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Abstract. The constructive basis of a multi-story building is the spatial
bearing system of buildings. In accordance with the chosen mathematical
apparatus of the study, the spatial load-bearing system of a multi-storey
building is a discrete vertical reinforced concrete structure formed by shear
walls, and wunited by constant height connections with certain
deformability. The above elements of the building support system provide
strength, stability and durability of the structure as a whole. The spatial
operation of the system is manifested in the fact that when loading one of
its elements, other elements are included in the work. The purpose of the
present study is to assess the influence shear bonds of the building's
bearing system on its stress-strain state using a specific building.

1 Introduction

The bearing system of a multi-storey building consists of vertical structures united into a
spatial system by vertical connections with certain flexibility. Vertical shear bonds such as
concrete dowels, lintels, mortar welding and floor areas can be used as connections in a
multi-storey building.

A discrete-continuous model was chosen as a mathematical model for bearing systems
in multi-storey buildings [1-3]. A multi-storey building is modeled by a bunch of cantilever
vertical elements and connected in space by bending and shear links - shear bonds. The
discrete arrangement of vertical bearing elements is determined by the geometry of the
building and the links connecting the whole building to the space system are replaced by
continuous ones.

Usually, mathematical models of bearing systems of multi-storey buildings, in most
cases, are oriented to the elastic operation of bearing elements and the bonds connecting
them. In this case, they do not allow sufficient use of the reserves of strength of the entire
bearing system or can distort the assessment of the real state of this bearing system of the
building. The important feature of real work of bearing systems of buildings is nonlinear
character of dependence between stress and deformation of both vertical bearing structures
and elements connecting them. It should be noted that the forces (stresses) in all elements

: Corresponding author: lva_55@mail.ru

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 263, 02015 (2021) https://doi.org/10.1051/e3sconf/202126302015
FORM-2021

of the bearing system vary in height of the building. At high stress levels, changes are
determined by concrete deformation diagrams, linking stresses with relative deformations,
and shear bond deformation diagrams. And the higher the stress levels, the more significant
these changes are.

The purpose of this work is to carry out a comparative analyse of the stress-strain state
of bearing systems of multi-storey buildings on a concrete example of a panel building at
linear and nonlinear deformation of vertical bearing structures and the bonds connecting
them [4-6]. Shift connections in the form of jumpers and welding of mortgaged parts are
considered. Shear bonds are the most stressed elements of the bearing system of a panel
building. Thanks to them, the multi-storey building represents rather rigid and strong spatial
system capable to resist vertical, horizontal and seismic loads, uneven deformations of the
base, climatic temperature-humidity and emergency influences [7-9].

2 Method

According to the discrete-continuous model (figure 1) in the bearing system of a multi-
storey building discretely arranged the vertical shear walls are united by continuous height
bonds, having certain flexibility.
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Fig. 1. The discrete-continuous model bearing system multi-story building.

The main task of the work is to fix changes in the tensely deformed state of the
building, taking into account linear and nonlinear work of reinforced concrete and shear
bonds, to estimate the influence of the main elements of the bearing system on the tensely
deformed state of the building. Using discrete-continuous mathematical model, real
diagrams of concrete deformation and shear bonds, it is possible to find out the real
working conditions of the structural elements of the bearing system of a multi-storey
building and the forces arising in them.

In this work the object of study was accepted 9-storey large-panel residential building of
125 series, consisting of one section. The bearing structures in the considered house are
internal reinforced concrete panels, 160 mm thick of B20 class concrete. The external wall
panels, 400 mm thick, are self-supporting. Depending on the location of the load-bearing
elements, the load areas of each pole have been determined. The load is transferred to each
pole by the load areas. Only the vertical load was applied to the load carrying system. The
design of the building is shown in figure 2.
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Fig. 2. The design scheme the building.

As a result of deformation of the carrier system under the influence of an external load,
the bonds resist bending and shear. Shearing forces Qj; arise in them, which are balanced by
the normal forces of N; arising in the load-bearing walls.

For an arbitrary i-shear wall of some spatial construction, we can write:

n x
N (x)= 2 [ Oy (x) el (1)
J=10
The building's resistance to external load is described by the system of differential
equations [2]:
N"—RN=F 2)
where N - matrix of unknowns, size (m+1)><n , m - number of vertical load-bearing

elements; n - the number of design sections for the height of the supporting system; R -
square matrix of stiffness coefficients, size (m+1)><(m+l); F - load matrix, size

(m+1)xn.

The algorithm for calculating the spatial bearing systems of multi-storey buildings in a
linear formulation was taken as the basis [3]. There are a large number of scientific
publications on the nonlinear deformation of load-bearing elements of panel buildings in
construction practice, but information on experimental data is limited. Various studies are
devoted to the analysis of the work of shear bonds [10-12], welded embedded parts, vertical
joints, horizontal joints and plate ties [13-14].

Many studies are devoted to the analysis of concrete deformation. A number of
diagrams of concrete deformation under compression are included in design standards [15-
17]. For vertical reinforced concrete elements in this work, we used the transformed strain
diagrams [18-20] obtained when testing cubic samples. The samples were tested using the
universal hydraulic system WAW-500C in the strain control mode. For the lintels, the
linear-piece deformation diagram “shear force Q - displacement A” presented in [21] was
used.

Particular attention was paid to vertical butt welds as the main type of joint in panel
buildings. The nonlinearity of the weld joint deformation was taken into account according
to the deformation diagram “shear force Q - displacement A” obtained by the authors of
[22-24] (figure 3).
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Fig. 3. Experimental diagram deformation Q-A for weld butt joints.

Wall panels in the 125 series were connected by welded butts. For the study,
experimental designs were made, which exactly correspond to the type of vertical panel
connection adopted in the design of large-panel buildings of this series. The samples were
manufactured at the same enterprise that produced structures and erected large-panel
buildings of the 125 series. To provide a shear force, each sample was crimped in two
directions using metal plates on ties (figure 4).

Fig. 4. Experimental welded butt.

A total of 8 samples were tested. Each sample was installed in a WAW-500C universal
automatic hydraulic machine. The load was applied in stages. Each stage accounted for
approximately 10% of the breaking load. At each stage, the sample was kept under load for
at least 10 minutes. The loading rate was less than 0.5-2 mm / min. The following is
installed (figure 5):

- deformation of the welded joints when working in shear is elastic-plastic;



E3S Web of Conferences 263, 02015 (2021) https://doi.org/10.1051/e3sconf/202126302015
FORM-2021

- at about 7-9 loading steps, the plate welded to the embedded part begins to collapse,
which connects the two panels to each other;

- the plate butt joints is noticeably warped and begins to collapse;

- welded seams during loading did not show signs of destruction.
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Fig. 5. Destruction of the connecting plate welded butt.

The nonlinear operation of vertical load-bearing elements in the algorithm was taken
into account using concrete deformation diagrams and shear dependencies for shear bonds.
In this case, an iterative process is performed, during which the main system of the discrete-
continuum model is solved together with systems of equations that describe the nonlinear
character of column deformation and shear relations.

N"-RN =F
E=F(N) (3)
S=F(N)
The nonlinear system that describes the change in the compliance of shear
bonds:
S=F(N), “4)

where: S - shear bond deformability matrix, size /xk ; [ - number of vertical shear bonds; k&
- the number of intervals along the height of the building, within which deformability is
constant. The nonlinear system that describes the change in the compliance of vertical
contractions:
E=F(N), )

where: E - shear bond deformability matrix, size ixk ; i - number of vertical contractions; k
- the number of intervals along the height of the building, within which deformability is
constant.

Systems (2) and (3) are solved jointly by the sweep method and the iteration method. At
each iteration, new values of the modulus of concrete panel buildings and rigidity of all
shear bonds were introduced in accordance with the accepted experimental diagrams.

Since the system of nonlinear equations is not formulated explicitly, it is impossible to
explicitly formulate the conditions for convergence. This is also due to the fact that the
equilibrium condition of the building's building system is described by a system of second-
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order differential equations, and the “force — displacement”, “stress — strain” dependencies
can be represented by absolutely any mathematically dependencies, tabular data on the
results of experiments.

Nevertheless, the accuracy of the numerical solution in this approach was compared on
simply connected building systems with one row of vertical shear bonds, for which there is
analytical dependence and the exact solution [1-2]. The error in the numerical solution did
not exceed 5%.

To improve the convergence process in the non-linear approach, the iteration method
has been supplemented: the value of the S-flexibility adopted in the new calculation cycle is
defined as a half sum of the previous and subsequent stages. The half-value method is used
in conjunction with the sequential approximation method. Due to this, the possibility of the
proposed iteration process inconsistency is excluded, which confirms the practice of the
performed calculations.

3 Results

Under the influence of external load, there is a mutual shift in the shear walls, which is
resisted by the bonds. Consequently, shear forces occur at the connection points of the
bonds with the poles. As a result of research, we have constructed episodes of the
distribution of shear forces on the example of two bonds - connecting the shear walls No20
and Nel5, Ne25 and NelO (figure 6). In the latter, there is a reduction in shear force by 22%.
In nonlinear modeling in some of vertical joints of the bearing system there is a 21%
reduction in shear force, taking into account the deformation of the poles, and taking into
account the deformation of welded joints - an increase of 13%. In some connections
significant changes are not observed.
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Fig. 6. Shear force diagram of shear bonds Ne20-15, Ne25-10 (dash-dot line — calculation
with diagrams of shear deformation, dashed line - calculation with diagrams of concrete
deformation, continuous line - linear calculation).

Change of shear forces leads to change of normal compressive forces of walls, which
were connected by these bonds (figure 7):

- in element Ne 16 normal forces increased by 26% taking into account nonlinear
deformation of columns and decreased by 42% taking into account nonlinearity of welded
joints;

- at the same time no significant changes are observed in element 25.

The account of nonlinearity of welded joints also leads to change of normal efforts:

- in pillar Ne 2 normal efforts increased by 20%;

- in pillar Ne 28 - reduced by 10%.
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Fig. 7. Normal force diagram of load-bearing walls NeNe 2, 16 (dash-dot line — calculation with
diagrams of shear deformation, dashed line - calculation with diagrams of concrete deformation,
continuous line - linear calculation).

4 Discussion

Point values of rigidity do not allow to get complete and reliable picture of the stress-strain
state of structures, as they are a function of forces and stresses on the height of a multi-story
building. Use of nonlinear diagrams of deformation of "shear - displacement" shear bonds
and diagrams of "stress-strain" columns in discrete-continuous mathematical model
introduces essential changes to the stress-strain state of the building's bearing system.
Consideration of nonlinear operation of bearing structures and shear bonds leads to a
reduction of wall tensions. In some load-bearing elements the forces have remained
unchanged taking into account deformation and concrete diagrams and shear bonds.

5 Conclusions

The issues of nonlinear deformation of panel buildings, in particular their nodal
connections, are very important [7, 9, 18]. Constant stiffness values in terms of building
height do not allow to get a complete and reliable picture of the stress-strain state of
structures, as they are a function of forces and stresses in the height of a multi-storey
building.

Deformability of vertical shear walls of the building is an essential factor in the
assessment of the stress-strain state of structures. The use of nonlinear diagrams of
deformation of shear-to-moving bonds and diagrams of stress-strain pillars in discrete-
continuous mathematical model introduces significant changes to the stress-strain state of
the bearing system of the building.

Consideration of nonlinear operation of bearing structures and shear bonds leads to a
reduction of forces. In some load-bearing elements, the forces have remained unchanged,
taking into account deformation and concrete diagrams and shear bonds. Non-linear
modeling provides a better assessment of the stress-strain state of the spatial bearing system
of the building. A greater influence on changes in tensions is made by taking into account
the nonlinear deformation the shear links as opposed to taking into account the nonlinear
operation of the shear bonds walls.
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