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Abstract: The use of vibro-centrifugation technology allows the manufacture of variotropic structures
that are inhomogeneous in the annular section and have different characteristics along the section
thickness. Hardening of the outer layers allows the structure to better resist bending conditions,
however, the behavior of the variotropic column under central and eccentric compression remains
unexplored. This article considers the problem of compression of hollow columns made of homo-
geneous concrete that is non-uniform in the annular section (variotropic), and is reinforced with
steel reinforcing bars at different values of the load application eccentricity. Variotropic concrete
obtained by vibro-centrifugation technology has a stronger outer part and a less durable inner part.
The strength of a homogeneous column corresponds to the strength of the middle part of variotropic
concrete. The problem was solved numerically in the ANSYS environment for a vertical column
rigidly clamped at the bottom edge and loaded with eccentricity at the top edge. Three types of
eccentricity are considered; e/r = 0, 0.16 and 0.32 (respectively 0 mm, 0.24 mm and 48 mm). The
results of the solution in the form of stress fields, deformations and a pattern of crack development
in a spatial setting are obtained. The results showed that for central compression, a homogeneous
column has a better bearing capacity of 3.6% than a variotropic one. With the values of eccentricity
e/r = 0.16 and 0.32, the variotropic column has a higher bearing capacity (by 5.5% and 6.2%) than the
homogeneous one and better resists the development of cracks. The significance of the study lies in
the practical application of the proposed approach, developed on a research basis, for non-trivial and
complicated operating conditions of columns. This study influences the development of reinforced
concrete structures and applies scientific findings to engineering practice.

Keywords: bearing capacity; crack formation; numerical analysis; tubular column; variotropic
structure; vibro-centrifugation of concrete
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1. Introduction

Modern construction is filled with engineering scientific research in terms of new
building structures, solutions and technologies due to the ever-increasing requirements for
the safety and functionality of construction projects [1-5]. The decisions made by scientists
and engineers can vary. These can be technological solutions that allow the creation of
buildings and structures, including increased responsibility, through the introduction of
new technologies, expensive equipment and digital computer programs [6—10]. However,
an interesting approach involves the search for hidden reserves and unexplored areas in
those existing types of structures that are known, but so far have not been taken into account
in design, calculation and modeling [11-15]. In this regard, such building structures look
promising, which are either known and proposed in regulatory and technical documents,
proven and reliable building structures, but with a new approach to them through the
use of new materials [16-20]. Or, as the second option, some kind of modernization and
improvement of the technology for implementing design solutions is possible, taking into
account modern trends in building technologies, structures, calculations and design [21-25].
In works [26-28] the technology of concrete production by the vibro-centrifugation method
is proposed. Due to the combined influence of vibration and centrifugal force, an inho-
mogeneous structure is created, which has increased density and strength at a distance
from the axis of symmetry. Such structures are called variotropic and have been studied
with various formulations. However, the behavior of variotropic concretes in standard
structures, such as columns under central and eccentric compression, is of scientific interest.

Many works are devoted to the study of the behavior of concrete and reinforced con-
crete columns under axial loading [29-32]. At the same time, numerical simulation meth-
ods [33-35], experimental methods [31], and complex methods are widely used to confirm
the created models [29,30,36—42]. The material of the columns is also quite diverse in these
studies. This can be ordinary reinforced concrete [29,30,32], high-strength concrete [31],
high-strength steel-reinforced concrete [30,36], reinforced concrete from steel pipes with
concrete filling [33-35,38,40,41], other types of concrete (fiber-reinforced, geopolymer [39],
fiberglass [37], and others with various formulation solutions). Differences in existing
studies also lie in the size of the columns. The objects of simulation and experimental
study were both full-sized [35] and short [36] columns. In addition, mechanical [36] and
operational [37] characteristics of columns under the action of axial load were calculated.

In addition to axial loading of concrete and reinforced concrete compressed columns,
of great interest to scientists, design engineers and designers is the eccentric applica-
tion of the compressive load, that is, the presence of the so-called eccentricity of the
load application. Here, as well as under axial loading, there is a fairly wide range of
studies [32,40,43-57], differing in methods (numerical [46,57], experimental [39,42], com-
plex [25,28,35-37]), material (ordinary and high-strength reinforced concrete [23-26,28],
reinforced polymer concrete [50,53], steel fiber-reinforced concrete, carbon fiber-reinforced
concrete [51], reinforced concrete from steel pipes filled with concrete [32,40,55-57], and
other types of concrete, differing in various formulation solutions, such as the type of binder,
filler, additives [49]), the size and shape of the object under study—columns (long [56],
short [57], composite [52], square [32,56,57] and round [33,37,41,42]). Of great importance
for numerical and experimental studies is also the shape of the section of the column. There
are square or round, as well as solid or hollow sections [58-60]. In [61], the influence
of the cross-sectional shape and the corner radius on the behavior of prototype columns
reinforced with a fiber-reinforced plastic shell during compression was determined. The
cross section of the samples changed from square to round as the corner radius increased.
It was noted that an increase in the radius of curvature led to a decrease in the stress
concentration at the corners of the samples, as a result of which the confining effect of the
shell increased and the deformations were more uniform. The highest was the strength
of the round section [61]. Particularly interesting for this study are the works devoted to
theoretical analysis and numerical modeling of the structural heterogeneity of concrete.
In [62], the mechanical properties of multilayer concrete lining for underground structures
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with a functional distribution of layers were studied. It has been established that the
distribution of stresses in a multilayer concrete lining with a functional arrangement of
layers largely depends on the inner radius, thickness and number of layers. The stress
concentration decreases with an increase in the number of layers. The ultimate breaking
load depended mainly on the concrete strength, Poisson’s ratio and the number of layers.
Just as in single-layer supports, the destruction of a multilayer support began from its inner
face [62]. The authors of [58] studied plane deformations of a hollow multilayer cylinder
with a functional distribution of layers. The Airy stress function was used for the study. It
was found that in order for the circumferential stress to be uniform across the thickness of
the cylinder, the shear modulus must be proportional to the radial co-ordinate. Analytical
solutions are presented that can serve as criteria for comparison with approximate solutions
obtained numerically [58]. The possibility of optimizing thick-walled viscoelastic hollow
polymer cylinders by creating inhomogeneities was considered in [60]. In [63], the possibil-
ity of optimizing the parameters of the process for the production of polymer nanofibers
by nozzleless centrifugation was studied. The rotation speed of the centrifuge and the
parameters of the air flow were varied. During the experiments, the optimal parameters
of the rotation speed and air flow, as well as the concentration of the raw solution were
determined [63]. In [64], the authors proposed a modified gravitational method for stacking
silica particles and ordering the formed colloidal crystals based on centrifugation. The
proposed technology made it possible to obtain samples with higher values of reflectivity
and structural order than with traditional methods [64].

Combining the topics of concrete heterogeneity and the technology of its production—
centrifugation, we will focus on the works [29,65-67]. In [65], the authors studied the
effect of a steel shell on the bearing capacity and mechanical characteristics of concrete
piles reinforced with a steel pipe. Axial load, surface friction, shaft resistance and head of
laboratory-centrifuged pipe-concrete pile samples differed from those for control samples
from ordinary reinforced concrete. In particular, the steel shell significantly increased the
bearing capacity of the pile shaft, but reduced the strength of the laboratory sample heads,
which led to an increase in the overall bearing capacity of the pile, but created potential
difficulties for the installation of such piles [65]. The study [66] is devoted to the study of the
effect of helical transverse and high-strength longitudinal reinforcement on the physical and
mechanical properties of centrifuged reinforced concrete elements of an annular section.
Reinforcement parameters and concrete strength varied. It has been established that
the flexural and compressive strength in the presence and absence of eccentricity of the
application of the load of centrifuged reinforced concrete samples of the annular section
to a greater extent depends on the actual strength of the concrete [66]. The study [29] is
devoted to an experimental study of the behavior under load during axial compression of
centrifuged reinforced concrete columns. The results of the experiments showed that the
technology of centrifugation increases the strength of concrete columns by 1.2-2.1 times.
The experimental bearing capacity of centrifuged columns was 1.25 times higher than the
theoretical value obtained by finite element modeling in the Atena software(Atena V.5.9)
package [29]. The compression behavior of hollow sections of centrifugal concrete-filled
glass fiber-reinforced polymer (GFRP) pipes was studied experimentally and analytically
in [67]. As a result, the influence of the initial eccentricity on the structural characteristics
was evaluated. New design equations are recommended for assessing the compressibility
of the proposed columns [67].

Thus, the review of the literature revealed a scientific deficit regarding the study of
the behavior of compressed reinforced concrete columns that are inhomogeneous in the
thickness of the annular section and are subject to off-center loading. The scientific novelty
of this study lies in:

- for the first time we have obtained a picture of the stress—strain state of variotropic
centrifuged standard reinforced concrete pillars of industrial buildings with the vari-
atropy coefficient taken into account for the first time, that is, the differentiation of
concrete properties over the layers of the structure section [68-71];
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- assessment of the influence of such variotropy and differentiation of properties on
the bearing capacity of such columns, not only in the case of central compression, but
especially in the case of eccentricity.

- identifying the relationship between the degree of eccentricity and the efficiency and
reliability of such a design;

- comparison of approaches, both normative and the authors’, to a general assessment
of the bearing capacity of such columns;

- development of a research concept to continue searching for hidden reserves and
determine the most effective areas for the work of an unaccounted resource variotropic
centrifuged reinforced concrete racks-columns of industrial buildings.

Of course, in order to fully and comprehensively establish the advantage of new
types of structures, modern tools should be used. Consequently, the analysis performed
shows gaps and insufficient knowledge in the study of the stress—strain state of variotropic
columns. Therefore, the purpose of our study is to perform numerical simulation of the
operation of promising previously known reinforced concrete structures, namely vari-
otropic centrifuged columns for industrial buildings, as well as to evaluate and identify
their hidden resources and reserves. The objectives of our study are to:

(1) perform a number of numerical experiments;

(2) simulate the stress—strain state of variotropic columns under central compression and
eccentricity;

(3) identify the features of work depending on a number of different factors affecting this
work.

The significance of the study lies in the usefulness of the proposed approach, devel-
oped on a research basis, for non-trivial and difficult operating conditions of columns. The
influence of the study is felt in the development of previously established postulates of the
work of variotropic reinforced concrete structures in compression and in the projection of
the obtained scientific results into engineering practice.

2. Materials and Methods

For modeling, a reinforced concrete column was chosen, the diagram of which is
shown in Figure 1.

The column is reinforced with eight steel rods with a diameter of 6 mm, evenly
distributed around the circumference at the boundary between layers 2 and 3.

The selected column parameters were based on the following aspects: the previous
experience of the authors and the prevalence of applied practical applicability of the
selected standard sizes, that is, the selected diameter, height and reinforcement scheme of
the column are based on popular types of columns from the regulatory framework, and the
parameters related to the variability of sections are based on our own research experience.

The heterogeneity (variotropy) of concrete is given by three layers 1, 2 and 3 (Figure 1),
which have different mechanical characteristics. The properties of the layers of the vari-
otropic column are chosen in such a way that the inner layer has a lower strength (Table 1).
The middle layer has a strength equal to the strength of a homogeneous column, and the
outer layer has the highest strength. Such a distribution of strength characteristics is due to
the vibro-centrifugation technology and has been experimentally confirmed [26-28].

Modeling was carried out in the ANSYS environment (ANSYS Mechanical 2022 R1).
Since the model is symmetric with respect to the Oxy plane, only half of it was considered to
save computer time. For concrete, 17,280 eight nodal elastoplastic SOLID65 elements were
used, for reinforcement—320 beam elastoplastic elements BEAM188 (Figure 1b), which
were placed along the lines of the edges of the SOLID65 elements with reference to their
nodes. From above, to organize the application of the load, a slab 509 was modeled by elastic
elements SHELL43 with a thickness of 100 mm. In total, the model has 18,110 elements
and 20,545 nodes. In the process of constructing the mesh of the model, the number
of elements was varied over a wide range in order to obtain an acceptable result in a
reasonable computation time.
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Figure 1. Column scheme (a) and FEM model (b): 1, 2, 3—concrete layers; 4—reinforcing bars;
5—rigid plate for load transfer with eccentricity. The boundary conditions marked in blue. Other
colors correspond to elements with material properties, according to Table 1.

Model boundary conditions:

- all nodes with coordinate z = 0 are fixed along the Oz axis;

- all nodes with coordinates y = 0; x = 0 are fixed along the Ox axis;

- the load is applied by a downward displacement of 2.2 mm to the node with the
coordinates x = ¢; y = [; z = 0 (where e is the load eccentricity; [ is the length of the
column);

- nodes with coordinates x =e; y =;z=0and x = e; y = [; z = b/2 are connected in the
Oy direction (where b is the top width of the plate).

For analysis, 6 models were built:

- with homogeneous concrete (homogeneous column) without load eccentricity (e = 0);

- with three-layer concrete (variotropic three-layer column design) without load eccen-
tricity (e = 0);

- withhomogeneous concrete (homogeneous column) with load eccentricity (e = 24 mm);

- with three-layer concrete (three-layer column design) with load eccentricity (¢ = 24 mm);

- with homogeneous concrete (homogeneous column) with load eccentricity (e = 48 mm);
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- withthree-layer concrete (three-layer column design) with load eccentricity (e = 48 mm).

Table 1. Mechanical characteristics of model elements.

Number Title Characteristics

Modulus of elasticity: 4.351 x 101° Pa

Poisson’s Ratio: 0.2

Tensile strength: 3.87 MPa

Compressive Elasticity: 30 MPa

Compressive strength: 38.7 MPa

Compressive hardening modulus: 8.610 x 10° Pa

Modulus of elasticity: 4.041 x 10'° Pa

Poisson’s Ratio: 0.2

Tensile strength: 3.32 MPa

Compressive Elasticity: 25 MPa

Compressive strength: 33.2 MPa

Compressive hardening modulus: 6.941 x 10 Pa

Modulus of elasticity: 3.721 x 10! Pa

Poisson’s Ratio: 0.2

Tensile strength: 2.92 MPa

Compressive Elasticity: 20 MPa

Compressive strength: 29.2 MPa

Compressive hardening modulus: 6.752 x 10° Pa

Modulus of elasticity: 2.1 x 10! Pa
Poisson’s Ratio: 0.3

Yield strength: 500 MPa

Hardening modulus: 870 MPa

Modulus of elasticity: 2.0 x 10'° Pa
Poisson’s Ratio: 0.3.

1 Outer layer

2 Middle layer

3 Inner layer

4 Steel reinforcement

5 Plate for eccentrical loading

The elastoplastic properties of concrete and reinforcement were set by a bilinear model
with isotropic hardening (Table 1). The properties of the plate (plate) from above are given
only by elastic constants.

A non-linear static problem in displacements is considered, while the load was applied
to the model from above by displacing the upper nodes of the Uy model.

The formation and development of cracks in concrete is implemented in accordance
with the Willam-Warnke criterion.

F
+-5>0 1
Fo5z @

where F is a function of principal stress state (pr, Typ, (sz); S is the fracture surface depend-
ing on principal stresses and characteristics of materials; f; is uniaxial crushing strength,
and (0xp, 0yp, 0%p) are principal stresses in principal directions. The presence or absence
of a crack is represented according to the Willam—Warnke failure criterion based on the
modification of stress—strain relationships by introducing a weakening in the direction
normal to the crack face. If a material fails at an integration point under uniaxial, biaxial,
or triaxial compression (or tension), it is assumed that the material fails at that point. In
SOLID65, crushing is defined as a complete breakdown of the structural integrity of a
material. It is assumed that under the conditions when failure occurred, the strength of the
material deteriorated to such an extent that the contribution to the stiffness of the element
at the considered integration point can be neglected.
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Force Fy, kN

3. Results and Discussion
3.1. Numerical Analysis of the Central Compression of the Column (e = 0)

As a result of solving the problem, fields of stresses, displacements, deformations, as
well as zones of destruction of concrete were obtained.

Figure 2 shows the dependence of the force acting on the column on the displacement
of the upper support. Graphs are presented for the above column options.

1000 — ” .
] e=0mm, ——— homogeneous

800 & —— variotropy
. \ e=24 mm, ——— homogeneous

600 — —— variotropy
i e=48 mm, homogeneous

/ ——— variotropy

| N

400
. / \ \ J
200 : \
I

0 0.0005 0.001 0.0015 0.002 0.0025

Displacement Uy, m
Figure 2. Dependences of displacement on force for columns of various designs.

Figure 2 clearly shows several zones of load—-displacement dependence. First, the
linear dependence Fy = f(Uy). Then a non-linear relationship with maximum bearing
capacity. At this stage, the destruction of the column begins and a network of cracks
appears. In the third zone of supercritical destruction, the bearing capacity of the column
drops sharply and the bearing capacity is performed by the reinforcing cage.

The analysis shows (Figure 2) that in the case of central loading, a homogeneous
column (red graph) shows greater strength than a three-layer structure column (blue
graph), which can be explained by degradation of the remaining sections of the column at
the beginning of the destruction of the weakest layer in a three-layer structure.

The variotropic structure has a stronger outer layer, therefore, in the case of an eccentric
load application, the situation changes radically, and the best strength results in this case
are shown by the variotropic column design (purple and green graphs), which can be
explained by the influence of higher strength characteristics in buckling.

Figure 2 clearly shows that in the case of an eccentric load application, the destruction
of a homogeneous column begins earlier than a variotropic one. After the start of the
destruction of a homogeneous column, the load on it begins to decrease in the process of
increasing displacement, in a variotropic column this process begins to occur somewhat
later. This load is nothing but a reaction to a force impact. Since the bearing capacity of the
column decreases after the beginning of its destruction, the reactive force also decreases,
and the deformation continues to grow. This process is also well illustrated by full-scale
tests of columns on a press.

The results of solving the problem for a homogeneous concrete structure of a column
under central compression (Figure 3a) and a variotropic column (Figure 3b) in the form of
equivalent von Mises stress fields show the stress—strain state of the column and the zone of
the beginning of destruction (shown in red). It can be seen that the onset of fracture occurs
in the upper part of the column, which is due to the influence of the boundary conditions
during loading.
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Figure 3. Fields of equivalent stresses in concrete under compression without eccentricity for (a) a
homogeneous column and (b) a variotropic column with a force of 949 N.

Figure 4 shows the formation of cracks in concrete during central compression of a
homogeneous column (Figure 4a) and a variotropic column (Figure 4b). It can be seen
that in a homogeneous column, cracks are just beginning to appear (Figure 4a), while in a
variotropic column, cracks have already developed and the formation of cracks began from
the inner surface, that is, the weakest layer. In the case of central compression, cracks are
initiated in the inner zones with the lowest compressive strength.

Further loading of the column leads to the beginning of the process of destruction of a
homogeneous column and supercritical destruction of the variotropic column (Figure 5a,b
respectively). At this stage, the concrete of the variotropic column is practically destroyed,
but due to the powerful frame of steel reinforcement, the column still continues to fulfill
part of its bearing capacity. It can be seen that a homogeneous column resists external force
better, and the crack network (Figure 6a) is less pronounced than for a variotropic column
(Figure 6b).

In confirmation of the above, in Figures 5a and 6a it is clearly seen that a homogeneous
column under compression by 1.933 mm is in the process of destruction, while the three-
layer structure is already almost destroyed (Figures 5b and 6b).

The destruction of a variotropic column begins earlier than a homogeneous one
(Figure 3). This can be explained by the fact that when the critical level of stresses in the
body of a homogeneous column is reached, the process of its destruction begins with an
avalanche-like increase in the loss of the whole (underupted) section. This critical stress
background reaches its value immediately over the entire section of the column. In the case
of a variotropic column on its inner part, these stresses reach their critical value somewhat
earlier than in a homogeneous one (with less displacement, since the strength of the inner
layer is less than that of the middle and outer). Consequently, the column begins to collapse
precisely here, which leads to a sharp reduction in the area of the remaining surviving
section and a faster increase in stresses in it. This is clearly seen in Figures 3 and 5. Moreover,
Figure 3 shows the results of loading at step 52, when the intensive process of destruction
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of the variotropic column begins (Figure 3b), while in the homogeneous one (Figure 3a),
cracks are just beginning to emerge. Cracks are shown in Figure 4a for a homogeneous
column and Figure 4b for a variotropic one. Cracks in concrete are marked with red circles.

X
CRACKS AND CRUS: CRACKS AND CRUS:
STEP=1 STEP=1
SUB =52 SUB =52
TIME=1.823 TIME=1.823

(c) (d)

Figure 4. Cracking at the top support under compression without eccentricity for: (a,c) a homoge-
neous column in 3D and 2D; (b,d) a variotropic column in 3D and 2D with a force of 949 N.

As a result, the stress in the destroyed elements is close to zero, which can be seen in
the inner layer of concrete of the variotropic column (Figure 3b). The homogeneous column
continues to support the load. Some similarity of stress distribution can be observed
between the body of a homogeneous column (Figure 3a) and two layers (outer and middle)
of a variotropic one (Figure 3b), where the inner layer was turned off due to its destruction.

Figure 7a,b show the fields of equivalent stresses in reinforcement bars for homo-
geneous and three-layer columns, respectively. It can be seen that the reinforcing bars
experience approximately the same compressive stresses, although the maximum stress
values are localized in different zones.
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Figure 5. Equivalent stress fields in concrete in compression without eccentricity for (a) a homoge-
neous column; (b) variotropic in the area of critical failure.

(@) (b)

Figure 6. Cracking at the upper support during compression without eccentricity for (a) a homoge-
neous column and (b) a variotropic one in the area of critical failure.

3.2. Numerical Analysis of Compression of a Column with Eccentricity e = 24 mm

The results of solving the problems of loading a homogeneous column with an eccen-
tricity e = 24 mm in the form of stress fields in concrete and reinforcement and schemes for
the development of cracks in concrete are shown in Figures 8a, 9a, 10a and 11a, a three-layer
column with the same eccentricity in Figures 8b, 9b, 10b and 11b.
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Figure 7. Fields of equivalent stresses in reinforcement under compression without eccentricity for
(a) a homogeneous column (F = 112 kN); (b) a variotropic in the area of critical failure (F = 103 kN).
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Figure 8. Fields of equivalent stresses in concrete under compression with eccentricity e = 24 mm for
(a) homogeneous column (F = 686 kN); (b) variotropic (F = 710 kN).
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Figure 9. Crack formation near the upper support under compression with eccentricity ¢ = 24 mm for
(a) homogeneous column (F = 686 kN); (b) variotropic (F = 710 kN).
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Figure 10. Fields of equivalent stresses in concrete under compression with eccentricity e = 24 mm

for (a) homogeneous column and (b) variotropic (zone of supercritical destruction).



Buildings 2023, 13, 2005

13 of 23

e24 epc?

e24 epcl
(©) (d)

Figure 11. Compression cracking with eccentricity e = 24 mm for (a) a uniform column at the top
support; (b) variotropic column at the top support; (c) a uniform column in the middle; (d) variotropic
column in the middle part (supercritical fracture zone).

An analysis of stress fields and crack formation patterns shows a shift in the zone of
the beginning of the destruction of a three-layer column compared to a homogeneous one
both under central loading and eccentric.

Figure 8b shows that in a variotropic column, the outer layer perceives a large load
and, due to increased strength, provides a large bearing capacity. Crack formation (Figure 9)
is not as noticeable as with central compression and has a localized character.

The behavior of a variotropic column in the zone of supercritical failure shows a
greater bearing capacity than a homogeneous one (Figure 10a,b). It can be seen that the
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concrete of the homogeneous column has already been destroyed (the stress fields are close
to 0), while the variotropic column is still resisting the load.

Analyzing Figure 8 and taking into account the results presented above, it becomes
obvious that at the loading step 42 (with a displacement of the load application points
by 1.46 mm), a homogeneous column resists with a force of 686 kN (Figure 8a), and a
variotropic one with a force of 710 kN (Figure 8b). At the same time, the blue zone (blue
spots) of stress fields on the surface of a homogeneous column (Figure 8a) indicates that the
concrete sections in this area have already collapsed, and, consequently, the stresses in these
sections have dropped to almost zero. Only the part of the concrete that survived at this
stage, located closer to the center of the column, resists. Therefore, the stresses there are not
equal to zero, but somewhere they reach the maximum values for this stage (in the range of
22.6-25.4 kPa). Figure 8b shows that the outer surface of the column is loaded to a value in
the range from 22.5 to 24.5 MPa. This indicates that the material here still holds the load
and has not collapsed. Thus, in the process of destruction, there is a constant redistribution
of stresses along the sections of the columns, accompanied by an increase in these stresses
in the surviving parts of the sections. Similar patterns can be seen in Figure 12.

(a) (b)

Figure 12. Cracking at the top support under compression with eccentricity e = 48 mm for (a) homo-
geneous column (F = 518 kN); (b) variotropic (F = 528 kN).

3.3. Numerical Analysis of Column Compression with Eccentricity e = 48 mm

The results of solving the problems of loading a homogeneous column with an eccen-
tricity e = 48 mm in the form of stress fields in concrete and reinforcement and schemes for
the development of cracks in concrete are shown in Figures 13a, 14a, 15a, 16a, 17a and 18a,
a three-layer column with the same eccentricity—in Figures 13b, 14b, 15b, 16b, 17b and 18b.

As expected, eccentric loading of columns, both homogeneous and three-layer, occurs
at a lower load than with central loading. The effect of heterogeneity is enhanced. A
stronger outer layer resists eccentric compression bending better than a homogeneous
column. With an eccentricity e = 48 mm, the decrease in strength, in comparison with the
central compression, is about 47%. The difference in strength in terms of bearing capacity
between homogeneous and three-layer structures, according to the calculation results, lies
in the range from 4 to 6%.
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Figure 13. Fields of equivalent stresses in concrete under compression with eccentricity e = 48 mm
for (a) a homogeneous column (F = 518 kN); (b) variotropic (F = 528 kN).
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Figure 14. Fields of equivalent stresses in concrete under compression with eccentricity e = 48 mm
for (a) a homogeneous column (F = 527 kN); (b) variotropic (F = 562 kN).
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Figure 15. Cracking at the top support under compression with eccentricity e = 48 mm for (a) homo-
geneous column (F = 527 kN); (b) variotropic (F = 562 kN).
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Figure 16. Fields of equivalent stresses in concrete under compression with eccentricity e = 48 mm
for (a) homogeneous column and (b) variotropic (supercritical fracture zone).
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Figure 17. Compression cracking with eccentricity e = 48 mm for (a) a uniform column at the top
support; (b) variotropic column at the top support; (c) a uniform column in the middle; (d) variotropic
column in the middle part (supercritical fracture zone).

In Figures 10 and 16, the main blue background (stresses close to zero) indicates the
almost complete destruction of concrete and, consequently, the absence of stresses in it.

In Figures 5 and 14, blue spots can be observed in some areas (stresses close to zero).
This may mean the destruction of concrete in these areas.

In Figures 13 and 14, the areas of continuous blue color only indicate the current level
of stresses in these zones until the moment of their destruction.

In general, an increase in eccentricity leads to a decrease in the bearing capacity
(Figure 2), but the difference between the bearing capacity of homogeneous and variotropic
columns increases. The greater the eccentricity, the better the variotropic columns work
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than the homogeneous ones, although in comparison with the central compression, the
bearing capacity decreases.
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Figure 18. Fields of equivalent stresses in reinforcement under compression with eccentricity
e = 48 mm for (a) homogeneous column and (b) variotropic (supercritical fracture zone).

An analysis of the stress—strain state of the considered columns shows that the results
largely correspond to the data obtained by other researchers. Thus, it can be seen that, as
in [72], the column characteristically bends during deformation, and in the compressed
region, a characteristic buckling of the material occurs with the formation of folds and
subsequent destruction. However, unlike a steel pipe [72], the plastic deformation of
concrete is less noticeable and rapid cracking occurs [26]. Indeed, plastic deformation of
concrete is possible within much smaller limits due to the fragility of the nature of the
destruction of this material. The steel pipe exhibits a large degree of plastic deformation
due to the properties of the steel. In this investigation, there is a variability of concrete, that
is, its heterogeneity in cross section. Therefore, in the case of the occurrence of eccentricity,
there is some redistribution of the nature of the deformation, and hence the nature of its
plasticity. The work of the variotropic structure under load changes precisely on concrete,
since the properties of concrete become heterogeneous. Thus, a change in the nature of
cracking occurs during plastic deformations.

The heterogeneity of variotropic concrete, as well as the conditions of rigid adhesion
of concrete along the upper boundary of the column, change the stress—strain state and
redistribute the zones of crack initiation. It can be seen (Figure 13a,b) that in a variotropic
column, cracking begins in the upper part of the column, and in a homogeneous column, in
the middle (Figure 17¢,d). A similar character of deformation is observed in [73,74] during
experimental studies.

The results obtained in [75,76] are qualitatively and quantitatively similar to the results
of this article. As in this article, the nature of the failure under an eccentrically applied
load leads to distortion and local buckling of the column. However, the inhomogeneity
of the column material considered in this article leads to a redistribution of stresses and a



Buildings 2023, 13, 2005

19 of 23

shift in the zone of the beginning of destruction. These two works agree in an interesting
way with our results. For example, the authors of [75] in their work were guided by a
recipe-technological method—additional dispersed reinforcement of the column concrete
with the help of fiber. Attention is drawn to the constructive solution of the column—this
is a steel-concrete version. Thus, the authors of [75], having applied an integrated design
and technological approach, managed to achieve an increase in the bearing capacity of
about 200%. In the same article, an effect was revealed that is the release of a hidden
resource at a certain eccentricity, which amounted to about 6%. At the same time, no
additional techniques were used in this study. In addition, the work [76] seems interesting.
Its authors found that “eccentricity has the greatest influence on the mechanical properties
of the sample under shearing pressure, followed by the direction of the eccentricity, and
finally the length of the sample. The influence of the eccentricity and the direction of
the eccentricity on the mechanical properties of the sample under bias pressure is more
significant than the length of the sample”. This result vividly characterizes columns with
an interesting design solution—a T-shaped configuration. In the same article, columns with
an annular configuration are also investigated, in addition to being variotropic in their
cross section. In the same article, as well as the authors of [76], the nature of the influence of
eccentricity is established, which helps to better understand and apply operational nuances
in such non-standard structures and buildings.

4. Conclusions

The problem of central and eccentric compression of homogeneous and variotropic
columns is considered for various types of eccentricity e/r = 0; 0.16; 0.32 (or 0; 24 mm;
48 mm). The variotropic column is represented by a three-layer material, in which the inner
layer has the lowest strength, the middle layer has the strength equal to the strength of
a homogeneous column, and the outer layer has the highest strength. An analysis of the
stress—strain state of a variotropic column in comparison with a homogeneous one shows a
significant change in the bearing capacity and characteristic zones of crack initiation.

(1) Itis shown that under central compression, a homogeneous column has a 3.6% higher
bearing capacity than a variotropic one.

(2)  Eccentric compression with eccentricity e/r = 0.16; 0.32 changes the stress—strain state
of the column and the variotropic column has a 5.5% and 6.2% higher bearing capacity,
respectively, than a homogeneous one.

(3) It is shown that the nature of the stress—strain state changes and the zone of the
beginning of destruction near the variotropic column shifts upward to the zone of
application of the load.

(4) The obtained results show that the variotropic column design has an advantage in
the bearing capacity of eccentrically compressed columns and can be implemented in
practice.

(5) The revealed positive effect of the variotropy of the concrete structure of eccentrically
compressed reinforced concrete columns develops the previously known theory of
the advantages of such columns in the case of central compression. This relation-
ship proves the high efficiency and the possibility of using variotropic columns in
technically complex structures with increased responsibility.

(6) The research recommendation is to propose to develop the study of the work of
variotropic structures in non-trivial problems. In particular, these are other types
of stress—strain states other than the compressed state, other types of compressed
structures in terms of geometry and design solutions, and the continuation of work
on studying the effect of eccentricity on them.

(7) Prospects for the development of research lie in the direction of studying the relation-
ship between the geometric and design parameters of variotropic columns and their
bearing capacity under central and eccentric loading. The scope of future work is to
assess the effect of the heterogeneity of the structure of variotropic reinforced concrete
beams on their performance under dynamic loads.
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