eight-nodal iso-
parametric FE with intermediate nodes on the sides).
In models of shell FE, a 4 x 10 FE mesh is used, and
for volumetric models, a4 x 4 x 10 FE mesh. Also bar
analogues for determining the forces were created.
The calculation results are presented in table. 1. The
forces in the “bar analogues” correspond to the forces
calculated from the model from the bar FE 10.

Problem No. 2.

A beam clamped at the ends and loaded with a
uniformly distributed load ¢ (Fig. 4) is given.
Elasticity modulus is £= 3.0 - 107 Pa; Poisson's ratio
is 4 =0.2; beam length is / = 2.4 m; the width of the
cross section is b = 0.2 m; the height of the cross
section is 2 = 0.3 m; load is ¢ = 10 kN/m.

It is necessary to determine the internal forces at the
characteristic points of the beam.

Table 1. Results of calculating problem No. 1

The sought value Bar solution Solution using bar analogues
FE 48 10000.00
Axial forces N(0), kH 10000.00
FE 35 10000.00
hoar £ 0.0). 0.0).k FE 48 10.00
Shear forces QO (0), O (0), kN 10.00
* ! FE 35 10.00
' FE 48 100.00
Bending moments M (0), M (0), kN-m 100.00
g FE 35 100.00
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The solution to the problem is presented in [9].
Support reactions R , R,, M,, M,, shear force 0,
bending moment M, internal forces in characteristic
sections are calculated by the formulas (7):
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Figure 4. Design scheme for problem No. 2
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When calculating in SP LIRA-SAPR, several
computational models were considered made of
finite elements of various types: bar FE 10 (universal
spatial bar FE), plate FE 21 (rectangular FE of a plane
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problem (beam-wall) and plate FE 28 (rectangular FE
strain problems (deep beam) with intermediate nodes
on the sides). In the models of plate FE, a 16 x 6 FE
mesh is used, and bar counterparts are also created
to determine the forces.

The calculation results are presented in table. 2. The
forces in the target members of the bar analogues
sufficiently correspond to the forces calculated from
the corresponding models from the bar FE 10.

CONCLUSIONS

The use of “bar analogues” in FE-models in some cases
may be the most acceptable approach for the automated
design of elements whose work is close to the work of
rods. So, when designing a lintel, reinforcement should
be placed at the upper and lower edges of the element,
when designing a column —it's preferably at the corners
of its cross section. Regulatory requirements guide
engineers to select reinforcement based on integrated
forces in bar cross sections. On the basis of the stress-
strain state of a bulkhead or a column, obtained from
a model from flat finite elements, the selection of
reinforcement is very problematic.

Bar analogues also indirectly solve the problem of taking
into account the stress concentration at the support
points and other points of singularity. Determination of
stresses at nodes of finite elements is always associated
with a loss of accuracy. For "bar analogues" this problem
is integrally solved automatically, since the equilibrium
is always observed.

In conclusion, we note that the system "bar analogues"
of the LIRA-SAPR software package is a useful tool
for the analysis and applied calculations of structural
elements. Many areas of its application have yet to
be determined in engineering practice.

Table 2. Results of calculating problem No. 2

The sought value Bar solution | Solution using bar analogues
. FE 21 12.00
Shear force in the support 4, kN 12.00 FE 28 12.00
. . FE 21 —4.77
Bending moment in the support 4, kN-m —4.80 FE 28 179
FE 21 243
Bending moment in the middle point of the span, kN-m 2.40
FE 28 241
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