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Abstract. Buildings and structures made of reinforced concrete are currently designed, as a rule, under
the assumption of linear work of the material. However, in accordance with the requirements of mod-
ern standards, it is necessary to take into account the nonlinear operation of concrete and reinforce-
ment in calculations. In the research presented in the article, using the example of a building with a
wall structural system, the influence of taking into account the physical nonlinearity of reinforced con-
crete on the operation of its structures was considered. It was received that due to the nonlinear opera-
tion, there is a prospect of a possible reduction in the calculated forces affecting the strength and width
of crack opening, and, consequently, the reinforcement consumption. In addition, when taking into
account the work of reinforcement in the zone of yield stresses in ceilings and walls, local plastic areas
may form that require reinforcement, which are not fixed in linear calculations.

The calculations were performed in the LIRA-CAD 2021 software package. The results of the calcula-
tions showed that taking into account the nonlinear operation of reinforced concrete when considering
the floors of a building allows reducing the design efforts compared to calculations performed in a lin-
ear formulation by about (3 - 30)%, and when calculating walls, on the contrary, taking into account
the physical nonlinearity of reinforced concrete, internal forces increase in some cases more more than
twice. Taking into account the physical nonlinearity of reinforced concrete work also leads to a more
correct assessment of floor deflections.
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1. INTRODUCTION
In modern construction, the construction of buildings and structures from monolithic reinforced

concrete is widely used. One of the most frequently used structures of monolithic buildings are build-
ings with wall structural system [1, 2], in which the internal walls are load-bearing and absorb the act-
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ing vertical loads from the pavement and slabs, as well as wind loads and loads of other types. Nowa-
days, the design of buildings, as a rule, is carried out using modern software systems by means of the
finite element method [3-5]. In this case, the calculation of structures in the design is performed in a
linear formulation, and the purpose of the calculation is mainly the selection of reinforcement while
ensuring strength and allowable crack opening width [6]. Checking the deflections of slabs with this
approach gives significantly underestimated values of design values, which require correction that
takes into account the nonlinear work of reinforced concrete. The question of the necessity to take into
account the nonlinear operation of concrete and reinforcement in the design of buildings and structures
has been considered by various scientists [7-12]. The calculation of buildings taking into account the
nonlinear operation of reinforced concrete is especially important when checking them for progressive
collapse [13, 14]. However, in practice, the calculation of structural elements of buildings taking into
account nonlinear operation, as a rule, is not performed because it is considered that the influence of
this factor on the design results is not very great.

2. METHODS AND MATERIALS

The aim of the research was to evaluate the influence on the calculation results of taking into
account the nonlinear work of reinforced concrete — on internal forces, reinforcement, crack
opening width in slabs and walls of buildings with a wall structural system, as well as deflections
and absolute displacements in floors. Therefore, the task of this study was to determine the degree
of necessity to take this factor into account in the design. When selecting the object of research, it
was taken into account that buildings can be of different storeys, therefore, medium storey build-
ings were selected for research on the assessment of the influence of nonlinear performance of
reinforced concrete on the performance of slabs and walls.

Calculation of buildings as spatial structures is possible only with the use of modern program
complexes such as ANSIS, SCAD, STARK ES and others. One of the most widely used in design
is the LIRA-SAPR complex, which realizes the possibility of calculating structures both in linear
position and taking into account physical, geometric and structural nonlinearity. LIRA-SAPR re-
flects the requirements of current design standards adopted in Russia. Therefore, LIRA-SAPR
was adopted as a tool for research of the influence of nonlinear reinforced concrete performance
on the results of calculation of slabs and walls of buildings with a wall structural system.

Three-storeyed monolithic reinforced concrete buildings with the same length of 48 m and dif-
ferent widths of 9 m, 12 m and 15 m were taken as an object of research. The layout of rooms and
bearing walls inside the buildings was assumed to be the same. Calculation of buildings and in-
vestigation of their operation were carried out using the program complex PC “LIRA-SAPR
2021”. For modeling of load-bearing structures finite element shells with dimensions of 0.5 x 0.5
m were used. Fig. 1 shows the finite element model of the buildings under study, as well as a
conditional section of the model on the second floor.
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Fig. 1. A finite element model of the buildings under study with a wall structural system (a) and a sec-
tion of the model on the second floor (b).

The concrete class B25, working longitudinal reinforcement of class AS00C, transverse and
structural reinforcement of class A240 were adopted for the building structures. The thickness of
floor slabs and pavement and walls was 200 mm, the thickness of the foundation slab was 600
mm. Under the foundation slab a multilayer soil base was envisaged, the model of which was
adopted according to P.L. Pasternak with two bedding coefficients, the magnitude of which and
their distribution over the area of the foundation slab were calculated directly in the PC “LIRA-
SAPR 2021”.

The calculation took into account the constant loads from the own weight of the load-bearing
structures, floors on the slabs, roofing on the floor slab, and the weight of the pavement on the
foundation slab. The temporary loads taken into account in the calculations were taken according
to the standards depending on the purpose of the premises, and the snow load was taken into ac-
count on the pavement. In addition, the wind load was taken into account for different directions
of its influence.

The calculation of the building structures was carried out in two stages. First, linear calcula-
tion was performed, the purpose of which was to select reinforcement in slabs and walls. Then,
the type of finite elements was changed for load-bearing structures in order to be able to perform
their calculation in a nonlinear formulation. The laws of nonlinear deformation of concrete and
reinforcement were adopted in accordance with the dependencies according to [5], shown in Fig.
2 and implemented in PC “LIRA-SAPR 2021
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Fig. 2. Deformation diagrams 6—¢ for concrete (a) and reinforcement (b).
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3. RESULTS AND DISCUSSION

As a result of the calculations, the distributions of bending moments in slabs and walls were ob-
tained in a linear formulation and taking into account physical nonlinearity. When taking into account
the physical nonlinearity of reinforced concrete in the floor slabs of buildings, the displacement distri-
bution fields and crack opening widths were obtained. Table 1 shows the comparison of bending mo-
ments in spans and at supports in the second floor slabs along the building - M, and across the building
- M,. In the column “Type of calculation” the following designations are introduced: the letter “A”
denotes the results of calculations performed in a linear formulation, and the letter “B” denotes the
results of calculations performed taking into account the physical nonlinearity of reinforced concrete.
As it can be seen from Table 1, accounting for the physical nonlinearity of reinforced concrete per-
formance has a significant effect on the internal forces in floor slabs of panelized buildings, which
ranges from 3% to 30%.

Table 1. Bending moments in the 2nd floor floor slab.

Type of | Building48 x9m | Building 48 x 12 Building 48 x 15
calculation m m
support | span support | span support | Span
Bending moments M,, (kN*m)
A -12.9 12.3 -19.1 15.5 —23.8 19.1
B —8.76 11.3 —-13.0 15.0 -17.3 18.5
% 32.1 8.1 31.9 3.2 273 3.1
Bending moments M,, (kN*m)
A -16.9 8.93 -19.8 12.5 -23.1 17.7
B —14.8 7.78 —-16.6 10.6 —20.8 14.9
% 12.4 13.2 16.2 15.2 10.0 15.8

Fig. 3. Mosaics of the distribution of bending moments in the floor slab of a building with dimensions
of 48 x 12 m, taking into account the physical nonlinearity of reinforced concrete: @ — moments M,
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along the building; b —moments M, in the transverse direction of the building.
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Fig. 3 shows the mosaics of bending moment distributions in (kN*m) taking into account the phys-
ical nonlinearity of reinforced concrete for a building with dimensions 48 x 12 m. The results of bend-
ing moment values, shown in Fig. 3, show that the areas of the floor slab in the central part were the
most loaded, where there is a semicircular balcony, extending beyond the coordination axis A and cre-
ating additional load for the part of the slab between the axes 4-6 of the floor within one span across
the width of the building.

As calculations have shown, cracks are formed in the floor slabs of buildings, but the width of their
opening and taking into account the physical nonlinearity of reinforced concrete, and without taking
into account this factor was within the permissible values. Fig. 4 shows mosaics of the crack opening
width on the upper and lower surfaces of the floor slab of the second floor of the building with the di-
mensions in plan 48 x 12 m. The value of crack opening in the slabs according to the calculation was
about 0.2 mm, which is less than the permissible value determined by the norms from the condition of
preservation of reinforcement from corrosion under continuous action of loads, equal to 0.3 mm.
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Fig. 4. Mosaics of the distribution of the crack opening width in the floor slab of a building with di-
mensions of 48 x 12 m, taking into account the physical nonlinearity of reinforced concrete: a — on the
upper surface of the floor slab; b — on the lower surface of the floor slab.

Fig. 5 shows a diagram comparing the displacements in the floor slabs of the second floor of build-
ings in calculations without taking into account and taking into account the physical nonlinearity of
reinforced concrete. It follows from Fig. 5 that without taking into account the physical nonlinearity of
concrete and reinforcement, the results of deflections calculation are significantly underestimated.
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Fig. 5. Maximum vertical movement in the floor slab of the 2nd floor.

For the walls of buildings, a comparison of bending moments in the linear calculation of building
structures was also carried out with calculations made taking into account the physical nonlinearity of
reinforced concrete performance. Table 2 shows the values of maximum moments M, along the wall in
the horizontal direction and maximum moments M, in the vertical direction. As it can be seen from
Table 2, the values of bending moments in the walls due to taking into account the physical nonlineari-
ty of reinforced concrete work were significantly greater than without taking this factor into account.
The presence of cracks in the walls of the investigated panel buildings was not recorded in the calcula-
tions.

Table 2. Bending moments in the walls of the 2nd floor along axis 8.

Type of Building 48 x 9 m Building 48 x 12 m Building 48 x 15 m

calculation support |  span support | span support_| span
Bending moments M,, (kN*m)

A —0.398 0.908 —0.465 1.13 —0.537 | 1.35

B —0.876 1.51 —0.989 1.98 -1.14 2.48

% 120.1 66.3 113 75.2 112 83.7
Bending moments M/, (kN*m)

A —0.883 3.38 —1.48 4.39 —-1.86 5.34

B -1.09 4.24 -1.99 5.93 —2.35 7.67

% 234 254 34.5 35.1 26.3 43.6

As it can be seen from the calculation results, taking into account the physical nonlinearity of rein-
forced concrete in buildings with a wall structural system leads to a redistribution of forces between
slabs and walls compared to calculations performed in a linear formulation. Thus, taking into account
the physical nonlinearity of reinforced concrete contributes to the reduction of internal forces in the
slabs of buildings on the supports from 10% to 30%, in the spans - from 3% to 16%, and in the walls,
on the contrary, there is a significant increase in the values of bending moments in both horizontal and
vertical directions. The results of calculations have shown that due to the reduction of bending mo-
ments when taking into account the nonlinear operation of reinforced concrete, slabs have reinforce-
ment reserves that can be reduced without damage by about 10-15%. At the same time, in the walls,
when taking this factor into account, there is a deficit of reinforcement, which can in turn lead the
building to an emergency situation.

The results of calculations also showed that taking into account the physical nonlinearity affects the
displacements and deflections of slabs, leads to a significant increase in their design value, which is
not taken into account by linear calculations of buildings (Fig. 5). With the increase of the building
width the difference in the values of displacements in the slabs when taking into account the nonlinear
work of reinforced concrete in comparison with its linear calculation increased sharply and for a build-
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ing with dimensions of 48 x 15 m amounted to 40% higher values in comparison with the calculation
of buildings in a linear setting.

4. CONCLUSION

The results of calculations of the studied structures of buildings with wall structural system have
shown that taking into account in calculations the physical nonlinearity of reinforced concrete signifi-
cantly affects the design results. In this case, there is a redistribution of forces, which leads to a de-
crease in bending moments in the slabs and an increase in the forces in the walls. Apparently, this is
due to the fact that at the initial moment the values of bending moments in slabs are larger in magni-
tude than in walls, so in slabs plastic deformations in concrete occur earlier, smoothing out the force
peaks, and also the formation of cracks occurs, which, as it is known [15], leads to a decrease in the
design value of moments in sections with cracks and an increase in moments in sections of the struc-
ture where there are no cracks. This is all the more probable in view of the fact that the building calcu-
lations have shown that no cracks have formed in the walls.

It was also found that deflections and deformations in buildings should be evaluated only when the
physical nonlinearity of reinforced concrete performance is taken into account, otherwise the condition
of slabs may be incorrectly evaluated in terms of suitability for normal operation.

It should also be noted that in buildings with a wall structural system, by taking into account in cal-
culations the physical nonlinearity of reinforced concrete operation when reinforcing slabs, it is possi-
ble to achieve reinforcement savings of about 10-15%, while walls without taking this factor into ac-
count in calculations may be insufficiently reinforced.
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