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Spatial stress state and dynamic characteristics of earth dams

M.M. Mirsaidov*, E.S. Toshmatov
Tashkent Institute of Irrigation and Agricultural Mechanization Engineers, Tashkent, Uzbekistan
* E-mail: theormir@mail.ru

Keywords: spatial system, three-dimensional (spatial) model, inhomogeneity, earth dam, stress-strain state,
dynamic characteristic, natural frequency, modes of oscillations

Abstract. Strength assessment of earth dams is mainly conducted using a plane design scheme, which does
not always lead to adequate results. In this paper, it is proposed to assess the stress state of earth dams in a
three-dimensional statement. Consequently, to assess the stress-strain state and dynamic characteristics of
earth dams, appropriate mathematical models, methods and algorithms are built. The basis of the developed
methods for solving specific problems for a spatial structure is a finite element method, the Gauss method (or
the square root method) and the Muller method. Reliability of results is proved by solving a series of test
problems. With the developed methods, the stress-strain state and dynamic characteristics of the Gissarak
and Sokh earth dams were investigated. Based on the results of the study, it has been shown that for some
types of earth dams, at preliminary assessment of the stress state and dynamic characteristics of structures,
it is possible to use a plane-deformable model of calculation. Studies have shown that to ensure the required
accuracy in assessing the stress state and dynamic characteristics of complex inhomogeneous spatial
systems (such as earth dams), it is necessary to make calculations using a three-dimensional model. The data
obtained as a result of research allowed to reveal some features of the stress state in a spatial case, indicating
dangerous areas with the greatest stresses, as well as to study the pattern of natural oscillations that cannot
be described using a plane model.

1. Introduction

Correct definition of the stress-strain state (SSS) and dynamic characteristics of the object under
consideration is a major factor in assessing the strength of structures. Reliable definition of these parameters,
in turn, depends on the chosen design scheme of structure, used mathematical models describing the
processes occurring in the object under consideration, the equations of material state and the solution methods
of considered problems [1-5].

Recently several papers [6-14] have been published, where static and dynamic stress-strain states of
various earth dams are considered in plane and spatial statements, taking into account various factors, such
as design features of structure, moisture-content properties of soil, structure interaction with water reservoir
and hydro-mechanical phenomena.

Along with that, it is necessary to mention separately the following papers devoted to the solution of
various topical issues related to the state assessment of earth structures.

In [10], the state of the dam was analyzed by numerical simulation taking into account water-saturated
soil and hydro-mechanical phenomena. Material selection for the design of the dam was discussed.

Using the ABAQUS software package the state of the dam was analyzed in [11], taking into account the
interaction of the dam with water of the reservoir. Obtained results have shown that the neglect of this factor
leads to an overestimated value of stability and, as a result, to structure damage. The effect of clay and rock
bases on the cracks propagation in the dam body was considered.
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Reliability indices and safety factors of dams [12] were evaluated for various heights and slopes. It was
stated that the values of safety factors for high dams in normal conditions should be no less than 1.70 and in
seismic conditions no less than 1.40.

In [13, 14], the effect of hydrodynamic pressure on dam state during earthquakes was considered in a
plane statement. The results obtained showed that the neglect of rigid body-water interaction effect led not
only to an overestimation of the acceleration reaction in the rock-fill material, but also to an overestimation of
dynamic stresses in a structure.

Dynamic characteristics of the dam with filled reservoir were studied experimentally and numerically in
[14]. It was stated that the acceleration gain factors varied with the height of the dam depending on natural
frequency, modes of structure oscillations, depth of the reservoir, and other factors. It was recommended to
take these factors into consideration when designing a structure.

In [15], static and dynamic elastic-plastic analysis of the dam state by the finite element method was
carried out during the Wenchuan earthquake. To describe the properties of rock-fill material, an elastoplastic
model was used, taking into account the destruction of particles. Numerical calculations obtained
corresponded to a great extent to field measurements during construction and after the Wenchuan earthquake.

Bending strain of the dam was investigated in [16], since bending often led to structure destruction.
Using special programs and the finite element method, numerical modeling of dam bending rate was carried
out. The results of numerical simulation and statistical analysis have shown that an increase in elastic modulus,
Poisson’s ratio, internal friction angle and the ratio of core thickness to filter thickness would result in a
decrease in bending.

Hydro-mechanical properties of traditional and unconventional materials (i.e. clay material, masonry)
used in the construction of dams were analyzed in [17]. The use of unconventional material (soil and stone
mixtures) for reasons of ensuring dam stability was analyzed in more detail.

The above review of published papers shows that the problem of earth dam spatial calculation is studied
insufficiently [18—24] and therefore is of great interest.

Usually, when evaluating the stress-strain state of dams located in wide dam sites, it is sufficient to use
plane strain conditions, however, the use of plane designh schemes for earth dams located in narrow dam sites
still requires more careful checking of the accuracy of the SSS estimation of structures.

The state of earth dam under various effects is also determined by its length. As noted in [25, 26] for
extended dams (with a ratio of the crest length — L¢r to the dam height H equal to Lci/H > 6), calculations
can be made according to the plane strain scheme; in this case, it is possible to assess not the entire structure,
but only its central section. If the given ratio is violated, then the spatial nature of the dam is revealed. At the
same time, as studies in [6, 18, 19, 24—-26] show, the accuracy of dam calculation changes not only under
static load, but under dynamic effect as well.

Brief review presented here shows that obtaining of reliable results in the SSS calculation and
assessment of dynamic characteristics of earth dams are quite serious problems, since the task to develop
sound quantitative estimates of structure strength with account of actual geometric dimensions of earth dams
dictates the need to take into account spatial nature of structure operation [4, 6, 7].

Therefore, at present, it is necessary to give primary recommendations to assess the stress-strain state
and dynamic characteristics of earth dams by adequate design models that describe the actual features of a
structure.

This paper is devoted to the solution of the following issues:

—to assess the stress-strain state and dynamic characteristics of earth dams, a three-dimensional
(spatial) model is proposed that takes into account inhomogeneous and geometric features of a structure;

— a variation statement of the problem is given taking into account spatial strain state of earth dams
under consideration;

— the methods to solve specific tasks for real structures using spatial finite elements are proposed;

— the stress-strain state and dynamic characteristics of real earth dams are studied using spatial (that
is, three-dimensional) models and the models of plane strain;

— plane (plane-strain) and three-dimensional (spatial) models;

— primary conclusions on the use of three-dimensional models in assessment of the SSS and dynamic
characteristics of specific earth dams are given, based on the analysis of the results obtained.

MupcaunoB M.M., Tommaros 3.C.
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2. Methods

Dynamic characteristics, that is, natural frequencies, oscillation modes and damping coefficients of
structures are determined by studying natural oscillations of structures. Dynamic characteristics of a structure
are the passport of the considered structure, allowing evaluating in advance dynamic properties of a structure
as a whole.

2.1. Mathematical model

To assess the stress-strain state (SSS) and dynamic characteristics of earth dams, an inhomogeneous
three-dimensional model of the system, Figure 1, is considered, in which the base surfaces and side slopes

DINDIND
0> 75752 gre rigidly fixed, the surface of the downstream X3 is stress-free, the hydrostatic pressure of

water acts on surface 21 (on the part of upstream slope which is lower than the BSL line, Sp), and an external
load is applied to a part of crest surface X of the site Zp.

u )
-

x i)

Z(.'

Figure 1. Three-dimensional model of inhomogeneous system.

Here V =V, +V, +V; is the capacity of the dam body (V1, V3 are the capacities of the upper and lower

retaining prisms, V2 is the capacity of the core); Zsl , 252 are the surfaces of the coastal slopes, 2o is the surface
of the base along the bottom, and 21, 22, 23 are the surfaces of the retaining prisms and the crest.

System material is considered to be elastic. In calculations the mass forces f acting on the system
and hydrostatic pressure of water [ are taken into account [4].

The aim is to determine the fields of displacements, stresses and dynamic characteristics of an earth
dam of V =V, +V, +V; capacity (Figure 1).

To simulate the process of strain and to assess dynamic characteristics of earth dams (Figure 1) in a
three-dimensional statement, the Lagrange variation equation, based on the d'Alembert principle for
inhomogeneous deformable bodies is used:

—IJIJ5EIJdV — I JIJ5€|JdV — I O-|J§€|Jdv —
Vi Vo V3

~[pisudv - [ pisadv - [ pylisudv +

1)
Vi V2 V3
+[ foudv + [ pouds + | P oudx =0.

Physical properties of system material are described by the relations between stresses ¢ij and strains
&ij in the form [27]:

Oij = An&iOij + 2Hn&;j 2)

the relationship between the components of the strain tensor and the displacement vector is described by the
linear Cauchy relations [27]

Mirsaidov, M.M., Toshmatov, E.S.
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Further, when building mathematical models, uniform kinematic boundary conditions are taken into
account:

Xe) o:i=0. (4)

<l

Here ™' &j, oij are the displacement vector, the strain and stress tensors, respectively;
ou, 55”- are the isochronous variations of displacements and strains;

Ph is the material density of the system elements under consideration (index N = 1, 2, 3 means different
parts of the dam to which this quantity relates);

—h|

is the vector of mass forces;

P

lis the vector of external forces applied to area Xp;

P is the hydrostatic pressure of water.

In all the problems considered, the displacement vector in spatial coordinate system
X = {Xl, Xy, X3} = {X, Y, Z} has three components U= {ul, u,, u3} = { u, v, W} in all relations
i,j, k=123

Now, the variation problem to assess the stress-strain state of an earth dam can be formulated as
follows: it is necessary to determine (without taking into account the inertial forces) fields of displacements

—

u(x,t), . 5 N . . : .
( ) strains &j; (X, t) and stresses Oj (X, t) in an inhomogeneous three-dimensional system (Figure 1)

arising under mass forces (1?), external forces (|31) and hydrostatic pressure of water (), satisfying

equations (1), (2), (3) and corresponding to kinematic conditions (4) at any possible displacement ou.

In the case of determining dynamic characteristics of an earth dam, the variation problem under
consideration can be formulated as follows: it is necessary to determine the most ordered movements of the
system point, occurring according to a harmonic law at different amplitudes in the absence of external

influences, i.e. ( ]?), (|31), (P), satisfying the equations (1), (2), (3) and corresponding to boundary conditions
(4) at any possible displacement ou.
2.2. Method and algorithm

Variation problem set above (1)—(4) of the SSS assessment of inhomogeneous systems (Figure 1),
under the effect of hydrostatic pressure and mass forces, taking into account spatial factors, with the use of a
finite element (in the form of a hexahedral parallelepiped with 24 degrees of freedom) is reduced to the

resolving system of algebraic equations of N-th order:

[K{uj={P}, 5)

where the element stiffness matrix [K] of the system (Figure 1) is constant and depends on elastic
physicomechanical parameters of the system;
{u} is the sought for vector of nodal displacements;

{P} is the vector of external load (mass forces and hydrostatic pressure of water).

When deriving equation (5), the stiffness matrix [K] and nodal forces {P} are formed automatically
using the algorithm given in [4, 20].

Kinematic boundary conditions (4) are taken into account when forming the system of equations (5),
restricting its order only to equations that do not contain zero displacements. The order of the formed systems
of algebraic equations (5) in some calculations exceeded 4000.

MupcaunoB M.M., Tommaros 3.C.
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Solution of the obtained system of algebraic equations (5) was performed by the Gauss method and the
square root method [29, 30], taking into account the tape structure of the stiffness matrix. Solving the system
of equations (5), the components of displacements (U1, U2, U3) at each point of the system (i.e. displacement
fields) are determined; then using these data the components of strain (3) and stress (2) tensors are
determined, taking into account inhomogeneous structural features of systems.

When determining the natural frequencies and modes of oscillation, the considered variation problem
(1)—(4), with the use of a finite element (in the form of a hexahedral parallelepiped with 24 degrees of freedom),
is reduced to an algebraic eigenvalue problem for a homogeneous system of algebraic equations of N-th order:

{[K]- @’ [M]Hu}=0. 6)

Here [K], [M] are the stiffness and mass matrices, and @, {u} are the sought for eigenfrequency and

eigenvector of the system under consideration (Figure 1). The elements of stiffness matrix [K] are constant
and depend only on elastic physicomechanical parameters of structure material.

Solution of equations (6), (i.e. determination of eigenfrequencies) is carried out by the Muller method
[4, 31], and determination of eigenvector — by the Gauss method or the square root method [29, 30].

The order of the systems of algebraic equations (6) in some calculations reached 3000.

The algorithm to determine the eigenfrequencies and vectors of algebraic problems on eigenvalue is
described in detail in [4]. The essence of this algorithm is as follows:

1. With the iterative procedure of the Muller method, a sequence of eigenvalues of algebraic equations
(6) A1, A2, ..., An is determined.

2. Then, using expression (1 = a)z), the eigenfrequencies @, @,, ..., @, of algebraic equations (6) are
calculated.

3. By substituting the found values @, @,, ..., @,

, in equation (6), eigenvectors in (6) (i.e., oscillation

modes) {ul}, {uz}, e {un} are obtained by the Gauss method or the square root method [29, 30].

The program for determining eigenfrequencies and modes of oscillations of inhomogeneous spatial
systems is protected by the copyright certificate of the Patent Agency of the Republic of Uzbekistan.

2.3. Test problems to check the accuracy of the methods and computing algorithms

This section verifies the accuracy of the developed methods and algorithms solving test problems for
which the exact or numerical solution is known.

Problem 1. Consider elastic spatial structure in the form of a long rectangular parallelepiped under
uniform pressure P acting on the upper surface.

The parallelepiped rests on an absolutely rigid and smooth base, i.e.
X2=0:u2=0:012=0; 013 =0. (7)
Surface load is applied on the upper surface in the form of uniform pressure
X2 = a: ox2 = -P. (8
The side surface of the parallelepiped is stress-free.

It is required to determine displacements and stresses at various points of the parallelepiped under
pressure P using plane-deformable and spatial models. For the plane problem, the exact solution is known
[34]. In a specific calculation, the following geometrical parameters of the parallelepiped and mechanical
characteristics of material were used: P = 1 tf/m2; cross-sectional dimensions a = b = 2.0 m; the modulus of

material elasticity E = 1.0 tf/m2and the Poisson's ratio z=0.3.

Comparison of exact results (Table 1) with numerical solutions (Table 2) for the same points of the
parallelepiped shows good agreement of the values obtained both in terms of the displacement components
and in stress tensor components.

Problem 2. Natural oscillations of a body (height H = 8.0 m) of rectangular cross sections (b = 0.5 m;
h = 0.5 m), rigidly fixed along the base (X2 = 0) and with free upper end (X2 = H) are considered in the problem.
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Table 1. Exact solution of plane problem for section (X3 = 0.0 m) of the parallelepiped.

Coordinates, X2 X1=-10m X1=10m
(m) Uz Uz o1 o 012 us Uz  ou on on
0.0 -0.39 0.0 0 -1 0 0.39 0.0 0 -1 0
0.5 -0.39 —0.455 0 -1 0 0.39 —0.455 0 -1 0
1.0 -0.39 -0.910 0 -1 0 0.39 -0.910 0 -1 0
1.5 -0.39 -1.365 0 -1 0 0.39 -1.365 0 -1 0
2.0 -0.39 -1.820 0 -1 0 0.39 -1.820 0 -1 0
Table 2. Solution of spatial problem for section (X3 = 0.0 m) of the parallelepiped.
Coordinate, X1=-1.0m
X2 (m)
u1 u2 us o11 022 033 012 O13 023
0.0 —0.3889 0.0 -0.0 -0.2996 -0.9983 -0.41e=® 0.131e*? 0.157e%0 0.797e™
0.5 -0.3886 -0.4541 -0.417e* -0.2966 -0.9980 0.258e° 0.202e 4 0.246e1 0.600e™
1.0 -0.3883 -0.9091 -0.617e'* -0.2947 -0.9989 0.245e° -0.13%e'® 0.62%9e 0.235e™
15 -0.3881 -1.3648 -0.727e'* -0.2935 -0.9994 0.257e° -0.122e'® 0.509e 0.360e°®
2.0 —-0.3880 -1.8207 -0.947e* -0.2930 -0.9996 0.227e3 0.556e 4 0.29e™11 -0.607e71°

Natural frequencies and

spatial models.

oscillation modes of this body are determined using one-dimensional and

In one-dimensional statement, this problem has an exact solution [35] for the eigenfrequencies wi.

Solving this problem, the following mechanical parameters of material were used: specific weight of
material = 1.0 tf/m3; elastic modulus E = 1.0 tf/m? and Poisson’s ratio x = 0.25.

Exact solution of the body, obtained by one-dimensional model is compared in Table 3 with numerical
results obtained by three-dimensional models (using spatial finite elements) with developed computer

program.

Table 3. Table of eigenfrequencies.

Number of
eigenfrequency

Eigenfrequencies of a body, rad/sec

Exact solution by one-dimensional model

Numerical solution obtained by the
FEM with three-dimensional model

Bending Longitudinal Torsional

1 2 3 4 5

1 0.0248" 0.6150™ 0.1459 0.0248*
2 0.1556" 1.8450** 0.4376 0.1531*
3 0.4358 3.0749 0.7294 0.3536
4 0.8494 4.3049 1.0211 0.4174
5 1.4117 5.5349 1.3129 0.6159**
6 2.1089 6.7648 1.6047 0.7895
7 2.9455 7.9948 1.8964 1.0606
8 3.9215 9.2248 2.1882 1.2521
9 5.0370 10.4550 2.4799™ 1.2522
10 6.2919 11.6851 2.7717 1.7670
11 1.7869
12 1.8447**
13 2.3778
14 2.3779
15 2.4725%**
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In Table 3 one asterisk indicates the frequencies corresponding to the bending modes of oscillations,
two asterisks — the longitudinal modes and three asterisks — the torsional modes of the body, obtained by
spatial model.

Comparison of the exact value of natural frequencies of one-dimensional model with numerical values
obtained by the FEM with spatial model

Partial coincidence of corresponding frequencies with results of one-dimensional model exact solution
and with results obtained using the developed computer programs with three-dimensional model proves the
reliability of the developed methods, algorithms and the calculation program when determining natural
frequencies and oscillation modes of a spatial body.

Analyzing the obtained eigenmodes of body oscillations using spatial model, the spatial nature should
be noted: only the first two are the bending modes, the fifth is a longitudinal mode, and in the others, that is,
in the 319, 4th gth 7th 8th and 9t modes of oscillations the strain has a spatial character. This shows that one-
dimensional model is not able to fully describe the real strain under natural oscillations even of a thin bar.

3. Results and Discussion

Using the developed methods and algorithms the stress-strain state of Gissarak and Sokh earth dams
are studied in spatial statement, taking into account the actual geometric dimensions of the structure and
uniform and non-uniform structural features of a dam, arising under gravitational forces (own weight) and
hydrostatic pressure of water.

3.1. Assessment of the stress-strain state
As specific examples we have considered

—the Gissarak earth dam: height H = 138.5 m; base width By = 634.0 m; crest width Der= 16.0 m;
inclination coefficients of upstream and downstream slopes M1 = 2.2, M2 = 1.9; longitudinal dimensions: base
length Lp = 140.0 m, crest length L¢r = 660.0 m. Mechanical characteristics of material of different sections of
the dam are: volume weight y — kgf/cm3, Poisson’s ratio — g , shear modulus G — kgf/cm2: core —
y =0.0017 kgf/cm3, w =0.37, G =2780 kgf/cm?; transition zones — y =0.00215 kgf/cm3, x = 0.35,
G = 3500 kgf/cm?; retaining prisms — y = 0.0024 kgf/cm3, u = 0.25, G = 3210 kgf/cm?; slope strengthening —
y = 0.0017 kgf/cm3, u = 0.37, G = 84000 kgf/cm?;

—the Sokh earth dam: height H =87.3 m: base width Bw=530.0 m; crest width bcr=10.0 m;
inclination coefficients of upstream and downstream slopes M1 = 2.5, M2 = 2.2; longitudinal dimensions: base
length L= 21.0 m, crest length Lcr = 48.75 m. Mechanical characteristics of material of different sections of the
dam are: volume weight — 7, Poisson’s ratio — , shear modulus — G: core — y = 0.0017 kgf/cm3, 1 = 0.40,
G = 2820 kgficm? retaining prisms — y = 0.0021 kgf/cm3, i = 0.35, G = 3160 kgf/cm?; slope strengthening —
y = 0.00185 kgf/cm3, 1 = 0.35, G = 3100 kgf/cm?2.

Figure 2 shows the isolines of the stress tensor components distribution for the central section of the

Gissarak (Figure 2a, b, c) and Sokh (Figure 2d, e, f) dams under their own weight, obtained using a spatial
model of structures. Stress magnitudes in all figures are indicated in MPa.

Coordinate axes shown in Figure 1 have the following directions: the axes X1 (horizontal) and X2
(vertical) are in the plane of the central section; the X3 axis is perpendicular to this plane.

Comparison of the results obtained using spatial model (Figure 2a, b, c) for the Gissarak dam with
plane-deformable model shows almost the same pattern of stress distribution and their close values, i.e. under

vertical gravitational load acting on the dam, the patterns of stress components distribution (o011, 012, 622) in the
central section of the dam are identical. The maximum values of horizontal o11 and vertical o2 stresses are
observed at the bottom of the central — the highest — part of the dam (Figure 2a, b), and shear stresses
o012 — along the slopes (Figure 2c). At the same time, the distribution of stresses (Figure 2a, b, c) relative to
the X2 axis is almost symmetrical, since the structure itself is also almost symmetrical with a slight difference
in inclination coefficients of the slopes (M1 = 2.2, M2= 1.9).

When obtaining results in the vicinity of the onshore zones of the structure in contact with mountain
slopes, the condition of rigid fixation was set. The results obtained with spatial model have no plane analogues.
Therefore, when calculating this zone, it is necessary to use a spatial model.
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Figure 2. Isolines of distribution of stress tensor components in the central section
of the Gissarak (a, b, c) and the Sokh (d, e, f) dams obtained using spatial model under own weight.

The ratios of geometric dimensions for the Gissarak dam (the length of the crest to the height — Lc/H,
the length of the base to the height — Lo/H and the width of the base to the height — Bw/H) are: L¢/H = 4.78,

Lo/H =1.01, Bw/H = 4.57, respectively. Therefore, the use of plane and spatial models for this dam gives
almost identical results, so, it is possible to use plane models in static calculations of such dams.

Isolines of stress components distribution of the Sokh dam, obtained with spatial model (Figure 2d, e, f)
shows a significant difference from the results obtained using plane-deformable models. The maximum values

of normal horizontal stresses — o011 and vertical stresses — o2 (Figure 2¢, d) occur at the bottom of the central

— the highest — part of the dam, and shear stresses 12 — along the slopes (Figure 2e) and in upstream
retaining prism. The analysis of the results obtained shows that the calculation of this dam using a plane-
deformable model does not provide necessary accuracy at estimatingthe stress state of the dams of such
dimensions. This, apparently, is explained by the small ratios of the horizontal dimensions of the dam to its
height, which are Ler/H = 0.56, Lo/H = 0.24, Bw/H = 6.07. In this case, the structure is not extended and does
not meet the condition to choose a model of plane strain. It should be considered as a three-dimensional body.

The analysis of stress state of the Gissarak dam under its own weight, by plane and spatial models,
shows a qualitative and quantitative identity of stresses across the section.

Thus, the stress state of dams, geometrically similar to the Gissarak dam under gravitation forces, with
satisfactory accuracy can be described by a model of plane strain. As for the evaluation of stresses in the
plane of dam site, the study is possible with a spatial model, while the stress state of the Sokh dam and the
ones similar in geometry, must be estimated with a spatial model.

Analysis of the stress state of the above dams has shown that the maximum shear stresses o3 under
vertical gravitational load arise along the lateral boundaries of the dam site and can cause shear and cracks

at the sides. Vertical normal stresses o»2 occur in the central part of the dam base. Maximal (in the modulus)

horizontal stresses o11 appear at the base along the crest; their negative values in the central part indicate
the compression of the central part under the crest, and positive values indicate the heaving of the lower side

of the side slopes at the dam body settlement under its own weight. Positive values of horizontal stresses o33
in the upper part of the sides indicate the possibility of fractures and cracks on the side slopes.
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Thus, a spatial model allows estimating the stress-strain state not only in the cross section, but also in
the dam junction with the gorge, where the danger zones appear.

Further, the possibility of using the models of plane strain for solving specific problems for real dams
should be proved by studying the stress state, taking into account geometric dimensions, structural features
and spatial factors of the structures under consideration.

3.2. Assessment of dynamic characteristics of a dam

Spatial eigenfrequencies and oscillation modes of earth dams considered above, have been studied
further, taking into account the non-uniform structural features.

Figure 3 shows natural modes of oscillations of the Gissarak dam, corresponding to the
eigenfrequencies obtained.

w,=7.9781 rad/sec

Figure 3. Natural modes of oscillations of the Gissarak dam, obtained using the spatial model.

An analysis of spatial eigenfrequencies distribution of the dam indicates the existence of more dense
spectrum in a wider range, that is: @1 =6.7142rad/sec; ap=7.9781 rad/sec; ws=8.3030 rad/sec;
oy =9.2731 rad/sec; s =10.2988 rad/sec; as = 10.4236 rad/sec; «r=10.8966 rad/sec; s =11.0334 rad/sec;
@y = 11.1865 rad/sec; w10 = 11.8026 rad/sec; w11 = 12.0947 rad/sec; w12 = 12.3554 rad/sec;
o3 = 12.4357 rad/sec; 14 = 12.7373 rad/sec; w15 = 12.9691 rad/sec; w16 = 13.1138 rad/sec;
17 = 13.3937 rad/sec; ans = 13.4548 rad/sec; a9 = 14.2052 rad/sec; apo = 14.3668 rad/sec.

This is explained by the fact that different models have different number of degrees of freedom, each of
which makes an additional contribution to the spectrum of fundamental frequencies of natural vibrations. The
frequencies obtained for this dam, reflecting shear and vertical oscillations of the central cross section, are
almost identical in spatial and plane models.

For a spatial model, the shift of the central cross section is the bending of the longitudinal axis of the
model (X3). Subsequent oscillation frequencies of spatial model are the highest forms of bending of longitudinal
axis (X3), not considered by plane model. Therefore, the frequency spectrum in spatial case is denser, since
between the main frequencies there are intermediate ones, reflecting higher modes of bending vibrations of
the longitudinal axis of model (X3).

As for the pattern of oscillations modes, we can note the following. Fundamental modes, reflected by
spatial and plane models, are: the shear of the central section (the first mode); vertical displacements of the
central section (for the plane model this is the second mode); complex deformations of the central section
slope (for the plane model, this is the third and subsequent modes). For a spatial model, all modes, including
mentioned above, are accompanied by a bending in longitudinal axis of the model (a crest) along the horizontal
and vertical axes. For the above modes — these are the main modes of bending, for the subsequent ones —
this is a bending with nodes. The bending of the crest (main one and with nodes) is accompanied by complex
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deformations of the structure slopes, and not only in their central part (central section), but also over the entire
surface. These additional modes, and corresponding frequencies, are not reflected by plane model but fully
reflected by spatial one. However, its use, as noted above, is quite laborious. The choice of a particular model
when considering specific structures should be substantiated not only by the geometry of the object, but also
by the estimated load, its direction and frequency spectrum, which can cause structure oscillations not only of
fundamental mode but also in higher modes not reflected by plane model [32, 33].

The question of how great the longitudinal strain along the axis (X3) is, remains the priority, since the
validity of using a plane model depends on it. If longitudinal displacements under a certain effect are large,
then in this case the use of a plane model is unacceptable, since the possibility of transverse cracks formation
is not taken into account.

To answer the question, it is necessary to consider the problem of unsteady forced oscillations of the
dam under different (in directions) kinematic effects using plane and spatial models and to compare the results
obtained.

4. Conclusions

1. A mathematical model, methods and algorithm for estimating the stress-strain state and dynamic
characteristics of inhomogeneous spatial systems using a spatial model are presented.

2. The stress-strain state and dynamic characteristics of two different earth dams using three-
dimensional models is estimated taking into account actual geometric dimensions and inhomogeneous
features of a structure.

3. An analysis of obtained results on the stress-strain state assessment of earth dams with spatial
models has shown that for some types of dams it is possible to use plane strained models to obtain results
with acceptable accuracy. Nevertheless, in each case, for specific structures, in assessing the stress state of
dams, it is necessary to check the stress state using a spatial model.

4. The use of spatial model makes it possible to identify dangerous zones of the structure (where higher
stresses occur compared to other areas), which could not be identified using a plane model.

5. Analysis of dynamic characteristics of dams with a plane model has revealed a rather dense spectrum
of spatial eigenfrequencies and the identity of fundamental modes of natural oscillations over the cross section
of a dam.

6. The first three fundamental modes for the Gissarak dam are: the displacement of the central section
(the first mode); vertical compression of the section (the second mode); complex deformations of the slopes
of central section (the third mode), etc.

7. For a spatial model, all modes are accompanied by a bending in longitudinal axis (a crest) in different
planes. The bending of the crest is accompanied by complex deformations of the structure slopes, not reflected
by plane model. The eigenfrequencies corresponding to these modes make an additional contribution to the
frequency spectrum, condensing and expanding its range.
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AHHoTaumaA. OueHKa NPOYHOCTU FPYHTOBLIX MMOTWH, B OCHOBHOM, MPOU3BOAMTCA C UCMOMNb30BaHUEM MIOCKOW
pacyeTHOM CXeMbl, KOTopasi He Bcerga MPMBOAUT K adekBaTHbIM pesynbTataMm. B pgaHHoil paboTe
npeanaraeTcs NPOBECTU OLEHKY Hanps)KeHHOro COCTOSHUSI TPYHTOBbLIX MIIOTMH B TPeXMEPHOMN NoCTaHOBKe.
CrnegoBaTenbHO, ANs OLEHKU HanpsiKeHHO-Ae(POPMUPOBAHHOIO COCTOSIHUS U AMHAaMUYECKMNX XapaKTepPUCTUK
TPYHTOBbIX MSIOTWH CTPOSITCS COOTBETCTBYIOLLME MaTEMaTUYECKME MOZENN, MeToamKa U anroputm. B ocHoBy
pa3paboTaHHOW METOAMKM NPU PELLIEHUN KOHKPETHbIX 3a4a4y A4Sl NPOCTPaHCTBEHHOTO COOPYXKEHUS 3ar0XKeH
METO[ KOHEeYHbIX 3rieMeHToB, MeTog [aycca (unmM MeTon KBagpaTHOrO KOpHs) M metod Mionnepa.
J[locTOBEpPHOCTb MONyYeHHbIX Pe3yrnbTaToB MPOBEpeHa pelleHueM psiga TecToBbiX 3agay. C MOMOLLb
pa3paboTaHHOW MeTOAMKU WCCreaoBaHbl HanpshkeHHO-O4edOopMUMPOBaHHOE COCTOSIHME M AMHAMUYecKue
XapakTepuctukn nccapakckoh 1 COXCKOW TpyHTOBbIX MMOTMH. Ha ocHoBe pesynbTaToB MccregoBaHUst
NnokasaHo, YTO AONA HEeKOTOPbIX TUMOB TPYHTOBLIX MMOTWH, NPU NpPeaBapuUTENibHON OLEHKe HanpshKeHHOro
COCTOSIHUA U OMHAMUYECKUX XapaKTePUCTMK COOPYXKEHWIl, BO3MOXHO MCMONb3oBaHWE  MIOCKO-
AecdopMupyemort Modenu pacdeTa. [poBefdeHHble WCCredoBaHMs Mokasanu, 4Yto Ana obecneveHust
TpebyeMoi TOYHOCTU MPU OLIEHKE HamnpshHKeHHOro COCTOSHUA U OMHAMUYECKUX XapaKTePUCTUK COXHbIX
HEOAHOPOAHbLIX MPOCTPAHCTBEHHbIX CUCTEM (T.€. TPYHTOBbLIX MAOTMH) HEOOXOAMMO MPOBOAUTL pPacyeThbl C
UCMOMb30BaHNEM TpexMepHol Mopenu. lMonyyeHHble B pesynbTaTe UccliefoBaHWui daHHble MO3BONWMU
BbISIBUTb HEKOTOPbIE OCOGEHHOCTU HaMpPSHKEHHOIO COCTOSIHUSA B NMPOCTPAHCTBEHHOM Crlydae, yKasblBalolime
Ha BO3HMKAIOLWIME OMACHble Y4YacTKM C HauOOMNbLUMMK HanpsbkeHWsIMM, a Takke W3y4uTb XapakTep
cobCcTBEHHbIX kornebaHuii, KoTopble HEBO3MOXHO ONMcaTb UCMONb30BAHMEM MITOCKOW MOZENN.
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Clay-cement-concrete diaphragm — justifying calculation
for new-built constructions
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B.E. Vedeneev VNIIG, JSC, St. Petersburg, Russia
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Abstract. Due to the observed improvement of machines and mechanisms and the process equipment thereof
used during the construction of clay-cement concrete slurry walls by means of bored-secant piles, the author
proposes to extend the range of considered designs of impervious elements of embankment dams by adding
modifications with an arch diaphragm and an inclined diaphragm. Performed surveys and comparisons with
the traditional design (vertical wall) allowed to identify the main trends of the influence of using the effect of
clay-cement concrete diaphragms inclination and the arch effect on the change in the strain-stress state of the
embankment dam — diaphragm system. Consideration of the clay-cement concrete diaphragm designs
proposed by the author in designing embankment dams will allow extending the range of possible application
of this technical solution. It was established that there is a possibility to optimize the existing technical solutions
for the clay-cement concrete diaphragm embankment dams if they are designed with due consideration of not
only the assignment of clay-cement concrete strength and strain-stress properties, but also taking into account
the change in configuration of the diaphragm itself.

1. Introduction

The distinguishing features of hydraulic power facilities defined by high investment costs of construction
have justified the need for research aimed at finding the new and improving the existing technical and process
solutions for the construction of hydraulic power facilities, ensuring application of modern machines and
mechanisms and use of new materials.

One of the ways to reduce the time for a dam construction is to replace the classic impervious element,
for example, an asphalt-concrete one, with a clay-cement-concrete cut-off wall constructed by means of using
bored-secant piles.

Paragraph [1-5] contains data on hydraulic engineering structures with thin impervious elements of
various designs built around the globe, including those built using clay-cement concrete; the same paragraph
also specifies the peculiarities of operation of such structures.

Surveys and works related to the above-mentioned field have also been carried out in Russia.
Paragraph [6—10] contains a description and analysis of the Russian experience of building an impervious
element for embankment dams represented by clay-cement-concrete diaphragms in the course of design,
reparation and construction of hydraulic structures.

In Russia, this technical solution was first applied in 2017 during the construction of
the Nizhne-Bureyskaya HPP located in Amurskaya Oblast. The structures of the Nizhne-Bureyskaya HPP
waterfront include: the spillway, the HPP building, the left-bank embankment dam with the length of 400.0 m
and maximum height of 38.0 m. The embankment dam features an impervious element, which is a thin clay-
cement-concrete diaphragm created after the erection of the embankment dam body to the design elevations
during one construction season.
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This solution was applied at hydraulic power facilities with such height parameters and productive head
pressures for the first time in the world (Figure 1).

Transient zone, sand | Transient zone, gravel and cobble

CCC Diaphragm

Figure 1. Cross section of Nizhne-Bureyskaya HPP embankment dam.

The experience of construction and operation of the Nizhne-Bureyskaya HPP embankment dam has
demonstrated high efficiency of the proposed technical solution. With a comparable cost of construction of an
embankment dam with an option involving core erection using local cohesive soils, the implemented technical
solution allowed to reduce the dam construction time from 22 to 14 months. The scientific and technical
justification of reliability and safety of such impervious elements and the development of design and process
solutions was performed by the JSC “Vedeneev VNIIG” and JSC “Lenhydroproject”.

Previously at the Gotsatlinskaya HPP located in the Republic of Dagestan (Russian Federation), during
the preliminary design stage a solution involving the installation of an impervious clay-cement concrete
diaphragm using the bored-secant piles method was considered as one of the possible technical solutions for
the installation of an impervious element in the embankment dam body (Figure 2).

Figure 2. Design cross section of Gotsatlinskaya HPP embankment dam: 1 — downstream
and upstream shells; 2 — stages (layers) of diaphragm construction; 3 — joint of connection
between diaphragm layers and foundation (foreshaft); 4 — impervious element;

5 — upstream cofferdam; 6 — impervious screen; 7 — alluvial base; 8 — bedrock base.

The set of calculations performed in ABAQUS 2016 specialized software aimed at justification of the
possibility of constructing a clay-cement-concrete diaphragm embankment dam by means of bored-secant
piles method using the Gotsatlinskaya HPP as an example has shown that the calculated diaphragm
compressive stresses are close to the maximum allowed values for clay-cement concrete and amount
approximately to 1.65-1.80 MPa. In addition to that, calculations revealed extensive areas of diaphragm
tensile stresses confined to the side abutments with maximum tensile stresses in the crest part of the dam
equal to 0.33 MPa (0.21 MPa [11] along the board).

Tensile stresses significantly reduce the reliability of WTE operation, especially for the clay-cement
concrete diaphragm constructed by means of bored-secant piles which is characterized by vertical split seams
presence; movement along such seams can lead to their opening and blowout piping, both along the seams
and in contact with the side abutments. Due to the lack of scientific and technical justification of the possibility
of reliable clay-cement-concrete diaphragms operation at the start of the dam body backfill (2012-2013) and
taking into account the high seismic activity of the hydraulic power station area, a decision was taken to
abandon the clay-cement-concrete diaphragms design in favor of the classical option involving an impervious
element made of asphalt concrete.

At present, considering the accumulated practical experience gained during Nizhne-Bureyskaya HPP
construction as well as the performed set of research works aimed at finding solutions to ensure reliable
operation of this type of impervious element, it can be stated that its widespread use is justified (if the relevant
justification is available) in the design of an embankment dam with the height of up to 100 m. It should be
noted that the equipment that has appeared in the arsenal of construction companies (inclined drilling
machines) as well as the accumulated practical experience could significantly extend the range of designs
available with this type of an impervious element, including construction of diaphragms in the form of arches
or erection of flat diaphragms at predetermined slope angles [12].

Opumryk P.H.
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No solutions similar to the one proposed by the author exist anywhere else in the world. The survey
results contained in this article may allow for using them both for structures elaboration at the design stage
and for construction of embankment dams not only in Russia but also when implementing hydraulic
engineering projects worldwide.

Based on the necessity of ensuring the required embankment dams reliability and safety level with the
proposed impervious element type and the reduction of tensile stresses risk in the diaphragm body, the author
has carried out a set of calculations in order to assess the change in the strain-stress state of the diaphragm
when its configuration is changed.

This survey was aimed at analyzing the influence of changes in the configuration of the clay-cement-
concrete diaphragm of an embankment dam on its strain-stress state.

The following tasks were set and then solved in order to achieve this goal:

1. To elaborate a numerical model of an embankment dam (taking as an example the Gotsatlinskaya
HPP embankment dam site) based on the ABAQUS 2016 finite-element software package;

2. To elaborate a plan for calculation experiments and perform the relative calculations regarding the
two possible technical solutions aiming at establishing the conditions for a more favorable strain-stress state
of clay-cement-concrete diaphragms: the option with an arch outline diaphragm and the other option with an
inclined diaphragm.

3. To compare the results of the strain-stress state calculations performed with the results of previous
calculations of the strain-stress state of an embankment dam having a traditional vertical clay-cement-concrete
diaphragm regarding the values of horizontal displacement, maximum settlement, tensile stress and
compressive stress.

2. Methods

The author has elaborated a numerical model of an embankment dam (taking as an example the
Gotsatlinskaya HPP embankment dam site) based on the ABAQUS 2016 finite-element software package; all
the embankment dam material properties and clay-cement concrete properties were assumed to be identical
in order to allow for a correct comparison of calculation results. The diameter of the bored-secant piles of the
clay-cement-concrete diaphragm was assumed as 1.2 m for all options.

A model of a dam with an inclined flat clay-cement-concrete diaphragm with a vertical deviation of
15° towards the tail race is shown in Figure 3a. A simulation model of an embankment dam with a vertical
arch clay-cement-concrete diaphragm is shown in Figure 3b. The dam body is represented by a part of an
arch-shaped shell with the radial section coinciding with the dam cross section. In this case, the clay-
cement-concrete diaphragm is an arch integrated into the side abutments with a horizontal curve radius of
90 m.

The following materials were used in the numerical simulation: [12—-18].

a) b)
Figure 3. Overall view of «Gotsatlinskaya HPP — foundation system» three-dimensional model:
a) a flat vertical or inclined diaphragm dam; b) an arch diaphragm dam.
A three-dimensional model of the studied impervious elements is shown in Figure 4.

Calculation experiments planning was performed with consideration of such factors as compliance with
the absolutely identical boundary conditions in order to ensure the possibility of comparing the obtained results
and with two options considered according to the conditions for filling the reservoir and the possibilities of
establishing the conditions for a more favorable strain-stress state of clay-cement-concrete diaphragms for
the proposed options with an arch outline diaphragm and the other option with an inclined diaphragm.

Two reservoir filling cases were considered for the options of a soil embankment with various clay-
cement-concrete diaphragms:

Orishchuk, R.N.
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a) Vertical b) Inclined c) Arch

Figure 4. Three-dimensional model of dam non-soil impervious elements:
1 — CCC cushions; 2 — diaphragm layers; 3 — foreshaft; 4 — cut-off wall; 5 — rock abutment.

First option includes filling the reservoir in two steps:

A) After the construction of the upstream cofferdam and the cut-off wall, the water level in the reservoir
rises from the elevation of 602.0 to 628.0;

B) After the construction is complete, the water in the reservoir rises from the elevation of 628.0 to the
elevation of 665.0, which corresponds to the normal flood control storage level.

Second option includes filling the reservoir in three steps:

A) After the construction of the upstream cofferdam and the cut-off wall, the water level in the reservoir
rises from the elevation of 602.0 to 628.0;

B) After the installation of the first diaphragm layer, the reservoir is filled from the elevation of 628.0 to
the intermediate elevation of 643.0;

C) After the construction is complete, the level rises from the elevation of 643.0 to the flood control
storage level of 665.0.

The consolidated plan developed for calculating strain-stress state of the options is presented in Table 1.

Table 1. Plan of Options for Calculating Strain-Stress State of Gotsatlinskaya HPP Embankment
Dam Site with a Flat Vertical, Flat Inclined and Arch Clay-Cement-Concrete Diaphragm.

Clay-cement-concrete diaphragm design

Number of layers Number of filling stages - — -
y 9 9 Flat vertical Flat inclined Arch vertical
One layer of bored-secant 3 + _ B
clay-cement-concrete piles
Two layers of bored-secant 2 + + +
clay-cement-concrete piles 3 + + +

3. Results and Discussion

The results have been compared with the results of calculations for the vertical clay-cement-concrete
diaphragm previously performed by the author and presented in [11].The following parameters describing the
clay-cement-concrete diaphragm working conditions for all the options considered have been compared:
values of horizontal displacement, maximum settlement, tensile stress and compressive stress.

The results of diaphragm displacement calculation for the considered configurations for the two-layer
diaphragm options with 2 and 3 stages of reservair filling are given in Table 2.

Table 2. Displacement Calculation Results for an Embankment Dam with a Flat Vertical, Flat
Inclined and Arch Vertical clay-cement-concrete diaphragm.

. Clay-cement- Maximum Percentage of area of clay-cement- I
Reservoir . . ; Deviation of crest
Number o concrete diaphragm concrete diaphragm displacement
filling : h . part towards the
of layers diaphragm displacement towards tail race, (by more than
mode . . headrace, cm
design towards tail race, cm 20 cm) from total area, %
Flat vertical 33 22 8
Two layers 2 stages  Flat inclined 25 15 5
Arch vertical 25 20 9
Flat vertical 32 18 4
Two layers 3 stages Flatinclined 22 5 1
Arch vertical 22 15 4

Opumryk P.H.
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When analyzing the obtained results, it can be noted that the maximum horizontal displacements for
the proposed alternative configurations almost coincide and fall within the range of 22-25 cm, the highest
values of the maximum displacement correspond to the vertical diaphragm option while these displacements
are essentially independent from the phasing of reservoir filling and equal 32—-33 cm.

It is also apparent when comparing the area of the diaphragm sections with displacements exceeding
20 cm that movements are mostly specific to the option with a flat inclined diaphragm which are 0.7 times less
than those of the classical vertical diaphragm option in the case of 2-stage filling and 3.6 times less in the case
of 3-stage filling. The change in the reservoir filling mode produces the maximum positive effect on the option
with a flat inclined diaphragm as the area of the maximum displacement zone reduces by exactly 3.0 times.
This pattern is also observed in horizontal displacements of tilting towards the headrace of the clay-cement-
concrete diaphragm crest part.

All the considered configuration options in the setting of almost equal maximum horizontal displacements
are generally in more favorable conditions characterized by a smaller overall displacement of the whole diaphragm
body and a lesser tilt towards the headrace in case of a three-stage filling as compared to the two-stage filling mode.
The change in the filing mode has the most significant effect on the inclined diaphragm option that, for the case
being considered, has the smallest areas of maximum horizontal displacements.

The results of maximum settlement calculations for all the clay-cement-concrete diaphragm
configurations considered are given in Table 3.

Table 3. Maximum Settlement Calculation Results for an Embankment Dam with a Flat Vertical,
Flat Inclined and Arch Vertical Clay-Cement-Concrete Diaphragm.

Clay-cement-concrete Maximum diaphragm settlement

Number of layers Reservoir filling mode

diaphragm design values, cm
Flat vertical 45
Two layers 2 stages Flat inclined 36
Arch vertical 42
Flat vertical 40
Two layers 3 stages Flat inclined 30
Arch vertical 32

Table 3 shows that for all the clay-cement-concrete diaphragm configuration options and reservoir filling
modes in 2 and 3 stages the spread in maximum settlement values is relatively small and ranges from 30 to
45 cm. At the same time, for all considered stages of reservoir filling, the inclined diaphragm option shows
minimum settlement with values 0.75-0.80 times less than the classical option with a vertical diaphragm.

In general, it can be noted that the more favorable case having the lowest values of the maximum
vertical settlement is the one with a three-stage reservoir filling characterized by a decrease in their values by
(11-24) % in relation to the two-stage filling; same is noted for the maximum horizontal displacements. In
general, the settlement has a value of approximately (0.5-0.7) % of the dam height and are permissible.

The analysis of the results of strain-stress state calculation for different options of the clay-cement-
concrete diaphragm configurations with tensile stresses considered is given in Table 4. The resulting values
are also compared in terms of various design cases of reservoir filling — filling in 2 and 3 stages. The table
contains maximum tensile stress values for the side abutments of the embankment dam first and second
layers and in the upper crest belt.

Table 4. Results of Calculations of Tensile Areas of an Embankment Dam Design with a Flat
Vertical, Flat Inclined and Arch Vertical Clay-Cement-Concrete Diaphragm.

Maximum Tensile stresses in side abutments Tensile stresses

Number  Reservoir Design tensile (b is strip width) of the upper
of layers filling mode clay-((:jt_ament-concrete stresses, I I crest belt
laphragms MPa 1% layer 2% layer (b is strip width)
. Upto 0.2 MPa Upto0.2-0.3 MPa Upto 0.15 MPa
Flat vertical 0.33 atb<2-3m atb<3-5m atb<3-4m
Two o Upto 0.2 MPa Upto0.2-0.3 MPa Up to 0.06 MPa
layers 2 stages Flat inclined 0.33 atb<2m atb<1-3m ath <4-6m
Arch vertical 0.33 Very low Upt00.15MPa  Up to 0.03 MPa
atb<1-3m atb<2-3m
. Upto0.15MPa Upto0.24 MPa  Upto 0.06 MPa
Flat vertical 0.30 atb=<3m atb<2m atb<2m
I;—)\/,é?s 3 stages Flat inclined 0.20 Very low Upattobo.slf mPa Very low
. Upto 0.12 MPa  Upto 0.03 MPa
Arch vertical 0.27 Very low atb<05m atb<1-15m
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The resulting stress values for the considered clay-cement-concrete diaphragm configurations shall be
compared according to the ones previously determined for clay-cement-concrete [11]. The adopted Mohr-
Coulomb vyield criteria, 1 ¢ =0.78 and € =0.32 MPa, correspond to the ultimate tensile strength
Rt =0.31 MPa and the ultimate compressive strength Rc = 1.35 MPa. These values conform to the average
values of the clay-cement-concrete strength characteristics for the formulae previously applied and studied.

It should be noted that the maximum tensile stresses for these design cases are within the range of
0.33-0.20 MPa, and their upper value exceeds the maximum allowable values for clay-cement-concrete.
At the same time, these maximum stresses occur in the local crest zone of the dam confined to the side
abutments above the flood control storage level elevations and, accordingly, in general do not have any
significant effect on the reliability of its operation.

The calculation option with reservoir filling in 2 stages is characterized by the maximum tensile stresses.
When the pattern of reservoir filing is changed, a significant decrease is observed in tensile stresses for the
arch and inclined diaphragm configurations by 0.8 and 0.6 times, respectively, while for the flat vertical
diaphragm this decrease is not so significant.

It should be noted that the values of side abutments tensile stresses for the flat vertical diaphragm option
(in the second layer) are close to the maximum allowable ones for all considered stages of reservoir filling. For
the rest of the considered options, the tensile stress values in case of the 3-stage reservoir filling do not exceed
0.15 MPa, which ensures reliable diaphragm operation.

Tensile stresses in the upper crest belt for all the cases considered are small and do not exceed the
allowable values.

Minimum tensile stresses in side abutments have been obtained for the arch configuration diaphragm
with the option of 3-stage reservoir filling.

Table 5 contains the strain-stress state calculation results for a clay-cement-concrete diaphragm determining
the compressive stresses. The table shows the values of maximum compressive stresses in clay-cement-concrete
diaphragm sides and body for the first and second layers and in various reservoir filling modes.

Table 5. Compressive Stress Calculation Results for an Embankment Dam with a Flat Vertical,
Flat Inclined and Arch Vertical Clay-Cement-Concrete Diaphragm.

Maximum compressive stresses, MPa

Nﬂg]yl;:; of Reserr;llgidr;‘illing clay-g?i%?fgﬁ]r;crete Layer 1 Layer 2
Side Body Side Body
Flat vertical 1.65 11 0.6 0.3
Two layers 2 stages Flat inclined 1.67 1.0 0.4 0.4
Arch vertical 1.85 11 0.8 0.4
Flat vertical 1.65 1.0 0.5 0.3
Two layers 3 stages Flat inclined 1.26 0.9 0.3 0.4
Arch vertical 1.71 0.9 0.6 0.5

The maximum compressive stresses are confined to the first layer side abutments and fall within the range
between 1.26 MPa and 1.85 MPa. The bigger values are as follows: 1.65 MPa for the flat vertical design,
1.67 MPa for the flat inclined design and 1.85 MPa for the arch vertical design corresponding to the option of
2-stage reservoir filling. The resulting calculated valuesof compressive stresses in the side abutments for all
considered cases exceed or are close to the maximum allowable values for the adopted ultimate compression
strength of clay-cement-concrete R¢ = 1.35 MPa. At the same time, these stresses are confined to narrow areas
with a width not exceeding 0.5-1.0 m and, probably, they will require only some adjustment of the applied clay-
cement-concrete composition in order to ensure that the maximum allowable values of clay-cement-concrete
compressive strength are not exceeded. This statement is particularly true in relation to the inclined flat
diaphragm option where a more favorable pattern of compressive stresses distribution is observed.

Maximum compressive stresses of the first layer of the clay-cement-concrete diaphragm body for all
configurations, regardless of the phasing of reservoir filling, have little difference and are about 1.0 MPa. For
the second layer of all the considered clay-cement-concrete diaphragm structures, the compressive stress
values are 2.0-2.5 times smaller.

In general, it can be noted that the calculated maximum compressive stresses in all considered clay-
cement-concrete diaphragm designs (flat vertical, flat inclined, arch vertical) mostly do not exceed the
maximum allowable values of clay-cement-concrete compressive strength. The exception is the narrow areas
of increased compressive stresses resulting from the calculations of these diaphragms, which are located in
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the first layer along the line of side abutment on the tail race end. However, these areas do not pose any
danger to the structure since they do not extend into the depth of the diaphragm, but are localized in the outer
layer with the thickness of not more than 1.0 m.

The complex numerical simulation performed allowed to identify the main trends of the influence of
using the effect of the clay-cement-concrete diaphragm inclination and the influence of the arch effect on the
strain-stress state of an embankment dam with a clay-cement-concrete diaphragm.

Based on the results of the analysis of the three-dimensional model performed using the example of the
Gotsatlinskaya HPP embankment dam with a clay-cement-concrete diaphragm, an extremely complex strain-
stress state pattern was obtained describing the connections of the strain-stress state both with the design
features of the diaphragm itself and the embankment dam installation procedure, and with reservoir filling
mode, that is, creating the pressure head of the structure.

It has been determined that settlement and displacements causing dangerous tensile stresses that may
lead to clay-cement-concrete diaphragm cracking occur in the following sections:

—in the upper clay-cement-concrete diaphragm belt, however, they do not spread deep inside the
impervious element and are localized within the first 2-3 m from the clay-cement-concrete diaphragm crest.
They may potentially lead to the opening of a rhythmic sub-vertical joint system;

—in the side abutments, observed along the entire abutment length, potentially forming sub-vertical
displacement cracks, with the nature of the deformations and the presence of clay-cement-concrete cushions
in the abutments to the rock sides and concrete abutments considered, without crack opening;

—in contact with the foundation, observed along the entire length of the abutment to the foundation,
potentially forming sub-horizontal displacement cracks, with the nature of deformations and the presence of
foreshaft in the foundation abutment considered, without crack opening;

—in the lower third of the central clay-cement-concrete diaphragm part due to the nature of displacement
towards the tail race under water pressure, an area of maximum deformations is formed in the clay-cement-concrete
diaphragm, with the potential possibility of opening of a radial sub-horizontal and sub-vertical cracks.

To ensure reliable functioning of a clay-cement-concrete diaphragm during the entire period of the
embankment dam operation, special attention should be paid to these areas when designing protective or
remedial measures during supervision at construction and operation stages; at the same time, in the design
special attention should be paid to the issues of reservoir filling mode assignment, and actual compliance
therewith should be ensured. It is necessary to ensure the required quality of construction and installation
works, availability of construction and technical supervision over construction works. The research results also
confirm the potential possibility of cracks opening in the clay-cement-concrete diaphragm body for all
considered configurations, which confirms the relevance of development of a clay-cement-concrete diaphragm
design with an obligatory mending layer in the transition zone from the headrace side [19-21].

The performed numerical simulation and detailed analysis of the strain-stress state calculation results for
different configurations of a two-layer clay-cement-concrete diaphragm (with the specified foundation properties),
dam body and clay-cement-concrete have revealed that for the inclined flat diaphragm option the minimum
horizontal displacements and vertical settlement were obtained; the strain-stress state pattern is more favorable as
well. This option can be recommended for further elaboration and preparation of justification materials for the
application thereof as an impervious element in an embankment dam with a height exceeding 70 meters, for which
using the classical option with a vertical clay-cement-concrete diaphragm is already significantly difficult.

When designing an embankment dam with a clay-cement-concrete diaphragm in the future, it is
generally reasonable to account for technical and process possibilities of erecting diaphragms both with the
effect of inclination and the arch effect, and to consider these options taking into account the identified trends
in the influence of these effects on the strain-stress state of an embankment dam with a clay-cement-concrete
diaphragm.

An important condition ensuring the following reliable and safe operation of an embankment dam with
this type of impervious element is the development of the process flow-charts for dam construction providing
exhaustive information on the process flow of work performance and controlled parameters within the
construction arrangement design.

4. Conclusions

1. For purposes of analyzing the influence of changes in the clay-cement-concrete diaphragm
configuration of an embankment dam on its strain-stress state a numerical model of an embankment dam
(taking as an example the Gotsatlinskaya HPP embankment dam site) based on the ABAQUS 2016 finite-
element software package has been elaborated;

2. A plan for calculation experiments has been elaborated and mathematic simulation has been
performed in relation to the technical solutions aiming at establishing the conditions for a more favorable strain-
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stress state of clay-cement-concrete diaphragms proposed by the author: the option with an arch outline
diaphragm and the other option with an inclined diaphragm.

3. The results of the strain-stress state calculations performed have been analyzed and compared with the

results of previous calculations of the strain-stress state that showed the main trends of the influence of clay-
cement-concrete diaphragm configurations as compared to a traditional vertical clay-cement-concrete diaphragm
regarding the values of horizontal displacement, maximum settlement, tensile stress and compressive stress.
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KnioueBble cnoBa: rpyHToBas MnoTuHa, rMMHOLIEHTOBEeToOHHaa auadparma, 6ypocekyliuecsa ceaw,
HanpsPKeHHO-AedPOPMMPOBaHHOE COCTOSIHUE.

AHHOTaumMA. B CBA3M C COBEPLUEHCTBOBAHWEM MaLUMH U MEXaHW3MOB, TEXHWYECKOrO OCHALLEHUs W
TEXHOMOrMYECKNX  NPUEMOB,  MPUMEHSIOLLMXCA  NpU  Npom3BoAcTBe  paboT nNo  YCTPOWUCTBY
TMHOLEMEHTODETOHHBIX «CTEH B FpyHTe» MeTodom Oypocekylmxcs cBal, aBTop npegnaraeT pacluunpuvTb
AnanasoH paccMaTpuvBaeMblX KOHCTPYKUMI NPOTMBOMUIBTPALMOHHOIO 3fieMeHTa [PYHTOBbIX MIOTUH,
nobaBvMB K HMM MogudUKaumMm C apO4YHOM W HaKMoHHOW pguadparmont. [MpoBedeHHble uccnegoBaHuWs
MO3BOMWMM  BbISIBUTb ~ OCHOBHbIE  TEHOEHUMM  BIUSHMS  UCMONb30BaHWs  3addekta  HakmoHa
rMUHOLIEMEHTOBETOHHbIX AnadparM 1 apovHoro addekTa Ha U3MEeHEHNe HanpsHPKeHHO-AeopMMPOBAHHOIO
COCTOSIHUS CUCTEMbI FPYHTOBasd MNNOTMHa — AnadparMa B CpaBHEHUU C TPaaULMOHHOW KOHCTPYKUMEWR
(BepTukanbHas cTeHa). YUYET npeanoXeHHbIX aBTOPOM KOHCTPYKLUMUIA FMNHOLEMEHTODETOHHbIX Anadparm npum
NPOEKTUPOBAHUN TPYHTOBbLIX MIOTUH MO3BOMUT PacLUMPUTL Auanas3oH BO3MOXHOIMO NPUMEHEHUs OaHHOro
TEXHUYECKOrO peLleHnd. YCTaHOBMEHO, 4YTO WMEeeTCsl BO3MOXHOCTb ONMTMMM3aLMKM  CYLLECTBYIOLLMNX
TEXHUYECKNX PEeLLUEHUI FPYHTOBBLIX NIIOTUH C MMUHOLLEMEHTOBETOHHON AMadparmMmon Npu nx NPoOEeKTUPOBaHNN
C YY4ETOM He TONbKO Ha3HaYeHUsA NPOYHOCTHBLIX U 4ehOPMATUBHbBIX XapaKTEPUCTUK FMNHOLLEMEHTODETOHA, HO
N C Y4ETOM U3MEHEHNS KOHUIypaumm camon anadparmoi.
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Abstract. Two-stage concretes, despite the fact that they have proven themselves in various types of
construction, have not been studied to the same extent as traditional heavy concretes. Therefore, the article
developed the composition of frame concrete with various additives in the composition of the cement-sand
mortar. A comparison of the mechanical characteristics of the developed compositions with the addition of
silica fume (SF) and superplasticizer (SP) in various combinations. In addition, test specimens were prepared
with combinations of water/cement ratios of 0.45, 0.55, and 0.85, and cement/sand ratios of 0.5, 1, and 1.5. A
total of 36 mixtures were prepared, silica fume was introduced as a partial replacement of cement in the
amount of 6 wt.%. And a superplasticizer equal to 1.2 % of the cement content was added to the water.
Compressive strength tests on two-stage concrete cylinders were carried out in accordance with ASTM-C873
and ASTM-C943. Tensile strength was also tested on 3 samples of each composition in accordance with the
procedure described in ASTM-C496/C496M. As a result, the development of the strength of two-stage
concrete for 7, 28 and 120 days was studied. It was found that the overall compressive strength of the two-
stage concrete based on SF, SP and SF + SP was higher than in concrete without any additives. At the same
time, the modified concrete has higher strength properties, because it provides better contact due to
expansion, as well as by reducing the water-cement ratio in grout. The results obtained allow to design a
cement-sand mortar capable of filling all the voids between the coarse aggregate, thereby creating a dense
structure of two-stage concrete.

1. Introduction

Concretes obtained from high-tech self-compacting concrete mixtures based on modern
superplasticizers, along with a number of technological advantages, in terms of structural properties, have a
number of disadvantages due to the increased concentration of the mortar component, which leads to
decrease in the initial modulus of elasticity [1], increased shrinkage [2] and creep [3]. To improve deformation
indicators of concrete quality, it needs minimizing the capacity of the mortar component, which ideally should
be equal to the volume of coarse aggregate voids [4].

Two-stage concretes (TSC) of the frame structure are produced according to separate technology by
injecting a low-viscosity mortar component into the voids between of coarse aggregates, fixed in volume, or
by immersion in the low-viscous mortar component of coarse aggregate. This casting method is beneficial in
construction work, where there are difficult concreting conditions and limited access to the site [5-7]. It is
widely used in various construction applications, for example, concrete for restoration works, hydraulic
structures and massive concrete structures [8—17]. TSC's special concreting technology leads to several
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advantages [18-23]. Recycled concrete aggregates, which usually cause poor performance and serious
problems with pumping due to their higher water absorption, will not contribute to problems with concreting in
TSC technology [24, 25]. Production of two-stage concrete has a fairly simple technology, because the same
raw materials are used as for conventional concrete: cement, crushed stone, fine-grained aggregate, water,
and the necessary modifiers. Differences are only at the production stage. First, the wet cleaned coarse
aggregate is accommodated into a timbering in place. Then a specially grout is injected into a timbering from
below by pressure of injection and gravitation to fill all the voids, cementing the units to the monolith, as shown
in Figure 1. When grout goes up via aggregates, all air and water are discharged. As a result, a dense material
is obtained with reduced porosity. Thanks to this simple technology, concrete is maximally compacted without
the use of additional equipment [26—30]. Various additives can be selected as needed to improve strength,
adhesion and physico-mechanical properties [31-37]. The main difference in materials compared to
conventional concrete is that only fine sand (less than 2 mm fraction) and coarse aggregate (usually more
than 20 mm) are used as aggregates, which eliminates the need for expensive gravel materials. Nonstandardly
a lot of rubble in TSC (up to 70 %) in combination with the use of sand, leads to minimization of the cement
component, respectively, reduces total shrinkage and increases efficiency compared to conventional concrete
[38-43]. TSC cement mix must be manufactured with high workability so that grout can spread through coarse
aggregates. However, due to the uniqueness of the preparation technology of two-stage concrete, it is
necessary to modify a grout by various additives. Unfortunately, information in this regard is currently very
limited.

Grout injection

(BOOO %O D%G [aw)s)
ey 0(35 —— Preplaced aggregate

% s N ngg —_Voids between
00 OD%OO % OO _—aggregate particles
e 2) N
0

¢
m l«— Form work

g %8 L Injected grout

(b)

Figure 1. Casting a two-stage concrete: (a) making the samples;
(b) scheme of pumping a grout through a pipe.

In particular, Coo and Pheeraphan [44] studied the use of fly ash and limestone as cement grout fillers.
The effect of some active additives on a grout investigated by Nesvetaev [46]. Abdelgader [1] and Najjar [40]
investigated the effect of superplasticizers on the properties of cement grout. At the same time, it is known
that silica fume and superplasticizer have well reputation for established in more studied types of concrete.

So, the aim of the paper was to study the effect of silica fume and superplasticizer additives in various
combinations to strength properties of two-stage concrete.

2. Materials and methods
2.1. Materials

The two main components in the manufacture of two-stage concretes are coarse aggregate and grout [22,
48]. Accordingly, the selection of coarse aggregates is of paramount importance. In the study, crushed dolomitic
limestone with a maximum size of 37.5 mm, a specific gravity of 2.68, a crush strength value of 18.83 %, an
abrasion value of 23.81 %, and an absorption value of 1.66 % was used as a «frame» of concrete. Both coarse
aggregate and fine aggregate evaluation is crucial in terms of the workability of grout. Natural quartz sand with
a specific weight of 2.68 and a maximum size of 2 mm was used in the production of cement grout. The particle
sizes of small and coarse aggregates used in this study are shown in Figure 2 [20, 27]. Ordinary Portland cement
(OPC) CEM 142.5 N (Libyan Cement Company) was used for manufacturing of grout (Table 1). In the study, two
types of additives were used: superplasticizer (SP) and silica fume (SF). The SP used was ViscoCrete-10 (Sika,
Switzerland) and it was applied at a measuring of 1.2 % (by weight of OPC). Silica fume powder, containing
95 % SiO:2 (specific surface area of 20,000 m?/kg), was the only mineral additive applied. SF was used in dried
form as an additive in the amount of 6 % (by OPC wt.).
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Figure 2. Particle sizes of fine (a) and combined (b) aggregates.

Table 1. Chemical analysis of OPC and SF.

Component OPC (%) SF (%)

SiO2 21.22 95.30
Al203 4.45 0.17
Fe203 4.08 0.08
CaO 62.98 0.49
SOs 1.98 0.24
Na20 0.33 0.19
L.O.I 0.67 4.7

2.2. Grout Mix Preparation

Cement-based groutings are a mixture of cement, water, silica-containing component, superplasticizer, and
fine aggregate. Constancy of properties, which is the adhesion of a liquid solution and it no delamination, is a
significant characteristic for liquid grouting of coarse aggregates. If the grout is prone to delamination, it cannot be
guaranteed uniform when filling a formwork. When segregation and water separation occur after pouring the cement
mix, the connection with a «frame» may be broken. The main characteristic, on which the strength properties depend,
as well as the rate of water separation and plasticity, is the water/cement ratio (W/C). Here, the principle of designing

traditional concrete, which states that with a decrease in W/C, the complex of strength characteristics (compression,
adhesion, tensile) of a grout obtained is raised. However, at lower ratios of water and cement, the grout loses its
fluidity, which means that the mixture has become too thick because cannot seep between of coarse aggregate
particles. Although the cement/sand ratio does not significantly affect the strength properties of cement mixture or
TSC manufactured, it does have a significant effect on flowability, air removal speed and mixture constancy. Silica
fume affects the characteristics of the grout by different itineraries. This is a very pozzolanic material with high reaction
potential. Consequently, addition of a silica-containing component into the composition of the binder leads to a
change in the rheological properties of the grout, and, then, in the mechanical properties of the cured composite. As
a rule, mixtures with SF are more binded and have raised need for mixing by water. Therefore, using of
superplasticizers is necessary to maintain the workability of the grout [35, 49-50]. Fine aggregate (i.e. sand) is a
significant unit in the rheological planning of grout. Ideally, fine sand without gaps in its gradation is preferred. When
using sand with coarse particles larger than 3 mm, the segregation risk of is higher than with smaller sand, where
constancy can be supported with reduced water content [27, 51].

The choice of the W/C/S ratio is extremely important in two-stage concrete, since the amount of water
and sand controls the pumpability and distribution of the mixture [9, 27]. The absolute volume method was
applied for the study to make proportions of self-compacting grout mixes, followed by adjusting the
components of the mixture to characterize mixtures by filling, throughput, and segregation resistance [1]. The
voids content between the coarse aggregates was nearly 50 %, and it bulk density was 1,430 kg/m3. In total,
the study used 36 mixtures, apportioned in 4 series. Each group consisted of a combination of 9 mixtures with
permanent indicators: W/C — 0.45, 0.55, and 0.85 and ¢/S — 0.5, 1, and 1.5. The 15t series was developed
with additives free and was designated in the paper as (no additives). SP was applied only for the 2" series
at constant content of 1.2 % by OPC wt. SF was used only in the third group as a mineral additive at a dosage
of 6 % by weight of cement. The combination of both SF and SP was used in the fourth group with the same
dosages as in the other groups, and is referred to in the text as (SP + SF), the mixing code in the table is also
used. Grout was prepared by mixing the starting components by an electric mixer for about two minutes in a
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dry form, followed by three minutes stirring with water to make the required homogeneity substance. Table 2
lists the proportions of everything tested two-stage concrete mixtures.

Table 2. Tested mixes ratios.

Mix ID Water/C_ement Cement /Sand ratio — Quantity (kg/m?)
ratio Cement Silica Fume Water Sand
1 1/0.5 524 31.4 236 262
2 0.45 1/1 438 26.3 198 438
3 1/1.5 377 22.6 170 565
4 1/0.5 474 28.5 261 237
5 0.55 1/1 403 24.2 222 403
6 1/1.5 350 21. 193 526
7 1/0.5 369 22.2 314 185
8 0.85 1/1 325 195 276 325
9 1/1.5 290 17.4 246 434

2.3. Manufacturing and testing of samples

During the production of two-stage concrete, the grouting of aggregates can be carried out either by
gravity or by pumping a grout at the base of the formwork so that it can move up through the voids between
the parts of the aggregates. The grout components were weighed separately before mixing. Mixing
components is performed in a dry form. This is due to the fact that SF, if it is added to the wet mixture, begins
to accumulate in certain places, forming miniature feeble balls. The cement-sand mixture was shifted out the
mixer into the cylinder sample with a size of 150x300 mm using a pipe diameter of 20 mm and a length of
1.5 m using a funnel. The pipe was placed in the center of the cylinder before adding a large aggregate in
order to most accurately model an authentic manufacturing technology. When the grout rises through crushed
stone, only its end remained below the grout. All samples were cured until the day of testing in water at 20°C.
A series of tests for compressive and tensile strengths was performed for different mixes, cured during 7, 28
and 120 days (3 samples for each test). Tests on compressive strength on TSC cylinders were made in
accordance with ASTM-C873 [52] and ASTM-C943 [53]. Tensile strength was also tested on 3 samples of
each composition according to the procedure described in ASTM-C496/C496M [54].

3. Results and Discussion
3.1 Characteristics of Grout

Figure 3 shows a microstructure of new growths of OPC and SF.

20180827 205 1 TM3030_1215 20100313 16BN o

OPC - after 7 days OPC - after 205 days

TM3030_1196

TM3030_1085 2018108127 16:20 N 20 um

SF — after 1 day SF — after 7 days SF — after 205 days
Figure 3. Microstructure of new growths in cement stone with OPC and SF.
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The grout must have basic properties such as flow characteristics (consistency of the mortar) and
sedimentation, which is suitable for use in two-stage concrete. It was investigated that raising W/S at permanent

c/s content leads to an increase in fluidity. Increasing the amount of water reduces the mixture's cohesion and
internal shear forces, which allows the grout to pass by and above each other loosely. At superior ratios of
cement and sand, the internal flowability of the mortar is likely to be due to the higher ratio of superplasticizer
to sand. The fluidity of cement-sand mixtures with excellent W/C ratios may increase due to the low stability in
these mixtures. During mixing in the laboratory, it was observed that in mixes with a higher ratio of water to
cement, fine aggregate grains drown almost at once since ceasing the blender. This may indicate potential
problems with this particle size of fine aggregates for two-stage concretes. The cement-sand mixture should
be able to move loosely through the large-grained crushed stones so that after they are applied, everything is
coated. Naturally, this was complicated at decreased cement/sand ratios (C/S = 0.5), as shown in Figure 4,
where the grout could not fill all voids. Grout prepared from these composite ratios cannot be used to produce
TSC due to the large volume of voids between coarse aggregates, thus potentially weak areas. It was found
that large volumes of voids are a problem in only two of the «driest» mixtures; water/cement = 0.42 with
cement/sand = 0.5 and water/cement = 0.42 with cement/sand = 1. However, other mixtures have enough
flowability to infiltrate into the “frame” of the aggregates.

It was either proved that with a permanent /S ratio, higher in the water leads to a steady increase in
the sedimentation speed, while higher C/S ratios are liable to a more expressed sedimentation speed. The

predominance of smaller particles in the mixture at increased C/S ratios, where rateably more binder in volume,
reason the formation of gaps in the cement mortar as a whole. To maintain stability, it is recommended that
fine grained aggregate and cement material be well sorted. According to the general empirical equations given
by Abdelgader [1], sedimentation and fluidity can be calculated.

3.2 Compressive Strength

It has been found that the main rule of conventional concrete, that states that increasing the W/C ratio
will drive to a decrease in strength properties, is also true for TSC samples. Table 3 lists the compressive
strengths for the developed two-stage concretes with different ratios of water/cement, cement/sand and
various chemical and mineral impurities. However, the results of compressive strength for the most dense
mixtures with W/C = 0.42 at ¢/s = 0.5 and C/S = 1 were not included in Table 3, due to the fact that in paragraph
3.1 their inefficiency is proved. The previous articles [2, 10] show that the strength of the grout is most tender
to modifications in the W/C ratio than concrete. This creates meaning in that case it takes into account, how
two-stage concrete transfers compression tension. In case if outer energies are attached to the two-stage
concrete, the inner large-grained «frame» mainly transfers the load through a dot hookup of particles. When
crushed stones are destroyed and deformed, the solution draws it down. It should be assumed that most of
the supporting capacitance in concrete is provided afore the onset of cracking in coarse aggregates, which
may explain why a significantly more durable solution does not allow one to obtain concrete of proportional
strength. The results showed in general that TSC mixtures showed a similar strength properties tendency with
regard to the style of additives. As a rule, at the same age and proportions, it was observed that an increase
in the heat transfer coefficient slightly decreases the strength properties of the two-stage concrete, that is
apparently associated with a decrease in the fluidity and permeability of the solution, which leads to the
formation of a two-stage concrete microstructure with a cellular internal structure with local fastening of the
aggregates «frame». The use of superplasticizer improves fluidity and permeability of solution and drives to
improved strength properties. In addition, using of only silica fume, or it together with superplasticizer showed
desirable results in strength properties by comparison to mixtures with no additives as well as only with
superplasticizer, and this fact can be explained by the because:

a) higher flowability of the solution is with using superplasticizer, which allows cement mortar fill entirely
hollows among crushed stones;

b) pozzolanic reactivity of the silica fume leads speed-up of the hydration, which, thereafter, cause to
an increase in the package solidity of the particles of concrete microstructure. For instance, when the
cement/sand relation is 1: 0.5, the use of a combination of SF and SP leads to growth of strength after 28 days
of curing on a par of 40 % for all the considered water/cement relations. Contrariwise, growth a cement/sand
value for the similar W/C value results in middle decline of strength properties of 12 % at the age of 28 days,
this is not an important result.

Other significant result which apparent in Table 3, is the lower compressive strength of the TSC. This
decrease is due to water separation and a lower connection among the cement-sand mixture and crushed
stones inside of sample. However, the level of strength characteristics will bond on the aptness of the grout to
oppose to water separation [8, 55, 56]. The sediment of mix components usually takes place on the bottom of
the crushed stones, which leads to the creation of hollows. These hollows form feeble transition areas of
aggregate and grout in TSC, preventing the solution from binding to coarse aggregates [29, 32]. In addition,

Abdelgader, H.S., Fediuk, R.S., Kurpinska, M., Khatib, J., Murali, G., Baranov, A.V., Timokhin, R.A.
30



WmxeHepHo-cTpouTenbHbIi xypHai, Ne 5(89), 2019

TSC blends, both without impurities and with SF, create hollows (great capillary pores), that are roots of
feebleness in concrete. Figure 5 shows image obtained using a scanning electron microscope (SEM)
illustrating a TSC sample. These hollows were created as a result of the surplus water which stayed as spare
water in the grout of the two-stage concrete. The capacity of capillary pores rised depends on growth spare
water and relies on the grade of hydration of the binder. Conversely, a TSC blend with less spare water formed
fewer hollows than another two-stage concrete blends, so reach a better strength properties of two-stage
concrete.

Table 3. Average Compressive Strength Outcomes of two-stage concretes.

Curing Time (days) Curing Time (days) Curing Time (days)
w/c Additives 7 28 120 7 28 120 7 28 120
/s =1:0.5 (MPa) /s = 1:1 (MPa) /s =1:1.5 (MPa)
SF 16.79 18.49 26.59 16.60 17.35 25.65 13.58 16.22  25.09
0.45 SP 12.07 18.67 20.18 13.00 17.35 19.05 15.40 15.47 17.17
SF+SP 17.35 25.65 28.29 16.79 22.63 26.03 13.95 22.26  25.65
No additives 11.13 15.28 20.37 11.13 14.15 18.11 9.24 13.00 16.03
SF 13.29 15.85 24.89 11.88 15.10 20.56 10.75 13.58 19.81
0.55 SP 14.34 16.79 20.75 12.64 16.03 20.56 11.32 14.52 18.49
SF+SP 13.20 21.32 26.88 12.83 19.24 21.50 11.70 15.00 21.87
No additives 8.67 12.45 15.85 8.49 9.05 13.58 7.73 8.49 12.07
SF 7.36 10.56 13.58 5.28 9.43 12.07 4.90 9.43 11.69
SP 6.98 13.20 16.22 8.11 11.51 15.47 8.86 10.94 14.52
0-85 SF+SP 9.05 14.71 16.98 9.81 11.70 15.85 10.19 11.32 15.47
No additives 6.60 8.29 11.69 4.53 7.36 10.19 3.96 5.66 9.81

water/Cement
Ratio

0.42

Figure 4. The grout was not able to fill all Figure 5. SEM of specimen of TSC.
the voids between coarse aggregates.

The results can be described by the proposed formula:
fc'=A+B><W/C+C><(W/C)D+E><(c/s), (6h)

here fc is the calculated compressive strength of two-stage concrete at 120 day (MPa). Table 4 lists the values
of the regression factors.

Table 4. Regression Factors for Equation 1.

Additives A B Regressmrcl:ConstantS D E ((::ooerf[f?(lz?élr?tg
Silica fume 23.838 -19.641 7.022 -0.815 —-2.715 0.975
Superplasticizer -110.44 -172.456 291.909 0.418 -3.823 0.947
Silica fume + Superplasticizer 8.73 7.265 2.399 —2.456 -2.395 0.977
No additives 7.34 5.278 1.427 —2.647 -3.357 0.979

The correlation coefficients close to 1 confirm the reliability of the results obtained for all the
compositions developed.
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Splitting tensile strength is generally applied for appreciate one of important TSC property. Table 5 lists
the results of the TSC tensile experiment for various mixes. It was found that the tensile strength of a two-
stage concrete becomes higher with decreasing C/S. A decrease in the water/cement value below 0.42 resulted
in the appearance of a cellular structure, which partially binds coarse aggregates, which leads to a decrease
in tensile strength. Tensile strength at splitting after 7 days was poor, notably for no additive mixes, but furthers
its progress speed growth over time. For example, tensile strength at 7 days for a mixture that does not contain
additives was 20 % worse than that of a mixture with silica fume and superplasticizer additives. As a rule, the
higher the compressive strength of the TSC, a higher the tensile strength of the TSC, this is consistent with
previous studies [1, 9, 13, 17]. In addition, better mechanical adhesion between particles lead to higher tensile
strength in TSC.

Table 5. Average Tensile Strength Outcomes of two-stage concrete.

Curing Time (days)

Curing Time (days)

Curing Time (days)

w/c Additives 7 28 120 7 28 120 7 28 120
/S =1:0.5 (MPa) c/s = 1:1 (MPa) c/s = 1:1.5 (MPa)
SF 2075 2428 2785 1933 2357 2738 1789  1.982 2.547
SP 1.873 2405 2783 1655 1.950 2542  1.137  1.693 2.167
045 SF+SP 2452 2972 3772 1982 2765 2207 1796  2.363 3.111
No additives ~ 1.745 1.837 2547  1.604 1.673 2406 1507  1.603 1.984
SF 1.620 1626 2359 1677 1.653 2078 1430 1.510 1.698
SP 1.666 2213 2266 1636 2.071 2165 1415  1.688 2.075
055 SF+SP 1.716 2122 2265 1691 1.839 2170 1.603  1.608 2.124
No additives  1.424 1522 1768  1.383 1518 1.628  1.180  1.190 1.579
SF 1.226 1508 1603  1.037 1.340 1536 0.713  1.320 1.483
SP 0.852 1.450 2452  1.084 1.320 1549  1.179  1.320 1.601
085 SF+SP 0.943 1.674 2304 1226 1.406 1.699  0.943  1.264 1.625
No additives  0.884 1.461 1529  0.870 1.320 1.622 0578  1.226 1.447

3.4 The ratio of strengths of compressive and tensile

The outcomes of this research represent that there is a nice depend among both strengths. When a
compressive strength increases, a tensile strength is growth in a similar way. In this paper the Equation 2, was

created using regression analysis to relate the tensile strength at 120 days (i) to compressive strength at 120

days (fc).
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Table 6 shows the values of the regression factors.

Compressive strength (MPa)

Figure 7 shows the graphical presentation
of this relationship.
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Table 6. Regression Coefficients for Equation 2.

Regression constants Correlation
Additives
a b c d Factors
SF —6.048 0.223 26.158 —-0.674 0.943
SP —78.020 —0.003 75.050 0.022 0.901
SF+SP 66.074 0.584 -52.448 0.122 0.907
No additives -4.197 0.249 24.023 -0.871 0.936

Compressive and tensile strengths calculated by equations 1 and 2, respectively, are shown in Figure 7.
Compressive strength has a smaller deviation between the experimental value and the predicted ones, and
R? reaches 0.9, which shows the accuracy of equation 1. In the case of tensile strength, obtained from
Equation 2, the deflection among the empirical and predicted values is significantly less when the value of R?
is 0.6436. Many points fall off the line, indicating the need for more tests and data.
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Figure 7. Comparison of experimental values with predicted ones.

3.5. Strength properties of partially bound concrete

The strength results for concrete samples obtained with a water/cement value of 0.42 were not
presented in the main analysis. At the same time, 2 specimens were tested for compressive strength and
tensile strength with 28-day curing, and the results are shown in Table 7. Although the grout did not completely
fill the cylindrical specimens, the 28-day strengths showed a fairly high value. This notice also confirms that
the coarse aggregate framework is important for both TSC strengths.

Table 7. Compressive and tensile strength of partially bound concrete (W/C =0.42).

Compressive strength at 28 day (MPa) Tensile strength at 28 day (MPa)
Specimen Average Specimen Average
21.1 221
25.3 23.2 1.32 1.8

4. Conclusion

1. The lower limit of the water-cement ratio of a grout (0.42) is established, upon reaching which dense
structure of two-stage concrete cannot be ensured.

2. A formula is proposed for calculating the compressive strength of TSC with various combinations of
silica fume and superplasticizer, as well as with various water-cement and cement-sand ratios.

3. Tensile strength of a two-stage concrete becomes higher with decreasing €/S. In addition, better
mechanical adhesion between particles leads to higher tensile strength in TSC.

4. Conducting a correlation between compressive strength and tensile strength of the developed
concrete, it shows that with an increase in one type of strength, the other also increases. Considering a small
amount of work on these concretes in world literature (and the structure differs significantly from traditional
heavy concrete), obtaining reliable results (as indicated by almost all coefficients of correlation) is a definite
contribution to the study of two-stage concrete.

5. Even with a low water-cement ratio, when the grout did not completely fill the cylindrical specimens,
the 28-day strength showed a rather high value. This notice also confirms that the coarse aggregate structure
is important for both TSC strengths.
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KnroueBble cnoBa: KapkacHbI 6€TOH, KpeMHe3eM, PU3NKO-MeXaHNHECKME CBONCTBA, LIEMEHT, KPYMHbIN
3anonHuTenb

AHHoTaumA. KapkacHble 6€TOHbI, HECMOTPS Ha TO, YTO XOPOLLIO 3apeEKOMEHAOBaNM cebs B pa3nunyHbIX Buaax
CTPOUTENBLCTBA, U3ydYeHbl HE B TaKOW CTEMEHW, KaK TpaguLMOHHbIe Tskenble 0eToHbl. [1oaToMy B cTaTbe
pa3paboTaHbl COCTaBbl KapKacHbIX OETOHOB C pas3nuuyHbiMM JoOaBkaMuM B COCTaBE LEMEHTHO-NMECYaHoro
pactBopa. [lpoBegeHO CpaBHEHME MEXaHMYECKMX XapaKTepUCTUMK pa3paboTaHHbIX KOMMO3WLMA C
nobaBneHnem kpemHesema (SF) n cynepnnactudukartopa (SP) B pasnunyHbix koMOuHaumax. Kpome Toro,
obpasubl 4N UCNbITAHUI FOTOBUNUM C KOMOGUHaAUMsiMM cooTHowleHu Boga/uemeHT 0,45, 0,55 n 0,85 n
CcooTHoleHun uemeHT/necok 0,5, 1 n 1,5. Bcero 6bino npurotoBrneHo 36 cMmecen, B KadecTBe 4aCcTUYHOM
3aMeHbl LieMeHTa B konudecTBe 6 Mac.% BBOAMNM KpeMHe3eM, a B Boy AobaBnsnu cynepnnactudukartop,
paBHbin 1,2 % copepXaHusa UemeHTa B Boge. McnbiTaHUA MPOYHOCTU Ha CXaTue Ha ABYXCTYNeH4YaTblX
OEeTOHHbIX uMnuHAapax ObiM npoBedeHbl B cooTBeTcTBUM ¢ ASTM-C873 n ASTM-C943. lNpo4vHOCTb Ha
pacTshkeHne Takke TecTupoBanu Ha 3 obpasuax KaxaonW KOMMNo3uuum B COOTBETCTBMM C Npouenypowu,
onucaHHon B ASTM-C496/C496M. B pesynbTaTe, ObINo n3y4eHo pasBuTue NpoyHOCTU KapkacHoro 6eToHa 3a
7, 28 n 120 gHen. Mpun aToM BbINO 06HapYxeHO, YTO obLlast NPOYHOCTL HA CXaTue kapkacHoro 6eToHa Ha
ocHoBe SF, SP u SF + SP 6bina Bbllwe, yeM B 0OeToHe 6e3 kakux-nmbo pobasok. [Mpu 3TOM,
MoaMdULUMPOBaHHbLIN ©6eToH obnagaet ©onee BLICOKMMU MPOYHOCTHLIMW  CBOWCTBAMM, MOCKOSbKY
obecneymBaeT NydlNA KOHTAKT 3a CYET paclUMpeHusl, a Takke 3a CYeT CHWKEHWs BOOOLEMEHTHOrO
COOTHOLLEHUSI B LeMeHTHOM pacTtBope. [lony4yeHHble pe3yrbTaTbl MNO3BOMSOT MNPOEKTUPOBaTb LIEMEHTHO-
necyaHbIi pacTBOP, CMOCOOHbLIA 3aMONHATL BCE MYCTOTbl MEXAY KPYMHbIM 3anofiHUTeNnem, TeM CaMbiM,
co3faBas NAOTHYIO CTPYKTYpY ABYycTaannHoro 6eToHa.
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Abstract. In the present paper a plane round double-hinged arch under the potential dead load is
investigated. To describe the stress-strain state and the equilibrium stability the geometrically exact theory
is used. According to this theory every point of the bar has two translational degrees of freedom and one
rotational, which is independent from the previous two. To solve the problem no displacements are simplified
and all the stiffnesses are used: axial, shear and bending. Exact nonlinear differential equations are found
for the static problem. A variational definition for the problem is defined as finding a stationary point of
Lagrange functional. The match of the differential and variational formulations is shown. Exact stability
equations accounting non-linear geometric deformations in pre-buckling state were worked out. The
problem of the equilibrium stability of the round arch under the potential dead load was solved using the
obtained equations regarding all the bar’s stiffnesses. The characteristic transcendental equation and its
asymptotic solution as simple formulas, suitable for practical application, were worked out. The comparison
of described solution which regards all the bar’s stiffnesses and classical solution, based on bending
stiffness, was made.

1. Introduction

Arches are one of the most widespread structural systems. On the one hand, this is due to their
architectural expression; on the other hand, they are efficient at mechanics due to their curvature which can
neglect the effect of the bending moment. As a result, the arch can be rather flexible as the size of the cross
section can be relatively small. That is why the problem of arch equilibrium stability is one of the main problems
for engineers to consider.

Historically, the most popular problem in the theory of stability of arches is the problem of stability of
round arch under the radial pressure. This implication is typical for different underground structures — tunnels,
pipelines and hull ribs of the submarines. The solution for this problem for the semi-ring was derived according
to the fact that the loads, despite the bending of the axis of the bar, maintain the line of action. Besides, lines
of action don't move in case of buckling [1-4]:

or =3%- 1)

The solution for the problem of the stability of the plane arch under the radial pressure, when the load
maintains the line of action, but the application points move with the axis of the arch were worked out by N.V.
Kornoukhov [5] and A.N. Dinnik [6]. In case of the semi-ring the critical force is:

Ok =3.27%. )
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In practice arches usually suffer different loads. A lot of problems were solved about the non-linear
stability and the post-buckling deformation of round arches under the single force in the center [7-9]; under
vertical or horizontal pressure, distributed on whole length [10-14] or located only on the part of the arch [15,
16]. Some other problems and their solutions can be found in the papers of V.N. Paimushin [17, 18],
I.A. Karnovsky [19, 20], V.V. Galishnikova [21].

The critical force value is influenced not only by external loads but by the other parameters: flexibility of
the supports, material properties and shape of the axis of the arch. The effect of the horizontal and vertical
support stiffness on the stability of the round arch and frames was analyzed in [22, 23]. The effect of the
physical properties, inconstant through the cross-section was analyzed with the help of functionally graded
materials in [9, 14, 24, 25]. The problems of linear stability of plane parabolic arches can be found in [12, 13,
26]. Experimental researches of pre-buckling deformation, ultimate equilibrium and the failure behavior in case
of buckling are described in [27-30].

Despite the big amount of analytical study, all the mentioned researches consider only the bending
stiffness of the bar, and for this reason should be considered as approximate. There are no problem
formulations and their solutions about the stability of arches, considering both axial and shear stiffness.

Variational method as the principle of virtual displacements is the most popular method to research the
problems of stability [16—18, 31]. However, the variational definition for the problem as finding a stationary
point of some functional was used only for straight bars [32], not for the arches. Note, that exact stability
equations can be obtained from the second variation of the functional [31].

Thus, the purpose of this paper is to solve the problem of stability of plane double-hinged arch under
the potential dead load regarding all the stiffnesses of the bar: axial, shear and bending by variational
approach.

The aims of this paper are:

1. to work out a variational definition for the problem of deformation of the geometrical non-linear plane
elastic round arch regarding axial, shear and bending stiffnesses as finding the stationary point of Lagrange
functional,

2. to work out the stability equations as the result of the second variation of the Lagrange functional;

3. solving the problem of the stability of the arch with the help of the obtained equations under the
potential dead load regarding all the stiffnesses of the bar: axial, shear and bending.

4. comparing the obtained solution with the Kornoukhov-Dinnik solution (2), where only bending
stiffness was considered.

2. Methods

This paper is based on geometrically exact bar theory [32—-37], whereby each point of the plane bar has

two translational degrees of freedom — displacements U, W and one rotational — angle ¢, which is independent
form the previous ones.

Consider a plane round double-hinged arch with radius R under the potential dead load: uniformly
applied forces and moments. Each point of the arch can be described with the local trinedron (t, n, K): tangent
basis vector t is directed towards the increasing &, normal basic vector N is away from the center of curvature
C. The direction of the basic binormal vector K can be found using the vectoral product txn =K. All the
unknowns, describing the stress-strain state of the bar can be found via angular coordinate 8, 0< 0 < 9,
where 0 is the central angle (Figure 1).

Figure 1. Arch state in basic condition (condition before deformation).
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Definition of the problem of geometrically non-linear deformation of the round arch consists of three
groups of differential equations: static (equilibrium equations), geometrical and physical. The equations for the
static problem in the vector form were derived in [32-33]. The scalar form for the vector equations in the
curvilinear coordinates will be derived below.

Equilibrium equations for the problem of the plane non-linear deformation of the arch are:
(Ncosp—Q sing) +(Nsing+Qcosg)+Rg, =0;

(Nsing+Qcosg) —(N cosp—Q sing)+Rg, =0; (3)
M'+(u"+w+R)(Nsing+Qcosp)—(W —u)(Ncosp—Q sing)+Rm =0,
where N is axial force;
Q is shear force;
M is bending moment;

Ot, On are projection of the distributed loads on the tangential and normal (radial) direction;
M is distributed moment load;

U, W are tangential and normal displacements;

@is rotating angle. Henceforward differentiation is made according to angle 0( )l =d ( )/d@.

Geometrical equations for the plane problem are:

g:%(u’+w+ R)COS(p+%(W'—U)Sin(o—1,

y:—%(u’+w+ R)sin¢+%(W'—U)C05(0' (4)
_1

l//_ R¢’

where &, y, W are axial, shear and bending deformations.

Physical equations for the linear elastic material are
N =ke Q=k,y; M=Kk, (5)

where ki = EA is axial stiffness; ko = GAK is shear stiffness; ks = El is bending stiffness; E is Young’s

modulus; A is cross-section area of the bar; G is shear modulus; K is cross-section form coefficient; | is
moment of inertia.

The equations (3)—(5) are the exact equations of geometrical non-linear round arch, taking into account
all stiffnesses of round arch. To get the closed system on each end of the arch three boundary conditions are
needed. For the double-hinged arch they are as follows:

0=0:u(0)=0, w(0)=0,M (0)=0;

6
6-0: u(®)=0, w(®)=0,M(6)=0. ©
3. Results and Discussion
3.1. Variational formulation of non-linear static problem
Lagrange functional can be written as follows:

®

L(u,w, )= Rj[%(klgz + Ko + kswz)—qtu —Q,W— mgo}de. )
0
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It can be proved, that variational definition for the problem, defined as finding a stationary point of
functional £

L — STAT 8
in case the fulfillment of the essential boundary conditions
u(0)=w(0)=u(®@)=w(®)=0 9)

is equivalent to the initial problem (3)—(6). The first variation of the functional (7) is:

®
5£(u,w,(p):—j{uv((N cosqo—Qsingo)'+(Qc05¢>+ Nsing)+ th)+
0

+WV((N singo+QCOSgo)'+(Qsingo—Nc03¢>)+ an)+ (10)
+¢, (M"+(u'+w+R)(Qcosp+ Nsing)+(w —u)(Qsinp— N cosp) + Rm)}d6+
+[u, (N cosp-Qsing)+w, (Nsinp+Qcosg)+¢,M :'S ,
where the variations are labeled as follows:
u, =ou, W, =ow, @, = 9. (11)

The solution of the variational problem are the functions U, W, ¢, satisfying the essential boundary
conditions (6), that 0L =0 for any variations u,, W,, @, . Initial nonlinear equilibrium equations (3) are the
Euler equations of the variational problem (8)—(9), according to (10).

As it can be seen from (9), variations of the displacements on the boundaries equal to zero:
u, (0)=w,(0)=u,(®@)=w,(©)=0. (12)
Considering (12), the terms outside the integral (10) are:
M(©)p,(©)-M(0)g,(0). (13)

From the stationary condition of the functional for any ¢, (@) and ¢, (0) are, it can be seen, that their
factors should equal to zero. So, the natural boundary conditions are:

M (©)=0, M(0)=0. (14)
Thus, the equivalence of differential (3)—(6) and variation (8)—(9) formulations is proved.

3.2. Stability problem formulation

The second variation of the functional (7) is:
®
5°L(u,w, ) :%J'{kl[((u; +W, )cosp—@, (u'+w+R)sing + (W, —u, )sin g+
0
+ @, (W’—u)COS(p)2 +((u+w+R)cosp+(w'—u)sinp—R)(-2¢, (u, +w,)sing -
— @ (U'+W+R)cosg+2¢, (W, —u, )cosp—gpZ (W —u)sin (p)+ as)
+k, [(—(u\’, +W, )sinp—g, (W' +w+R)cosp+(W, U, )cosp—g, (W —u)sin (p)2 +

+(—(u"+w+R)sin ¢>+(w’—u)c03(p)(—2gov () +w, )cosp+@? (u'+w+R)sing -

—2¢, (W, —u, )sinp— g’ (W’—u)COS(p)}L k3go§2}d6’.

Let us label %525 = For (u,, W, ¢, ), where For (u,, W, @, ) is static stability functional.
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To derive Euler equations for the variational problem of finding a stationary point of functional
F;T — STAT in carrying out essential boundary conditions (12) the first variation of the stability functional
should be computed:

®
SFar (Uy, W, gov):j(éuv(—(chosw—govN sing—Q, sinp—9,Qcosp) —
0

— N, sinp—g, Ncosp—Q, cosp+¢,Qsin ¢)+5WV(—(NVsin @+ @,N cosg+
+Q, cosp—,Qsin go)' +N, cosp—@,Nsinp—-Q, sin ¢—¢VQc05(p)+
+ 0, (M, = (u'+W+R)N,sing+(w —u) N, cosp—(u; +Ww, )N singp- (16)
—@, (U'+W+R)Ncosp+ (W, —u, )N cosp—g, (W -u)Nsing -

—(u'+w+R)Q, cosp—(W —u)Q,sing—(u, +w, )Qcosp+¢, (u'+w+R)Qsinp -
—(w, —uV)Qsingo—gov(W’—u)QCOS¢)dH+[5uV(NVCOSgo—gostin p-Q,sinp-

~0,Qcosp)+w, (N, sing+¢,N cos+Q, cos ¢ —¢,Qsin ¢)+5¢VMVf,

where the following labels are introduced:
N, =kig,, Q =k, M, =kgy,;

&y =%((WQ —~U,)cosp— @, (U'+W+R)sing+(W, —u, )sing+g, (W -u)cose),

7 :%(—(u(, +W, )sing—g, (U'+w+R)cosp+(W, —u, ) cosp—gp, (W —u)sing), 40
V=50
Euler equations resulting from the condition & FQT =0 are the further equations:
9, (N cosp—-Qsing)+(N,sing+Q, cosp)—(p, (Nsinp+Qcosg)—
—(N, COS(p—QVSinq)))’ =0;
9, (Nsinp+Qcosg)—(N, cosp—-Q,sing)+(p, (N cosp—Qsing)+
+(N,sinp+Q, cos (0)), =0; (18)

M, +(u;, +w, )(Nsing+Qcosg)— (W, —u, )(N cosp—Qsing) +
+(u'+w+R)(¢, (Ncosp—Qsing)+(N,sinp+Q, cosp))+
+(wW'—u)(e, (Nsinp+Qcosp)—(N, cosp—Q,sing))=0.

Expression (18) is the system of equations involving functions u,, W,, @,. Functions U, w, ¢, N, Q, M
are known and are the solution of nonlinear static problem, the stability of which is being researched.

Equations (18) are the exact stability equations of the elastic round arch under the potential dead load,
taking into account all stiffnesses of round arch. To get these equations no hypothesis was made about the
value of displacements and type of stress-strain state of the bar.

The natural boundary conditions can be derived from the terms outside the integral (16) regarding the
essential boundary conditions (12):

M, (©)=0, M,(0)=0. (19)
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Thus, the formulation of the stability problem consists of stability equations (18) and six boundary conditions
(12), (19). The exact solution for the problem of stability can be derived if the exact solution of the nonlinear static
problem (3)—(6) is put in system (18). There are no exact analytical solutions for the nonlinear static problems of
the curvilinear bars. That is why the solution of the stability problem is derived in a linearized formulation [31]. This
means, that solution of the original static problem in linear formulation is put in system (18).

3.3. Solving the problem of arch equilibrium stability

Consider the problem of half ring equilibrium (an arch with central angle @ = 7) of radius R, under the
dead radial pressure (Figure 2).

Figure 2. Structural model of the half-ring under the radial pressure.

Statically acceptable solution in linear formulation [19] can be written as follows:
N=-qgR, Q=0, M =0. (20)

As the physical equations (5) and functionals (7) and (15) are valid only for the elastic material, then the
distributed pressure shouldn’t outnumber the following values:

oyA 21
q<—— (21)

where oy is elastic limit.

Substitution of the static solution (20) into stability equations (18) leads to the following system:
!
(Ne, +Q,)+(N,) =0;
—NV+(N¢)\,+Q\,)':0; (22)
M, -N(w,—u,)+R(Ng, +Q,) =0,
where, according to the (17), are made the following labels:
k

k 1 k ! !
N, :ﬁl(uv +W,), Q, :%(—R(ﬁv +(wW, —u,)), M, :%gpv.

The solution of the system (22) are the following functions:

u, =%GC1 c039+%GC16’sin 6’+%GC29c036’+ HC, cosv/AG+ HC, sinvAG +

+C5cos6+Cgsin g,

W, = —%Gclecoséhrkﬂlclsin ¢9+kﬂlc2 cos@+%GCzasin 9—%@02 cos O+ 23)

+VAHC, sin VA9 —AHC, cos~/Ab + C sin @ — C, cs 0;
?, =kﬂHclcosé)—kﬂ HC, sin 6+ C; cos</A8 +C, sin /A6,
3 3

where Ci is integration constants and the following labels are used:

qR )R’ (H?(R)R 1.1 dR R
A=|1+= , H= 2 , G=| 24+ —H|1+ = || 24
( kzj Ks (1 qung (kl K ( kzij @9
A e A |
k2 k3
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Boundary conditions (12), (19) lead to the system of linear equations involving integration constants.
After the equivalent transformations it can be derived:

"GC, =0;
VAH sin(JAz)C, =0;
~H-2C, +Asin(JAz)C, =0, (25)
i —%Gn\/xsin (\/K?Z')CZ +2+/AH sin (\/Kﬂ)(cos(\/xzz)ﬂ)q =0.

According to the numerical test, a critical load, calculated from the first two equations of the set (25),
outnumbers the critical load from the last system of two equations. Hence the transcendental equation relative
to the minimal value of the critical load can be derived:

@Hzﬂ(cos(ﬁﬁ)u)—%msin(ﬁ )=0, (26)

k3
Using the labels from (24) and trigonometric transformations, (26) can be rewritten:

T AR\AR® | _
tgz (1+k2]k3 B

2
qu 2
1+7— | 7
( ky ) ks _ 27)

2
2
0 2
1+ﬁ qR3 l.}-é{_ ( ZJ k3 1— 1+qR CIR3
k, k q

k, ) ks 1 K 1_(1+QR)

Transcendental equation (27) makes it possible to determine the value for the critical load (cr for the
circle arch under the dead pressure considering all the stiffnesses of the bar. Equation (27) can be solved
numerically for any arch with any cross-section, though you can’t get a general correlation between loading
and bar stiffness. Moreover, it is very uncomfortable to use such an equation in practice. To get the simple
form for the critical load an asymptotic solution for the equation (27) will be done.

SHIS

Consider the labels for the non-dimensional values:

_ _ ks _
b= I fl—szgl S =

k3
k,R?

(28)

For the cross-sections, widely used in practice, shear and axial stiffnesses are much more than bending
stiffness, that is why &1, & can be considered as small parameters: &, & << 1.

According to (28), (27) can be written as follows:

1+b%& ’
9 50\v%4)) -2 ( (1+b:eZ i
b(1+b% )| & +& + .

1-(1+b% )b

(29)

(1—(1+ b2§1)b2)2

The parameter & can be considered to be dependent on & through the K coefficient, where K is a
certain constant value.

& =&k, (30)
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According to (30), (29) can be written as follows:

(1+ b2, )2
tg(lb (1+b2§1)):i !
2 T 2 2
b (1+b2§) é: (k+1)+ (1+b gl) (1_(1+b2§)b2)2 (31)
H 1-(1+b2 )b? .
The unknown b can be estimated as an asymptotic series with a small parameter &1
b=b, +b& +b,& +..., (32)

where by = \/qKRg/ k3 relatives the value of the critical force gk neglecting axial and shear yielding, i.e. when
ki — o0, ko — o0, which is equivalentto & — 0, & — 0.

In fact, when &1 — 0, & — 0, (29) transforms into

Ap|=4__1
to(%) Ty 33)

The minimal positive root of the transcendental equation (33) is b, ~1.80866. Using the first
expression in (28) a Kornoukhov-Dinnik solution (2) can be derived:

k k
Q. =1.80866° R—f; ~ 3.27R—33. (34)

An approximate formula for the critical force can be derived by substitution of the asymptotic series with

a small parameter (32) into the equation (31), expanding both parts of the equation into a series, setting
coefficients of the same powers equal and considering only terms of the first order of smallness:

O = O (1-0.223‘*%-1.223%). (35)
1

The solution for the model neglecting axial stiffness (Timoshenko beam theory) can be obtained from
the (35) by letting kK1 — oo

0y =y (1—1.223‘1‘5—R). (36)
2

The solution for the model regarding only bending stiffness can be obtained from the (35) by letting
ki — oo, k2 — co.. In that case the Kornoukhov-Dinnik solution (2) is derived.

Using the value for the critical load from (27) or (35) the mode of buckling can be found:

u, = lGC,CZH cosf+H_C,sin /A, 0;

2
w, = %Gcrczesin 9—%GWC2 cos(9+kﬂlc2 cos@—./A, H_,C,cos/A, 6 (37)

o, =—H_BC,sin0+C,sin (A0,
3

where A, , H., G, are labels from (24), where the critical force value was substituted.

cr?

It is easy to prove, that each of the terms in (37) has no left-to-right symmetry, so the buckling mode is
antisymmetry. This goes with the results of the experiments [38], shown in Figure 3.

The comparison of the numerical exact solution (27), asymptotic solutions (35), (36) and a Kornoukhov-
Dinnik solution (2) can be made. Consider an arch with radius R = 12 m, cross-section is a thin-walled tube

with a thickness of 10 mm and a variety of diameters: from 355.6 mm till 1420 mm. Geometrical and stiffness
values can be found in Table 1.
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Figure 3. Buckling mode of the arch under the dead radial load: a — analytical model; b — experiment.

Table 1. Geometrical and stiffness values of the cross-section.

» _!‘L=L_ _—

Magazine of Civil Engineering, 89(5), 2019

b

Cross- Outer diameter, Cross-section Moment of Axial stiffness ~ Shear stiffness Bending stiffness
section [mm] area A, [cm? inertial, [m4 ki =EA/[N] ko=GAKk [N] k3=El [N-m?
355.6x10 355.60 108.57 1.62E-04 2.1714E+09 4.1758E+08 1.5698E+08
377x10 377.00 115.29 1.94E-04 2.3058E+09 4.4342E+08 1.9832E+08
406.4x10 406.40 124.53 2.45E-04 2.4906E+09 4.7896E+08 2.6780E+08
426x10 426.00 130.69 2.83E-04 2.6138E+09 5.0265E+08 3.2332E+08
478x10 478.00 147.02 4.03E-04 2.9404E+09 5.6546E+08 5.1252E+08
530x10 530.00 163.36 5.52E-04 3.2672E+09 6.2831E+08 7.7465E+08
630x10 630.00 194.77 9.36E-04 3.8954E+09 7.4912E+08 1.5465E+09
720%x10 720.00 223.05 1.41E-03 4.4610E+09 8.5788E+08 2.6383E+09
820x10 820.00 254.46 2.09E-03 5.0892E+09 9.7869E+08 4.4387E+09
920x10 920.00 285.88 2.96E-03 5.7176E+09 1.0995E+09 7.0332E+09
1020x10 1020.00 317.29 4.05E-03 6.3458E+09 1.2203E+09 1.0627E+10
1120x10 1120.00 348.71 5.37E-03 6.9742E+09 1.3412E+09 1.5448E+10
1220x10 1220.00 380.12 6.96E-03 7.6024E+09 1.4620E+09 2.1749E+10
1420x10 1420.00 442.95 1.10E-02 8.8590E+09 1.7037E+09 3.9917E+10

Consider the non-dimensional values of critical forces (27), (35), (36) by dividing them by gk and
construct a plot (Figure 4). An equation (27) is solved using the iterative Newton’s method with the help of
Wolfram Mathematica software.

ger [ gK
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F____‘_-———-___‘_‘___
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p| {1
BN
LA,
t=10mm
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> < > > X > >
S EIB8E S 3
8 o 8 == = v ©
) <

720X10

820X10
920X10
1020X10

—— Exact solution with all stiffness (formula (27))
Kornoukhov-Dinnik solution with onlybending stiffness (formula (2))
Asymptotic solution with all stiffness (formula (35))
Asymptotic solution with bending and shear stiffness (formula (36))

1120X10

1220X10
1420X10

Figure 4. The comparison for the critical load values.
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According to the comparison of the critical loads, the one, that considers all stiffnesses is tends to be
less, than the one, that regards only bending stiffness. It is worthwile noticing, that inaccuracy between the
Kornoukhov-Dinnik solution (2) and transcendental equation (27) increases as the size of the cross-section
grows. Critical loads, estimated using the asymptotic formulas (35) and (36) are always smaller, than the exact
values, so they improve the margin of safety. Moreover, inaccuracy between the asymptotic formulas and the
solution (27) is less than 0.3 %.

The results can be used in the analytical defining of the stress-strain state of structures, where tensile-
compression and shear stiffnesses make a significant contribution. Such structures include masonry and
concrete arches [39-42], curvilinear elements of dams [43, 44] and long-span steel roofs [45, 46].

4. Conclusions

1. An analytical model of a geometrical non-linear deformation and stability of the plane elastic round
arch taking into account all stiffnesses was worked out. This model contains:

1.1. exact non-linear equilibrium equations;

1.2. variational formulation for the problem is defined as finding stationary point of Lagrange functional,
1.3. static stability functional,

1.4. exact stability equations.

2.Based on the derived equations the problem of the equilibrium stability of the round arch under the
dead radial load was solved. The characteristic transcendental equation and its asymptotic solution as a
number of simple formulas, suitable for practical application, were worked out.

3.The comparison of described solution which regards all the bar's stiffnesses and classical
Kornoukhov-Dinnik solution based on bending stiffness, was made. It was shown, that considering axial and
shear stiffnesses leads to decreasing the values of the critical forces.
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Keywords: ycTOMYMBOCTE KOHCTPYKLMIA, MOTEPS YCTOMYMBOCTU, FTEOMETPUYECKN TOYHas TEOPUS, «<MepPTBasi»
Harpyska, KpyroBasi apka, >XeCTKOCTb, TOUKa CTalUMoHapHOCTH, doyHKUMoHanN JlarpaHxa

AHHOTaumAa. B crtaTbe paccmartpuBaeTcs Mrockas KpyroBas [ABYXWAPHUPHaa apka, HarpyxeHHas
noTeHUManbHOM «MepTBOM» Harpyskon. [na onucaHus HanpskeHHO-4eopMUMPOBaAHHOMO COCTOSHWUS W
YCTONYMBOCTU PaBHOBECUS UCMOMb3YEeTCs FEOMETPUYECKM TOYHAsA TEOPUS, B COOTBETCTBUN C KOTOPOW Kaxdas
TOYKa CTEPXHSA MMEeeT ABe TpaHCNAUMOHHbIE cTeneHn cBobodbl U OOHY BpallaTenbHyo, HEe 3aBUCSLLYHO OT
TPaHCAAUMOHHBIX. [INA nonyyYyeHWs pelleHnMs He UCNOMb3yITCA HUKaKMe YMpoLleHUs O BenuynHax
nepeMeLLeHnin 1 yrroB NoBOpOTa, a TaKkKe YYNTLIBAIOTCA BCE XECTKOCTU CTEPXKHS — NPOJoNbHas, caBMrosasi
n un3rmbHasa. [llonyyeHbl TOYHble HenuWHenHble auddepeHumanbHble YpaBHEHWS CTaTUYEeCKOW 3adadu.
CdopmynupoBaHa BapvaLoHHasa NOCTaHOBKa B BUAE 3a4a4vum Nnovcka TOYKM CTauMoHapHOCTU pyHKUMoHarna
Tuna Jlarpanxa. [lokazaHa akBMBarneHTHOCTb AMddepeHLnansHon n BapnaunmoHHOM NOCTaHOBOK. onyyeHs!
TOYHbIE YpaBHEHMS YCTOWYMBOCTU, Y4YUTbIBAIOLIME TFEOMETPUYECKU HernuHeHoe pAedopmupoBaHne B
OOKPUTUYECKOM COCTOSIHUW. Ha ocHOBE Nony4YeHHbIX ypaBHEHUI peLleHa 3afada yCTOMYMBOCTM paBHOBECUS
KPYroBom apku npu AenNCTBUM «MEPTBOro» pagmanbHOro AaBfieHUsi C YY4EeTOM BCEX XECTKOCTEN CTEpPXHS.
lMonyyeHO xapakTepucTUyeckoe TpaHCLEeHOEHTHOE YpaBHEHME, a TaKkKe acCUMNTOTUYECKOE peLleHne 3Toro
ypaBHEHUs B BUAe NPOCTbIX OPMYI, NPUrOAHLIX ANA NPaKTUYeCcKoro NpUMeHeHuns. BoinonHeHo cpaBHeHWe
NOSYyYEHHOro PEeLLEHUS, YYUTLIBAIOLLIErO BCE XECTKOCTU CTEPXKHS, C KNACCUYECKUM PELLEHNEM, YYUTLIBAIOLLUM
TONBKO N3rMBHYI0 KECTKOCTb.
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Optimization of the structure and properties of foam-glass ceramics

K.S. lvanov
Earth Cryosphere Institute SB RAS, Tuymen, Russia

Keywords: building material, thermal insulation, glass ceramics, silicates

Abstract. The basic properties of foam-glass ceramics — a porous inorganic material are optimized in the
study. This material is used for thermal insulation of various engineering structures: foundations of buildings,
roads and railways, pipelines, etc. The main raw material components of the material are sodium hydroxide
and opal-cristobalite rocks: diatomite, tripoli, opoka. The mixture of components is subjected to firing and
foams with the formation of a porous structure with vitreous and crystalline phases. A significant impact of two
different ways of preparing the batch on the basic properties of the material was studied and analyzed. In the
first method, the batch was obtained as a suspension with a high water content, which was subjected to
mechanical activation in a vibratory mill. In the second method, the batch was obtained by pushing a mixture
of components through calibrated holes with the help of a screw auger. Thus, the batch was an extruded
tough-plastic granular mass with lower water content. As a result, the formation of a heterogeneous structure
of the samples and the presence of dense non-foamed inclusions, leading to an increased average density of
the material were established in the first method. The extruded batch in the second method was foamed more
evenly without stratification; thereby the average density of the samples was reduced. An additional reduction
in the average density of the samples by 17% due to the intensification of dissolution of silica during the
autoclave treatment of extruded batch was observed. The extrusion method is recommended for the
production of foam-glass ceramics in granular form, which contributes to the saving of expensive sodium
hydroxide.

1. Introduction

Foam-glass ceramics is an inorganic insulating material of cellular structure. The advantages of foam-
glass ceramics include the high prevalence of the raw material base — these are opal-cristobalite and zeolite-
containing rocks [1, 2], low thermal conductivity, water resistance, non-flammability and also a wide scope of
application. Foam-glass ceramics can be obtained both in block form (plates, shells, segments) and in the
form of granules. The material can be used for thermal insulation of enclosing structures of residential and
industrial buildings [3]. Another field of application for granulated foam-glass ceramics is the thermal insulation
of foundations of engineering structures in areas with seasonal freezing of soils to protect against frost
heaving. Such structures include: buildings with low-depth foundations, roads, railways, pipelines, etc. [4-5].

The disadvantages of the material include the need to use expensive sodium hydroxide, therefore
reducing its content, taking into account the preservation of the functional properties of foam-glass ceramics,
is an actual scientific and technical problem. Another limiting factor of industrial production of foam-glass
ceramics is the lack of a unified technology of the material synthesis.

Opal-cristobalite rocks which include diatomite, tripoli, and flask are rich in amorphous forms of silica.
The key process in the synthesis of foam-glass ceramics is the dissolution amorphous silica in the alkalis. The
mixture of the rock and alkaline solution is subjected to firing and foams at a temperature of 800-900 °C.
Foaming of the mixture during the physicochemical interaction in the system SiO2-Na20-H20 occurs in two
stages. At the first stage, when components are mixed, the formation of hydrated alkali silicates occurs. At the
second stage, during firing, the batch passes into the pyroplastic state with simultaneous dehydration of
hydrated alkaline silicates and the subsequent polycondensation of silicon-oxygen anions [6—9]. As a result, a
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«silicate foam», containing both the vitreous phase and the crystalline phase, introduced with the insoluble
residue of the opal-cristobalite rock, is formed.

The advantage of this method is the fact that an inorganic thermal insulation material is synthesized in
one stage and the intermediate process of sintering the granular glass is excluded [10-12]. Unlike thermal
insulation materials obtained by hot-foaming method [13, 14], commercial liquid glass is not used in described
method. In addition, the usage of waste glass, that is necessary in classical foam-glass production [15, 16], is
not required in foam-glass ceramics technology.

The methodology of mixing the opal-cristobalite rock and alkali can have a significant impact on the
structure formation and functional properties of foam-glass ceramics. On the one hand, the mixing process
should be accompanied by chemical interaction between the components with the formation of hydrated
sodium silicates. On the other hand, opal-cristobalite rocks have a high adsorption capacity, which makes it
difficult the batching process. Thus, it is obvious that the procedure of the preparing the mixture is a complex
physicochemical process that has not been adequately covered in the scientific literature. For example, in
studies of recent years, the methodology of mixing components is described insufficiently, but only their ratios
are given [1, 6-8].

Taking into account the above features of mixing the components, the studies examined two different
ways of the batching process. The first (wet method) consists in obtaining a suspension with a relatively high
water content from milled opal-cristobalite rock, sodium hydroxide and water. It can be assumed that in the
liquid phase a better quality of the reaction between sodium hydroxide and amorphous silica of opal cristobalite
rock can be achieved. It should be noted that these batches in the form of liquid suspensions, are used in the
preparation of various materials and binders and play a structure-forming role [17, 18]. The disadvantage of
this method is the difficulty of further drying the batch before firing.

In the second embodiment, the continuous pushing of components through calibrated holes with the
help of a screw auger, in one or more stages, is used (extrusion method). The process of interaction between
sodium hydroxide solution and amorphous silica of the rock is intensified under the mechanical influence of
the screw, resulting a tight-plastic batch with high homogeneity. Secondly, the processes of mixing
components and granulation of the batch are combined in one operation. Compared to the wet method, the
granulated mixture has a low water content, which simplifies its further drying, since in the wet method, the
water content can reach 70 % or more, whereas in the extrusion method 16-18 %.

The purpose of the work was to study the influence of wet and extrusion methods of obtaining the batch
on the structural features and basic properties of foam-glass ceramics.

2. Materials and experimental technique
2.1. Diatomite analysis

The opal-cristobalite rock was represented by diatomite with the following chemical composition, mas.
%: SiO2 — 76.71, AlOs — 7.33, Fe203 — 2.43, CaO — 0.46, MgO — 0.93, R20 — 1.24, TiO2 — 0.61,
SOz — 0.72, loss of ignition — 9.57. The diatomite was dried to constant weight at 100 °C, powdered using a
ball mill and sifted through a sieve with a mesh size of 0.16 mm. The structure of diatomite was studied using
a Jeol JSM-6510A scanning electron microscope (Japan) and a DRON-6 diffractometer (Russia), a
wavelength of 0.179 nm, Cu Ka-radiation, and a Fe-filter.

SEM image shown in Figure 1 suggests that diatomite is composed mainly of the remains of the shells
of diatoms — fossilized algae, consisting of amorphous silica. The maximum size of shells is about 0.1 mm.
A high content of the amorphous phase in the form of opal in the diatomite is indicated by the disperse reflex
on the diffractogram of X-ray phase analysis in the range of angles of 18-26° (Figure 2a). The crystalline
phases of diatomite were identified using the American Mineralogist Crystal Structure Database. The XRD
pattern (Figure 2a) shows the presence of quartz (reflections at angles of 20.87°, 26.65°, 36.56°, 39.49°,
40.41° and 50.17°), montmorillonite (reflections at angles 19.60° and 34.67°), illite, having similar reflections
to montmorillonite, as well as feldspar mineral albite (reflections at angles of 21.69° and 27.84°).

In order to quantify the content of soluble silica the diatomite was dissolved in NaOH solution with a
concentration of 20 % in a mass ratio of solid and liquid phase equal to 1:3. To intensify the dissolution, the
mixture was heated to a temperature of 90 °C and continuously stirred for 4 hours. By determining the
concentration of SiOz in the resulting suspension using the method [19], it was established that diatomite
contains 44.6 % of soluble silica in its composition. The insoluble mass of diatomite (55.4 %) falls on the clay
minerals, feldspar and organic impurities.

Figure 3a shows TG, DTG and DSC curves of thermal analysis of diatomite. The endothermic effect on
the DSC curve in the range of 70-200 °C corresponds to the removal of physically bound (adsorption) water
from the sample. The clay minerals of diatomite are dehydrated at 490 °C, which is confirmed by the
corresponding peak on the DTG curve. The exothermic effect at a temperature of 350 °C can be explained by
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the burning out of organic impurities. The last endothermic effect on the DSC curve at 870 °C is not associated
with a change in the sample mass and characterizes the structural changes of montmorillonite and illite, which
is confirmed by the thermal analysis of these minerals [20]. Thus, the main phases of diatomite are opal, in
the form of alkali-soluble shells of diatoms, quartz and clay minerals. The identified phases are in accordance
with the given above chemical composition of diatomite.

2.2. Batch preparation process

The mass ratio between diatomite and dry NaOH in the experiments was assumed to be 9.1.
Theoretically, this gives a molar ratio between the soluble silica of diatomite and alkali (in terms of Na20),
equal to 5. In traditional liquid glass, this ratio, called the silicate module, is 3—4. A lower ratio, with the chosen
methods of obtaining the material, is not economically justified. At a higher ratio the average density of foam-
glass ceramics is decreased resulting in deteriorating its thermal insulation properties.

For comparison, in the studies of other authors, the mass ratio between diatomite and dry NaOH was
taken to be 4.9 [6] and 4.0 [7], respectively, i.e. the mixture contained almost twice the amount of NaOH.
Taking into account the chemical composition of diatomite and the accepted ratio between diatomite and
NaOH, the theoretical total content of alkali oxides R20 (Na20 + Kz0) in foam-glass ceramics should be 11 %.
At the same time, the foamed glass obtained from glass waste by adding NaOH as a foaming agent contained
about 19 % R20 in its chemical composition [16].

In the wet method of obtaining the batch diatomite, dry NaOH and water were taken in the weight
proportion between the solid components and water equal to 1:2; the spreadability of the fluid batch according
to Suttard viscometer was 80—90 mm. To intensify the interaction between diatomite and NaOH the batch was
processed in a 300 ml vibratory mill, in which there were stainless steel balls with a diameter of 8 mm and a
total weight of 250 g. The oscillation frequency, amplitude and duration of treatment were 1500 min-1, 2 mm
and 15 min, respectively.

The extrusion method of batching consisted in the primary mixing of components by hand in a steel
spherical bowl, until a press powder with a moisture content of 17 % was prepared. Next, the press powder
was processed in a laboratory extruder with the screw parameters: diameter and a screw step of 80 mm,
rotation speed of 45 min-t, maximum torque of 490 N-m. The granulating grid was made with 26 calibrated
holes with a diameter of 5 mm. This parameter sets the diameter of the granules at the exit of the extruder
and is the most optimal for the given parameters of the extruder. Under the influence of the screw, the mixture
turned into a tight-plastic mass, which was pressed through the holes of the granulating grid as individual
granules with a diameter of 5 mm, whose length was limited to 5-6 mm. To achieve the required plasticity,
water was introduced into the mixture in the amount of 4-6 %.

The mixture was subjected to double extrusion, i.e. after the first passage through the granulating grid,
it was returned to the extruder and extruded again. Increasing the rate of extrusion over two is impractical
because of the sharp decrease in the plasticity of the batch due to the high adsorption properties of diatomite,
which causes overheating and an emergency stop of the extruder. Mass homogeneity at single extrusion of
the mixture was not provided. The average density of the raw grains obtained by the extrusion method was
1560-1630 kg/m?.

2.3. Samples Preparation Technique

The effect of the metod of preparing the batch was evaluated after thermal foaming the samples
according to their average density, porous structure and compressive strength. The main criterion was the
average density that directly depends on NaOH consumption per unit volume of foam-glass ceramics. In
addition, the value of average density affects the key characteristic of thermal insulation material — its thermal
conductivity.

The mixture was subjected to drying to constant weight at 80 °C. Then the mixture was crushed to a
fraction of 1-2.5 mm, poured into molds of heat-resistant steel and subjected to firing in a muffle furnace at
850 °C for 20 minutes. During firing, foaming and sintering of individual grains of the batch took place among
themselves. Cooling of the molds took place together with the furnace, after which cubic samples with a rib
length of 30 mm were cut out of the monolitic material. The average density of cubic samples was determined
as the ratio of their mass to volume.

Depending on the processing method and the type of treatment, the batch was marked in accordance
with Table 1. The W0 and EO batches were foamed according to the above regime on a ceramic substrate,
without pre-drying and grinding. In this case, the determination of the average density of the samples was
carried out using the hydrostatic weighing method. In order to intensify the process of dissolution of silica and
reduce the consumption of NaOH, the EAD batch was subjected to autoclave treatment at a water vapor
pressure of 1.5 MPa for an hour and then dried and crushed.
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Figure 1. SEM image of diatomite, Figure 2. X-ray phase analysis: a—raw diatomite;
magnification x500. b and ¢ —batch WD heat treated at 100 and 800 °C
respectively. A —albite, | —illite,

M — ontmorillonite, Q — quartz.

3. Results and Discussion

To study the physicochemical processes during foam-glass ceramics firing thermal analysis of the WD
batch (Table 1) was carried out (Figure 3b). Curves DTG and DSC shown in Figure 3b are characterized by
endothermic effects in the form of a sharp peaks at 100 °C and a more extended effects (unlike the sample of
raw diatomite in Figure 3a) in the range of 350-600 °C. In accordance with the TG curve, the second effect is
accompanied by almost half of the total weight loss of the sample, which, apparently, is due to the dehydration
of hydrated sodium silicates formed in the batch before. The last insignificant endothermic effect of the DSC
curve at 760 °C in Figure 3b, is possibly associated with melting of the crystalline phase of NaeSigO19e. The
occurrence of this phase was diagnosed using X-ray phase and thermal analysis at heating commercial liquid
glass to 750 °C, followed by decomposition of NasSisO19 at 800 °C and the formation of a melt [21].

Table 1. Marking of batch depending on processing method and type of further treatment.

No. Method of batch processing Type of batch treatment
1 WO Wet No treatment
2 WD Drying and crushing Firing on a ceramic substrate
3 EO No treatment
4 ED . Drying and crushing S
5 EAD Extrusion Autoclave, drying and crushing Firing in a steel mold
6 EA Autoclave and drying Firing on a ceramic substrate
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Figure 3. Results of thermal analysis: a — raw diatomite; b — batch WD.
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X-ray phase analysis of the mixture depending on the heating temperature is presented in Figures 2b and
2c. The significant changes in crystalline component of ditomite under heat treatment ot the batch WD are not seen
in comparison with the diffraction pattern of raw diatomite: Figures 2b and 2a respectively. The disappearance of
the amorphous gallo in the range of angles 18-26° after drying at 100 °C, which is typical for the dissolution of silica
phases of diatomite under the influence of NaOH, is seen in Figure 2b. The diffractogram in Figure 2b is
characterized by the disappearance of the peaks of montmorillonite and illite, the structure of which is subjected to
a significant restructuring under the influence of alkalis [22]. The presence of a glass phase at 800 °C is confirmed
by the formation of gallo in XRD pattern shown in Figure 2c at angles of 8-13°. The last is consistent with the data
other authors who performed x-ray phase analysis of liquid glass at 800 °C [21]. Thus, at the batch firing, physically
bound water is removed at 100 °C, then the process of dehydration of sodium silicates starts at 350 °C and
continues until the melt is formed at 750 °C resulting in foaming the composition.

The structure of the samples fragment obtained from the batches W0 and WD is shown in Figures 4a
and 4b respectively. The stratification in height of the sample WO foamed in a liquid form on a ceramic
substrate is seen in Figure 4a. The top of the sample is represented by a foamed mass with a characteristic
glass luster, and in the lower part a dense mass of red color prevails, in appearance resembling ceramics,
which is unacceptable in the technology of thermal insulation material.

In order to eliminate negative stratification during firing, the batch W0 was subjected to preliminary
drying. Unlike the sample WO in Figure 4a, an obvious delamination is not observed in a fragment of the
foamed sample WD presented in Figure 4b. However, among the foamed particles up to 3 mm in size, there
are dense ceramic inclusions of red color. The latter indicates that the liquid batch had already been separated
during its drying and the grains of insoluble residue were distributed in the batch after its grinding that is seen
in Figure 4b.

The average density of the samples obtained from the batches W0 and WD was 640 and 720 kg/m3
respectively, which is a relatively high value for a thermal insulation material. Obtaining a more viscous batch
with lower water content is impractical because of the difficulty of mixing, and therefore, further research was
focused on the mechanized method of obtaining the batch using extrusion.

L LLLL) LLE LLLLY LA LLLLI AR LLLLHLRR L IIII|IIII|I|II|IIIIIIIII|I|II|IIII|III

a b

Figure 4. Porous structure of foam-glass ceramics samples (scale is given in mm):
a — batch W0; b — WD; ¢ — EO.

The porous structure of the foamed samples in the form of granules obtained from the batch EO is shown
in Figure 4c. In comparison with the batches W0 and WD (Figures 4a and 4b, respectively) pores are
distributed throughout the volume and delamination is not seen (Figure 4c). Consequently, obtaining the batch
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as a tight-plastic mass with a low water content contributes to the uniform foaming of foam glass-ceramic
samples, while the insoluble residue of diatomite is distributed in the mixture without further separation during
firing process. The average density of samples from the batch EO is 530 kg/m3, which is 1.2 and 1.7 times
lower in comparison with the batches W0 and WD, respectively. The volume density of the granules, taking
into account their average size of 10 mm, is 290 kg/m3. The volume water absorption and compressive strength
of granules in the cylinder determined according to Russian State Standard GOST 9758-2012 “Non-organic
porous aggregates for construction work. Test methods” were 6 % and 1.8 MPa, respectively. Accordingly to
these properties the granules can be used as insulating layers in various engineering structures: for example,
to protect the soils of the roads foundations from seasonal freezing and frost heaving [4].

From the batches marked as ED and EAD, cubic samples of foam-glass ceramic with an average
density of 540 and 450 kg/m? and compressive strength of 7.4 and 3.4 MPa respectively, were obtained. Thus,
the average density of the autoclave treated samples ED is decreased by about 17 %. The most likely
explanation of the autoclave treatment effect is the formation of an additional amount of hydrated sodium
silicates in the batch caused by intensification of the dissolving the silica phases. As a result, this can contribute
to an increase in the amount of the liquid phase in the melt and give an additional amount of a pore-forming
agent during the dehydration of sodium silicates.

In addition, due to the existence of known methods of hydrothermal synthesis of commercial zeolites
from clays and alkalis [22], it is likely that they can be formed under the influence of pressure and steam.
During firing, dehydration of artificial zeolites is likely, as a result they can participate in the process of foaming
the material, reducing the average density. However, this is a theoretical assumption, since zeolites were not
traced in XRD pattern of the batch WD (Figure 2b).

High glass phase content in the samples EO is proved by a characteristic glass luster that observed in
Figure 4c. Along with this, during firing, greenish color sometimes turning into black is seen in the samples W0
and EO presented in Figures 4a and 4b respectively. The reason for this may be the formation of ferrous oxide
as a result of the reduction of Fe20s. The melting of the outer surface of the sample can prevent the penetration
of oxygen and contribute to the creation of a reducing environment due to the organic compounds contained
in diatomite [23].

The EA batch was foamed on a ceramic substrate and glass-ceramic samples in the form of granules
were obtained. In accordance with Russian State Standard GOST 9758-2012, the samples had the following
properties: an average grain size of 10 mm, a bulk density of 250 kg/m?3, a volume water absorption of 7 %,
and a compressive strength in the cylinder of 1.5 MPa. Bulk density of EA samples was 14 % lower compared
to the samples EO due to the autoclave treatment. The thermal conductivity of 10 cm thick layer of granules,
determined in accordance with the methodology of Russian State Standard GOST 7076-99 “Building materials
and products. Method of determination of steady-state thermal conductivity and thermal resistance”, was
0.71 W/(m-K).

Due to the presence of intergranular voids, granulated foam-glass ceramics from the batches EO and
EA have a significantly lower bulk density (290 and 250 kg/m?3, respectively) compared to foam-glass ceramics,
obtained in mold from the batches ED and EAD (540 and 450 kg/m3, respectively). Consequently, a larger
volume of foam-glass ceramics in granular form is released that is economically justified, given the wide scope
of this material [4]. In addition, due to intergranular voids and lower density of granulated foam-glass ceramics,
there is a proportional decrease in the specific consumption of expensive NaOH per unit volume of material,
compared to cubic samples synthesized in mold.

The samples properties can be compared with the results of other authors. Foam-glass ceramics was
synthesized at a lower mass ratio between diatomite and NaOH equal to 4; cubic samples with an average
density of 200—220 kg/m?® and compressive strength 2.0-2.3 MPa were obtained [7]. In this study the higher
average density and compressive strength of cubic samples of 450 kg/m3 and 3.4 MPa, respectively, was
caused by the higher mass ratio between diatomite and NaOH equal to 9.1. Thus, the extrusion method is
preferable in obtaining granular foam-glass ceramics, since its bulk density is almost half the average density
of cubic samples: 250 and 450 kg/m3, respectively, i.e. a larger volume of material is released.

4. Conclusion

1. The separation of the samples along with the formation of a porous structure on top and dense
ceramics from below due to the high water content in the liquid batch of the wet method was observed. The
samples with increased average density and non-uniform structure containing both foamed particles and more
dense ceramic particles were obtained after pre-drying the liquid batch.

2. The batch with lower water content, obtained by the extrusion method, was foamed evenly, without
stratification, thereby structure of foam-glass-ceramics was optimized and its average density reduced. An
additional decrease in the average density of samples from 540 to 450 kg/m?3 due to the activation of dissolving
the diatomite silica phases during the autoclave treatment of the extruded batch was defined. The additional
saving NaOH in proportion to the decrease in the average density of the material was achieved.
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3. Combining the processes of mixing and granulation of the batch in a single operation is the
advantage of the extrusion method in foam-glass ceramics technology. The maximum economic and
technological efficiency of the extrusion method is achieved during obtaining granular foam-glass ceramics as
a result of reducing the consumption of NaOH and bulk density due to the presence of intergranular voids.
Using the extrusion method and autoclave treatment the samples of granulated foam-glass ceramics with a
bulk density of 250 kg/m3, thermal conductivity of the granule layer of 0.71 W/(m-K) and compressive strength
in the cylinder of 1.5 MPa were obtained.
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OnTnmMmmnsaums CTPYKTYpPbI U CBOMCTB NeHoCTeKINoKepaMnkmn
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KntoyeBble cnoBa: CTpoMTENbHbBIA MaTepuan, TENNON30nsaUnNd, MeHOCTEKIToOKepaMmKa, CUnmMKaThI

AHHOTaumsA. B uccnegoBaHusax oNnTMMN3MpPOBaHbl OCHOBHbIE CBOMCTBA NMEHOCTEKNOKEPaMUKN — MOPUCTOrO
HeopraHM4ecKoro Tennon3onsLMOHHOro Matepuana. [JaHHbln maTepran NnpuMeHseTca Ans Tennonsonsumm
PasnNUYHbIX MHXEHEPHbIX COOPYXEeHWn: (PyHOAMEHTOB, OCHOBAHWA aBTOMOOUIIbHBIX WM XEenesHblX A0opor,
TpybonpoBoaoB u T.4. OCHOBHbIMU CbIpbEBLIMU COCTABASOLNUMUM MaTepmnana sBnNATCA rMApoKCU HaTpus n
onan-kpuctobannToBble ropHble MOPOAbl: AMaTOMUT, Tpenen, onoka. CMecb KOMMOHEHTOB MoAaBepraeTcs
00XUry 1 BcneHnsaeTcsi ¢ GOpMUPOBAHMEM MOPUCTON CTPYKTYPbI, KOTOPasi BKIIOYAET KaK CTEKIOBUAHYIO, TaK
N KpucTannuyeckyto asbl. B nccnegosaHnax npoaHanvM3MpoBaHO U YCTAHOBIEHO CYLLECTBEHHOE BIUSIHUE
OBYX Pasnu4yHbIX CMOCOOOB MPUrOTOBMEHMS CMECUM KOMMOHEHTOB Ha OCHOBHblE CBOWCTBa Martepuana. B
nepeBoM crnocobe wuxTa npeacTaBnana cobor CycneH3aWo C BbICOKUM cogepXaHuem BOAbl, KoTopas
noABepranacb MExXaHW4ecKkon akTuBauum B BMOpauuoHHOW MernbHuue. Bo BTopom cnocobe, wuxTta 6bina
nony4yeHa aKCTpy3unen, T.e. MyTEM NPOAaBNNBAHNS CMECU KOMIMOHEHTOB Yepes kannbpoBaHHbIE OTBEPCTUS C
nomoLLblo LWHeka. Becneacteme aTtoro, wmxTa npeactaensana cobon rpaHynmMpoBaHHYK TYro-nnacTU4HYo
Maccy C HU3KMM coaepXaHueM BoAbl. B pesynbTaTte 6bin0 ycTaHOBMEHO, YTo 6onee BbICOKOE coaepXaHue
BOAblI B NepBOM crnocobe CuHTe3a NpuBOAUT K (POPMUPOBAHMIO HEOOHOPOOHOW CTPYKTYypbl 06pasLoB, ux
paccrnoeHuno, HanuuuMi MMNOTHbIX HEe BCMEHEHHbIX BKMIOYEHUN W MNOBbILEHHOW CpefHen NfoTHOCTU
maTepuana. Lluxta, nonyyeHHas 9SKCTPY3MOHHbIM METOOOM, BCrneHuBaeTcs 6Gonee paBHoOMepHo, ©e3
paccrnoeHus, Grnarogapsa 4Yemy CHWXaeTCsl CpefHsisl NIOTHOCTb MEHOCTEKNoKepaMunku. [JononHUTEeNnbHOMY
CHWKEHWIO cpefHen nnotHocTn obpas3uoB Ha 17 % cnocobcTByeT aBTOKNaBHasg oOpaboTka LUMXThI,
MONMYYEeHHON SKCTPY3MOHHLIM METOAOM, 3a CYET akTuBM3auuM Mpouecca pacTBOPEHMS KpeMHe3éma
anatomuta. OKCTPY3UOHHbLI  METO4  PEKOMEHAOBaH AN MOJydeHUA  MEHOCTEKIOKepaMuKM B
rpaHynMpoBaHHOM BuAe, YTO CNocOOCTBYET SKOHOMMM JOPOroCTOSILLErO MTMOPOKCMAA HATPUS.
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Abstract. A method for calculating bending plates by the finite element method based on Reisner's theory is
proposed. The method is based on the fundamental principles of minimum of additional energy and possible
displacements. For discretization of the subject area, arbitrary quadrangular finite elements are used. Over the
area of the finite element, the moment fields and shear forces are approximated by constant functions that satisfy
the differential equilibrium equations in the area of the finite element in the absence of a distributed load. Using
the principle of possible displacements, algebraic equilibrium equations of the nodes of the finite element grid
are compiled. In accordance with Reisner's theory, vertical displacements and angles of rotation of the middle
surface of the plate are taken as nodal possible displacements as independent. The proposed method of
calculation allows you to calculate both thick and thin plates. There is no effect of «locking» of the solution for
thin plates, which is confirmed by calculations of rectangular plates with different support conditions of side and
different ratios of thickness to plate sizes. The solutions obtained by the proposed method for plates of various
shapes are compared with analytical solutions. Sufficiently fast convergence and accuracy of the proposed
calculation method for both thick and thin plates is shown.

1. Introduction

Bending plates are one of the main elements of the supporting structures for various construction
objects. Often in construction, for example as a foundation, thick reinforced concrete slabs are used. When
calculating thick plates, it is necessary to consider, in addition to bending deformations, transverse shear
deformations of sections, which can significantly affect the stress-strain state of the plate. The theory of
bending plates, based on the hypothesis of direct normals, does not allow to consider shear deformations.
Finite elements, developed based on the Kirchhoff theory, can be used only for the calculation of thin plates
[1-2].

The Reisner's bending plate theory is widely used for calculating thick plates [3—4]. In contrast to the
classical Kirchhoff theory, in Reisner’'s theory, the angles of rotation of the middle surface and vertical
displacements are considered as independent variables. Such way makes it possible to lower the maximum
order of derivatives in the strain energy functional and makes it possible to use first-order functions for
approximating the displacement functions. As known, the direct use of Reisner’s theory for constructing finite
elements in displacements leads to the «locking» effect which consists in the impossibility of using these finite
elements for calculating thin plates, which limits their applicability only to the area of thick plates. In order to
overcome the “blocking” effect, various additional coordination of the finite element’s unknowns is often used.
For example, the hypothesis of direct normals is enforced gone at discrete points or high order shift theory is
used [5-6]. The finite elements based on satisfying the hypothesis of direct normals in the middle of the sides
of finite elements are widely used in software and demonstrate good accuracy.

Various variational principles are successfully used to solve the stability and dynamics problems of
various structures, including plates of variable stiffness [7—8]. A detailed analysis of the applicability of
variational principles to the solution of a wide range of problems of the theory of elasticity by the finite element
method is performed in [9-10]. In these works, the formulations of the variational principles of Lagrange,
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Castilian, Reisner are considered in detail and the relevance of obtaining a two-sided estimate of the obtained
approximate solutions is noted.

When constructing analytical solutions of the problems of bending rectangular plates, high-order
shear theories are applied. In this case, along the cross section the deformations change according to law
different from linear principle [11-12]. To construct finite elements that consider shear deformations, the
third-order shear theory is applied successfully [13-14]. In [14], quadrangular finite element is presented
that has seven degrees of freedom at each node: three displacements of the middle surface along the axes
of coordinates, two shear angles and two angles of rotation of the normals. Such an approach allows one
to more accurately consider shear deformations, when the properties of the material are changing in
different directions. In [15], an additional procedure is used to account for shear deformations in the finite
elements already construct, which are used to calculate thin plates. Transverse shear deformations are
calculated of based on the direct application of the equations of the three-dimensional theory of elasticity.
To construct quadrangular finite element the Galerkin’s method is used in a weak form [16]. Also, the
Galerkin’s method is used to construct triangular and quadrangular finite elements according to
Reisner-Mindlin theory in [17]. In [18, 19], analytical solutions for rectangular plates, obtained based on
Reisner's theory, are proposed.

Mixed and hybrid variational formulations are also used to construct finite elements of plates with
allowance for shear deformations [20-23]. On the one hand, such formulations simplify the inclusion of shear
deformations by using both displacements and shear forces and moments as unknowns, but, on the other
hand, matching of displacements and forces is required to ensure convergence.

Thus, most of the developed methods for calculating plates with considering shearing deformations, in
one form or another, are based either on approximations of displacement functions or on solving differential
equations expressed in terms of displacement functions. In this case, stresses are determined as derivatives
of displacements expressed by approximate functions, which leads to an inevitable loss of accuracy in their
determination, although stresses are more important for assessing the strength of a structure. In addition, the
accuracy of the solution depends on the selected finite element mesh and we cannot, in the general case for
an arbitrary construction, determine the accuracy of the solution obtained. Therefore, it remains actual to build
alternative models, to the finite element method in displacements, for considering shear deformations when
calculating flexible plates based on Reisner's theory. If we have solutions obtained on an alternative basis,
then by comparing two (or more) solutions we will be able to obtain a more reliable estimate of the accuracy
of the solutions obtained.

The purpose of this work is to develop a method for calculating plates with considering to the shear
deformations of Reisner's plates, which based on the functional of additional energy and the principle of possible
displacements, as well as comparing the solutions obtained for plates of various shapes and with different
supporting conditions with solutions obtained by other methods. Such an approach for solving the plane problem
of the theory of elasticity is used in [24], for rod systems in [25-26] and for bendable plates in [27-28]. In [28], a
method for calculating thick bent plates with allowance for shear deformations based on the extended Castiliano
functional is proposed. As additional terms, using the Lagrange multipliers method, algebraic equilibrium
equations of nodes, obtained using the principle of possible displacements, are added to the functional. Possible
vertical displacements of nodes causing bending and possible vertical displacements of nodes causing shear
are used separately. As a result of the calculation, the rotation angles for the nodes are not directly determined.
In this work, as possible displacements, both possible displacements in the form of vertical displacements and
rotation angles will be used. In this case, as a result of the calculation, we can obtain both the magnitudes of the
vertical displacements and the magnitudes of the rotation angles, which is more convenient.

2. Methods

Solving the problems of plate bending we obtain based on the functional of additional energy for an
isotropic plate (for simplicity, we assume that there are no specified displacements) considering the shear
deformations:

1( 12 1 2k (1+v ]
Hc:f(ﬁ)I(Mf+M5—2vMXMy+2(1+v)Mfy)dQ+§[%JJ‘(Qf+Q§)dQ—>mIn. &)

E is the modulus of material elasticity;
t is the plate thickness;

vis Poisson's ratio;

k = 6/5 is coefficient considering the parabolic law of change of tangential stress across the plate thickness.
The functional (1) is can written in matrix form that is more convenience for solving by the finite element method:
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e =1[{my [T M}de+1 {0} [E,] 7 (Q}d2— min. @

In expression (2) the following notation is entered:

M Q tr 12(1+v)[1 0
M _ _ +
Mp=dM, b Q=1 b [ET =22 v 1 0 | [E =TT @
Q, E.t 5E-t |01
M, 0 0 2(1+v)

In functional (2), the first addend is associated with the bending deformations of the plate, the second
is due to shear deformations by transverse forces.

AY

y e 17w
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— o -»>
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2 X
a) b)

Figure 1. An arbitrary quadrangular finite element.

For discretization of the subject area, we use arbitrary quadrangular finite elements (Figure 1). Over the
area of the finite element the moments and shear forces will be approximated by the constant functions. It is
obvious that such functions satisfy differential equilibrium equations in the area of a finite element in the
absence of distributed loads.

For the finite element K in the global coordinate system, we combine the unknown internal forces into
the vector {F«}, and shall denote the flexible matrix as [Dx].

12 -12.
E-t3 E‘t;, 0 0 0
vk 24(1+v)
{Fk}: Moy k [Dk]zAk 0 0 E—t3 0 0 ) (4)
ka
' 12(l+v)
g o0 0 HEr 0
12(1+v)
o o o SET

Ax is the area of the finite element;

N is number of finite elements. Then the expression of the functional (1) can be written in the following
matrix form:

1° =330 (R [D{R} =3{F} [D]{F} - min; )

[51] tR)
[D]= B , {F}=9 © i (6)
[On] tFo)
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In accordance with the principle of minimum of the additional energy, the functions for moments My,

My, Myy and shear forces Qx, Qy must satisfy the corresponding differential equilibrium equations (7) and
static boundary conditions.

8Ivl"+6lley—QX:0, 6My+6MXy 0 +&

OX oy oy OX ox oy

Dividing the region of problem into finite elements and using approximations for internal efforts, then we
shall obtain a finite-dimensional analog of the differential equations (7). For this we use the method of weighted
residuals. Then for the first differential equation, we can write the following equations for the method of

weighted residuals:
oM oM _
;A':( aXX-|— ny—QXJéHXYIdAIO, |:1’2’.“N' (8)

-Q, =0, +q=0. )

N is the number of nodes of the finite element grid;

60, ; is weight functions;

Ai is area of the region where the weight function is nonzero. We assume that the weight functions 59x,i

are nonzero only in the region of finite elements adjacent to the node I under consideration. Such weight
functions can be called “local” or “finite”. Using for (8) the integration procedure in parts, we obtain the following
expression:

(M, 58,;) (M50, ;)
ox ' oy

O Mxﬁ((;ix,i),,vl 0(50,,) Q,50,; {dA+ | dA=0, i=1 2, ..., N. (9)
A

Xy
% A

The second integral in expression (9) can be transformed using the Gauss theorem [1] (integration by
parts in the plane case) into the integral over the boundary of the region, then we get:

8(50, (50,
1 ) (axx")ﬂley (ayx")—Qx&%,i dA—I[(MXIX+Mxyly)5¢9X1idF=O, i=1,2,..,N. (10

I} is the boundary of the area in which the weight function 66, ; is nonzero;

|x,|y are direction cosines of normal to the boundary of the region I . If we shall give the weight

functions 5:9X'i a physical meaning and take them in the form of possible angles of rotation along the X axis,
then expression (10) coincides with the expression of the principle of possible displacements. The first integral
in (10) is the work of internal forces on possible displacements, the second integral is the potential of external,

given moments on the boundary. Bending and torsional moments perform work on the corresponding
curvatures, and shear forces perform work on shear angles.

Performing similar transformations to the second and third equations (7), we obtain two more equilibrium
equations:

f Mya(gaiy'i)“\/'xya(gazy'i)‘vay'i dA- [ (M), +M,1,)50,,dr=0, i=12,..,N. @

A T
(w")  ofow"

fla 5, & )dA—.[(Qx|x+Qy|y)5thdF_,[q5WiShdA=O’i=1’2""’N' 12
A ‘i A

59y’i is possible displacement (weight function) in the form of a rotation angle along the Y axis;

&th is possible displacement (weight function) in the form of a vertical displacement associated with

a shear.
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Thus, from differential equilibrium equations (7), for the Reisner plate, we obtained algebraic equilibrium
equations (10)—(12) for nodes of the finite elements grid, which, when crushing the grid, will tend to differential
equations. Note that expressions for derivatives of internal forces are not included in expressions (2),
(10)-(12), so they can be accepted to be constant over the finite element region, and possible displacements
can be taken as linear functions.

To build a solution, instead of the three differential equilibrium equations (7), having completed the
transformations, we can get only two:
O*M O°M,  O°M a
K2 YT V4= Q, Qy+q 0. (13)
OX oxoy oy ox oy
Obviously, the first equation is associated with bending deformations, and the second with shear
deformations. For the second differential equation, algebraic equilibrium equations (12) are obtained above.

For the first equation, we shall take the function &N,b as a weight function. Then we get

M, _0°M,, 0°M :
J' axzx_l_z axa;y+ ayzy +q WibdA=0, 1=12,...,N. (14)

A
For the convenience of recording transformations, we introduce intermediate notation:
owp owp M, M, oM,, oM,,
é‘¢X‘| aX 1 5¢y‘| 8y H VX ax H y ay H UX 6X 1 Uy 8y . ( )
Using (15) we get
aVx aUx ou y avy b _ F_
j[aer Y + o + Ry +q ow;dA=0, i=12,...,N. (16)

Let us demonstrate the further transformations scheme by the example of the transformation of the first
addend in (16). Using procedure of integration in parts we get:

|1=j—5wdA— jv ( )dA+jMdA (17)

Next, using the Gauss theorem, we replace the second integral over the area by the integral along the
boundary contour:

—jv ( )dA+_[VI5WdF (18)

I

Using (15), we replace the variables again:

— X X b
_I 50 olAIa |, swPdr. (19)
To the first integral from (19), we also use integration by parts:

I _J‘M q)XI J‘ Mé‘wxl

Applying the Gauss theorem to the second integral, we finally get
0% (owp)

b
Ilz/l[MxTZidA—;[ Ml a(givi )dr+1{ agf(x | SwPdr (21)

A+ j —= 2l owdr. (20)
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Using similar transformations for all terms and using the expression for the transverse forces from (7),
we obtain the following expression for (16):

o% (swP % (swP ?(ow! oow?
/{MX%+2MW%+My%dA j( +Mxyly)%dl“

(22)

b
—[ (Ml + Mxy|x)%r+ [(Qdi+Q)l, Jowpdr + [ q.owPdA=0, i=12,...,N.
T T A

Equations (22) are equilibrium equations for nodes on possible vertical displacements, causing flexural
deformations. In [27, 28], equilibrium equations like (22) were used in constructing a solution for Kirchhoff
plates, which based on the functional of additional energy. Linear functions were taken as possible
displacements in the finite element region. Therefore, in the triangular finite elements, the first integral was
zero. For the rectangular finite elements in the first integral, only the term associated with the torsional
curvature was nonzero. The fourth integral is zero, both at the boundaries between the finite elements and at
the outer boundaries. The fourth integral is the work of transverse forces normal to the boundary. Therefore,
if the external boundary is free, then the transverse forces are zero. If there are no displacements at the border,
then there is also zero the possible displacement. The second and third integrals in (22) are the work of
moments at the angles of rotation along the normal to the sides of the finite elements. With linear possible
displacements, these angles get fractures (breaks) and therefore the third and fourth integrals will not be equal
to zero. In papers [27, 28] for triangular finite elements, these integrals were calculated using geometric
constructions. Note that when using this approach to the solution, it is impossible to use the approximations
of forces constant over the finite element region, since in this case the second and third integrals will be equal
to zero.

Comparing the two options have considered above, we note that in the second version, the states of
bending and shear are completely separated, and in the first version they are connected. But at the same time,
it should be noted that the original differential equations equilibrium of are the same.

In this paper, we will use the first version of the equilibrium equations construction, based on three
independent possible displacements. In accordance with the minimum of additional energy principle the
functions of moments and shear forces must satisfy the corresponding differential equilibrium equations and
static boundary conditions. Since, in the general case, it is almost impossible to select such functions, we
shall act as follows. Using the possible displacements principle, we shall compose algebraic equilibrium
equations for the nodes of the finite element grid. In this case, in accordance with Reisner's theory we shall
take, as the nodal possible displacements, the vertical displacements and rotation angles of middle surface
independently. Further, the resulting algebraic equilibrium equations will be added to the functional (5) using
the Lagrange multipliers method. This ensures the equilibrium of the selected stress fields in a discrete
sense (in nodes) and the solution can be obtained by minimizing the resulting extended functional. It should
be noted that the number of equilibrium equations must be less than the total number of unknown nodal
forces. Since the forces in the domain of finite elements are approximated by constant functions, then small
grids are necessary for obtaining sufficiently accurate solutions, therefore the above requirement will be
fulfilled. For example, in a 4x4 square grid, the number of unknown nodal forces will already be greater than
the number of equilibrium equations, even if the superposed supports are not taken into account.

ow,

Figure 2. Possible displacements of the node 1 of finite element.

To get the solution, we use the well-known transformation of an arbitrary quadrilateral (Figure 1a) into
the square element (Figure 1b). Such transformation can be written in the following form:

x=3" N(ED) Xy, Y=20 N(En) -y Ni(&n)= (1+§§)(1+?7.) (23)

X «» Yi are coordinates nodes of finite element K in the global coordinate system.
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Displacements in the finite element area, caused by possible displacements of the node I, we shall
express using the linear basis functions introduced above — N, (é‘,?]):

oW = Ni(flﬂ)BWiv 00, = Ni(égln)Bex,i' 66, = Ni(flﬂ)wy,i- (24)

With the possible displacement &Ni =1 only shear deformations occur in the plate:

5y _a(dw) _ N, (&) 57 _ow) _ N (&)

T ox oX T ay oy

Then, the work of the internal forces of finite element K by possible displacement is expressed in the
following form:

(25)

38Uy, = Qi [[ 37,0 8A+Qy . [[37,,0A .
A A
The work of external forces
Ny k = Py +” N;i (&,77)- G, dA 27)
Ar

P, ; is force which concentrated in a node;

Q,x is load which is distributed over area of the finite element;

Ax is area of the finite element. In accordance with the principle of possible displacements, we shall
obtain the equilibrium equation for the node i

keza;isuwi,k + k;&vwi'k =0. (28)

=, is the set of finite elements adjacent to the node i. Equations (28) for all nodes can be written in the
following general matrix form:

[ {F.iJ+P =0, icE, (29)

—w

o

{vai} is vector containing the coefficients before unknown forces of finite elements in the equilibrium

Wi

equation of the node i;

{Fw,i} is vector of unknown forces of finite elements adjacent to node |.

P, is generalized force equal to the work of external forces;

—
(=
o

w is set of nodes that have degree of freedom along the Z axis. The expressions for the elements of
the vectors and the generalized forces will be given below.

With the possible displacement in the form of rotation angle along the X axis 86, ; =1, both bending
and torsional deformations and shear deformations take place:

2(36,) _oN (&) o(86,) _ oN;(&,m)

Sy =t =00 g, =] TS5y =50, =-N,(&,7). 30
T == s n =", o y (&) (30)

In this case, the work of the internal forces for the finite element has the following form:
8Uﬁxi,k = Qx,k Ij87xsz+ M %,k J] 51 wdA+M Xy, k J-J 8nydA' (31)

A A A
The work of external forces in the general case
Vo, k =My +_U N; (&, U)‘mex,de (32)
A
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M, ; is the moment of external forces concentrated in the node, which acting along the X axis; — acting

along the X axis moment of external forces, which distributed over the finite element area;

A< is the area of the finite element. Equilibrium equation, like equation (29), will have the following form:

T vl - p—
{Coi} {Foi}+Myi =0, i€z, (33)
{ngyi} is vector containing coefficients before unknown forces of finite elements in the equilibrium
equation of the node i;

{Fa i } is unknown forces vector for finite elements adjacent to node |.

M, ; is generalized moment equal to the work of external forces;

E, is nodes set, which have degrees of freedom in the form turn angles 6, .

For possible displacement, in the form a rotation angle along the Y axis 8«9in =1, such expressions are
written similarly:

_9(36,) _ oNy(&.m)

0(89,) _ N, (&)
Sy, ==y , Sy, =-80, =-N,(&7)
Zyy ay ay ny ox ox 7yz y i (é: 77) (34)
8U g,k = Qi [[37,,dA+ M, [[ 37, dA+M,  [[37,,dA (@5)
A A A
Vo = Mo, + [[ N (&) my 1 OA (36)
A

Using the Lagrange multipliers, equations (29), (33) and (37) we shall add to the functional (5). Then we get

11° =3 (FY" [D}{F}+ X w({Cus) {Rui} + R+

lezy

ZX 0,, ({chvi VRl Mx,ij+ % 0, ({ng,i V(R i)+, j > min.

(38)

iEEg

We introduce the notation for the nodal displacements global vector — {W}. The vector combines all
unknown vertical displacement and rotation angles for the whole area:

.
{W}Z(Wl b2 Oy " Wop O ey,m) '

Then, equating to zero the derivatives of the functional (38) with respect to the vectors {W} and {F},
we shall obtain the following linear algebraic equations system:

e

The matrix [L] and vector {P} is formed from the coefficients of the equilibrium equations (29), (33) and (37).

The matrix [D] is block diagonal form and easily analytically invertible. Therefore, we can express the
vector {F} from first matrix equation:

{Fi=[DI"Pj-[DI*[L] W} (40)

Then we express the vector {W} from the second matrix equation

[Klw}=[DI"{P} [K]=[LIDI*LT. (42)

Note that the matrix [K] has tape structure of nonzero elements.
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Consider the matrix [L] formation algorithm for a plate represented by arbitrary quadrangular finite
elements. For partial derivatives of the function N, (f, 77) of the finite element with the number K, the following
expressions can be written:

ON, 0N, ox 0N, oy oN; _oN; ox N, oy
0 X 0 oy o' on  Ox On oy on

Index i denotes the local number of a finite element node (Figure 1a). Equations (42) are written in the

matrix form:

(42)

oN,| [ox ey](an x oy
o | _|0& 0& ) ox o0& o0&
6Ni - % 6l 6N| ’ [\]]_ % g (43)
on on on|lon on on

Using relations (7), we obtain the expressions of the Jacobi [J] matrix’s elements:

Gi (L+n7; -
1, :g_g: 24_1 i ( 7 I)XI ) :% (1_;7)(x2‘k _Xl,k)+(1+77)(x3,k —X4k)]
4 é:| 1+7777|
Jio =%=Zi:1 ( 2 ) %_(1_77)<y2,k _yl,k)+(1+77)(y3,k_y4k):|' 44
7 (1+ 86 -
- By Al ) ') Y T R
1 (1+65 -
s 2o BB 3y )14
From relation (43), we can obtain the expressions for the necessary derivatives:
oN, oN,
X 1| 08 by by
=[J , I = . 45
Fpbriay el 49
on on
The elements of matrix [J ]71 have the following expressions:
detd =J,,J,,—J,d,0, by = b, = L O R (46)
nhe T b detJ 2 detd’ P detd’ P detd
Using the expression (45) and (7), we shall get
ON; S 1+nn U 1+§§
aX. bll |( |) b12 I( |), 4
N, éi(1+m7.)+b n(2) 0
ay — M1 4 22 4 '

We shall get integrals on the area of arbitrary quadrilateral finite element, for function Ni(&, #) and it

ox oy’
Cix = ”%dA:%J‘_llf_ll(thfi (1+7777i)+b1277i (1+§§i ))det Jdédn,
C2| __U IdA 1." J. 21§| 1+7777| +b2277| (1+§§|))det~]d§d77, (48)

cg,i,k = NidA=ZLL(1+ &) (1+nn, )detJ d&dn.
A

Integrals (48) are calculated numerically using the four-point Gauss formula.
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Using (48), we write the expressions (26), (31) and (35) for the possible displacements of the node i for
the finite element with the number K in the following form:
OU,, « = QuCrik +Qy ok
0U, « =M, Cix + M Coy — Qi Caixs (49)
8U0yi,k = Mxy,kcli,k +M y.kCaik _Qy,kcsi,k-

U, |
We can introducethevector—{SULK}: 8U9xivk . Then
8U9yi,k
0 0 0 Ci k Caix
{8Ui,k}:[Li,k]{Fk}’ [Li,k]: Cyi k 0 Coiiv  —Caik 0 | (50)
0 C2i,k Cli,k 0 _C3i,k

From the matrices [Li,k] formed for each finite elements nodes, in accordance with the numbering of

the nodes and finite elements, the global matrix [L] is formed for whole system. If the boundary of the area is
not parallel to one of the global axes, but lies at an angle « to the X axis, then the matrix should be multiplied
by the matrix of direction cosines:

1 0 0
[ ]=[sIL.) [s]=|0 cose sine| (51)
0 —sina cosa

For the case of a load uniformly distributed on the finite element, the work of external forces on possible
displacement is calculated by the following formula:

Ny k = ” N (&,77)- 0, dA =0, Cqi - (52)
A

3. Results and Discussion

It is well known that when using the theory of bending of Reisner plates for building finite elements in
the form of the displacement’s method, the so-called problem of “locking” the solution arises. “Locking” is that
such finite elements are unsuitable for the calculation of thin plates. Therefore, as first example, we shall obtain
solutions for rectangular plates with different ratios of the plate thickness to its dimensions and for different
variants of supporting the sides (Figure 3).
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Figure 3. Conditions of support and the sizes of the sides of bending Levi's plates.
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In Figure 3 dashed line and the letter S denotes a simply supported side, the oblique hatching and the
letter C denotes a clamped side, and the letter F denotes the free side. Table 1 presents the results of
calculations of the plate denoted SS, given in [11] for various theories, and the results obtained by the
proposed method — SFEM. The lengths of the plate sides were taking equal to 3 m or 1.5 m. The side 3 m

long was divided into 30 finite elements, and the side 1.5 m — into 16 elements. Poisson's ratio is v=0.3.

The load was taken evenly distributed over the plate area. The results of calculations in Table 1 are presented
in dimensionless form:

—_ 100D, [(a b
" ga’ W(Z’ 2)' (53)
Table 1. Displacement of the center of the plate under the action of a uniformly distributed load.
a b t/a Theory Boundary conditions
CC CS SS CF SF FF
3 1.5 0.001 CRT 0.0163 0.0305 0.0633 0.1450 0.3810 1.3714
S-FSDT 0.0163 0.0305 0.0633 0.1450 0.3809 1.3713
[11] 0.0163 0.0305 0.0633 0.1450 0.3810 1.3714
SFEM 0.0161 0.0303 0.0632 0.1449 0.3808 1.3688
0.04 CRT 0.0178 0.0322 0.0647 0.1505 0.3880 1.3797
S-FSDT 0.0175 0.0318 0.0646 0.1476 0.3835 1.3770
[11] 0.0178 0.0322 0.0646 0.1504 0.3879 1.3795
SFEM 0.0176 0.0320 0.0646 0.1503 0.3890 1.3769
0.1 CRT 0.0256 0.0421 0.0725 0.1746 0.4111 1.4168
S-FSDT 0.0245 0.0386 0.0714 0.1614 0.3972 1.4070
[11] 0.0256 0.0407 0.0714 0.1721 0.4084 1.4130
SFEM 0.0254 0.0405 0.0715 0.1721 0.4100 1.4103
0.2 CRT 0.0524 0.0694 0.0958 0.2391 0.4688 1.5247
S-FSDT 0.0489 0.0630 0.0958 0.2105 0.4464 1.5141
[11] 0.0525 0.0695 0.0958 0.2395 0.4692 1.5248
SFEM 0.0524 0.0695 0.0960 0.2396 0.4712 1.5220
3 3 0.001 CRT 0.1917 0.2785 0.4062 0.5667 0.7931 1.3094
S-FSDT 0.1917 0.2786 0.4062 0.5667 0.7931 1.3094
[11] 0.1917 0.2786 0.4062 0.5667 0.7931 1.3094
SFEM 0.1916 0.2786 0.4063 0.5663 0.7924 1.3068
0.04 CRT 0.1965 0.2830 0.4096 0.5737 0.7981 1.3154
S-FSDT 0.1955 0.2819 0.4096 0.5712 0.7975 1.3151
[11] 0.1965 0.2830 0.4096 0.5737 0.7981 1.3154
SFEM 0.1964 0.2834 0.4107 0.5732 0.7983 1.3128
0.1 CRT 0.2209 0.3059 0.4273 0.6065 0.8224 1.3459
S-FSDT 0.2128 0.2996 0.4273 0.5945 0.8208 1.3451
[11] 0.2209 0.3059 0.4273 0.6065 0.8224 1.3459
SFEM 0.2209 0.3065 0.4289 0.6061 0.8230 1.3432
0.2 CRT 0.3021 0.3827 0.4904 0.7139 0.9072 1.4539
S-FSDT 0.2759 0.3827 0.4904 0.6777 0.9041 1.4523
[11] 0.3021 0.3827 0.4904 0.7139 0.9072 1.4539
SFEM 0.3023 0.3837 0.4924 0.7135 0.9081 1.4512
1.5 3 0.001 CRT 0.8445 0.9270 1.0129 1.0605 1.1496 1.2887
S-FSDT 0.8445 0.9270 1.0129 1.0605 1.1496 1.2887
[11] 0.8445 0.9270 1.0129 1.0605 1.1496 1.2887
SFEM 0.8440 0.9256 1.0106 1.0564 1.1444 1.2804
0.04 CRT 0.8511 0.9330 1.0181 1.0664 1.1547 1.2938
S-FSDT 0.8497 0.9322 1.0181 1.0660 1.1551 1.2944
[11] 0.8511 0.9330 1.0181 1.0664 1.1547 1.2938
SFEM 0.8506 0.9323 1.0172 1.0623 1.1502 1.2855
0.1 CRT 0.8850 0.9637 1.0454 1.0981 1.1829 1.3228
S-FSDT 0.8770 0.9596 1.0454 1.0946 1.1837 1.3244
[11] 0.8850 0.9637 1.0454 1.0981 1.1829 1.3228
SFEM 0.8845 0.9638 1.0420 1.0940 1.1791 1.3145
0.2 CRT 1.0000 1.0704 1.1430 1.2090 1.2844 1.4283
S-FSDT 0.9746 1.0572 1.1430 1.1970 1.2861 1.4316
[11] 1.0000 1.0704 1.1430 1.2090 1.2844 1.4283
SFEM 0.9998 1.0712 1.1446 1.2050 1.2812 1.4199
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The results presented in Table 1 demonstrate good accuracy of the solution according to the proposed
method, both for thin and thick plates. Thus, the proposed solution method is free from the so-called “locking”
effect and can be used to calculate plates of any thickness.

To assess the accuracy of determining the bending moments, we consider the results of calculations of
the SS plate for different aspect ratios. It is known that when the sides of plate are simply supported, the values
of the bending moments don't depend on the plate thickness. Table 2 provides comparison of the values of
moments in the center of the plate, obtained by the proposed method, with the results of analytical calculations
according to the Kirchhoff theory [29]. The finite element grid was taken 21x21.

Table 2. Moments in the center of the SS plate which loaded with a uniformly distributed load.

o/a 100M, /ga® 100M, / ga’
t/a = 0.001 t/a=o0.2 Exact [29] t/a = 0.001 t/a=0.2 Exact [29]

1.0 4.79 4.84 4.79 4.79 4.84 4.79
1.1 5.55 5.60 5.54 4.93 4.98 4.93
1.2 6.27 6.33 6.27 5.01 5.06 5.01
1.3 6.94 7.00 6.94 5.03 5.08 5.03
1.4 7.55 7.62 7.55 5.02 5.07 5.02
15 8.11 8.19 8.12 4.98 5.03 4.98
1.6 8.62 8.69 8.62 4.93 4.98 4.92
1.7 9.08 9.15 9.08 4.86 4.90 4.86
1.8 9.48 9.56 9.48 478 4.83 4.79
1.9 9.85 9.92 9.85 471 4.75 471
2.0 10.17 10.24 10.17 463 4.67 4.64

Note that for thin plates, the proposed solution practically coincides with the analytical one, and for thick
plates one, the resulting moments are more than analytical ones by about 1 %.

Also, the rate of the solution convergence by the proposed method was tested when was crushing the
finite element grid. The test showed fast convergence of displacements for all considered variants of plates.
In Figure 4 shows graphs of solutions convergence for two variants of square plates, depending on the number
side's divisions.

w w
035 0.45
t/a=0.2
0.3.\° . (J.fll\ﬂz_.—<
]
0.25 0.35
t/a=0.001
0.2 , 03 t/2=0.001
¥—‘k—_‘—“—1l
0.15 n 0.25 &
10 20 30 10 20 30
a) b)

Figure 4. Displacement the center of a square plate depending
on the number of side divisions: a) SS plate; b) CS plate.

In Figure 5 shows the graphs of the change in bending moments in the SS plate (Figure 3) for various
sides ratios. The plate was crushed into 21 finite elements along each side. Therefore, the lengths of the finite
element’s sides were in the same ratio as the lengths of the plate sides. Bending moments are constant values
in the finite element region and so more accurately model the value in the finite element centers. Therefore,
to more accurately determine the value of the moment in the clamped side middle My 2, linear extrapolation
was used according to the moment values in the two finite elements nearest to the boundary. Obviously, with
an increase in the ratio of the finite element sides, the error in determining the moment on the clamped side
also increases.
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Figure 5. Bending moments for a uniformly loaded square plate CC with different ratios of sides.
MXJ: |\/|x,1/qa2 and I\Wy’1 = I\/Iy,llqa2 are bending moments in the center of the plate;

Myyz
Red line is t/a = 0.001; Blue line is t/a = 0.2; Green line is the solutions for the Kirchhoff plate [29].

= My,zlqa2 is bending moment in the middle of the clamped side. Designations:

Graphs in Figure 5 shows the concurrence of the obtained moment values for thin plates with the
analytical solution for Kirchhoff plates (the Green lines coincide with the Red lines). For thick plates (Blue line),

only the moments M v coincide with the solution for Kirchhoff’s plates (Figure 5b). The values of the moments

I\WX’1 and I\Wy’2 for thick plates differ by 10—20 % from the corresponding moments obtained for thin plates.

For an additional estimation of the results accuracy obtained, square SS plate was calculated on the
LIRA-SAPR program using volume finite elements. A quarter of the plate was divided into 12 elements in

height and into 20 elements along the X and Y axes. A plate with thickness t = 0.6m was calculated. The
dimensions of the plate quarter in plan are 1.5 m by 1.5 m. Poisson's ratio v=0.3. Load is ( = 10 kN/m?2.
Modulus of elasticity is E = 10000 kN/m2.

Table 3. Stresses in a square SS plate — (Figure 2).

Center of the plate Middle of the clamped side
Solution Fibe_r of
secion |g, [,kN/m* o, kN /m’ o, kN /m?
LIRA-SAPR top 41.85 43.39 88.11
bottom 47.50 46.29 89.13
mean 44.68 44.84 88.62
value
SFEM 43.91 49.95 93.15
Kirchhoff's plate [29] 36.54 49.86 103.46

Comparison of the results presented in Table 3 shows that the stress values obtained for thick plate
based on Reisner’s theory agree well with the stress values obtained by solving three-dimensional elasticity

theory problem. Stresses in the clamped side oy,2 were determined using linear extrapolation from the values
in the two finite elements nearest to the boundary. Also note that the displacements of the slab center, obtained
by the LIRA-SAPR program, are 8.5 % more than the displacements obtained by the proposed method.

As next example the semiring was calculated on the acting of uniformly distributed load (Figure 6).
The semiring has hinge supports along the lines DE and DB, and clamped support along the line EA. Line
AB is the axis of symmetry, therefore, in the nodes lying on this line, the angles of rotation along the

horizontal axis were excluded. In the calculations were taken the following data: E = 10000 kN/m?2, = 0.3,
t=0.1m, g=10kN/m2, R=6m, r=3m. In Figure 7 shows graphs of changes along the line AB: bending

radial moments — M y moments directed perpendicular to the line AB — I\WX and vertical displacements W
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Figure 6. Finite element grids of the ring quarter.
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Figure 7. Bending moments and deflections of the semiring along the AB line:
Red line is scheme in Figure 6a; Blue line is scheme in Figure 6b.
Table 4. Comparison of calculation results for the semiring with an analytical solution.
Solution W, I\nyC My,c I\WX’A I\Wy’A
SFEM (Figure 66) 0.357 0.0118 0.0387 —0.00436 —-0.0167
Analytical [30] 0.358 0.0118 0.0393 —0.00439 —0.0168

The values of the moments at point C were determined as the middle value of moments in two finite
elements adjacent to the point on both sides. The values of the moments at point A were determined by linear
extrapolation from the values of moments in the two nearest finite elements. Graphs in Figure 7 illustrate the
linear variation of moments near clamped side (y = 0). Thus, the graphs in Figure 7 and the data in Table 4
show good convergence and accuracy of the proposed method and for this example.

In the following example we use the finite element in the form of a parallelogram which have maximum
inner angle of 120 degrees. A skewed plate was calculated (Figure 8). For such plate the finite difference
solution is given in [29].
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CON AR AR A RO R RN Y R R N
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AR ARE R AR AR RX RN AN KN N NG
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I

< L

Figure 8. Skewed plate. Grid — 10x20 finite elements.
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The following plate parameters were taken: E = 107 kN/m?, x£=0.21, t = 0.1 m, ¢ = 10 kN/m?2. Sizes of
the plate are shown in Figure 8. Calculations were performed for two finite element grids: 10 by 20 elements
(Figure 8) and 20 by 40 elements. In addition, for comparison, calculations of this plate were performed using
the LIRA-SAPR program. All results are given in Table 5.

Table 5. Displacements and bending moments in the center of the plate (Figure 8).

Solution (grid) W, mm My, kN - m/m My, kN - m/m
SFEM (10x20) 9.074 3.371 8.635
SFEM (20x40) 9.187 3.437 8.780
LIRA-SAPR (10x20) 9.115 4,758 7.237
LIRA-SAPR (20x40) 9.149 4.828 7.347
Timoshenko [29] 9.719 - 8.712

The values of the bending moments in the plate center (for SFEM and for LIRA-SAPR) were determined
as the middle value of moments in two elements adjacent to the center point on one half plate. Note that the
moments in the two finite elements differ by about 5 percent. The bending moments obtained by the proposed
method are close to the corresponding values given in [29], and the value of plate center displacement is less
than the corresponding value given in [29] by about 6 %, but almost coincides with the value obtained using
the LIRA-SAPR program. The results of the skew plate calculations show a good accuracy of the proposed
method for calculating the Reisner's plates with using finite elements in the parallelogram form. Note that the
plate under consideration is thin, but nevertheless the solution “locking” effect is absent, as well as for the
plate in the semiring form from the previous example.

4. Conclusion

1. A method for calculating of bending plates based on Reisner's theory by the finite element method is
proposed. The method is based on the fundamental principles of additional energy minimum and possible
displacements. The necessary relations for an arbitrary quadrangular finite element are obtained.
Mathematically, the transition from differential equilibrium equations of bent plates to algebraic equilibrium
equations for nodes of finite element grid.

2. The bending moments, torques and shear forces are constant in the finite element area, which is
necessary condition for ensuring the solution convergence, when the mesh is crushed.

3. The proposed calculation method allows both thick and thin plates to be calculated. There is no effect
of solution “locking” for thin plates, which is confirmed by rectangular plates calculations with different support
conditions of side and different ratios of thickness to plate sizes.

4. Comparison of solutions obtained by the proposed method for plates of various shapes with analytical
solutions shows fast convergence and proposed method accuracy of calculating both thick and thin plates.
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KoHe4HO-anemMeHTHaa Modernb B HanpsXKeHUsX Ans nnacTuH
PeincHepa

FO0.51. Trokanoe
Bsamckuti eocydapcmeeHHbIl yHusepcumem, 2. Kupos, Poccus

KnioueBble cnoBa: nnacTuHbl PeﬁCCHepa, BO3MOXHble nepemMelleHnda, KOHe4YHble 3N1IEMEHTHI, narmbaemole
nnacTUHbI

AHHoOTaumA. lNpegnoxeHa MeToaMka pacyeTa M3rmbaembiX MAAacTMH METOOOM KOHEYHbIX 3J1EMEHTOB Ha
ocHoBe Teopun PencHepa. MeToa ocHOBbIBaeTCcs Ha yHAAMEHTanbHbIX MNPUHUMAAX MUHUMYMa
OOMOSHUTENbHON 3HEepPrMm W BO3MOXHLIX MepemelleHnn. [Ona guckpetmsaumm npegMeTHon obnactu
NCMNONb3YTCHA NMPOU3BOJIbHbIE YETbIPEXYrOfIbHbIE KOHEYHbIE 3n1eMeHThbl. 1o o6nacTtn KOHEYHOro afemMeHTa
nosnst MOMEHTOB U NOMEPEYHbIX CUM annPOKCUMUPYHTCS MOCTOSIHHBIMU OYHKLMSIMI, KOTOPbIE YOOBIETBOPSIIOT
anddepeHumnanbHbiM - YpaBHEHMAM paBHOBECUS B 0O0MacTM KOHEYHOro 3fieMeHTa npu  OTCYTCTBMM
pacnpedeneHHon  Harpy3ku. Mcnonb3yss  NpuHUMN  BO3MOXHbIX  MEPEMELLEHUN,  COCTaBMSIOTCS
anrebpaunyeckne ypaBHEHNS PaBHOBECUS Y3OB CETKM KOHEYHbIX 3reMeHTOoB. [1pn 9TOM, B COOTBETCTBUU C
Teopuen PeliccHepa, B KayeCcTBe Y3MOBbIX BO3MOXHbIX MepeMeLleHnn NPUHNMaoTCH, He3aBUCUMO,
BepTMKanbHble NepeMeLLeHs U Yribl NOBOPOTa CpeaMHHON NOBEPXHOCTM NnacTuHbl. [peanaraemelil MeToq
pacyeTa no3BOJIAEeT pacCyYUTbiBaTb KaK TOJICTbl€, TaK W TOHKME MNACTUHbI. 3(b(beKT «3aKNMNMHNMBaHUA»
peweHna ana TOHKUX nnacTUH OTCYTCTBYET, YTO noATBepXAeHO pacdeTaMu NpPpAMOYrosibHbIX MaCcTuH C
pas3nnyHbiMK  yCcrnioBuaMu onupaHma un pasfindyHbiMM  OTHOLUEHUAMU TONWUHBbI K pasMepy nnacTuHbI.
CpaBHMBaOTCA peLleHnsi, NoSyYeHHble Mo npeanaraeMo MeToauke Ofis NNacTUH pasnuyHon opmel, ¢
aHanuMTudeckuMmn peweHnamn. NokaszaHa [OCTaToOYHO ObiCTpasi CXOAMMOCTb M TOYHOCTb Mnpeasiaraemomn
MEeTOOMKN pacyeTa Kak st TONCThbIX, TakK 1 AN TOHKUX MAacTyuH.
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Mixed finite-element method
in V.I. Slivker's semi-shear thin-walled bar theory

V.V. Lalin, V.A. Rybakov*, S.S. Ilvanov, A.A. Azarov
Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia
* E-mail: fishermanoff@mail.ru

Keywords: mixed finite element method, thin-walled beam, Slivker's semi-shear theory, Reissner’s functional

Abstract. Variational formulation of stability problems for thin-walled beams is presented. Geometrical
stiffness matrix is derived from the stability functional. Shear deformation is taken into account by using
V.I.Slivker’'s semi-shear theory of thin-walled bars. Quadratic Hermite polynomials were considered as
approximation for all the internal forces and displacements functions. The exact analytical solutions to some
particular eigenfrequency and stability problems for thin-walled beam are obtained. The effect of «spurious»
frequencies in thin-walled beam spectrum is discussed. Comparison of the numerical results from the finite
element methods is presented. Approximation by quadratic functions turns out to be faster in cases where the
buckling has a flexural-torsional form.

1. Introduction

Classical finite element method (FEM) applied to structural mechanics has a serious drawback
concerning accuracy of stress calculation. As displacements are the only unknown functions approximated by
some polynomials, the process of evaluating stresses appears to be secondary to the main problem of solving
system of linear equations. Due to the necessity of taking derivative, the degree of polynomials forming the
Ritz sum in stress expression decreases which means that calculation precision suffers.

Thin-walled beam, because of its specific properties, has a unique internal force factor — bimoment,
which in certain cases can cause large normal stresses in cross-section. In order to determine that stresses
with good accuracy mixed FEM can be used.

The first mixed formulation in classic calculus of variations was presented by Hellinger. However, only
after the work [1] by Reissner the mixed variational principle has become a common tool for variational
formulations of problems in structural mechanics. The main property of the Reissner’s functional is that it
includes stress functions along with displacements, which gives an advantage of choosing the approximation
functions for every unknown value independently.

The first theory of thin-walled beams of open cross-section was developed by Vlasov in [2], and since
that work many researches have been devoted to the application of this theory to a variety of static and
dynamic problems of thin-walled structures. The problem of free vibrations of thin-walled beam with open
cross-section was solved in [3]. In this article, based on the solution of ordinary differential equations governing
the static problem, stiffness and consistent mass matrixes were derived. In addition, some numerical
experiments were carried out in order to prove sufficient accuracy of the lumped mass matrix formulation. In
[4] another finite element model, based on Vlasov’s theory, was introduced. In this work special attention was
paid to the computational problems arising when coefficients of stiffness matrix vanish whilst compiling the
global governing system of equations. The influence of boundary conditions on coupled vibrations of thin-
walled bar was investigated. Galerkin’s method was used for spectrum analysis in article [5], which showed
sufficient accuracy of results even for the problems that do not have analytical solution. An anisotropic
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composite material of thin-walled bar considered by author has led to introduction of nonclassical parameters
such as warping restraint, transverse shear flexibility and structural couplings.

In [6] author clarified Vlasov's equations of motion for thin-walled beams taking into account torsional
shear deformation in middle surface. In addition, that paper introduced some experiments on thin-walled beam
resonant frequency and verification with the theoretical results. Simply supported thin beams were numerically
and empirically investigated in [7]. This work presented so-called “engineering” theory of bars based on analogy
with elastic behavior of thin plates. Due to its relative simplicity, this theory could be applied in designing practice,
although it is not valid for other boundary conditions. The method of trigonometric series used in this article to
approximate stress function is suitable for finite element analysis as well.

The expressions describing thin-walled rod vibrations in [8] were presented as four partial, linear integro-
differential equations. The complex formulation allowed to take into account the effect of longitudinal inertia and
shear flexibility. Moreover, the application area of the generalized theory is not limited to open cross-section
beams with uniform mechanical and geometrical properties. Vlasov's and Timoshenko’s equations of motion for
thin-walled beam appear to be special cases of this theory if relevant hypotheses are accepted.

The influence of shear deformation and rotational degree of freedom on thin-walled beam vibrations
were considered in [9]. The governing equations were derived from Vlasov’s theory but with some additional
modifications concerning shear ductility. One advantage of the proposed theory is that it allows obtaining
dynamic characteristics of beams made out of viscoelastic material.

One important type of load that could be applied to a thin-walled structure is an impact load. Mechanical
behavior of thin-walled beam under such load was discussed in [10], where six differential equations of motion
suitable for some particular dynamic problems were presented. For the case when the center of inertia
coincides with the shear center approximate solution for engineering use was obtained.

Generally speaking, the problems of natural and forced oscillations of any structural element are more
complex than corresponding static problem and that is why many different engineering techniques were
presented by researchers in order to keep up with the growing tendency of high accuracy stress-strain
calculations [11-17]. For example, method of additional energy functional, viscoelastic models for parametric
nonlinear oscillation problems, response-spectra method for non-proportional damping systems.

The behavior of elastic stress waves in structural elements under dynamic impact, including seismic
load, was discussed in [18-20]. In terms of mechanics, the main feature of the problems solved by the authors
is the significant influence of forces of inertia applied to flexible bodies. This fact leads to increasing complexity
of the governing equations due to their time-dependency and it should be considered whilst solving similar
problems with thin-walled bars.

As FEM is discretization method, in most cases its result accuracy depends on the number of elements in
specific model. For the vibration problem of thin-walled beam this drawback could be avoided by using dynamic
stiffness method presented in [21]. The main idea of this method is to use frequency-dependent shape functions
allowing to obtain vibration modes with a higher accuracy than with a classical way of approximation. In this
paper it was shown that the curvature of thin-walled beam requires a denser finite element mesh, which makes
dynamic stiffness method even more valuable for these kinds of problems.

In [22] mass matrix and stiffness matrix of thin-walled beam in non-shear theory were developed. In this
work it was pointed out that FEM matrixes of vibrating rod do not consist of blocks corresponding to different
types of deformation, in other words, bending and twisting problems of thin-walled beams are not independent
and must be solved simultaneously.

One perspective theory of thin-walled beams of both open and closed cross-section is semi-shear Slivker’'s
theory presented in [23]. The main idea of this theory is to split shear deformation on two groups: torsional and
transverse (bending) shear. The last one is neglected just like in Euler-Bernoulli beam theory. Compared to non-
shear Vlasov's one this theory has obvious advantage of improved accuracy achieved by shear accounting.
Transverse shear neglecting in its turn simplifies governing equations considerably compared to other theories
based on Timoshenko’s beam model. The only drawback of this theory is more complicated process of sectorial
properties calculation, which can be solved by using modern technical computing systems.

The first works devoted to Slivker's semi-shear theory combined with finite element method applied to
structural mechanics were [24] and [25]. In this papers with the use of quadratic and linear approximations of
twist angle and warping functions several stiffness matrixes of thin-walled beam elements were obtained.
Presented numerical and analytical results could be applied for both open and closed cross-sections for rods
with different boundary conditions. Moreover, the problem of finding internal forces in thin-walled beam under
several types of load were solved in this works.

Fundamental research of all aspects of semi-shear theory in FEM implementation was presented in
thesis [26]. The peculiarity of this work, among other things, is that it is supplied with the computer algorithm
designed to solve static problems with thin-walled beams.
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In work [27] constrained vibrations of thin walled-beams under impulse and short-term loads were
discussed. The contact force parameters were determined by means of Hertz's theory, and derived integral
equation is solved numerically by Euler's method. With the use of obtained results strength and stiffness of
thin-walled beams under dynamic pressure could be determined.

Very important problem concerning thin-walled bars in FEM is connection between finite elements of
different types. In [28] it was proposed to model the joints by classical shell elements, whereas the main parts
of thin-walled bars are modeled by element with 7 degrees of freedom in each node.

Numerical analysis of spatial thin-walled bar system under torsional loads was carried out in [29, 30].
Specific properties of stiffness matrices of thin-walled rods with opened cross-section were shown and
discussed. In addition, the influence of structural steel joints on warping of cross-section was examined.

The equations of motion in TImoshenkao's, Vlasov’s and Slivker’s theories were obtained and compared
with each other in work [31]. It was shown that semi-shear theory has an important property of revealing optical
dispersion waves in thin-walled beams while the other two theories have only acoustic ones in corresponding
spectrum. Optical part of frequencies comes from pure warping vibrations of thin-walled beam which do not
show up when shear deformation is neglected. However, mass and stiffness matrixes obtained in this works
have a good convergence only if quadratic and hyperbolic approximations are used.

Another work devoted to convergence problem of finite element models of thin-walled beams is [32]. In this
article It was shown that linear approximation of both twist angle and warping functions gives a very poor
convergence to analytical solutions. One way to improve convergence is to use a higher degree of approximation
polynomial. Increasing finite elements mesh density could make numerical results more precise as well. However,
this approach has a serious disadvantage of stiffness and mass matrixes enlargement leading to computational
expenses. In addition, lack of accuracy problem when calculating stress values still remains.

A detailed review of analytical and numerical calculation methods for static, dynamic and stability
problems of thin-walled beams was presented in [33].Due to sufficient computational speed and simplicity of
method implementation, FEM was proved to be one of the most perspective techniques for solving different
thin-walled beam problems in structural mechanics. In addition, the mentioned article showed that semi-shear
theory is the most versatile and mathematically straightforward theory among all the others.

The aim of this research is to construct a finite element model based on mixed variational formulation
in order to improve convergence and provide an explicit way to calculate internal forces and stresses in thin-
walled bar.

The main objectives of the research are:

1. Writing of the initial mixed functionals of thin-walled bar for static and dynamic problems within semi-
shear theory.

2. Derivation of stiffness and mass matrixes with nodal forces vector for single finite element of thin-
walled bar.

3. Assembly of global stiffness and mass matrixes with nodal forces vector. Construction of the
governing equations of equilibrium and motion.

4. Solving of test static and dynamic problems by mixed FEM with comparison to classical method and
analytical solution.

2. Methods

In order to obtain stiffness and mass matrixes based on mixed FEM we need write down Reissner-like
functional (see [1]) for thin-walled beam taking into account shear deformation. For the sake of simplicity, we
will consider only cross-sections with two symmetry axes. For static problems desired functional can be written
as follows:

(Mg Br  MJ o ,
cDR,stat_.I’: ZG|X+2E|Q+ZG|9_MXQ _Bﬂ _Ma)(e _ﬂ)+mx6+ba)ﬁ dL, (1)

here |l is sectorial moment of inertia, smé;
Ix is pure torsional moment of inertia, sm#;
lg is constrained torsional moment of inertia, sm* (see [26, 31]);
E is elastic modulus, MPa;
G is shear modulus, MPa;

L is beam length, m;
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Ois twist angle, rad;
s warping, rad/m;
My is pure torque, N-m;
Mo is constrained torque, N-m;
B is bimoment, N-m2;
My is distributed torque, N;

bw is distributed bimoment, N-m;

Similarly for the case of natural oscillations of thin-walled bar:

(Mg B2 M. . , pa’l, o patl,
@R'dy”_{[ZGIX+2EIw+ZGIg MO =B M, (0= p)e 0 el @)
here p is material density, kg/m3;
o is natural frequency, rad/s;

Iy is polar moment of inertia, sm#;

In order to obtain stiffness and mass matrixes and force vector, one should define the shape functions for all
the unknown values in functionals (1) and (2). From now on, we will use only linear approximation functions:

Nl(x)=%; Nz(x)zl—%. (3)
For each function f(x): Mx(x), B(X), Ma(X), &X), B(X) we can write:
f(x)=Ny(x) fy+N,(x) f,, (3a)

here f1, f2 are the values of function f(X) in the first and second node, respectively.

Substituting all the internal forces and displacements in (1) and (2) by their expressions in terms of
shape functions and unknown nodal values (3a), we can use Hamilton's principle to obtain equations of
equilibrium and motion. For convenience, we denote (4)—(7):

[ pLI LI
pL, o L,

3 6
M = 3 6, @
pLI pLl
pLI, pL,
L 6 3
here M is mass matrix block;
C L L _
3Elw 0 6Elw 0
_L L
0 3Gl 00 6GI, 0
L L
0 0 3Gl 0 0 6GlI
F: L X L X ] (5)
6EI, o 0 3EIl, o 0
L L
° 6GI, o0 3GI, 0
L L
] ° Y g, ©° 3Gl |

here F is standard stiffness matrix block;
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here S is mixed stiffness matrix block;
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here P is nodal forces vector block;

Vector blocks of unknown nodal displacements and internal forces are denoted as follows (8)—(9):

, 8
B, ®

here W is nodal displacements vector block;

(9)

here V is nodal internal forces vector block, index numbers 1 and 2 correspond to the first and second node
of finite element, respectively;

With presented designations, functional (1) will look like:

@Rmxz%VTFV—VﬂwV+W”P. (9a)
Similarly, for expression (2):
@RanéVTFV—VPwV+%ﬂfW”AﬂV (9b)
Hamilton’s principle for functionals (9a) and (9b) can be written down as follows:
0Dy 0Dy
v = O%aw O o)

Conditions (9c) yield the equations of equilibrium and motion of thin-walled bar. In case of static
problem, governing system of linear equations will look like:

s'v=p
' 10
{—FV+SM/:O. (10)
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Likewise for natural vibrations of thin-walled bar:
STV = w*MW,
(11)
-FV +SW =0.

The first obtained system of equations can be written down in a more general way:

o

Corresponding matrix form of the second system of equations:

[ 2 )

Thereby, the governing systems of equations for static and dynamic problems of thin-walled beam were
obtained.

Now we can introduce the vector of unknown values:

B
o
B,
Ma)l
M
Uetement = ﬂ;(l (14)
0,
B,
Ma)Z
_Mx2_
Corresponding stiffness matrix of thin-walled beam element will look like:
R 1L
0 O > 3 0 0 O > 5 0
211 ~1 1
0 O 0 5 > 0 0 O 5 >
_1 —L 1 —L
5 0 3 - 0 0 5 0% - 0 0
L1 —L L1 —L
3 2 0 3Gl, 0 6 2 0 6Gl 0
1 —L 1 —L
< ~ 0 -5 0 0 3Gl 07 0 0 6Gl, s
element — 0 0 l _L 0 0 0 l _L 0 (15)
2 6 2 3
1 1 1 1
0 O 0 > > 0 0 O > >
1 —L 1 —L
2 0 6El,, 0 0 2 0 3El,, 0 0
L1 —L L1 —L
6 2 ° 6GI, ° 32 © 3GI, 0
1 L 1 —L
0 2 0 0 6Gl 0 2 0 0 3Gl
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Similarly, the mass matrix of the element can be denoted as:

0 M
M etement = 00l (15a)

Expressions (12) should be treated as a system of linear equations while (13) is classic eigenvalue
problem.

In order to give formulas (12) and (13) more traditional FEM look we can do some mathematical
transformations:

(STEISW =P, (STFIS)W = 0’MW. (16)
We can denote:
K =(STF!9), (17)

here K is shortened version of mixed stiffness matrix.

Therefore (16) will look like:
KW =P (18)
and:

(K-’M)w =0, (18a)
Expressions (18) and (18a) coincide with traditional FEM equations of linear statics and dynamics, but
with stiffness matrix based on formula (17).

Obtained matrixes can be used to determine stress-strain state and natural frequencies of thin-walled
beam with arbitrary boundary conditions and under any uniformly distributed load.

In order to get exact analytical solutions of static and dynamic problems we have to derive Euler
equations using expressions (1) and (2).

In order to apply Hamilton’s principle we need to calculate the following values for each function f(x):

MX(X)! B(X)! Ma)(X), H(X), ﬂ(X):

oDy,
—R_-0.
o (X) (19)
For the static case expression (19) gives:
M, +M; =-m,
B'+M,=-b,,
g%+ﬂ—aza
’ (19)
B _p_
El, p=0
M, .
Gu—H—Q

Similarly, for the case of natural vibrations:

M. +M. =-a’pl,0,
B'+M, =-0’pl p,
g%+ﬂ—ﬂza
9 (20)
B _p-
Ela) ﬁ Ol
M,
Gu—e_o
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Equations (19) and (20) will be used to obtain exact solutions of thin-walled beam problems in order to
compare with numerical results.

3. Results and Discussion

Static analysis of thin-walled beam under uniformly distributed torque (Figure 1) will be carried out to
examine accuracy of obtained equations (12).

The value of distributed torque My is 10 N-m.
Geometrical and mechanical characteristics of the beam are presented in Table 1:
Table 1. Geometrical and mechanical properties of thin-walled beam.
E, Pa G, Pa Ix, m* lw, mé A, m2 L, m p, kg/m3 Iy, m* lg, m*

2.06-10** 7.9-10° 1.11-10° 1.48-101' 3.51.10* 10.0 7850.0 1.41-10" 1.85.10°

Corresponding thin-walled cross-section is depicted on Figure 2.

40 T
1 R
| o
3
|3
i ] N
40 L
I‘
Figure 1. Thin-walled beam Figure 2. Thin-walled cross-section
under uniformly distributed torque. (dimensions in cm).

The exact analytical solution of equations (19) for the value of bimoment in cross-section of thin-walled
beam with boundary conditions on Figure 1 can be written down as follows:

kL
chlkx—"=
_ My ( 2 )_
B‘”(X)_GIX ch(k'-) 1|El,, (21)
2

here

k= (22)
For example, we can calculate bimoment value in the middle of beam’s span:
m, El
B, (&)= Tere| A1,
2)” Gl Ch(kl_) (23)
2

Substituting beam properties into (23) we can calculate bimoment, which equals 0.348 kN-m?

For the comparison of mixed and classical FEMs to be correct the finite element mesh of thin-walled
beam must be chosen in the way that the number of unknown values for both methods approximately equaled
to each other. For mixed FEM we have chosen 8 elements which corresponds to 45 unknown values, and for
classical FEM — 21 elements (44 unknown values). The first method gives the value of bimoment 0.327 kN-m?2,
while the second one — 0.298 kN-m?2.
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It appears that mixed FEM has much more accurate results of internal force analysis of thin-walled
beam compared to classical method. The relative errors can be calculated as follows:

By — B 0.327-0.348

5mixed = —BE>/(gCt 100% = WIOO % =-6.03 0/0,
Bi3" — By 0.298—0.348

5class = BE)/(gCt_loo % = WlOO 0% =-14.37 %.

here BX*0, Bfla® B®a are bimoments calculated by mixed FEM, classical FEM and analytical formula
(23), respectively.

Modal analysis of thin-walled beam depicted on Figure 3 will be carried out to examine convergence
properties of (13).

77
Figure 3. Boundary conditions of thin-walled beam

The exact analytical solution of equations (20) for the acoustic eigenfrequencies of thin-walled beam
with boundary conditions on Figure 3 will look like:

a, — «/azz -4y, (21)

= )

204
here
2
_rh
oy GIgE’ (22)
2 2 11
pn” Pl Plrlg
a, = + + 23
© B Gl (1+1,)El, (3)
Gllgn*
O3 = +n, 24
T, )EL, 24
n:”Tn, neN. (25)

Performing numerical calculations using expression (13) and matrixes (4)—(6) and (8)—(9) followed by
determination of the exact solution for the first acoustic frequency by means of (21)-(25) we can draw Table 2:

Table 2. Fundamental frequency by mixed FEM, classical FEM and analytical solution.

Number of finite elements 2 4 8 16 32 64 128

Mixed FEM 1%t frequency, rad/s 291.01 135.84 94.81 89.57 88.60 88.47 88.47

Classical FEM 1%t frequency, rad/s 636.89 287.10 158.47 109.85 94.26 89.96 88.85
Exact 15t frequency, rad/s 88.48

Graphical visualization of the numerical results is presented on Figure 4.
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Figure 4. Convergence of fundamental frequency by mixed
and classical FEM to analytical solution.

Table 2 and Figure 4 show that mixed FEM gives much more accurate value of the first eigenfrequency
of thin-walled beam compared to classical FEM. For example, 16 finite elements produce only 1.23 % error:

mixed _ exact
5= a’lTloo op = 89.57-88.48105 0 —1.23 %,
88.48
@y
While classical FEM with 16 elements gives 24.15 %:
class _ _exact

5= B 10009 -10985-88.48,00 05 — 24,15,

! 88.48

here @™, o™ »™® are fundamental frequencies calculated by mixed FEM, classical FEM and

analytical formula (21), respectively.

Comparing these values to the results of work [31], where classical FEM with linear approximation and 32
finite elements has given an error of 23.3 % for similar eigenfrequency problem of thin-walled beam, we can see
that developed mixed FEM model produces a much more precise outcome and has a better convergence.

The other important property of mixed FEM applied to dynamic problems of thin-walled beam is that the
vibration modes include not only warping and twist angle functions, but internal torques and bimoment as well.
The first mode shape of the examined beam with 16 finite elements is presented on Figures 5-9.

Besides the advantages of high accuracy of calculations and explicit output of internal forces, there is
also one drawback concerning dynamic analysis of thin-walled beam using mixed FEM. If not only the
fundamental mode shape is considered, the effect of “spurious” high frequencies in thin-walled beam spectrum
occurs. In other words, the frequencies are not arranged in the ascending order if mixed FEM is used. For the
examined beam with 16 finite elements, it appears that the third and seventh mode shapes are presented by
high-frequency vibrations (Figures 10, 11).

1.50 350
100 3.00
5 250
g 050 2
3 @200
2 2
S 0.00 =150
= 0.0 100 Z
Z 050 T 100
0.50
-1.00
0.00
150 0.0 2.0 4.0 6.0 8.0 10.0
’ Length, m Length, m
Figure 5. The first warping mode Figure 6. The first twist angle mode
of thin-walled beam. of thin-walled beam.
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Bimoment, N-m?2
Constrained torgue, N-m

-0.40
1.20 Length, m Length, m
Figure 7. The first bimoment mode Figure 8. The first constrained torque mode
of thin-walled beam. of thin-walled beam.

Pure torque, N-m

-4.00
Length, m

Figure 9. The first pure torque mode of thin-walled beam.

0.40
0.20
0.00

0.20

Twist angle, rad
Twist angle, rad

-0.40

-0.60

Length, m Length, m

Figure 10. The 3" twist angle mode Figure 11. The 7" twist angle mode
of thin-walled beam. of thin-walled beam.

The presented effect can bring some difficulties in modal analysis of thin-walled beam as the “spurious”
frequencies distort the spectrum, making it necessary to filter them out.

The observed problem could be easily solved in practical application by means of simple visual analysis
of oscillation modes, since the “spurious” frequency can always be detected by many sign alterations of the
corresponding mode.

It should be noted that the proposed model of thin-walled rod based on mixed formulation could be
generalized for more complex spatial bar systems. Although, the matrix for transformation from local
coordinate systems to the global one should in some way take into account the dependence between relative
angle positions of rods and warping of cross-sections. At the present time, the problem of bimoment and
warping “rotation” in nodal parts of thin-walled bar systems stays unresolved. This is very perspective scientific
challenge and when some progress in this direction is achieved the results of the article could be applied to
flat and spatial thin-walled bar systems.

4. Conclusions

Mixed variational formulation of static and dynamic problems of thin-walled bars has many advantages
compared to classical approach. The main ones can be summarized as follows:

1. Mixed FEM gives more accurate results of stress analysis of thin-walled bar under static load. For
example, the value of bimoment in the middle of the bar under uniform torque matches the analytical solution

Lalin, V.V., Rybakov, V.A., lvanov, S.S., Azarov, A.A.
89



WmxeHepHo-cTpouTenbHbIi xypHai, Ne 5(89), 2019

with relative error of only 6.03 %, while classical FEM gives the tolerance of 14.37 %, whereas the number of
unknown values is 45 and 44, respectively.

2. The internal forces evaluation proceeds simultaneously with the main operation of solving system of
linear equations, which obviates the need to perform additional calculations.

3. Natural mode shapes and eigenfrequencies of thin-walled bar are determined with a higher accuracy,
which allows to reduce the number of finite elements in the model. For example, the value of fundamental
frequency of the examined bar with 16 finite elements matches the analytical solution with relative error of only
1.23 %, while classical FEM gives the tolerance of 24.15 %.

However, mixed FEM has a drawback of revealing “spurious” high-frequency vibration modes distorting
spectrum of thin-walled beams.
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AHHOTauus. lNpeacrtasneHa BapuauMoHHasi NOCTaHOBKA 3aday YCTOMYMBOCTU TOHKOCTEHHLIX CTEPXKHEMN.
MonyyeHa maTpuua reoMeTpuYecKon >KECTKOCTU KOHEYHOro 3femMeHTa Ha OCHOBe yHKUMOHana
ycTonumsocTu. C nomoLlsio nonycasuroson Teopun B.U. Cnuekepa nponsseneH yyeT gecdopmaumm casura
B MNOMEpPEeYHOM CeYeHMM TOHKOCTEHHOro CTepXHd. B kayecTBe annpokcumMaumMnm WUCKOMbIX YHKLUIA
nepemeLLeHNn 1 BHYTPEHHUX YCUITUIA PpACCMOTPEHbI MIMHENHbIE NONIMHOMbI dpMuUTa. [N HEKOTOPbIX YaCTHbIX
3aga4y TOHKOCTEHHbIX CTEPXXHEN NPeACTaBNeHO TOYHOE aHanuTnyeckoe pelleHne. Npon3segeHo YncrneHHoe
CpaBHEHWE pe3ynbTaToB pacyeTa MeTO4aMU KOHEYHbIX 3MEeMEHTOB. ANnpokcumaums KBagpaTUYHbIMM
YHKUMAMUN OKa3bliBaeTCsa ObICTpee B TeX Cryyasx, korga noTeps yCTOMYMBOCTU UMEET U3MMOHO-KPYTUIBHYIO

cdopmy.
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Abstract. Some countries in South Asia has very limited availability of natural stones due to geological features,
therefore, most of the concrete buildings of the past are made with burnt clay brick aggregates whose strength
is rather low those are more vulnerable to collapse due to any extreme loads. However, ferrocement
strengthening has several advantages such as good mechanical performance, cost-effectiveness, locally
availability of the materials, and simplicity, this latter making available workmanship able to implement such
technique (aspect which is very important in developing countries such as Bangladesh). Hence, the paper deals
with the efficacy of ferrocement technique in improving the performance of reinforced concrete beams made in
low-strength concrete (beam width 230 mm, height 230 mm, and length 2135 mm). The beams are made with
unconventional concrete whose strength is about 12.5-13.0 MPa. The flexural tests are performed
experimentally and numerically via the finite element software ABAQUS by considering the following loading
configurations: (i) 2 point loads placed at L/3, (ii) 2 point loads are to the support, (iii) 2 point loads close to the
mid-span, and (iv) 1 load next to the support and 1 load on the mid-span. The experimental results have shown
that unsymmetrical loading decreases the overall load carrying capacity and increases the deformability due to
the localization of the damage. The ferrocement beams reinforced by steel wire mesh exhibits high ultimate load
carrying capacity and more ductile behavior. The outcome of this research can be used for future modeling and
for the development of appropriate design guidelines on the strengthening of concrete structures dealing with
different loading conditions.

1. Introduction

Structures very often struggle with extreme static and dynamic actions during their service life, this leading
to increasing damage with time, depending on the load level and on the loading layout (compression or tension,
shear or bending, etc.). Hence, different caution should be considered depending on the bearing element, namely
columns, beams, arches, ceilings, due to the different stress state. In the particular case of beams, the mechanical
behavior is generally driven by bending, with a more or less pronounced influence of shear action, this making the
load-deflection (P — A) relationship a powerful tool to investigate their overall performance. Within this context, an

open issue is represented by unconventional concrete (i.e., very low strength concrete made with burnt clay brick
aggregate), widely used in several countries in South Asia, and not properly addressed in most of the design codes,
even though they cover the design details for normal concrete.

Typically, beams’ behavior is critical in the case of concentrated loads, due to the high stresses induced
by shear in the disturbed zone, because of the interaction among global mechanisms and local strut-and-tie
systems. The cracking patterns and the damage strongly depend on the loading configurations, influencing
the flexural stiffness and, consequently, the deflection characteristics. For instance, concentrated loads on
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beam may locally affect the shear or moment capacity of the beam and as a result damages or sudden collapse
may occur leading to catastrophic losses, this being even more evident in the case of construction materials
with low quality. In many developing countries such as Bangladesh, many structures have constructed with
poor construction materials and unconventional concrete. Due to the aforementioned issue, retrofitting such
structures is unavoidable. Since retrofitting solutions should represent a good compromise between
effectiveness and cost, this study addresses the application to low strength concrete (LSC) structures of
economical (no sophisticated technology is needed) retrofitting based on the use of ferrocement.

In existing literature, just a few works including retrofitting with LSC can be found, focusing on the effect
of the type of loading (related to shear and bending stress concentration). Damage pattern as a function of
load configuration is reported in [1]. Several works describe the finite element analysis and also the modeling
technique for considering moving loads induced by wheels and lateral load distribution in I-girders of highway
bridges [2, 3]. A simplified method for evaluating load carrying capacity of structure subjected to concentrated
impact load with increasing loading rate has been implemented to evaluate the load carrying capacity of RC
beams with reduced effective length [4].

Results from the literature addressing the flexural characteristics of T-beams and rectangular beams
retrofitted with ferrocement at the tension side showed a significant improvement of the structural
performance, with a delay of the first crack formation and an increase of the overall flexural stiffness [5, 6].
By using high-performance ferrocement strengthened with U-shaped steel mesh increases the flexural
capacity of beams reducing the crack formation [7]. The bending performance of retrofitted RC beams have
studied by using wire mesh-epoxy composite in [8], while an experimental investigation of strengthened RC
beams with FRP strips and special resins is reported in [9]. Another method for enhancing the flexural
capacity is to use layers of externally bonded wire mesh by using epoxy. In addition, cracking behavior and
energy absorption capacity also increases [10]. Furthermore, to reduce the weight of the retrofitting system,
investigations on the use of foamed blast furnace slag to replace sand in ferrocement is also conducted
[11].

In order to enhance the shear strength, the use of wire mesh in web and flange region increases the
shear capacity while limiting crack opening [12]. In addition, vertical and inclined plates using glass fiber
reinforced or carbon fiber reinforced polymers (GFRP or CFRP, respectively), Kevlar fiber-reinforced plastic
(KFRP) and steel plate have been previously investigated in several research works, showing benefits in
shear behavior [13-16]. In a recent study, the behavior of square columns with ferrocement jacket shows
an improvement in ductility under cyclic and axial loading [17, 18]. RC slabs and masonry walls retrofitted
with ferrocement also showed improved behavior under different types of loading [19, 20]. In a previous
study [21], ferrocement retrofitting proved to be rather economical and effective to enhance the performance
of partially damaged flat-plat type structures. Additionally, the ferrocement is used to enhance the shear
bond performance and excellent outcome has reported in [22]. In [23] the authors studied the shear behavior
of beam by performing test experimentally and numerically. Further, bending behavior of ferrocement beams
with lightweight cores and different types of mesh reinforcement have been investigated and authors
reported that the ferrocement can be used for low cost structures. The superior performances of ferrocement
beams have reported under flexural loadings in [25]. The ferrocement jacketing with diagonal reinforcements
has been used to improve the structural behavior of internal joints in [26].

In order to better understand the experimental results, numerical simulations are essential, so to
generalize the specific results obtained. Numerical study on the deflection behavior of retrofitted beams with
Wire Mesh-Polyurethane Cement (WM-PUC), composite and near-surface-mounted (NSM) and fiber-
reinforced polymer (FRP), namely NSM-FRP rods, show a good agreement with the experimental results
[27, 28]. Similarly, finite element analysis on retrofitted beams with CFRP and FRP have also been
conducted to monitor P — A behavior, crack pattern, and failure mode [29, 30]. Concrete with polymer
composite reinforcement (FRP) instead of steel one proved the benefits of FRP when existing gap
minimization between the bars is crucial [31]. The use of multilayered glass fiber to enhance the shear
capacity performance of short beam is studied in [32]. The main motivation behind this research is that just
a few published researches focuse on LSC. Hence, this research project has been launched to investigate
the behavior of unretrofitted and retrofitted beams made with unconventional concrete (i.e., LSC).

The rest of the article is organized as follows: Section 2 describes the experimental method, including
material properties, specimen detail, and test procedure. Section 3 presents the numerical investigations,
including the modeling detail. Section 4 reports comparisons and discussion of the results. Finally, Section 5
includes a summary of the outcome of the study and future perspectives.
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2. Experimental Method

2.1. Material properties

The first class burnt clay bricks (commonly used in Bangladesh) are used as coarse aggregates, while
natural river sand (locally called Sylhet sand) passing a No. 4 sieve (4.75 mm), clean and free of any deleterious
substance, and of fineness modulus and specific gravity 3.1 and 2.56, respectively is used as fine aggregate. The
maximum and minimum size of coarse aggregates are 20 mm and 5 mm respectively and the grading of the
coarse aggregates is controlled as reported in ASTM C33 [33]. The volumetric mix ratio (commonly practiced mix
design in Bangladesh) of 1:2:4 (cement: fine aggregate: coarse aggregate) and water to cement ratio (by weight)
of 0.45 are used for the concrete mix. Cement CEM II/B-M is used as a binder, with 65-79 % clinker and 21-35 %
mineral admixture (fly ash and slag) including gypsum. In order to evaluate concrete compressive strength,
cylindrical specimens (D X L = 100x200 mm) are cast and demolded after 24 hours. Afterward, all concrete
specimens are cured underwater (20 £ 2 °C) up to the day of the beam specimens tests (i.e., 28 days).
Compressive tests are performed at 28 days according to ASTM C39 [34] by using a Universal Testing Machine
(UTM). Deformation of the specimen is measured by means of two dial gauges to investigate the stress-strain
law. The average compressive strength of concrete of four batches are, respectively, 12.3, 12.8, 13.0, and 13.3
MPa (average value of 12.9 MPa with a normalized standard deviation of 3.3 %).

2.2. Preparation of Specimens

2.2.1 Preparation of Un-Retrofitted Beam Specimens

Four beams (230x230%2135 mm) are cast to evaluate the flexural performances under four different
loading conditions: (i) Reference, (i) Combined, (iii) Shear, and (iv) Bending conditions. Reference, Combined,
and Shear beams are provided with 2 @ 16 mm mild steel bars as tension reinforcements at the bottom face,
while Bending beam is fitted with 3 @ 16 mm. In the upper face (compression zone), 2 @ 16 mm bars are used
for all the beams. Shear reinforcement consists of 10 mm bars @ 127 mm c/c (center to center). The
reinforcements have the yield stress of 400 MPa and elastic modulus of 200 GPa. Detailing of reinforcement
arrangements are shown in Figure 1. The clear cover for the reinforcements is 40 mm for all the beams. The
flexural tests are carried out after 28 days of curing.

?10 mm @ 127 mm c/c

—— Flexural Reinforcements —2@16mm — (Shear Reinforcements) ¢

| L. | | 230 mm

C D
(@ "(%J" "?" f

77mm~>| |- 1981 mm kl <— 77 mm
230 mm 230 mm
+— +—
©10 mm @ 127 mm c/c
230 230 | P&
o 2 316 mm (“;m 3 316 mm
C

Figure 1. Reinforcement detailing of beams: (a) longitudinal view; (b) cross-section
of Reference case (URRC), Combined case (URCC), and Shear case (URSC);
(c) cross-section of Bending case (URBC) respectively.

2.2.2 Preparation of Retrofitted Beam Specimens

Before retrofitting, one specimen of each case is first preloaded until both flexural and diagonal major
cracks appear (Figure 2a). The loads that induced the major cracks are, respectively, 82.25 kN for Reference
case, 59.05 kN for Combined case, 52.42 kN for Shear case, and 62.36 kN for Bending case. Preloading is
conducted via a Universal Testing Machine (UTM) with a load capacity of 1000 kN. Afterward, damaged parts
are removed by using chipping hammers. Great attention needs to be paid to not damaging the reinforcing
bars. The surface is then cleaned to remove the dust using a brush and a vacuum cleaner for a better bond
between the original concrete surface and the retrofitting layer. For retrofitting, square welded wire steel mesh
(opening of 4 mm) available in local markets is used as reinforcing mesh (Figure 2b). In order to provide
confinement, the beams are wrapped with a single layer of steel wire mesh around the beam surface. The
average thickness of the ferrocement mortar is about 25 mm.
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Figure 2. Retrofitting via ferrocement technique: (a) partially damaged beam, (b) the wire-mesh
around the partially damaged beam, and (c) retrofitted beam before the flexural test.

The mortar for ferrocement is made with locally available ordinary Portland composite cement (CEM type
[I/B-M), natural river sand (Sylhet sand) with fineness modulus and specific gravity 3.1 and 2.56 respectively, and
water. Sand to cement ratio by weight of 2 and water to cement ratio of 0.45 are used for the mortar mix. 25 mm
thick mortar is poured around the beam specimens by hand plastering. During pouring, the mortar has forced
through the steel wire mesh in order to avoid the formation of voids and to ensure good bond among mortar, wire
mesh, and original concrete beam surface. Finally, the beams are covered with double layer wet burlap in the
laboratory temperature of 202 °C in order to avoid evaporation of water from mortar and to continue hydration of
cement so to guarantee better strength. After 28 days from the application of ferrocement, the beams are painted
using white paint and grids are signed so that crack patterns could be easily observed during the testing process
(Figure 2c¢). The flexural tests are performed after 28 days of curing.

2.2.3. Instrumentation and test setup

Four beams are cast to evaluate the flexural and shear performance of un-retrofitted and retrofitted beams
under four different loading conditions. Beams are subjected to four-point incremental static loads with different
positions of the loading points: (i) 2 point loads placed at L/3 interval (Reference case), (i) 2 point loads close to
the support (Shear case), (iii) 2 point loads close to the mid-span (Bending case), and (iv) 1 load next to the
support and 1 load on the mid-span (Combined case). More specifically, the Reference case, designated as
URRC/WRRC (un-retrofitted/retrofitted Reference Case) is subjected to a uniformly spaced concentrated loads
(660 mm). For the combined effect, designated with URCC/WRCC (un-retrofitted/retrofitted Combined Case), 1
load is applied at the mid-span and the other one at 305 mm from the support, so to have high bending and
shear on the loaded zone. In order to observe the behavior under shear effect (URSC/WRSC, Shear Case),
loads are placed at 305 mm from the support and at 530 mm from the first load (this distance has chosen due to
the limitation of test setup dimension in the lab), so generating high shear concentration. Finally, in URBC/WRBC
(Bending Case), both point loads are placed across mid-span at 305 mm apart from each other. Figure 3
illustrates the loading schemes.

In order to monitor the deformation, three dial gauges with an accuracy of 10 um are placed under the concrete
beams in the steel loading frame (Figure 4). Gauge 2 is positioned at mid-span of the beam, while Gauge 1 and
Gauge 3 are placed at 305 mm aside of Gauge 2. For the un-retrofitted beam tests, the beams are first loaded until
major flexural and diagonal cracks appear. On the other hand, for the retrofitted beam tests, load is increased until
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complete failure of the specimen. Propagation of cracks throughout the sides of the specimens are marked with
black marker on the beams. Additionally, the failure patterns of the beams are also recorded.
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I~ |
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Figure 3. Schematic diagram of loading and gauge positions of the beams: (a) Reference case,
(b) Combined case, (c) Shear case, and (d) Bending case respectively.
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Figure 4. Beam test setup (left) and position of the dial gauges placed at steel loading frame (right).

3. Numerical Investigations

In order to better understand the experimental results, a three-dimensional nonlinear finite element
model has been implemented to simulate the tests. The commercial software ABAQUS/Standard is used. All
tests of un-retrofitted and retrofitted beams are presented in the followings.

3.1. Geometry and Element Types

Three-dimensional solid elements are adopted with a mesh size of 15 mm for both concrete and steel
rebar depicted in Figure 5. The outer ferrocement layer is modeled as three-dimensional solid element and
the wire mesh is herein embedded. Supports and loading points are modeled using a discrete rigid restraint,
since the relative positions of the nodes involved remain constant throughout the simulation [35].

Ferrocement Layer )
Wire Mesh

Main Reinforcements
of RC Beam

Figure 5. Numerical model in ABAQUS with the details of the retrofitted beam
with embedded wire mesh inside the ferrocement layer.

3.2. Material Modeling

Concrete Damaged Plasticity model for concrete is implemented in ABAQUS and the Standard analysis
is performed. The aforementioned model describes the unrecoverable stiffness reduction due to cracking

processes. Concrete strength values are obtained from laboratory tests (average fc'(28 days) = 12.9 MPa). The

behavior of the wire mesh is specified by an elastic-perfect plastic stress-strain model. For reinforcements,
elastic modulus, Es = 200 GPa and yield stress, fy = 400 MPa are adopted. The Poisson's ratio for concrete
and reinforcements are 0.2 and 0.3, respectively.

3.3. Bond between Ferrocement Layer and Concrete Surface

To define the bond between ferrocement layer and concrete surface, a tie constraint (namely perfect
bond) has been implemented for the whole simulation period. The wire mesh and the main reinforcements are
bonded with an embedded constraint in the host region (mortar layer and concrete, respectively). In embedded
constraint, the transitional Degree Of Freedoms (DOFs) of the embedded nodes become constrained to the
interpolated value of the corresponding DOFs of the host element [28]. Perfect bond between concrete and
steel is adopted, since reinforcement-to-concrete bond failure has not been observed experimentally.

3.4. Boundary Condition and Solution Algorithm

Supports are placed at 77 mm from the edge of the beam. Two point loads on top of the beams are
restricted to move in X (longitudinal) and Z (transverse) directions using displacement/rotation boundary
conditions, and loads are applied in Y (vertical) direction.
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4. Results and Discussion

In the followings, both experimental and numerical load-deflection (P —A) curves are shown for

retrofitted and un-retrofitted beams (Reference, Combined, Shear, and Bending cases). The ultimate load
carrying capacity, peak deflection, and failure pattern are also discussed herein.

4.1. Role of loading configuration on the P —A behavior of un-retrofitted beams

The load-deflection (P —A) curves at the three measuring points of un-retrofitted beams are

represented in Figure 6. For the un-retrofitted beams, the loading is carried up to the formation of major cracks
(e.g., flexural and diagonal). The Reference case (URRC) reached the load and deflection of 82.25 kN and
12.95 mm, respectively, which has been recorded at mid-span (gauge 2). Obviously, bending case (URBC)
exhibited higher deflection than the URRC at similar load level due to the higher induced bending moment
with respect to the other cases. It is also observed that the slope of the P —A curve is lower for the
unsymmetrical loading positions (e.g., Bending case and Combined case) than the symmetrical (Reference
case) ones. Despite being subjected to different loading configurations, Bending case (URBC) and Combined
case (URCC) has almost similar P —A behavior, and their maximum deflection ranged from around 8 to 10
mm. On the other hand, for the Shear case (URSC), the final P — A curve is significantly lower than the other
cases. This behavior could be due to the development of high concentration of shear-induced damaged close
to the support (damage localization). A thick crack is observed for Shear case close to the loading point at the
end of the beam, while no similar cracking or damage has been observed for the other three cases.
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Figure 6. P — A curves of un-retrofitted beams: (a) at 305 mm left from the midpoint (Gauge 1),
(b) at midpoint (Gauge 2), and (c) at 305 mm right from the midpoint (Gauge 3) of the beam respectively.

4.2. Role of ferrocement technique on the P —A behavior of beams

Figure 7 shows P — A curves for all the un-retrofitted (URRC, URCC, URSC, and URBC) and retrofitted
(WRRC, WRCC, WRSC, and WRBC) beams. Except that for the Shear case, ferrocement beams exhibited
an improvement, thanks to the partial prevention of crack propagation and to the additional tensile strength
provided. As mentioned before, the Shear case beam was seriously damaged at the end of the first loading
(before retrofitting) next to the support, thus making vain the following strengthening. In most of the cases,
similar flexural behavior is observed between retrofitted and un-retrofitted beams in all the three measuring
points. It is worth noting that, due to technical problems, the deflection at Gauge 3 of Combined case is not
monitored.
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It should be noted that retrofitting with ferrocement allowed to mostly recover the “virgin” stiffness of the
beams, as shown by the very similar trends of P —A curves at first loading (un-retrofitted specimens) and
after damaging and retrofitting (retrofitted specimens). The overall response of the retrofitted beams
demonstrated the benefit of using ferrocement technique for enhancing the flexural performance of partially
damaged structures, for example, due to earthquake, wind load, blast and fire. This is in agreement with the
results of previous tests on flat plate systems reported in [36]. Similar behavior is observed in the literature
[5-7, 24]. It is also observed that the first crack is delayed in retrofitted beams with respect to the un-retrofitted
beams.
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Figure 7. Comparison of P —A behavior of un-retrofitted and retrofitted beams: (a) at 305 mm left
from the midpoint (Gauge 1), (b) at midpoint (Gauge 2), and (c) at 305 mm right from the midpoint
(Gauge 3) of the beams correspondingly.

It can be noticed that the retrofitted Reference (WRRC) and Combined (WRCC) cases collapsed at
almost the same load, despite the different loading configuration. However, the deflection of Combined case
is significantly lower than the Reference case due to higher shear stress. Among all the cases, except Shear
case (since it collapses earlier due to pre-damage of the beam), the Bending case showed the lowest load-
bearing capacity due to the significantly higher bending moment with respect to the other three cases.
However, ductility is significantly improved in most of the ferrocement beams. In general, it is observed that
retrofitting with steel wire mesh combined with ferrocement improves the flexural behavior and load carrying
capacity for the different loading configurations, by limiting the formation of cracks and micro-cracks. Thanks
to the strengthening process, the wire mesh embedded in ferrocement provided an effective further
contribution in tension, allowing an increase of the load-bearing capacity. A further benefit probably is the
lateral confinement provided by the retrofitting, so limiting the propagation of cracks and improving the shear
behavior close to the supports. Both Reference case and Combined case of retrofitted beams reached the
maximum load of 95.5 kN and the retrofitted Bending case attained 75.0 kN.

4.3. Failure pattern of the retrofitted beams

The cracking patterns of the retrofitted beams at failure is presented in Figure 8. The figure indicates
that there is a significant difference in failure patterns depending on the loading configuration. In Reference
and Combined cases, a marked distribution of cracks are observed all along the length showing a combination
of bending and shear collapse, while in Shear and Bending cases the damage is concentrated at the support
or in the mid-span, respectively, due to shear or bending-induced collapse. Ductile mode of failure is observed
for Reference and Bending cases thanks to multiple cracking, while a brittle failure has seen for the Shear
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case. As regards the retrofitting system, yielding of the steel wire mesh probably occurred before debonding
between the steel wire mesh and original concrete surface, and then finally the retrofitted beam failed with
significant higher deflection.

The numerical P — A behavior of un-retrofitted beams is compared with the experimental results and
presented in Figure 9 (a—d). The figure shows a rather good agreement between measured and predicted
deflections for the four un-retrofitted beams, with just a slight underestimation of the initial stiffness.

e

Figure 8. Crack pattern of the retrofitted beams tested in four different loading positions.

4.4. Numerical P —A behavior
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Figure 9. Comparison of experimental and numerical P —A curves of un-retrofitted beams:
(a) Reference case, (b) Combined case, (c) Shear case, and (d) Bending case respectively.

As concern the retrofitted beams, the numerical deflections calculated at three different positions are quite
similar to the experimental results, especially for the Combined case (see Figure 10). The differences can be
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ascribed to the fact that the partial damage of the beams before applying ferrocement is not taken into account in
the numerical model. Probably, because of that reason, the numerical slope of the load-deflection curve is higher
than the experimental curves. Furthermore, the ferrocement behavior is a bit more complicated than the RC beam
due to different role of different materials such as steel wire mesh, reinforced concrete and cement mortar, in
addition to steel-concrete bond stiffness. Finally, the plots of plastic strain distribution in the retrofitted beams are
shown in Figure 11. As expected, except Shear case, the higher stain occurred near the mid-span (i.e., gauge G2)
of the beam as observed in Figure 11. The rather good agreement between numerical and experimental results
corroborate the idea that no significant debonding occurred at the ferrocement to beam interface.
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Figure 10. Comparison of experimental and numerical P —A curves of beams:
(a) Reference case, (b) Combined case, (c) Shear case, and (d) Bending case correspondingly.
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Figure 11. 3D image of plastic strain distribution in the retrofitted beams at the end of loading:
(a) Reference case, (b) Combined case, (c) Shear case, and (d) Bending case respectively.
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5. Conclusions

This study is carried out on RC un-retrofitted and retrofitted beams made with unconventional concrete
(i.e., very low strength concrete — LSC at 28 days = 12.5-13.0 MPa) under four-pointincremental static loading.
In order to gain a deeper understanding of the role of loading positions on the flexural performance of the
beams, numerical simulations have been performed via the finite element software ABAQUS. Four-point
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flexural tests are performed experimentally and numerically on both retrofitted and un-retrofitted beams with
different loading positions: (i) 2 loads at L/3 (Reference case), (i) 2 loads close to the support (Shear case),
(iii) 2 loads close to the mid-span (Bending case), and (iv) 1 load next to the support and 1 load on the mid-
span (Combined case). The following conclusions can be drawn based on the results presented in this
research work:

— The beams tested under unsymmetrical loading show a worse mechanical performance due to shear
action. Among four cases, poor performance of RC beam is observed in Shear case which is associated to
the formation of major crack at the end of the beam (shear failure).

— Ductile mode of failure is observed for the Reference and Bending cases in retrofitted beams, while a
brittle failure has seen for the Shear case due to severe cracking with damage localization occurred during the
pre-cracking phase on the un-retrofitted beam.

— Numerical results of un-retrofitted and retrofitted tests are in quite good agreement with the
experimental results. In numerical analyses retrofitting debonding is not considered, this corroborating the idea
that ferrocement-to-beam bond has been effective.

— Ferrocement technique is cheap, sustainability, achievable with local materials and ordinary (namely,
not specialized) workmanship, light in weight (i.e., lower self-weight, so reducing the increase of the permanent
load on the structure to be retrofitted), and efficient in construction time. Therefore, it could be recommended
to use ferrocement technique to strengthen existing structures made with low strength concrete to avoid
sudden collapse due to extreme loading, such as earthquake.

Though a better performance of ferrocement retrofitted beams have been observed, it is essential to
study other important issues, such as the bond between ferrocement and original concrete (i.e., ferrocement
jacketing), the possible benefits in ductility brought in by adding different layer of wire mesh or by the
introduction of steel or natural fibers in the mortar, the durability performance of ferrocement due to its lower
net cover and the higher surface area of the reinforcement (i.e., higher risk of corrosion), the lower density of
the mortar (i.e., higher penetration of water, higher corrosion) as well as dynamic and fire behavior. This is an
ongoing research project where further work is planned in the direction of strengthening of beam-column
structures made with low strength concrete subjected to gravitational loads or to extreme events such as
earthquake or fire.
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Abstract. In this paper, the Lattice Boltzmann Method (LBM) is used to simulate the seepage field of
autoclaved aerated concrete blocks. The macroscopic permeability coefficients of aerated blocks are obtained.
The complex flow characteristics of the internal flow field are revealed. A stochastic four-parameter growth
method (QSGS) based on the distribution probability of initial growth nuclei and porosity is proposed. A meso-
model of the real pore structure of aerated blocks is established. The influence of initial inlet pressure and
model porosity on the permeability of aerated block is analyzed by numerical calculation of the permeability
development process of aerated block. The results show that the two-dimensional meso-model close to the
real pore structure of aerated block can be constructed by the stochastic four-parameter growth method; the
water permeability coefficient of aerated block calculated by the LBM numerical method is in good agreement
with the experimental results; under certain conditions, the linear relationship between the permeability
coefficient of autoclaved aerated concrete block and its porosity satisfies the requirement of practical
engineering application. It has certain guiding significance for practical engineering application.

1. Introduction

Autoclaved aerated concrete blocks are some of the most widely used new wall materials. They have a
porosity of 65-80 % and the advantages of being light weight, fire resistant, heat preserving and convenient in
terms of construction [1-3]. However, in bad weather conditions, rainwater easily enters the interior of the wall
from the pore isotonic passage, which causes a decline in thermal insulation performance and durability of the
wall. Thus, the leakage of the wall cannot be ignored [4]. Currently, few studies have been conducted on the
permeability of autoclaved aerated concrete blocks and on seepage simulation methods at the mesoscopic level.
Because micro-factors such as pore structure and pore distribution of aerated blocks can reflect the macro-
properties of aerated blocks and affect their macro-permeability, studying the permeability of autoclaved aerated
concrete blocks at the micro-level is of great theoretical value [5-6].

As a highly efficient fluid dynamics simulation method, the lattice Boltzmann method (LBM) is widely
used in the field of porous media seepage because of its powerful boundary processing and excellent parallel
computing capabilities. Hazlett [7] simulated a multiphase flow inside the pores of porous media successfully
based on the LBM. Degruyter et al. Reconstructed volcanic pumice using synchronous accelerated computed
tomography (CT) imaging technology while studying the relationship between the porosity and permeability of
volcanic pumice using the LBM method [8]. Qian [9] used a single relaxation incompressible LBM model to
simulate a flow field in a two-dimensional porous media model at the mesoscopic level, which verified the
accuracy of Darcy's law, and proposed an efficient and simple permeability calculation method. Luo [10] used
the LBM to simulate fluid flow in random porous media and tested Darcy's law. Li [11] constructed a porous
media model based on the quartet structure generation set (QSGS) and then calculated the permeability of
porous media using an LBM program compiled by MATLAB software.
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The key to successfully simulating the water infiltration process of autoclaved aerated concrete blocks
is to describe quantitatively the pore structure characteristics using appropriate methods [1-4]. In 2007, the
QSGS proposed by Wang et al. [15] was shown to solve the aforementioned problems effectively. The solid
phase growth process effectively considers the solid patrticle size, random distribution of the solid phase, and
statistical properties of the model. When the parameters are adjusted, a mesoscopic model closer to a real
aerated block can be obtained, and the reconstructed mesoscopic model of an aerated block can be combined
with the LBM to make the calculation more efficient.

A QSGS combined with the LBM can simulate the water infiltration process effectively in autoclaved
aerated concrete blocks. Therefore, a simple and efficient QSGS is proposed in this study. Then, based on
the LBM, the infiltration process in the two-dimensional micro-model of the aerated block is accurately revealed
by numerical calculation, and the influence of the initial inlet pressure and model porosity on the permeability
coefficient of the model is analyzed. The linear relationship between the permeability coefficient and porosity
of autoclaved aerated concrete blocks is finally established.

2. Methods
2.1. Lattice Boltzmann method model

The macroscopic mation of fluid can be simulated by solving the Boltzmann equation numerically. The
Boltzmann equation can be expressed as

O wf__lrf_ e 1
e Vi == L[f -1, )

where f = f(r, c, t) represents the number of molecules in the unit volume at a speed of C ~C + dc at a time
of t and position of I;

7 denotes the relaxation factor;

{4 represents the equilibrium distribution function.

The most representative two-dimensional square lattice D2Q9 model in LBM is applied. According to
the discrete velocity distribution of mesh and fluid particles, each fluid particle has nine moving directions
(including the static state of particles). The corresponding velocity in each direction can be expressed as [16]

(0,0) .. 1=0,
g = c(cos[(i—1)%},sin[(i—1)%}) . 1=1,2,3,4,

ﬁc(cos[(zi —1)%},sin[(2i —1)%}) .. i=5,6,7,8,

(@)

where C represents the lattice velocity with C = & / &, & represents the grid step size, and ¢ represents the
time step. Then (1) can be discretized into

f(X+edt, t+4t)— f(x,t)= -%[ f.(x,t)— f9(x, 1)]. 3)
The equilibrium distribution function is expressed as [16]
£ = @ p[l+-2 (e, -u) +—2— (e, -u)2 ——3-u?]
2 \~i 4 \71 2 (4)
C; 2¢, 2¢
where p represents the macroscopic density of fluid;
U represents the macroscopic velocity;
C, = % represents the base lattice velocity;
wij represents the weight coefficient.
4/9 ... 1=0,
o =41/9 .. 1=1234, (5)
1/36 ... i=5,6,7,8.
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According to the law of conservation of mass and momentum, the macro-density of fluid can be expressed by
the sum of distribution functions in each grid node, and the macro-velocity of fluid can be expressed by the product
of the micro-velocity per unit mass and distribution function in the direction of the lattice, which can be represented
as pu. Therefore, the distribution function of particles satisfies the following equation [17]:

p:iZfi, pU=Zf|el (6)

By the Chapman—-Enskog expansion [18] of the evolution equation, the macroscopic Navier—Stokes
equation corresponding to the single relaxation model can then be obtained:

o +V-(pu)=0; (7)
5t(pu)+v-(puu)z—Vp+v-[pu(vU+(vU)T)], ®)
where P = pCSZ and v = C52 (Z' —%) Al represents kinematic viscosity.

2.2. Boundary condition

The seepage process of water in an aeration block is limited by the solid wall. When the LBM is used
to simulate the seepage process of the aeration block, appropriate boundary conditions must be selected to
deal with all points on the wall. The standard rebound and periodic boundary treatment schemes are adopted
in this study. For the collision between solid skeleton and fluid particles, the rebound treatment which is called
the standard rebound scheme in LBM, is typically used (Figure 1).

:

(-1,2)

G,

Figure 1. Label bounce format.
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Figure 2. Periodic boundary format.

If the flow field is periodic in space or infinite in one direction, the periodic boundary treatment
scheme [19] can be used at the corresponding boundary. A schematic diagram of the periodic boundary
treatment scheme (Figure 2) shows that solid and hollow circles represent fluid and virtual fluid nodes,
respectively. The periodic boundary processing format can be expressed as

f1,5,8(0' J): f1,5,8(Nxv J),
f367(N+1 J)=f3 67 J),

where f158 (0, J) and f367 (Nxt+1, J) represent distribution functions on the (0, J) and (Nx+1, j) nodes,
respectively;

(9)

fi58 (Nx, ) and f367 (1, j) represent distribution functions on the (Nx, j) and (1, j) nodes, respectively.
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2.3. Calculation of permeability coefficient

When fluid flows inside a porous medium, both the flow rate and Reynolds number are low (Re<10). The
permeability of the porous medium can be obtained by Darcy's theorem, which can be expressed as [20]

k. AP

u:ﬂ L

(10)
where U denotes the average velocity;

M is the kinematic viscosity coefficient of fluid;

K represents permeability;

L denotes the permeation path of fluid in porous media;

AP is the pressure loss value of flow.

With the introduction of K = k";g, the permeability coefficient of the porous medium at a low flow rate
U
can be obtained as follows:
UupglL
K =2£32= (11)
AP

3. Results and Discussion
3.1. Construction of two-dimensional meso-model of an aeration block

The development route of water infiltration in a block is not a straight line, but rather constitutes multiple
lines and directions. It is assumed that the fluid can flow only in the effective pore, and the distribution of the
effective pore is interlaced and does not overlap along the height direction of the aeration block. In other words,
the pore corresponding to the upper pore is randomly distributed in the next section.

An autoclaved aerated concrete block has many irregular pore distributions with different shapes. The length
direction of the autoclaved aerated concrete block wall has a fatal research value as compared to the width direction.
Therefore, a stochastic four-parameter growth method was used in this study to reconstruct a two-dimensional
mesoscopic equivalent model of an aerated block by adjusting the initial growth core distribution probability and
porosity. The solid phase of the aerated block is the growth phase, the pore phase is the non-growth phase, and the
initial phase in the model area is the pore. Several growth phases are randomly distributed within the scope of the
model, and they then grow in all directions with a set probability. The growth stops when the porosity of the model
reaches the set porosity. The concrete reconstruction steps are described as follows:

1. In the model range, the solid phase growth nuclei are randomly arranged with probability Pcd, which
is less than the volume fraction (porosity N) of the growth phase;

2. Each growth nucleus grows to its adjacent point with a preset probability Pi, and its growth direction
isi,i=1,2,3, ..., 8, as shown in Figure 3;

3. Repeat Step 2 until the growth phase reaches its preset volume fraction (porosity N);

4. The growth nucleus stops growing and the porous medium is reconstructed.

The stochastic four-parameter growth method is a traditional and widely used method for constructing porous
media. However, under the premise of known permeability coefficient of porous media, few studies on the
application of the equivalent model for constructing porous media by adjusting parameters have been reported. In
this study, the sizes of solid particles, the random distribution of solid phases, and the statistical characteristics of
the model were all controlled by adjusting the four parameters of initial growth probability (Pcd), growth probability

in all directions (Pj), growth probability in the i direction (P(”m)), and model porosity (n).The reconstructed aerated
block mesoscopic model more closely resembles a real aerated block, and a prerequisite is provided for studying
the impermeability of the aerated block and its internal water infiltration process.

3.2. Simulation calculation and analysis
3.2.1. Determining simulation parameters

The mesh size selected in this simulation was 100x100, the porosity of the model was N =70 %, Re= 10,
and the micro-model of the aeration block is shown in Figure 4. The upper and lower boundaries of the model were
established as impermeable boundaries, and the standard rebound scheme was applied. The left and right
boundaries were established as the entrance and exit of the flow field, respectively, and the periodic boundary was
adopted. The pore and solid boundary adopted the standard rebound scheme. Water flowed into the model from
the inlet at different pressures and flowed from left to right as driven by the pressure differential.
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Figure 5. Permeability coefficient measured
by an LBM simulation and experiment.

Figure 5 shows a comparison of the permeability coefficient of the A3.5 and B06 autoclaved aerated
concrete blocks (N = 70 %) measured using the Darcy method with an LBM simulation value. It should be pointed
out that the simulated values of permeability coefficients are discrete to some extent. Because the aeration block
model must be reconstructed prior to each permeability simulation, a difference of pore volume, quantity, and
connectivity in the different models is the results and thus a discretization of simulated values of permeability
coefficients appears. Figure 5 shows that when the inlet water pressure was 150 Pa and the mesh size was
100x100, the average permeability coefficient of the two-dimensional mesoscopic model reconstructed by
Pcd = 0.015 was K = 6.662x10-8 m/s, whereas the permeability coefficient of the aerator block obtained by the

experiment under 150 Pa water pressure was K = 6.517x10-8 m/s. Figure 5 clearly shows that our numerical
simulation results match those of the previous real test [21] very well, where the error range was within 2.2 %.
Therefore, our numerical accuracy is reliable. The results show that when the inlet water pressure was 150 Pa
and mesh size was 100x100, the two-dimensional mesoscopic model reconstructed by Pcd = 0.015 proved
reliable for studying the water infiltration process and law at work inside the aerator block.

3.2.2. Relationship between the size of solid particles and permeability coefficient of the model

An autoclaved aerated concrete block is a kind of porous silicate masonry material made by internal
gas generation. Therefore, the volume of its internal solid aggregate is different [22]. Large solid particles have
smaller specific surface areas, but their pore size is usually greater than those of small solid particles. To study
the effect of solid particle size on the permeability coefficient of aerator, different initial growth nucleus
distribution probabilities were selected to reconstruct aerator models with different solid particle sizes and to
simulate permeability.

Taking the porosity N =70 % as an example, a two-dimensional micro-model of aerated blocks grown
isotropically with initial growth nucleus distribution probabilities of Pcg=0.01, 0.015 and 0.02 is presented in Figure 6.
Figures 6 and 7 clearly show that with a decrease in the initial growth nucleus distribution probability,

the volume of solid particles increases, the connectivity of the model improves, and the permeability coefficient
increases.

3.2.3. Relationship between porosity of aerated block and its permeability coefficient

As a porous material, the macroscopic permeability of an autoclaved aerated concrete block is usually
related to its porosity [23—24]. However, due to the limitation of the test period and engineering environment,
a direct test method is not suitable for a field test of the permeability coefficient of an aerated block.
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Accordingly, this study examined the relationship between the porosity and permeability coefficient of an

aerated block to characterize the permeability coefficient by porosity of the aerated block and in turn reflect its
permeability resistance.

R S 3 B L A
:rﬁ '&%‘ § - 3&*‘?

"“* vk IR red

a # ' ro

K, fi‘ S L] 5@-}
Pcd = 0.015 Pca =0.02

Figure 6. Reconstructed two-dimensional mesoscopic model.

Based on an LBM numerical calculation, the relationship between the porosity and permeability
coefficient of an autoclaved aerated concrete block in a two-dimensional mesoscopic model was established
in this study. Figure 8 shows the relationship between the porosity and permeability of a two-dimensional
mesoscopic model of an autoclaved aerated concrete block. Figure 8 shows that the permeability coefficient
of the model increases with an increase in its porosity. The relationship between the porosity and permeability
coefficient of the model is linear and can be expressed as follows

K = 67.65n—41.04, (12)

where K represents the water permeability coefficient of the autoclaved aerated concrete block (unit: 108 m/s)
and N represents its porosity.

Because the porosity of autoclaved aerated concrete blocks is generally in the range of 65-80 %, and the
model porosity is also in this range when conducting a permeability simulation, the linear relationship between the
porosity and permeability coefficient of aerated blocks is satisfied only when the porosity is in the range of 65-80 %.
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Figure 7. Relationship between solid particle size Figure 8. Relationship between porosity
and model permeability coefficient. and permeability coefficient of the aerated block.

3.3. Analysis of water permeation process

To study further the water infiltration internal flow characteristics of the real pore structure of the aerated
block, the water infiltration process of the two-dimensional mesoscopic model with porosities of 65, 70, and
75 % was calculated by LBM numerical values.

Figures 9-14 are the velocity vector and velocity distribution vectographs of the reconstructed two-
dimensional mesoscopic model under a constant inlet water pressure (P = 150 Pa) with a mesh size of
100x100. These figures below show that at the initial stage of the pressure flow into the model (1000 &), the
flow velocity is distributed, but the flow direction basically follows the rule of «large pore inflow area». When
the seepage is stable, the distribution of the flow velocity tends to be stable and, in the whole model, presents
an obvious law, that is, the flow velocity in the through channel is greater. Simultaneously, several stable
seepage channels are formed, namely, the “dominant channels” of seepage, and these «dominant channels»
are mainly located in areas with good connectivity. In practical engineering, these «dominant passages» may
be the easily seepage points on the wall. Therefore, studying the formation law and location of these passages

to judge the seepage law of the wall and conducting the work of leakage prevention and repair of the wall have
obvious engineering significance.
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(b) Velocity vect
Figure 9. Velocity vectograph
in aerated block (N = 65 %).

(a) Velocity véctograph a
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Figure 11. Velocity vectograph
in aerated block (N =70 %).
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Figure 10. Velocity distribution
in aerated block (N = 65 %).

(a) Velocity distribution at 1000

(b) Velocity distribution of steady flow

Figure 12. Velocity distribution
in aerated block (N =70 %)
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4. Conclusion

Based on the LBM, a stochastic porous medium model was used to simulate the water infiltration
process inside an autoclaved aerated concrete block. The following are the conclusions derived from this
study:

1. When the micro-model of an autoclaved aerated concrete block was reconstructed by the QSGS, the
pore structure of the model could be controlled by adjusting the porosity and initial growth nucleus distribution
probability, and a two-dimensional micro-model resembling a real aerated block could be established.

2. When the inlet water pressure was 150 Pa and mesh size was 100x100, the permeability coefficient
of the reconstructed two-dimensional mesoscopic model resembled that of the autoclaved aerated concrete
block obtained from the experiment.

3. When the porosity of the two-dimensional mesoscopic model was in the range of 65-80 %, its
permeability coefficient increased with increased porosity and effectively satisfied the linear relationship.

4. The water infiltration process inside the aerator block was shown to have an effective relationship
with its pore connectivity. The water flow mainly flowed to the well-connected pore channel, and the flow
velocity was greater in the through channel.
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Abstract. The loss of bearing capacity of some compressed self-framing metal structures elements occurs with
a general buckling and for some of them there is no analytical solution. That is why consideration of the problem
variational statement and its numerical solution is particular interesting. In this study, the stiffness and geometric
stiffness matrices were obtained for Hermite polynomials quadratic variation that approximate the functions of the
twist angle and deplanation functions. The dependences of the critical load on the number of finite elements for
different geometric and kinematic boundary conditions are obtained. The inconsistency of the approximation by
forms linear functions is shown in comparison with the quadratic approximation, which turns out to be optimal. The
reason is that it almost immediately reaches the exact analytical solution, with a flexural-torsional form of buckling.
For a purely torsional or flexural form of buckling, it is shown that functions of the twist angle and deplanation
functions approximation for different Hermite polynomials does not give faster convergence.

1. Introduction

The evaluation of the building structures reliability is the main task in civil engineering. So, in [1] authors
considered the applying of probabilistic method for bearing capacity criterion estimation. Planar frame rod
model was presented in [2-3]. They determined forces equations in the most compressed elements,
depending upon the amount of panels in grid. This has enabled elements strength [4] and general stability
determination. However, this kind of Self-framing metal application in frame constructions must have a strict
evidence. So in [5] they showed the benefits of using Self-framing metal for pitched roofs major repairs.

In [6] they analyzed buckling modes depending on various cases of the rod stress state and its
geometrical and physical characteristics. Stability losses bending modes of axially-loaded bars depend on the
face sections stiffness correlation. After the study of flexural-torsional stability losses modes of the non-axially
compressed, variable stiffness, constant chords width I-shaped bars the following was found. Bending modes
for bars with any unilateral end-point eccentricity combination and same chords slopes are not differ
significantly; they might be taken to be equal. However, torsional modes are very different, they depend on
the chords slopes. The study of bending-torsional buckling modes of variable stiffness non-axially compressed
I-shaped beams which have different chords width and high, showed: modes depend on chord slope and
narrowing combination. Constraint of warping impact on the critical force and the buckling mode. In [7], the
deformation calculation and eccentric stability with eccentricity around two axes, compressed combined
section bars, taking into account the warping links, were investigated. This study is based on the equations
proposed by E.A. Beilin. The differential equations system solution by combining exact integration methods
with the Bubnov-Galerkin’s method with exact satisfaction of different boundary conditions shows us the
reason to use a Self-framing metal bar compressed with a biaxial eccentricity. It is confirmed that in the
particular case of the cross section geometry and the application of a longitudinal load, a bifurcation of the
equilibrium modes is possible and the problem of compression with biaxial eccentricity in general form is not
bifurcation. The problem of deformation and calculation for the arbitrary profile bar stability of with warping
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bonds distributed along the length is investigated, and a change in displacements and forces is revealed
depending on the compliance of the warping links. A natural study of combined profile warping connections
bars constrained torsion was carried out. The difference between experiment and the analytical solution is
16 % Methods for approximating the local and general buckling modes and cross section stability, with
perforations, were provided in [8-9]. According to the results, the total loss of stability of elements with holes
can be approximated by applying a "weighted-average" approach in determining the geometric characteristics
of the section. The loss of the local shape of the stability of elements with holes is approximated using careful
modifications of the models of the end strips of the cross section. Since the hole effect is different, in each
case of buckling new model is required. In [10], the stability of the cross-sectional shape depending on the
load is investigated using the example of monosymmetric I-beams. According to the results, the nature of
buckling changes with a change in the length of the monosymmetric I-beam. In [11-12], the features of
determining the bearing capacity of Self-framing metal structures are considered using the North American
design standards and Eurocode 3. A loss of local stability in the both standards is taken into account equally,
by the effective cross section. These standards are based on the methods for determining the parts of the
section that are turned off from work because of the secondary buckling.

Works on numerical methods for calculating Self-framing metal bars.

The practical contribution was made in the works [13-15], where, based on the core model of
calculation, analytical solutions for the displacement functions and internal force factors according to the semi-
shear theory by V.I. Slivker were given. Solutions are given for three most popular structures that are often
encountered in practice with kinematic boundary conditions given in the paper, i.e. practically determine the
field of the stress-strain state (SSS). Finite elements of three types are constructed for the numerical solution
of the constrained torsion of Self-framing metal bars problem in a variation formulation using the Ritz method
with approximating polynomials of the chosen order according to V.l. Slivker's semi-shear theory. Iterative
calculations were carried out, and then recommendations were given on choosing the sizes of finite elements
depending on the type of the finite element and its interpolation polynomials. A database was created for
correlation of the open and / or closed profile form for displacement and internal force factors.

The system of equations of the dynamics [16] of a Self-framing metal bar for the theory by V.I. Slivker
was derived. In this system: one equation describes only longitudinal vibrations, while the remaining system
of joint equations describes flexural-torsional warping oscillations. The dispersion dependences and phase
velocities of torsional-warping waves in bisymmetric. Self-framing metal bar was analyzed according to the
theory by V.I. Slivker. As a consequence, it was possible to conclude about the second optical dispersion
branch, which, according to analysis of the eigenmodes of oscillations, corresponds to high-frequency warping
oscillations. The formula was obtained that approximates the frequency of warping oscillations and the formula
that determines the lowest frequency. Also matrices of masses were agreed, which differ in the type of
displacement functions approximation, the twist angle functions of the warping measures for solving static
problems with any kinematic boundary conditions. It certainly has great practical use. The automated algorithm
has been developed for solving the spatial structures of Self-framing metal elements of both a closed and
open profile in a dynamic formulation.

In the paper [17-18], stiffness matrices for various types of approximation of displacement functions
with different numbers of freedom degrees of finite elements were determined. The greatest value in the
operation of structures is the justification for taking into account nodal stiffness, compliance, or taking into
account initial imperfections when calculating Self-framing metal bars for strength and stability. For example,
[19] is about taking into account the initial imperfections of tubular nodal on their bearing capacity. The results
showed the possibility of neglecting the negative effects caused by geometric imperfections during the
operation of the structure. Influence of knot stiffness on the Self-framing metal rods stability were considered
in [20]. The influence of the torsional stiffness of the beam-wall connection and the dependence of these
characteristics on the number of floors of the rack were noted. In fact, the nodal mates of crossbars with
columns occupy some intermediate value, which has a certain compliance, the magnitude of which is
influenced by the constructive nodal solution. The work [21] shows the need to use the scheme with nodes
that perceive some of the bending moments.

In [22], the bifurcation stability problem was solved numerically, much of which was written on solving
it, including [23-25], a thin-walled rod on the Vlasov’s theory and analytically on the Euler’s theory. A significant
difference was revealed in the value of the critical load according to two theories, a greater value is obtained
by numerical calculation using the V.Z. Vlasov’'s no-slip theory.

In [26] they consider the stability of straightened from the plane thin-walled cold-formed beams with two
types of finite element models. They took into account the geometric nonlinearity and material properties which
were built in the ABAQUS software package. Model with two elements: two beams, through panels and hot-
rolled pipes. Model with one element: one beam, and the other component, which was designed using the
appropriate boundary conditions. It was found that the results for the two models are similar, but the simplified
model is certainly computationally more attractive. It was also found that strain hardening does not affect the
behavior of cold-formed beams.
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This research is a continuation of the work [27] on the application of the finite element method in solving
problems of stability of thin-walled rods according to the semi-shear theory by V.I. Slivker [23, 24].

A stiffness matrix and a geometric stiffness matrix for a quadratic approximation of the torsion functions
and the warping measure were obtained in this research. Several problems with different forms of buckling
are considered, the problem domain is defined in which approximation of torsion functions and warping
measures by quadratic functions are faster than approximation by linear Hermite polynomials used in [27].

2. Methods

Equilibrium stability functional of a squeezed-curved thin-walled rod according to a semi-shear theory
by V.1. Slivker [27]:

L
S =%I[G|X9'2 +Gl 40 - B)° +El,p" +EL L™ +El B2+ KO+ N('? +{7%) +
0

1)
+2(M,n" =M £")0]dx.
A detailed description of the functional integrand is presented in the previous article [27]:
Consider the I-th finite element of a thin-walled rod:
-~
r r - rf z
r}i.?}f,f:f»fi,@f,ﬁi r
N/
VX
9£+%’ Bi+%
fh‘+1’U;+1’Ci+1-cir+1’81‘+1;ﬁi+l
Figure 1. Finite element with 14 degrees of freedom.
Nodal displacements of a single finite element column;
T
U=lmn & & 6 B 9| 1 ﬁi+1 Mt M S i Ga Biaa | (2)

2 2

where 77 is bending center movement along Y;
77" is rotation angle about the axis Z;
{'is bending center movement along Z;
' is rotation angle about the axis Y;
Ois torsion angle;

[ is warping measure in the corresponding nodes.

We write the functional V.1. Sliver in the matrix form, the process is given in [27]:
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L
s %I {G1IU,T [HTo[H 151V 51+ Gl 5[V T [T [V 51+
0

+ELIU, T HT [H"], U, 1+ EL U T H T [H], U, 1+

+ El,[U 41 [H'Tys[H Tg5[U 41— PI(r7 +e,b, +e,b, + @b, )[U,T [H T, @)

[HTgs U]+ U, I [H T [H D, [V, 1+ U T [HT [H, U 1+
+ (&, = 2V, 1" [H T [H g5V 1+ U1 [HIgs[H "D, U, 1~
= (&) = Yp) (U T [H T [H1g5[U 61+ U1 [Hg[H T, [V D]dx

The columns of the nodal values of the transverse displacements are formed from the same elements
as in our previous work [27]:

[U ,7] =(m 1 Ma 77i,+1)T ; (4)

[U§]=(§i Sgi, §i+1 égi'+1)T- (5)

Columns made up of twist angles and warping measures have a different look - they are added to an
intermediate value in the middle of the finite element.

[Ua]:(‘gi 6’”1 ‘9i+1)T? (6)
2
[Uﬂ]:(ﬂi & ﬂ”l)T; ©
[Ue[,»}:(@i Bl 1B Ou :Bi+1)T' @)
2 "2

Hermite polynomials for the functions of transverse displacements are assumed to be similar to our
previous work [27]:

3 3
H1=|£3x3—|32x2+1; H2=:(—2—ng2+x; H3=—£x3+%x2; H4:X——|}x2. ©)

The strings composed of the given Hermite polynomials looks like:

dH, dH, dH, dH
[H ,] _ 1 2 3 4 | (10)
7 dx dx dx dx
d’H, d’H, d*H; d°H
[H"],. = 21 22 23 24 : (11)
75| dx® dx® dx® dx
The Hermite polynomials for the torsion and warping functions in this paper will be quadratic [27]:
2 2 2
H5=1_%+2i2? Hfﬁ_dfiz? 7=_§+2L2 (12)
I I I I .
and the corresponding lines are denoted as:
[H]gﬁ:(HS H6 H7); (13)
dH. dH, dH
Hr — 5 6 7 : 14
[ ]gﬁ ( dx dx dx j (14)
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(2), we get:

P is concentrated load applied at the end of the rod along the x axis at an arbitrary section point with
coordinates (ey, €;), matrixes [K] and [G] consist of matrices blocks, which we numbered in accordance with

dHg

—5 _H, —% —H, — L -H

dx

dH,
6

dx

s =ZIUT (K1—P[EDIV]

the numbering of nodes of a finite element (Figure 1):

[

z

where
]I-_gEIZ I%EIZ 0
IEZEIZ ;iEIZ 0
0 0 %EI
Kii 0 0 I%Ely
0 0 0
0 0 0
0 0 0
0 —]I'—EEI
0 —I%EI
0 0
Kijis = 0 0
—%Glﬂ 0
—%EI +1|—56Iﬁ 0
0 0
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[K]z[m ]] [[KK.linJ

e

[[Gu] (G
[Gissi ] [Grvnia ]

0 0
0 0 0
I%Ely 0 0
;iEIy 0 0
0 %GIX+%GII3 —%Glﬁ
0 —%Glﬂ %Glﬁ %EI
0 —%GI 38|Glﬂ %Glﬁ
: I%Elz 0 0 0
IEEIZ 0 0 0
0 —%Ely%Ely 0
0 —I%Ely %Ely 0
0 0 0 %(G|X+G|ﬁ)
0 0 0 —%Glﬁ
0 0 0 —%Elw—%Elﬁ

)

Calculating the integrals in (3) by grouping them in accordance with the vector of nodal displacements
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Matrices [K] and [G] are symmetric therefore equalities (19) are fulfilled:

[Ki,i+l] = [Ki+1,i ]T ; [Gi,i+1:| = I:Gi+1,i ]T :

3. Results and Discussion

For the numerical solution of the problem, we consider a thin-walled rods of open profile (warped (Figure
2) and non-warped (Figure 3)) and closed profile (Figure 4). Rod length L1 =5 m for profile 1 and rod length

L23 =3 m for profiles 2 and 3.

Kinematic boundary conditions:

0 0
e, -7
Ezy)
|
2 2
gez—gzp 0
e —
(e, —yp) ol:
|
2 2
—§Ey+§yp 0
ey
3l
0 0
(18)
(19)

In the first case: 71 = {1 = 61 = 17n = ¢n = 6h = 0 (hinge support, prohibitive translational motion (non-
axial longitudinal rods) u rotational motion relative to the rods longitudinal axis;

In the second case: 77, =m, =¢; =¢, =6, = B, =0 (hard pinch at one end).

s, £

~ =\|R_‘:

250

& >
15 Z
L J 250
Y VY
Figure 2. Shape 1. Figure 3. Shape 2.

Rod material - steel C245:

Physical characteristics of steel C245: E = 20600 kN/cm?2, G = 7920 kN/cm?2,

Table 1. Geometric characteristics of the rod section.

100

ERY N
\V4

Figure 4. Shape 3.

I; ly Ix [P Is €; ey Zp Yp bo b: by rpz
cm? cm? cm? cmS® cm? cm cm cm cm cm cm cm cm?
Shape 1
18.767 152.964 0.034 1137 203 0 0 -2.8 0 0 8.253 0 45,5
Shape 2
651 651 0.133 0 0 0 0 0 0 0 0 0 130
Shape 3
947 324 745 1553 78 0 0 0 0 0 0 0 72
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Solve the basic resolving stability equation for compressed rods:
det((K]-P[G])=0. (20)

Determine the smallest solution that corresponds to the critical force for the given number of FE and for
given kinematic boundary conditions. The tables below compare the results obtained in the numerical solution
of problems with different types of approximation to each other. The numerical solutions are compared with
analytical solutions. Numerical solutions for linear approximation are obtained based on the results in [27].

Table. 2 Magnitude of critical forces pil (i — shape, | — anchor) for two types of approximation
of the functions of the twist angle and the 8 and B deplanation with a different number of FE.

2 4 8 16 32 64
Phlnl [27], kKN 15.373 15.250 15.180 14.955 14.378 13.636
quulad, kN 13.548 13.154 13.065 13.044 13.0413 13.039
Analytical solutions
P kN
an
Euler» KN 15.247
an
Vasov: KN 13.039
Phlnz [27], kKN 3.817 3.815 3.813 3.808 3.797 3.785
Poeds KN 3.788 3.780 3.778 3.777 3.777 3.777
Analytical solutions
P12 kN
an
Euler» KN 3.811
an
Viasov: KN 3.777
21(22
2122) 1571, kN
21(22) 8.1028
Pquad , kN
Analytical solutions
P21(22), KN
an
Euler+ KN 1469.146
an
Vlasov' KN 8.1028
F’”3n2 [27], kN 183.076 182.988 182.983 182.983 182.983 182.983
quuzad , kN 183.076 182.988 182.983 182.983 182.983 182.983
Analytical solutions
P32, kN
an
Euler kN
182.983
an
Vlasov kN
P"3n1 [27], kKN 737.436 732.305 731.954 731.931 731.930 731.930
Pqilad, kN 737.436 732.305 731.954 731.931 731.930 731.930
Analytical solutions
P31 kN
an
Euler kN
731.930
an
Vlasov kN
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Figure 5. Graph of P11 versus the number of finite elements
and the type of approximation of functions @and S.
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Figure 6. Graph of P12 versus the number of finite elements
and the type of approximation of functions @and S.
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Figure 7. Graph of P32 versus the number of finite elements
and the type of approximation of the functions @and .

Rybakov, V.A., Lalin, V.V, Ivanov, S.S., Azarov, A.A.
123



WmxeHepHo-cTpouTenbHbIi xypHai, Ne 5(89), 2019

P kM
|
L
[7x]

2 4 & 16 32
Amount of finite elements

g 1 iN1 = g= P1quad P1Euler P1Viasov

Figure 8. Graph of P31 versus the number of finite elements
and the type of approximation of the functions @and .

Determination of the critical force of a hinge-supported [28] rod having a profile 1:

2 2 2 2 2
(P, ~P)(P, ~P)(P, —P)-r —y2-P2.(P,~ P) 22 -P.(R,~P) =0, (21)
where
2
2 2 % -El,+Gl,
P, =" El,=15.262 kN; P, =" El, =124273xN; P,=t—— =26220 \; 2
L L r

p

I'p, Yp, Zp are polar radius of inertia relative to the center of the bend and coordinates of the center of
the bend

From (21) Pmin = 13.039 kN.

The critical forces obtained in the calculation of thin-walled rods having a profile of 1 under two types of
kinematic boundary conditions correspond to the flexural-torsional form of buckling. Approximation by
guadratic functions turns out to be faster in cases where the buckling has a flexural-torsional form. At 2 finite
elements, the quadratic approximation reaches a value more precisely than at 64 finite elements, the linear
approximation.

Analyzing the results of calculating the L-profile, we conclude that the values of the critical forces
obtained by linear and quadratic approximations coincide in magnitude with the analytical value according to
Vlasov [24] under any kinematic boundary conditions. The shape of the loss of stability in such a profile and
at such geometric dimensions is a purely torsional (Figure 9). The value of the critical force according to Euler
corresponds to the bending form of buckling and is given for reference.

Figure 9. Purely torsional form
of stability loss of the rod(L-section).

According to the results obtained, it is clear that the form of buckling of the box-shaped profile is purely
bending. The order of approximation of the functions of the torsion forms and measures of deplanation is
unimportant.
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The critical load values were also compared with the Euler buckling loads. The results showed that
taking warping into account reduces the critical load for the open cross sections (C-section, L-section) but
doesn’t have a significant impact on the closed cross-section (rectangular pipe).

The problem of spatial problems for systems of thin-walled rods has not been solved to date, and
therefore the results obtained today cannot extend to spatial and even planar problems. However, as soon as
the problem of turning the deplanation and bimoment measures is resolved, the results presented in the article
will automatically be transferred to thin-walled rod systems.

4. Conclusions

1. A geometric stiffness matrix of a thin-walled rod was obtained for a cubic approximation of the
functions of transverse displacements and quadratic approximation of the torsion functions and deplanation.

2. With the help of the constructed matrix, using FEM the critical load was determined for the bar with
both ends pinned and different types of the cross section (C-section, L-section and the rectangular pipe).

3. The critical load values were also compared with the Euler buckling loads. The results showed that
taking warping into account reduces the critical load for the open cross sections (C-section, L-section) but
doesn’t have a significant impact on the closed cross-section (rectangular pipe).

4. Approximation by quadratic functions turns out to be faster in cases where the buckling has a
flexural-torsional form. At 2 finite elements, the quadratic approximation reaches a value more precisely than
at 64 finite elements, the linear approximation. In cases where the form of buckling is purely torsional or
flexural, there are no advantages in no approximation method.

5. The constructed geometrical stiffness matrix is acceptable to solve buckling problems of the thin-
walled bars for both open and closed cross sections.
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KBagpatnyHaga annpokcmmMaumsa oyHKUmMmn goopm
B nosiycasuroson teopumn yctonumsoctn B.A. Cninekepa

B.A. Pbi6akoe, B.B. JlanuH, C.C. UsaHos, A.A. A3apos*
CaHkm-lNemepbypackul nonumexHudyeckul yHugepcumem lempa Benukozo, CaHkm-lNemepbype, Poccus
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KnioyeBble croBa: TOHKOCTEHHblE CTEpPXHM, nonycasuroBas Teopusd CnwvBkepa, Teopusi yCTOMYMBOCTH,
PYHKLUMOHAN YCTONYMBOCTU, NONUHOMBbI DpMUTa, PYHKLUN (POPMBI

AHHOTauuA. [ockonbky NoTeps Hecyllenh CroCOBHOCTU HEKOTOPbIX CXKaTbIX 3NEMEHTOB KOHCTPYKUUNA M3
JICTK nponcxoguTt npu obLLer notTepe YCTOMYMBOCTU M AN HEKOTOPbIX U3 HUX HET aHaNUTUYECKOrO peLLeHus,
npegcraeBnsieTcd ocobo MHTEPECHBIM PacCMOTPEHUE BapuauMOHHOW MOCTAHOBKW 3a4ayn U YUCIIEHHOE ee
peweHune. B gaHHOM nccnegoBaHum Obinv NonyyYeHbl MaTpULLbl XKECTKOCTU Y TEOMETPUYECKON XKECTKOCTU NpU
KBagpaTU4HOW BapuauMvM MNOMMHOMOB JpmMuTa, annpoKCUMMPYIOLWMX (YHKUMM Yria 3akpyydMBaHus W
gennaHaumun. [lonyyeHbl 3aBWCMMOCTM KPUTUYECKOW Harpy3km oOT konudectBa KO pgna  pasHbix
reoMeTpuyeckux U KMHemMaTUyeckux rpaHmyHbIX YCnoBui. [lokazaHa HeCOoCTOATENbHOCTb annpoKCcMMaumm
NUHENHBIMU PYHKUNAMU POPM MO CPaBHEHUIO C KBaApaTMYHOW annpoKcumauuen, KOTopas OkasbiBaeTcsl
ONTUMAarbHOW, TaK Kak NpakTU4Yeckn cpasy OOCTMraeT TOYHOro aHanuTUYeCcKOro pelleHus, npu usrnmbHo-
KpyTUnbHON dopme noTepu YCTOMYMBOCTWU. [NA 4UCTO KPYTUNBHOM MM U3rMBHOM OpPMbI NoTepU
YCTOMYMBOCTU MOKa3aHO, YTO annpoKCcMMaLuns hyHKLUA yrna 3akpydnBaHUA U AennaHauum npu pasnmnyHbIxX
nonuHomax dpmuta He gaet bonee BbICTPON CXOANMOCTH.
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Abstract. A distinctive feature of composites is the manifestation of a synergistic effect due to the interaction
of contacting substances at the interphase layer, and their intensity of interaction affects the volume properties
of the composites. A study of the interphase layer of bitumen was carried out on the surface of the mineral
powder. The proposed method according to the results of rheological tests allows calculating the thickness of
the boundary layer in the binary system “asphalt — dispersed phase”. The dependence of the road composite
strength on the layer thickness of structured asphalt is established: the strength of the composite increases
with increasing thickness of the bitumen layer. Method of assessing the impact on the structural-sensitive
properties of the composite extensive factor M — indicator reflecting the influence of the interface area and
intensive factor N — indicator reflecting the influence of physicochemical effects at the interface is proposed.

The extensive factor has a greater effect on the properties of SMA-20 with a quartz filler m/n > 2. There is a
higher rate of decrease in the intensity of physicochemical interactions at the interface of the «oil bitumen-
silica filler» phase as compared with the extensive factor. The different nature of the effect of temperature on
the extensive and intensive factors is observed for SMA-20 with diatomite: as temperature increases, the factor
M increases, whereas the opposite effect is observed for factor N. It indicates a positive effect of the specific
surface of diatomite on the temperature properties of asphalt concrete.

1. Introduction

The purpose of actual research in the field of road construction is to establishing the processes of
structure formation of materials at the micro level and the nanolevel. Bitumen is a microheterogeneous system
consisting of complex structural units (size from 20 to 60 nm), which form a special structure with the addition
of filler in the asphalt concrete composition [1]. Bituminous components adsorbed on the surface of the
aggregate form bituminous films, which leads to the strong bonds formation in the structure of asphalt
concrete. Basically oriented layers of bitumen are formed due to physical sorption.

General provisions on the relationship of the filler particle size and the dispersed bitumen system are
considered in the work [2]. However, to determine the thickness of the films that form on the surface of the
filler is not possible. It is known that the bitumen viscosity in the solvation shell (which is called «structured
bitumen») is several orders of magnitude higher than the bulk bitumen viscosity. One of the first methods for
determination of solvation shell thickness was proposed in [3]. The method is based on the classical model [4]
for the viscosity of medium with non-interacting solid spherical particles. While such a model is only appropriate
for diluted systems [5]. Methods of calculating the bitumen film thickness in asphalt concrete are proposed [6—
9]. But the proposed methods allow to calculating of the relative values of bitumen film the thickness and do
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not allow to calculating of the quantitative value of the adsorbed bitumen, on the value of which the asphalt
concrete strength depends.

A feature of composites is the manifestation of a synergistic effect due to the interaction of contacting
substances at the interface [10]. Often this interaction results in the formation of a layer with altered properties.
It has been shown in the A.l. Rusanov's works [11, 12] that the investigated property of the dispersion medium
varies with the layer thickness h according to the law:

where A is a constant, which, depending on the intensity of the interaction at the interface, can be not only
positive values, but also of negative ones; the “0’” sign means a relative change in property.

In[13], it was shown that the interaction intensity at the border of chapter can also affect the bulk properties
of composites, and in [14] a method is proposed for estimating the level of layer strength change based on
concentration dependencies of the composite strength. The importance this layer for the composite properties
was emphasized by some researchers by the introduction of a separate name — “film phase” [15-17]. As a rule,
an increase in the content of the film phase results in an increase in the indicators of the composite structural-
sensitive properties [19-21]. Matrix material lack, which is accompanied by an increase in porosity and the
formation of aggregates — particles of the dispersed phase not wetted by the matrix material — the composite
strength is decreased with a formal increase in the concentration of the film phase [22-24].

There are no method of forecasting the strength and thermal sensitive asphalt concrete. In this work
developing a quantitative assessment influence on the structural-sensitive properties of the composite
extensive (an indicator characterizing at the border chapter of phases area) and intensive (an indicator
characterizing the influence of physicochemical effects at the border chapter of phases) factors and
establishing the mathematical dependence of the thickness structured bitumen layer with the road composite
strength is relevant objective.

2. Method and Materials

The mineral fillers considered in the study are distinguished by their mineral composition and physico-
mechanical properties. The filler from dolomite MP-1, diatomite of the Inzensky deposit, ground quartz sand
Su = 1000 m2/kg were considered. Mineral powder MP-1 meets the requirements of Russian state standard
52129-2003 “Mineral powder for asphalt and organic mixtures. Technical conditions”. Diatomite is a
sedimentary rock with a highly porous structure formed by the shells (skeletons) of extinct diatoms, which
mainly consist of silica hydrates with watering varying degrees. The chemical composition of mineral powders
is presented in Table 1.

Table 1. The chemical composition of mineral powders.

Content, % by weight

Mineral material

SiO2 Al2O3 Fe203 CaO MgO CaCO3+MgCOs SOs LOI
MP-1 7.70 0.34 1.12 - - 90.30 - -
Diatomite 82.30 5.19 2.32 0.59 1.76 - 0.57 7.27
Quartz filler 98.72 0.67 0.07 0.33 0.21 - - -

The main physic-mechanical properties of mineral powders are presented in Table 2.

Table 2. Physic-mechanical properties of mineral powders.

Name of the indicator Quartz filler MP-1 Diatomite
Grain composition,% by weight smaller
1.25 mm 100 100 100
0.315 mm 100 99.3 100
0.071 mm 95.2 75.5 97.7
Specific surface area, m?/kg 1002 461 1113
True density, g/cm? 2.73 2.82 211

In the course of work construction bitumen BND 60/90 produced by MOSCOW REFINERY with a
softening temperature of 51 °C and a brittleness temperature of —20 °C was used.

The specific surface area and porosity of the mineral powders were determined by nitrogen adsorption
at —196 °C according to the Brunauer-Emmett-Teller model (BET) using the pore structure analyzer NOVA
2200e Quantochrome.
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The rheological properties of bitumen-mineral mixtures were estimated by viscosity at temperatures of
120, 130, 140 and 150 °C, which was determined using a rotary viscometer MCR 101, Anton Paar with a
measuring cell — coaxial cylinders with a constant shear rate of 20 s1.

Asphalt concrete strength indicators were determined on Samples-cylinders with a diameter and height
of 71.7 mm made of crushed stone-mastic asphalt concrete mix SMA-20, corresponding to the requirements
of Russian state standard 31015-2002.

The strength of asphalt concrete samples was determined under uniaxial compression at a speed of
3 mm/min at a temperature of 0, 20, 50 °C.

A experimental set and analytical methods has been used in work for quantifying the impact on the
structural-sensitive properties of a composite of extensive and intensive factors, calculating the bitumen
thickness on the surface of the mineral filler, for establishing a relationship describing the dependence of the
thickness structured bitumen layer on the strength of the road composite.

3. Results and Discussion

It is obvious that the film phase content will depend on the area of the phase boundary and the intensity
of interaction at this boundary. Formally, these factors influence on the composite property can be written as
follows:

m yn
F= kgeomkfm geom ! fm’ (1)

where lgeom is value characterizing the influence of the extensive factor;
ltm is value characterizing the influence of the intensive factor;
ki is conversion factors resulting in the units of measurement of the property under investigation F;
M and N are exponents characterizing the intensity of the influence of the factor.

To exclude additional studies related to the search for values ki, the relative changes in properties
should be analyzed:
m n
i _ Igeom I fm @)
F I

geom,0 I fm,0

(here, the subscript “0” denotes the initial parameters).

An important condition for the application this approach is the choice of quantities that characterize the
considered extensive (lgeom) and intensive (lfm) factors. The extensive factor is related to the area of the phase
interface and can be represented as a ratio:

Igeom _ Sf

lemo Sto. ®

geom,0
and the intensive factor is characterized by the intensity of the physicochemical interaction at the border of
chapter and, following the work of A.l. Rusanov, can be estimated by the thickness of the layer h:

fm
= (4)

- y
I fm,0 Iqu,O

where St is the area of the phase boundary «matrix material — dispersed phase»;

him is the layer thickness of the matrix substance located at the phases border and having properties
which differ from similar ones in volume.

Hence the following relationship:

m n
i — Sf hfm (5)
I:O Sf,O hfm,O
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Calculation St by granulometric data is easy:
Sy =2.5m;, (6)
J

where Sy j, Mj specific surface area and content j-th fraction of the dispersed phase.

Determination of him is impossible to calculate (especially for complex molecular systems) and is an
individual task. Several techniques for determining the thickness of the boundary layer are presented in [11].
It is advisable to apply the rheological method for dispersed systems «bitumen — dispersed phase». It is
necessary to assume that an interphase layer is formed on the surface of the particles, consisting of the
adsorption and kinetic layers: the kinetic layer characterizes the influence of the particle shape and viscosity
of the dispersion medium, and the adsorption layer only the physicochemical dispersed phase activity.

Determining the interfacial layer thickness at the interface of the «bitumen — mineral powder» was
carried out according to the method described in [25, 26] the volumetric degree range of mineral filling has
been established by this method, at which A. Einstein law is fulfilled, and there is a possibility of calculation

for the interfacial layer thickness. The volume content of the dispersed phase is formally increased by Ag,
when such a layer is formed. The equation of A. Einstein is represented as:

Mok =10 | L+ o (0 + @) | O 174 =11, + 11,00, (7)
where 77, =1], [1+ aogoo] is A. Einstein's equation [26];
Ho is viscosity of the dispersion environment;
ao is spherical particle shape factor (oo = 2.5);

@o is filler volume share.

The increment of the filler volume share is equal to:

pp=Tec(26) = @®

P

Hence the following relationship:
T 43
we will have:

dy

Ap=g, d_ -1
f,0

Interfacial layer thickness is determined by replacing d; =d; ,+2h and d; =6/ p;:

Su:of Dol

where ps is dispersed phase material density;

Su is specific surface area of the dispersed phase.

Similarly, when taking into account the influence of the particle shape and the adsorption layer on the
values of the coefficient a (o > ao):

ds 0 apy Mo
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From here:

(10)

4
h= 10 [i— ] (11)

where am is coefficients calculated, respectively, on the basis of measuring the dispersed system viscosity
under investigation and the model system “filler — environment”, in which the environment does not form at all
or forms a solvation shell with negligible thickness on the surface.

The disadvantage of the presented technique is the assumption that the layers formation in different
dispersion environments is identical, that is, the comparison in the system behavior is not carried out with
the ideal system described by A. Einstein's equation, but with some model system. In addition, certain
difficulties arise in the selection of a model dispersion environments (in this case, it is necessary to have an
environment with a similar dependence of viscosity in the temperature range under study and lyophobic to
the surface mineral component). The implementation of the specified requirements for the dispersion model
environment allows to calculating thickness values of the adsorption layer of the dispersion environment.

When using formulas (9) and (10) with the assumption
h,=h—h,

(ha — absorption layer thickness; hk — kinetic layer thickness):

3 e 2o) =m0y e (20) =10

S, Do, Po%ollo
ho 3 |t T (90) _S’L M_l , (13)
Su:of ap, 7o &P "To

where the index “' “ is used for a model system.

The elimination of this deficiency of the method [25] is possible by the following way. The kinetic layer
depends mainly on the dispersion environment viscosity and the particles shape of the dispersed phase.
Clearly, dispersion environment viscosity decreases, when the temperature increases. When in the model
system 770 — O (or for a multicomponent dispersion environment #Jo —> 7Jo,min, hence #Jomin is viscosity of the

highly mobile component) the kinetic layer thickness is hx — 0.
A. Einstein equation is being implemented in the range of the dispersed phase volume content ¢ [0;
0.05]; therefore, in the work [13], the calculation of layer thicknesses has been carried out with a volume filling

degree of 2 %. As dispersed phases was considered mineral powder, the properties of which are presented
in Table 3.

Table 3. Mineral fillers properties.

Parameters Requirements of Russian state standard Quartz filler Limestone Diatomite
Grading, % by weight less
1.25 mm Not less 100 100 100 100
0.315 mm Not less 100 100 99 100
0.071 mm From 70 to 80 95 76 98
Surface area, m?/kg Not standardized 1002 461 1113
True density, g/cm? Not standardized 2.73 2.82 2.11

The considered mineral powders differ in the specific surface area of the particles, which characterizes
the potential area of the interface between the phases and bitumen, along which the physico-chemical
interaction processes take place. The dispersed phase type and temperature also affect the system viscosity
(Figure 1).
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Figure 1. Dependence of the dispersion system viscosity:
a - from the degree of filling (at T = 120 °C); b — from temperature (at ¢ = 0.02).
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The equation of viscosity as a function of the degree of volumetric rate the approximation is: y = kx + b
or according to A. Einstein equation 17 = ano@ + mno, hence K = ano and b = 7, therefore, the angular
coefficient characterizing the effect of the dispersed phase is equal to « = k/b. The values of the coefficients

are presented in Table 4

Table 4. The coefficients values of the equations of the viscosity of the dispersed system
“bitumen-mineral powder” from the filling degree.

Coefficient Temperature, °C Limestone gilélet;mite Quartz filler
k 4319.70 5252.90 2595.40
b 120 888.30 897.56 884.60
a 4.86 5.85 2.93
k 2109.20 1585.30 1294.10
b 130 506.20 510.15 504.62
a 4.17 3.11 2.56
k 1222.20 867.95 588.50
b 140 307.00 308.39 305.90
a 3.98 2.81 1.92
k 687.60 775.50 305.94
b 150 194.50 195.36 193.88
a 3.54 3.97 1.58

According to the obtained experimental dependences of the viscosity of the dispersed system “bitumen
— mineral powder”, the calculations of layer thicknesses was make: by formulas (9) and (10) — total thickness,
and by formulas (12) and (13) — adsorption layer (when conducting the experiment with dispersed the system
“castor oil — mineral powder” selected the temperature at which the viscosity of castor oil would correspond to
the viscosity of the melt of bitumen) (Tables 5 and 6).

Table 5. The bitumen layers thickness on the surface of the mineral filler (at ao = 2.5).

Total interfacial layer thickness by the formula (9)

Filler 120 °C 130 °C 140 °C 150 °C
Limestone 2.690 1.510 1.080 0.192
Diatomite 0.595 -1.708 -2.127 -1.342
Quartz filler 0.777 -0.037 -0.847 -1.661

Filler Total interfacial layer thickness by the formula (12)

120 °C 130 °C 140 °C 150 °C
Limestone 2.690 1.510 1.080 0.192
Diatomite 0.732 -1.572 -1.991 -1.205
Quartz filler 0.790 -0.025 -0.834 -1.649
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Table 6. Thickness of the bitumen layer on the surface of the mineral filler (particle shape factor

a).
) Total interfacial layer thickness by the formula (10)

Filler 120 °C 130 °C 140 °C 150 °C
Limestone 0.488 0.413 0.272 0.106
Diatomite 0.387 0.656 0.525 0.041
Quartz filler -0.185 —-0.285 -0.385 —-0.485

) Total interfacial layer thickness by the formula (13)

Filler 120 °C 130 °C 140 °C 150 °C
Limestone 0.522 0.447 0.306 0.140
Diatomite 0.656 0.625 0.494 0.309
Quartz filler -0.145 -0.245 —-0.345 -0.445

Analysis of the thicknesses calculation results of the bitumen layers shows for ideal system (A. Einstein's
equation) and the model system that for some powders the thickness values have negative values. This fact
is physically absurd, since this is possible only when the filler is dissolved. Negative thicknesses actually
indicate the absence of a bitumen layer on the surface of the mineral component (both of the adsorption layer
and the kinetic layer).

a) b)
€3 O Limestone h=-0.0792T + 12.065 g 10 O Limestone h=-0.0129T + 2.0923
2 o Diatomite h=-0.0812T + 10.525 = o, Diatomite h=-0.0117T +2.1011
E ) o Quartz filler h=-0.0623T + 7.266 § 0.8 o Quartz filler h= _O,'01T+ 1.0544
(=] <
= =]
£ E 0.6 <>
= £
1
0.4
9
0 0.2
0.0
1
-0.2
2
-0.4
1% 1.30 140 150 160 -0.6
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Figure 2. Dependence of the thickness of the adsorption layer of bitumen on temperature:
a—ata=ao, b—ata=a (Table 2).

For determination of the bitumen layer thickness, it is important to determine the temperature at which
the kinetic layer thickness is small (hx — 0). For it is necessary to determine the minimum bitumen viscosity;
under the condition that bitumen is multi-component, is assumed that low viscosity oils provide the minimum
viscosity of the bitumen. In this case, as the model of oil, we take the castor oil viscosity (Figure 2). The
minimum castor oil viscosity is observed at a temperature 140 °C: 7Jo,min = 5.34 mPa-s. The temperature at
which the bitumen has 7jomin, total T = 220°C (the calculation was made according to the formula:

T = In(a/ 7o min)/b, hence a, b are empirical dependency coefficients 7 = f(T) (Figure 2).

Data analysis Figure 2 shows that at a temperature T the bitumen layers thicknesses on the mineral
fillers have negative values. This means that no adsorption bitumen layer of significant (definable rheological
method) thickness is formed on the surface of the studied mineral components [27].

Estimated temperatures of melts of dispersed systems at which ha(T) = 0 are presented down. The
data allow placing of the investigated fillers in a row according to the temperature “sensitivity”, assessed by
dha/dT: Diatomite (169 °C) > limestone (145 °C) > Quartz filler (101 °C). Moreover T" > 140 °C for the fillers
studied (with the exception of quartz filler). It indicates that physico-chemical activity of the filler need to take
into account during the asphalt concrete mix preparation and the temperature “sensitivity” — during for
compacting the mixture.

Figures 3 show that T" > 140 °C for the fillers studied (with the exception of quartz filler). It indicates
that physico-chemical activity of the filler need to take into account during the asphalt concrete mix preparation
and the temperature “sensitivity” — during for compacting the mixture.
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Obtained results and data from [28, 29] show a good convergence and reproducibility of the proposed
method for determining the structured bitumen thickness and the physico-chemical activity of the mineral filler.

To determine the influence of the considered extensive (which is related to the area at the border chapter
of phases; the exponent is M) and intensive (which is related to the intensity of the physico-chemical interaction
at the border chapter of phases; the exponent is n) for this necessary research on the structure-sensitive
properties. In accordance with [13], the strength of the composite refers to such properties. Studies were

performed by using crushed stone mastic asphalt SMA-20, corresponding to the requirements of Russian state
standard 31015-2002 (Table 7).

Table 7. Stone mastic asphalt SMA-20 properties.

Actual properties values

Indicator name Requirements of Russian state standard 31015-2002 — - - -
Limestone Diatomite Quartz filler

Compressive Strength, MPa

(R20) at temperature 20 °C more 2.2 3.84 5.16 2.62
(Rso) at temperature 50 °C more 0.65 0.96 2.14 0.67
(Ro) at temperature 0 °C not standardized 7.19 5.99 5.42

SMA-20 with limestone powder was control asphalt concrete (Fo depending on (2)).

The data in Figure 2b and Table 7 allow us to make the relationship between the structured bitumen
layer thickness and the composite strength. Figure 3 show: asphalt concrete strength increase when thickness
ha increase. This dependence has an asymptotic character:

h >—Vb 14
b= i 14
> mS,i
§ 81 O Quartzfiller R = 4.4844h32339
= 7 1 o Diatomite R=0.5767h3277
-::::: 6 4 O Limestone R =0.1279h550%3 A
2, .
4 4
3 <
2
1 +
0 } + ; ;
0 0.5 1.0 1.5 2.0

Thickness of the solvation shell, pm
Figure 3. Dependence of asphalt concrete strength on the structured bitumen thickness.
Using R(f) = f(h) turn out:
b
R(h) =R [ w1
( ) — " 'max h '
max

The presented dependence has a limited scope. It needs verification not only at the top boundary (Rmax,
hmax), but also at the bottom boundary (Rmin, Nmin).

The results of the calculation of the exponents N and m of dependence (2) are presented in Table 8.

Table 8. Value n and m calculated according to the formula (2).

The intensity of the influence of parameters

Temperature range, °C Diatomite Quartz filler
m n m n
0...20 0.32 35.34 1.07 0.46
20...50 0.86 17.63 0.77 -0.12

The data from Table 8 show that the main contribution to the concrete structure formation is made by
the intensive factor N in SMA-20 with Diatomite, which is responsible for the physical-mechanical interaction
of the mineral powder at the border chapter of phases, characterized by the structured bitumen thickness. The
main influence on the structure and properties of SMA-20 with quartz filler is exerted by the extensive factor

M, which characterizes the influence at the border chapter of phases area.
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4. Conclusion

1. Method for calculating of the bitumen layer thickness on the surface of the mineral powders using by
the rheological tests results is proposed.

2. A mathematical relationship between the structured bitumen layer thickness and the road composite
strength a are established: an increase in the bitumen layer thickness on the surface of the mineral powder
leads to an increase in the composite strength.

3. Method for the quantitative assessment of the influence on the structural-sensitive properties of the
composite extensive (an indicator characterizing at the border chapter of phases area) and intensive factors
are proposed (an indicator characterizing the influence of physico-chemical effects at the border chapter of
phases).

4. The extensive factor has a greater effect on the properties of SMA-20 with a quartz filler (m/n > 2).
There is a higher rate of decrease in the intensity of physicochemical interactions at the interface of the “oil
bitumen-silica filler” phase (index M) as compared with the extensive factor (index Nn). The different nature of
the temperature effect on the extensive and intensive factors is observed for SMA-20 with diatomite: as
temperature increased, the factor m is increased, whereas the opposite effect is observed for factor n. It
indicates a positive effect of the specific diatomite surface on the temperature asphalt concrete properties.
From here follows a technological decision to increase the specific surface area (Ssp) of the diatomite powder
used. The latter was realized by treating diatomite powder with a nanoscale modifier, which provided an
increase in Sgp in 2.08 times. In [13], it was shown that the use of this nano-modified diatomite powder provided
an increase in all indicators of asphalt concrete properties.
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KnioueBble cnoBa: [JOPOXHOE MOKPbITUE, acdanbTobeToH, OuTym, MexdasHbI CInon, peosiorus,
9KCTEHCUBHbIN N MHTEHCUBHBLIN (PaKTopbl, MPOYHOCTb, TEPMOYYBCTBUTENBHOCTb

AHHoTauuA. OTNNYMUTENBHOM 0COBEHHOCTBIO KOMMO3UTOB SIBISIETCSA NPOSIBIIEHUE CUHEepPreTu4eckoro agygexta
BCNeACTBME B3aMMOAEWCTBMS KOHTAKTUPYIOLLMX BELLEeCTB Ha rpaHuvule pasgena das, a UX MHTEHCUMBHOCTb
B3aMMOMENCTBUA BNUSIET Ha OObEMHble CBOWCTBA KOMMO3WToB. B paboTe npousBedeHo wccriefoBaHue
mexasHoro crnosi GTymMma Ha NOBEPXHOCTU MUHEparibHOro nopoluka. MNpeanoxeHa MeToavka No3BosstoLLas,
no peaynbTaTamM PeosiIorMYECKX WUCTbITaHUI, paccunTaTb TOMLMHY FPaHUMYHOMO Criosi B GMHapHON cucteme
«HedTAHOM BUTYM — AncnepcHas dasax». YCcTaHOBMeHa B3aMMOCBSA3b, OMNYCLIBaOLLAs 3aBUCUMOCTb TOMLLMHBI
Crosi CTPYKTYPUPOBAHHOMO HETAHOIO BMTyMa C NMPOYHOCTLIO AOPOXKHOMO KOMMO3UTA: YBENUYEHME TOMLMHBI
crosi GMTyMa Ha MOBEPXHOCTM MUHEparibHOro MopoLlka MPUBOAMT K YBENUYEHMIO MPOYHOCTM KOMMO3WUTA.
MpeonoxeHa meTtoauka ONS KONWYECTBEHHOW OLIEHKM BMUSIHWSI HA CTPYKTYPHO-UYyBCTBUTENbHbIE CBOMCTBA
KOMMO3WTa SKCTEHCMBHOTO dhakTopa M — nokasaTernsl, XxapakTepusytoLLero BUsHWE NioLwaan rpaHuvLbl pasgena

a3 U UHTEHCMBHOrO paktopa N — nokasaTend, XapakTepusylollero BrusiHUE U3UKO-XUMUYECKOrO
BO30ENCTBMA Ha rpaHuue pasgena ¢as. YcTaHoBneHo, 4to And webeHo4YHO-MacTUYHOro acganbtobeToHa
LLIMA-20, M3roTOBNEHHOINO C MpPUMEHEHWEeM KBapLueBOro HanonHutens 6onee cCyllecTBEHHOE BRUsSHWE
OKa3bIBaeT 3KCTEHCUBHBIN hakTop M/N > 2. Takke NS Hero xapakTepHa 6onee BbICOKasi CKOPOCTb CHIDKEHMNS
WHTEHCUMBHOCTU (PU3NKO-XMMUYECKMX B3aMMOLENCTBMIA Ha TrpaHuue pasgena a3 «HedpTaHOW OuTym-
KBapLEeBbIA HaMoOMHUTENb» MO CPaBHEHUIO C 3KCTEHCUMBHLIM hbakTopom. Ons LWMA-20, npuroToBrneHHOro ¢
NPpUMEHEHNEM AnaTtomMuTa, YCTAHOBMNEHO OTNUMYHOE OT CUMBATHOrO CHWXKEeHMsI dhakTopoB N M M ¢ pocToMm
TemnepaTypbl, YCTAHOBIEH pa3nUYHbIA XapakTep BNUAHUSA TeMnepaTypbl HA 3KCTEHCUBHbIA U MHTEHCUBHbIN
hakTopbl: Npy ee yBenuueHun pakTop M yBenuuuBaeTcs, Torga, kak ana dakropa N Habnwopaetcs
NPOTUBOMNOMOXHOE BNUsHWE. JTO CBUAETENbCTBYET O MOMOXUTENbHOM BAUSHUW YOENbHOW MNOBEPXHOCTU
AnmaTtomuTa Ha TemnepaTypHble CBOMCTBa acdanbTobeToHa.
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The effect of design on interaction
of foundation slabs with the base
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Abstract. The paper suggests advanced trend in reduction of materials consumption for the base slabs owing to
their design. As an example, the stress and strain state of the models of solid slabs and slabs with controlled forces
interacting with sand base, are addressed in the paper. The models were loaded by static system of concentrated
vertical forces. Stress and strain state of the models was assessed by the results of laboratory tray experiments
with strain measurement and by the data of numeric calculations by finite element method with application of
Coulomb-Mohr soil model. Based on the comparison of obtained results, it is demonstrated that the slab with
controlled forces has advantages over a solid slab. For example, owing to the control of forces, it becomes possible
to avoid alternation in bending moments diagram, flatten the values of support bending moments for intermediate
supports and achieve more smooth deflection of the slab, thus creating prerequisites for significant reduction of
materials consumption. Apart from this, it was established that experimental values of bending moments and slab
deflection are qualitatively consistent with numerical prediction, while the finite element calculation gives slightly
inflated absolute values as compared to the experiment results. The results of the studies may appear useful in the
design of base slabs for supports of overhead roads, trestlework along with industrial civil buildings and frame type
structures with regular grids of columns.

1. Introduction

Solid reinforced concrete slab foundations on soil base are widely used in foundation engineering. The
basic advantage of this type of foundations is their ability to distribute significant external loads from buildings
and structures on a large contact area with the base. This feature enables us to use upper soil layers with low
strength deformation characteristic and soil masses with complex bedding of engineering and geological
elements as bases. Apart from this, ease of manufacture and no need for backfilling and under-floor
waterproofing in underground part of buildings and structures are deemed the advantages of slab foundations.

The shortcoming of the foundation structure discussed in this paper is high materials’ output ratio, mainly
related to the cost of steel used for reinforcement. The article addresses the aspect of reducing the materials
output ratio and improving the technical-economic and performance indicators of foundation slabs.

Analysis of the existing sources show that the materials output ratio for the slab foundation structure
can be reduced due to the use of refined calculation models namely, calculation of slab foundations in
«superstructure-foundation-base» system with account of non-linear properties of soil base and foundation
material. Such approaches are outlined in papers [1-16].

Recently, the base-foundation systems with controlled properties have been widely used in foundation
engineering. Their use provides for generation of a set deflected mode at the design and construction phases
to improve technical-economic and performance indicators of the bases and foundations.

The aforementioned systems with controlled properties are being implemented due to design solutions
related to targeted change of the base and foundation stiffness. Such design solutions are described in papers
[17-28].
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The research results published by the authors in this article are related to this subject and are
elaboration of paper [29].

2. Methods

The key goal of this paper is to research on the deflected mode of foundation slab structure with
controlled forces on specially developed scale model, along with performance evaluation of foundation slab
structure with controlled forces.

The following tasks were identified to attain the goal:

e Experimental and numerical studies of a scale model of foundation slab structure with controlled
forces;

o Analysis of deflected mode of foundation slab structure with controlled forces;
¢ Establishing the qualitative and quantitative patterns based on experimental and numerical studies;

o Efficiency evaluation of the foundation slab structure by comparison of calculation results for the
proposed structure of foundation slab with controlled forces against a solid foundation slab.

2.1. Description of tested models

As part of the experiment, scale models of foundation slab with controlled forces and solid foundation
slab were tested.

The model of foundation slab with controlled forces comprises five separate sections with
dimensions in the plane 200x200 mm interconnected with hinged units (Figures 1-3). Foundation model is
made of sheet steel S245, 5 mm thick.
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Figure 1. Design of foundation slab with controlled forces, plan:
1 — separate slab section; 2 — hinged unit.
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Figure 2. Design of foundation slab with controlled forces, cross-section 1-1:
I, I = hinged units.
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Figure 3. Hinged units I, Il.

The proposed hinged unit provides for reciprocal turn of two adjacent sections of foundation slab relative
to each other, thus creating a hinge effect to its work. Moreover, joint work of adjacent parts of the foundation
slab in vertical direction is provided for.
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According to paper [29] such design solution provides for unloading of foundation slab cross-sections
both in spans and under the columns while retaining the foundation distribution capacity.

The model of a solid foundation slab dimensions in the plane are 200x1000 mm, made of sheet steel
S245, 5 mm thick (Figure 4).

iRE B[
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® % ® ®

Figure 4. Design of a solid foundation slab, plane, cross-section 1-1.
2.2. Experiment method

Experimental studies were carried out in the center of collective use named after professor
Yu. M. Borisov of Voronezh State Technical University.

As part of the experiment, it was required to identify the actual distribution of forces in the models and
the foundation settlement.

In the course of foundation models’ tests, the following data were recorded at each loading stage: the
actual applied loads, relative deformations in characteristic points of the model and foundation settlement.

To determine the relative deformations in characteristic points of foundation models, a tensometric
complex, comprising an instrumentation amplifier, connection blocks, resistance strain gauges and personal
computer with specialized software, was used.

To measure the longitudinal and lateral deformations, strain gauges with the base of 20 mm were pasted on
the foundation models. Foundation settlement was measured with Maximov flexometers with scale interval of 0.1
mm. Schemes of strain gauges’ pasting and installation of Maximov flexometers are given on Figure 5.
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== T1-T10 - resistance strain gage

B PM1-PM10 - Maximov flexometer

Figure 5. Schemes of strain gauges’ pasting and installation of Maximov flexometers:
a) Model of foundation slab with controlled forces; b) Model of solid foundation slab.
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The models were loaded stage-wise by installation with hydraulic jacks. The loads were controlled by
force-measuring sensors and dynamometers. The maximal load and the number of loading stages were
determined on the basis of preliminary calculations. Each loading stage was sustained till conventional
stabilization.

Validity of the test results is ensured by tensometric complex registered in the State Registry of
Measurement Instruments (RF SRMI), pre-calibration of dynamometers on calibrated pressure equipment
(INSTRON (USA) model 5982), use of materials for the models conforming with the effective codes and
standards.

Basic parameters of experimental installation are presented in Table 1 below.

Table 1. Basic parameters of experimental installation.

General view of experimental installation

Equipment used:

1.A rig for testing the soils and foundation models in
special arrangement

2.Strain gauge equipment:
o Amplifiers MGCplus and QuantumX;

e Communication processor CP42 with Ethernet and
USB-interface

¢ Measurement module DC;

e Multimode amplifier 8-channel

¢ CATMAN-AP software

3.Force-measuring tensoresistive sensors C6A 200 kN

4.Resistance strain gauges with the base of 20 mm
KF 5P1-20-120-A12 according to Specifications 3.06 7710-
0001-93

5.Lifting jacks, weight-carrying 5 tons

6.Dynamometers, brands: DOSM-3-1 ultimate load 1t,
DOSM-3-5 ultimate load 5t;

7.Maximov flexometers with scale interval of 0.1 mm.

Schemes of models’ loading:
1.The models’ loads were incremented

2.Each load increment was retained till conventional
- stabilization of 0.1 mm over the last
15 minutes of observation

3.The following load increments were assumed:
e For intermediate supports — 0.5 kN;

e For end supports — 0.25 kN;

4.Maximum load:

e For intermediate supports — 4.0 kN;

e For end supports — 2.0 kN.

Base characteristics:

1. The base is represented by homogeneous layer of
sand of average size and density with the following physical
and mechanical characteristics:

1. p=1.72 glcm3, W = 2.4 %, ¢ = 36°, C = 1.6 kPa,
E=218MPa,v=03

2.Deformation characteristics of the base are
determined by the stamping tests.
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3. Results and Discussion

As a result of tests, we have obtained data arrays for each load increment characterizing the relative
deformations of models in places of resistance strain gauges installation, and model base settlement in points
of flexometers’ string fixture. The total amount of processed and analyzed data characterizing the relative
deformations comes up to approximately 90000 for each foundation model.

Experimented foundation models are classified as thin plates [30]. Therefore, thin plate theory equations
were used to determine the internal forces by tensometry data: (1), (2):

o'W oW ) D

MX:—D' aXZ +,UW :?'(8X+V'€y); (1)
oW oW
My:—D' 8y2 +IUW :7'(8y+V'€X , (2)

where My, My are bending moments in X and Y direction;

&x, &y are relative deformations in X and Yy directions;

3

D = ———— is cylindrical rigidity;
12(1-v?)

E is modulus of elasticity for plate material;

Vv is Poisson ratio,

h is plate thickness;

Z is distance to neutral plane of the plate.

Based on the results of a series of experiments, we obtained averaged values of relative deformations
and forces in characteristic points. Averaged results are given for the final load increment corresponding to
the load of 4 kN for intermediate supports and 2 kN for the end supports. The results are presented below in
Tables 2 and 3.

Table 2. Tensometry results.

Relative Solid foundation slab Foundation slab with controlled forces
deformations Experiment 1 Experiment 2 Experiment3 & Experiment 1 Experiment 2 Experiment3 &
w;l/lm 117.379 114.262 180.512 137.384 369.671 305.898 242.824 306.131
w;tlzm 608.991 400.236 577.123 528.783 467.436 348.594 293.983 370.004
wi]tlsm 242.76 311.815 378.614 311.063 231.02 282.628 310.105 274.584
wi;;lm 579.472 476.83 661.339 572.547 461.628 260.000 334.828 352.152
wi;/sm 17.340 79.611 131.482 76.144 174.119 78.606 118.842 128.069
u;tlem 189.61 219.539 300.405 236.518 189.612 133.934 215.273 236.519
Eu -158.770 -187.952 -200.144 -182.289 - - - -
pm/m
Ewe 351.166 167.079 468.945 329.063 - - - -
pm/m
£ —-234.175 -158.978 -33.445 -142.199 - - - -
pum/m
& o 260.785 119.855 63.734  148.125 - - - -
pm/m
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Table 3. Summary of experiment results.

Solid foundation slab Foundation slab with controlled forces

Experiment 1 Experiment2 Experiment3 1N  Experiment 1 Experiment2 Experiment3 N

Mx, kN-m
(axial section 3)
My, KN-m
(axial section 3)
My, kN-m
(axial section 4)
My, KN-m
(axial section 4)
Mx, kN-m
(axial section 5)
My, KN-m
(axial section 5)
My, kN-m
(section between —-0.050 -0.130 —0.056 -0.079 - - - -
axes 3-4)
My, KN-m

(section between 0.286 0.104 0.386 0.259 - - - -
axes 3-4)
My, kN-m

(section between -0.147 -0.116 -0.014 —-0.092 - - - -
axes 4-5)
My, KN-m

(section between 0.180 0.068 0.051 0.010 - - - -
axes 4-5)

0.283 0.221 0.334 0.279 0.481 0.387 0.312 0.393
0.608 0.410 0.595 0.538 0.545 0.415 0.346 0.435
0.393 0.429 0.544 0.455 0.346 0.340 0.387 0.358
0.615 0.538 0.731 0.628 0.501 0.325 0.404 0.410
0.070 0.137 0.209 0.139 0.216 0.112 0.173 0.167

0.184 0.230 0.321 0.245 0.222 0.149 0.237 0.203

Average settlement
by indications
of flexometers: 0.74 0.46 0.72 0.64 0.69 0.50 0.57 0.59
PM4, PM5, PM 6,
PM7, mm

Average settlement
by indications
of flexometers: 0.54 0.59 0.71 0.61 0.41 0.59 0.52 0.51
PM2, PM3, PM8,
PM9, mm

Average settlement
by indications
of flexometers:
PM1, PM10, mm

0.17 0.30 0.27 0.25 0.32 0.25 0.6 0.39

Based on the data of Table 3, we plotted the bending moments’ and settlement diagrams for the
foundation models under review (Figure 6).

Experiment results show that availability of hinged nodes changes the diagrams of bending moments
for foundation slabs in a positive way. Comparison of the diagrams shows that the proposed design solution
ensures unloading of foundation slab section in each span, in locations of maximal span bending moments,

and excluding the sign difference in bending moments’ My diagram.

It should be noted that in foundation slab with controlled forces, the non-uniformity distribution of
bending moments in foundation slab with controlled forces is less expressed, which will have positive effect
on reinforcement. The values of support moments differ:

o for bending moments My in solid foundation slab by 38.7 %;
o for bending moments My in foundation slab with controlled forces by 8.91 %;
e for bending moments My in solid foundation slab by 14.33 %;

e for bending moments My in foundation slab with controlled forces by 5.74 %;

The advantage is that the settlement line in the foundation slab with controlled forces is smoother, which
in its turn will have positive affect on distribution of forces in superstructure components.
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Figure 6. Diagrams of bending moments and settlement for foundation models under review,
based on the results of experimental studies.

For the purpose of comparison with experimental results, we made a series of comparative FEM
calculations. Calculation of “base-foundation” system was carried out in a software complex MIDAS GTS NX.

The following types of finite elements were used for modeling the “base-foundation” system:
e For soil mass — volume elements of “Solid” type (with three translational degrees of freedom in the
nodes)

¢ For foundation — plate elements of the “Shell” type (with three translational and two rotational degrees
of freedom in the nodes).

To create a hinged effect for two adjacent sections of a foundation slab, the “Add End Release (Shell)”
function was applied enabling control of the amount of freedom degrees in the plate elements’ nodes.

Elastic perfect-plastic Mohr-Coulomb model was used as soil calculation model.

This model is widely used for modeling non-linear behavior of soil and demonstrates reliable results in
solution of geotechnical tasks. It accounts for basic properties of soil, such as elastic behavior at small loads,
degradation of material rigidity in case of destruction, destruction criterion and possibility of elastic unloading
after the flow. Mohr-Coulomb strength criterion takes the form given below:

0,—03=(0,+03)-sinp+2-C-cose, ©)
where o1, g3 are principal stresses;
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@ is angle of internal friction;

C is cohesion.

The remaining parameters of the «base-foundation» system are presented in Table 4 below.

Table 4. Initial data of the “base-foundation” system.

General view of “base-foundation” calculation scheme

Foundation characteristics Solid foundation slab model:

1. Geometric dimensions in a plane 200x1000 mm
2. Foundation slab thickness h = 5 mm
3. Material: steel S245, E = 2.06-108kN/m?, Ry = 240 mPa

4. Load on the foundation slab:

intermediate supports is 4.0 kN

end supports is 2.0 kN.
Model of foundation slab with controlled forces:

1. Comprises five separate sections with geometric dimensions in a plane 200x200 mm
2. Foundation slab thickness h =5 mm

3. Material: steel S245, E = 2.06-108 kN/m?, Ry = 240 mPa
4. Load on the foundation slab:

e intermediate supports is 4.0 kN

e end supports is 2.0 kN.

Base characteristics The base is represented by homogeneous layer of sand of average size and density
with the following physical and mechanical characteristics: p = 1.72 g/cm?, W =2.4 9%,

¢ =36°,C=16kPa, E=21.8mPa, v=0.3.

Based on calculation results for two options of foundation slabs, we obtained isofields of bending
moments, shears and settlements presented on Figures 7-12 as appropriate. The graphical materials
presented on Figures 7-12 are summarized in Table 5.

In Table 5 the values of bending moments in places of resistance strain gauges installation are given in
numerator, and maximal support bending moments are given in denominator.

A bar chart (Figure 13) based on the data of Table 5 reflects distribution of forces for the reviewed
foundation models in FEM calculation and experiment.
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Figure 9. Isofields of bending moments My (kN-m) for solid foundation slab model.
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Figure 12. Base settlement (mm) for foundation slab model with controlled forces.
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Table 5. Summary of FEM calculations and experiment for foundation models under review.

FEM calculation results

Experiment results

Compared parameters

Solid foundation

Foundation slab

Solid foundation Foundation slab

slab with controlled forces slab with controlled forces

I\/(I;Xll<sl\lsr)n % % 0.279 0.393

N(léx II<SNSr)n % % 0.538 0.435

N(IaXII<SN4;n % % 0.455 0.358

N(Iéxlu(s'\l4;n % % 0.628 0.410

N(Iaxlfstgn % % 0.139 0.167

N(IéxlfsNS;n % % 0.245 0.203
(betw'\ggnkg;;ns 3-4) —0.110 ~0.008 ~0078 B
(betwl\élé'nkg;g]s 3-4) 0.169 0178 0259 B
(betwl\élgnkg;;ns 4-5) —0.085 ~0.002 009 -
(betwl\élé'nkg;;ns 4-5) 0.129 0.137 0.010 -

of PUA, PVG, PG, PMT mm 109 103 004 o0

of PVZ, PV, PMB, VB, mm 092 076 oot oo

Settlement in placements 0.31 0.32 0.25 0.39

of PM1, PM10, mm

e 3
*
=
g
S
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Solid foundation slab Foundation slab with Solid foundation slab Foundation slab with
(FEM calculation) controlled forces (FEM (experiment) controlled forces
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B Mx, kN*m (axes A/3) B My, kN*m (axes A/3)
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Figure 13. Bar chart of compared values of bending moments in characteristic points
(in places of resistance strain gauges installation) for the reviewed foundation models.
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Comparison of experimental and numerical results showed their qualitative and quantitative
convergence for considered foundation models which is the evidence of correctness of the results obtained.
Moreover, it is worth mentioning that the results of the studies are consistent with the results of the earlier
publications [17-19].

4. Conclusions
Based on the analysis of obtained data, we may come to the following conclusions:

1. Analysis of the results of experiment and numerical calculations showed qualitative and quantitative
convergence of the results for the considered foundation models.

2. According to the results of the experiment in a continuous slab there is more uneven distribution of
the values of the reference bending moments in comparison with numerical calculations.

3. Due to the hinged nodes, it is possible to change the nature of the bending moments’ diagram,
namely:

¢ get rid of bending moments in the spots of maximal span bending moments
o get rid of difference of signs of the bending moments’ diagram
o flatten the values of support bending moments for intermediate supports

4. Base settlements for the considered foundations do not have any significant difference in experiment
and numeric calculations. However, it should be noted that according to the experiment results, the settlement
line in the foundation slab with controlled forces is smoother, which will have a beneficial effect on distribution
of forces in superstructure components.

5. Foundation slabs with controlled forces do not require reinforcement of the upper slab zone, and
there is no need for mounting the structural anti-settlement reinforcement, as the sizes of sections for standard
column meshes 6x6 and 6x9 m are small. Hence, mounting of supporting reinforcement frames for the upper
mesh, due to the absence of the latter, is not needed, which considerably optimizes steel consumption per 1
m3 of concrete for the proposed structure.

6. Use of foundation slab structure with controlled forces reduces the steel consumption for
reinforcement, improves technical, economical and performance indicators, while retaining the basic favorable
properties of solid slab foundations. The aforementioned factors enabled obtaining two patents of the Russian
Federation for invention:

¢ “Design of foundation slab with controlled forces” No. 2641356 [31];
¢ “Hinged node for foundation slab with controlled forces” No. 2641357 [32].
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AHHoTauuA. [NMpeanoXxeHo NepcneKkTMBHOE HanpaeBeHne No CHWKEHNI0O MaTepmnarnioeMKocTn yHAaMEHTHbIX
NAUT 3a CYeT KOHCTPYKTMBHOIO WUCNonHeHus. B kavyecTBe npumepa pacCMOTPEHO HanpsiKeHHO-
aedopMnpoBaHHOEe COCTOAHME MoAenen ChMOWHON NAUTbl U NAUTbl C PerynupyemMbiMn yCUnmsMu npu
B3aMMOJENCTBMM C Nec4HaHbIM OCHOBaHMEM. HarpyxeHne moaenen ocyLLeCTBASANOCh CTaTU4ECKON CUCTEMOM
COCpPeAOTOYEHHbIX BEPTUKamNbHbIX cuIl. HanpshkeHHo-aAedopMMpoBaHHOE COCTOSIHME MOoAeNel oLeHnBanoch
no pesynbTatam NlabopaTopHbLIX JIOTKOBbLIX OMbITOB C NMPUMEHEHUEM TEH3OMETPUU U OAHHBIM YMCHEHHbIX
pac4yeTOB METOOOM KOHEYHbIX 3JIEMEHTOB C MCMONb3oBaHMeM Mogenu rpyHTa KynoHa-Mopa. Ha ocHoBe
COMOCTaBNIEHNS MOJSTYYEHHbIX Pe3ynbTaToOB MOKa3aHO, YTO MAMTa C pPerynMpyemMbiMU YCUIUSIMU UMeET
npevMyLLIEeCTBA MO CPABHEHUIO CO CMIOLIHON NANTOW. Hanpumep, 3a cyeT perynupoBaHus yCUnuii yaaeTcs
n3baBnUTLCA OT 3HAKOMEPEMEHHOCTU B 3MOPEe U3rMbarlmx MOMEHTOB, BbIPOBHSITb 3HAYEHUS OMOPHbLIX
n3rnbarLmx MOMEHTOB Afs MPOMEXYTOYHbIX oOnop, [obutbca 6Gomnee nnaBHoro npornéa nnuThI,
crnepoBaTeribHO CO34aTCA NPeAnoOChIKN ANsi CYLLECTBEHHOIO CHXXEHUS MaTtepuanoemMkoctu. Kpome Toro,
YCTaAHOBMEHO, YTO 3KCMEPUMEHTArbHbIE 3HAYEHUS M3rMbaroLUX MOMEHTOB M NMPOrMbOB NIIUT Ka4eCTBEHHO
COrnacylTCcs C YUCIMEHHbIM MPOrHo3om. [lpy 3TOM KOHEYHO-3MEMEHTHbIA pacyeT AaeT HEeCKOSbKO
3aBblLUEHHbIE aDCONIOTHBIE 3HAYEHMS BENTUYMH MO CPABHEHUIO C 3KCNEPUMEHTOM. Pe3ynbTaThl UCCNeaoBaHNi
MOryT ObITb MONIE3HbI NPU NPOEKTUPOBaHMM DYHOAMEHTHbIX NAUT MOA OMopbl MYTENpPOBOAOB, 3CTakad, a
TaKKe NPOMbILLNEHHO-TPaXXAaHCKNE 30aHNS U COOPYXXEHUS KAPKACHOro TUMa C PerynsipHoM CETKOW KOJOHH.
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Abstract. Pipe cooling is one of the effective measures in order to reduce the exothermic heating of massive
concrete structures. In this paper, analyzing the influence parameters of the pipe cooling system on the
temperature regime and the thermal stress state in mass concrete to be built. The concrete mass was
considered as a pillar with dimensions in plan (10x10) m and a final height of 30.0 m. The effect of the following
parameters was investigated: the height of the concrete column from the elevation of the foundation is used
for the cooling pipe system; the step of cooling pipe system according to the height and width of the concrete
block; the temperature of water supplied to the pipe cooling system. Then, numerical studies were carried out
by using the Midas civil software package based on the finite element method in order to solve the temperature
problem and determine the thermal stress state of the block. From that will be collected the numerical results
from pictures of changes in the temperature regime and the thermally stressed state in mass concrete during
construction. The influence of each of those factors is considered in order to evaluate the change in
temperature regime and thermal stress of the concrete mass. So, the results obtained are of practical
importance and can be used to assign parameters of the pipe cooling system.

1. Introduction

As is known, due to the process of cement hydration heat during construction of massive concrete
structures is the temperature at the center of mass concrete significantly increased. At «an early age» concrete
this heating causes free expansion of plastic material [1]. The surface of mass concrete under the influence of
ambient temperature is cooled faster at the center of mass concrete. As a result, there is a significant temperature
difference between the center and the surface of the mass concrete [2, 3]. In that case, if concrete enough
strength, its deformability is limited, and the temperature drop causes tensile thermal stresses. This is likely to
occur in the contact area between the concrete and foundation [4]. When these tensile stresses exceed the
tensile strength of the concrete, thermal cracks are formed. To prevent thermal cracking of massive concrete
during construction, thermal stress and temperature difference to be controlled is necessary [5].

There are methods and measures to control the temperature regime of the mass concrete during
construction period [6, 7]. One of the most effective methods reduced the maximum temperature of the mass
concrete in the process of its construction is applied by pipe cooling system. This method is typically used for
large-scale concrete structures such as dams, massive foundations and bridge supports, etc. In fact,
advantages include the innermost heated parts of the mass concrete structures are exposed to the cooling
pipe. In addition, it is possible to control the maximum temperature by changing the operation of the cooling
pipe system. This method allows to quickly reducing the maximum temperature in a mass concrete to the
desired values at an early age. Hence, in order to achieve effective cooling, the pipes cooling systems are
designed parameters exactly during the operation period. It is important to choose the material and diameter
of the cooling pipes, cooling height, the distance between pipes, cooling temperature control, the start time
and the end of the cooling system, etc [8].
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For the first time, the pipe cooling system was applied in the construction by American Hoover Dam in
1933 [9]. For examples of the later were applied of pipe cooling system can be observed such as during the
construction of the Xiang Hong Dian dam in China (1955), the Bureyskaya hydroelectric power in Russia
(1978), the Seo-He Bridge in Korea (2000), Tuyen Quang dam in Vietnam (2002), Dagangshan dam in China
(2013), etc [10-15].

This paper presents the temperature regime during the construction of massive concrete with varying
the parameters of the pipe cooling system. The analysis of the influence of the height of the pipe cooling, the
distance between pipes, and the temperature of the cooling water on the temperature field and the thermal
stress of the concrete during construction. The construction of mass concrete in this study with dimensions
10x 20x 30 m was considered. The research results can be applied in the design of mass concrete structures
with the optimal parameters of the pipe cooling system in order to reduce thermal stress and improving the
thermal crack in a mass concrete at an early age.

2. Materials and methods

The temperature field in a mass concrete with the cooling pipe systems is determined based on solving
two differential equations Fourier according to the principle of energy balance [16]. One of them is the basic
equation of the theory of thermal conductivity, taking into account the release of heat due to cement hydration
is expressed as:

e
© ot

where T¢ is the temperature of concrete at age t days (°C);

k.V2T, +Q, = p.C (1)

Kc is the thermal conductivity of concrete (W/m.°C);
Qn is the heat of hydration (W/m?3);

Cc is the specific heat of concrete (kJ/kg.°C);

pc is the mass density of concrete (kg/m3);

tis time (day).

The second equation takes into account the heat exchange between the pipe cooling system and the
concrete is expressed as:

ot

where Ty is the temperature of water at age t days (°C);

T
PuCu (a—w +0 VTWJ =k, V2T, 2)

Kw is the thermal conductivity of water, (W/m.°C);
Cw is the specific heat of water (kJ/kg.°C);

pw is the mass density of water (kg/m3).

These Fourier equations (1) and (2) can be solved by using initial, boundary conditions and a given
graph of cement heat release during the hydration of cement [17, 18].

The formation of the temperature regime in a mass concrete not only depends on exothermic heating
due hydration of cement but also on many other factors. The process of developing a temperature regime in
a mass concrete is influenced by changes in environmental temperature such as convection and radiation.

Convection at the boundary of the concrete with ambient air is expressed using Newton's law. He shows
that the rate of heat loss of the body is proportional to the temperature difference between the body in mass
concrete and its surroundings. The boundary condition of convection is given by equation (3) [19-21]:

= hc (Tc _Tair)v ©)

qCOf‘IVEC
where T¢ is the temperature of the body of concrete (°C);
Tair is the air temperature (°C);
hc is the convection coefficient of concrete surface with ambient air (W/m2.°C).

The main complication in solving this problem is to take into account the removal of heat released as
a result of exothermic be moved in the pipe system with water. Figure 1 shows a diagram of the interaction
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of mass concrete with cooling pipe system. Due to the absorption of heat from the concrete in during cement
hydration, the water temperature will gradually increase and its heat absorbing capacity will decrease
because to the decreasing temperature difference between the concrete and the water. Heat transfer
between the concrete and the water can be considered using Newton's law of convective heat transfer (2)
[22].

The heat transfer from concrete through a small section of the cooling pipe with a flow rate of q during
a small time interval dt was considered is shown in Figure 1. The amount of heat transferred from mass
concrete to water through the inner surface of the pipe along the length of the pipe from the inlet to the outlet
can be written as:

dQ, = [[27%,dIQ, ,,dt =4 | j —dldt (4)

where Q¢-w is the amount of heat transferred from concrete to water;
I'o is the radius of the cooling pipe;
AT A is the specific heat flow at the border of concrete — water pipe;

N is the normal to the inner surface of the pipe.

The heat energy entering through the inlet and outlet sections of the cooling system pipe by the
equations (5), (6).

innIet = pwcqunIetdt’ )
onutIet = Pwlwd T outletdt ) (6)

Using the condition of heat equilibrium by assumption water is incompressible and, therefore, there are
no change in the internal energy of water is given by equation (7).

onutIet = innIet + dQl' (7)

After substitution (5) and (6) into (7), it is possible to obtain the change in water temperature when
passing through mass concrete AT is given by equation (8).

27
AT =T outlet — |n|et = dQl = .

j —dldt )

The given mathematical dependencies are incorporated into the algorithm for the numerical solution of
the temperature problem of the mass concrete with the cooling pipe system by Midas civil software [23]. This
complex was used for research in this work. In this study, three-dimensional finite-element models of the
“Midas civil” were used both in order to solve the temperature field and thermal stress in a mass concrete with
a cooling pipe system.

3. Results and Discussion
3.1. Object of study

In this paper, was analyzed the influence of the parameters of the pipe cooling system on the
temperature field and the thermal stress state in a mass concrete during the construction period. The
dimensions of massive concrete as column shape with a size 10x20x30 m are considered. Taking advantage
of the axial symmetry of the concrete block, 1/2 of the concrete block model has been divided into finite element
mesh. The temperature field and thermal stress of points were considered (Figure 2). The concrete block was
placed by ten lifts (each lift is 3 m thick) and construction schedule according to the thick of 0.3 m/day. Thus,
the total time of construction of the concrete column was considered about 100 days. In the calculations, the
following values of temperature are assumed: ambient temperature — 26.5 °C; temperature of foundation —
20 °C, the initial temperature of the concrete — 30 °C.

In the paper, the cement used has the maximum heat generation cement (389 kJ/kg), which is classified
as large-heat cement. Most of the heat from the cement hydration process (up to 90% of the total heat) is
released in the first 6 days after concreting. The maximum heat release rate of cement occurs in the first days
after the laying of concrete and is approximately 200 kJ/kg.day. In this case, the highest intensity of heat
release is on the first day [24].
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Figure 1. Scheme of interaction of concrete
with the cooling pipe system.
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Figure 2. Finite element discretization
of the concrete block.

The thermophysical characteristics of the concrete and the foundation were used in the numerical
analysis and are shown in Table 1. The parameters and properties of the pipe cooling system are shown in

Table 2.
Table 1. Thermophysical characteristics of the materials in the model.
Parameters Concrete Foundation
The coefficient of thermal conductivity (W/(m.°C) 2.65 1.98
Specific heat (kJ/kg.°C) 0.95 0.85
Density of the material (kg/m3) 2400 1800
The coefficient of convective heat transfer (W/m?2.°C) 12.0 135
Modulus of elasticity (N/m?) 2.7x10%0 1.8x1010
The coefficient of linear expansion (1/°C) 1x10°° 1x10-°
Poisson’s ratio 0.20 0.28
Cement content (kg/m3) 289 -
Maximum heat release during hydration of cement (kJ/kg) 389 -

Table 2. Characteristics of the pipe cooling system.

Parameters

The pipe cooling

Heat transfer coefficient on the border with concrete (W/(m?2.°C)
Specific heat (kJ/kg.°C)

The coefficient of thermal conductivity W(m.°C)

Volume (m?3/h)

The water velocity in the pipe (m/s)

The water temperature in pipe (°C)

Water density (kg/m3)

Section area (m?)

Diameter of pipe (m)

Cooling duration (days)

282
4.2
0.64
1.08
0.6
10+20
1000
0.00008
0.0254
7

There are many parameters and properties of the cooling pipe system effects on the temperature field
and the thermal stress in a mass concrete during construction [25-27]. In this paper, the influence of the

following parameters was studied:

e The height of the concrete column from the level of the foundation is used for the cooling pipe system.

e The step of cooling pipe system according to the height and width of the concrete block.

e The temperature of the water is supplied to the cooling pipe system.
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3.2. Research results

As a result of the numerical simulation in during construction of concrete block by using software Midas
civil has been obtained the temperature regime and thermal stress in a concrete block at different points in
time during its construction. The most dangerous from the point of view about the capacity for work in the
mass concrete is the values of the greatest tensile stresses. The study results show changes largest tensile
stresses arising in the concrete block at the corresponding points in the period considered. For each point, the
thermal stress was appeared at a certain time and in a certain direction are given in Figures 3-5.

Influence of the height of the pipe cooling zone on the thermal stress of the massive concrete.
The ratio of the height of the pipe cooling zone (b) to the total height of concrete column (H) changed and was
taken to be equal to the following values b/H - 0.1, 0.2, 0.3, 0.4, 0.5. The pipe distance according to the height

and width of the concrete block is 1.5x1.5 m. Vertical layout schematic of the cooling water pipe is shown in
Figure 3a. The number of layers of concrete laid from the foundation using a pipe cooling system varied from

1 to 5, which corresponds to a change in the ratio of b/H. The temperature of the cooling water entering the
pipe cooling system was adopted tw = 15 °C. Time operation of the pipe cooling system after laying each layer
of concreting was taken to be 7 days. The results of calculations of the distribution of the maximum thermal
stress over the height of the concrete massif for the considered variants of the b/H are given in Figure 3b. For
comparison with the cases of using the cooling pipe system, stress distribution in the concrete block without
the cooling pipe system have been analyzed.

0.5 6x1.5=9.005
s — .

Hight (m)

30.0

H

=

n -. = 1 L L
0.0 0.5 1.0 1.5 20 25 3.0 3.5

Thermal stress (MPa)
a) b)

Figure 3. Influence of the height of the pipe cooling zone on the thermal stress
of the massive concrete: a) the layout of pipe cooling system; b) maximum thermal stress
at the center of mass concrete with a different cooling height.

As clearly observed in Figure 3b, we can give the following analysis. The thermally stressed state of
concrete blocks for all variants is characterized by maximum tensile stresses in the contact zone. The
maximum thermal stress depending on the height of the zone using the cooling pipe system. Thermal stress
are 2.75, 2.70, 2.67, 2.11, 2.08 MPa, respectively when height of the cooling system zone
b/H =0.1, 0.2, 0.3, 0.4, 0.5. When the height of the pipe cooling zone increases, the maximum tensile thermal
stress is reduced. Besides that, for comparison with the cases of using the cooling pipe system, the maximum
tensile thermal stress when concrete block without cooling pipe system is 3.2 MPa is shown in Figure 3b.
Furthermore, it is also possible to note that changes in the distribution of thermal stress on the height of the
concrete column are presented in Figure 3b. So, when the height of the pipe cooling zone is 15.0 m (b/H = 0.5)
in the lower part of the column (the zone from the level of 3.0 m to the level of 12.0 m from the foundation),
the thermal stress decreases and has a minimum thermal stress value of 0.78 MPa at the level of 7.5 m from
the foundation. From the calculation results show that when the selected height of the pipe cooling zone
reasonable, it is possible to reduce tensile stresses in the concrete mass and to obtain a favorable distribution
of thermal stresses.

The influence of the pipe spaces on the thermal stress in mass concrete. The following cases of
distances between pipes were considered (the first digit is the distance between pipes in the horizontal
direction, the second is in the vertical): 1.0x0.5 m, 1.0x1.0 m, 1.5x0.5 m, 2.0x2.0 m, 3.0x3.0 m. The schemes
of these cases are shown in Figure 4a. The height of the cooling zone in these calculations was assumed to
be constant at 9 m (b/H = 0.3). The water temperature in the pipes at the entrance to the system is tw = 15 °C.
The duration of the cooling system after each layer concreting is 7 days.
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Some results of the calculations obtained are shown in Figure 4b, which shows the distribution of maximum
thermal stress along the height of the concrete column (at the points in the center of the concrete block is shown in
Figure 2). It can be seen that thermal stress changes depending on the distances between the pipes of the cooling
system (with cases are shown in Figure 4a — 1.0x0.5 m, 1.0x1.0 m, 1.5x1.5 m, 2.0x2.0 m and 3.0x3.0 m). It is
clear that in terms of the above five different distances between the pipes, the maximum tensile stress of the
concrete are 2.55, 2.65, 2.67, 2.88 and 3.00 MPa respectively is shown in Figure 4b.

Research shows that when the most common pipe space (the case with the pipe space of 1.0 x 0.5 m),
the maximum thermal stress of 2.55 MPa was obtained at the level of 10.5 m from the foundation (the area
near the contact boundary between the concrete cooling zone and the layer on the concrete without the cooling
pipe system). Figure 4b shows that the area near contact with the foundation, thermal stress is reduced to
2.30 MPa at 1.5 m from the foundation. Along the axis of the concrete block, when the distance of points from
the foundation increases then the thermal stress decreases, as can be seen in Figure 4b.

_|—=—1.0m x 0.5m
|- ==-"1.0m x 1.0m
: 1.5m x1.5m
|- == -2.0m x 2.0m
|=—#—3.0m x 3.0m
- - - without pipe cooling

o i / g
Pipe space 1.5%1.5m

Hight {m)
o
T

0.0 0.5 1.0 1.5 20 25 3.0 3.5
Themal stress (MPa)

< Pipe Rriace Ixdm g
a) b)

Figure 4. a— The layout of pipe cooling system with different distance between pipes;
b — The effect of the distance between the cooling system pipe
on the maximum thermal stress state of the concrete mass during construction.

In the case of the concrete block without pipe cooling system the maximum tensile thermal stress of 3.2
MPa was obtained at a height of 1.5 m from the foundation. Obviously, the correct choice of the step between
the cooling pipes will help prevent necessary crack formation and economic efficiency.

Influence temperature of water in pipes on the thermal stress state in a mass concrete. In these
studies, the height of the pipe cooling zone is b/H = 0.30, the pipe distance is 1.5x1.5 m. The cooling duration
after laying each 3 m layer of concreting was taken to be 7 days. In this paper, the temperature parameters of
the cooling pipe system are assumed to vary from 10 to 20 °C.

30 . . . ———
27 : - -
A l—=—T_=10°C
24 .- T, = 15C
21 {l——T_=20°C
18 I - -r- - without pipe cooling
=15
=y L
T 12
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Figure 5. Distribution of horizontal thermal stress along the height
of the concrete column for different values of temperature of water in pipes.
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Figure 5 shows that maximum thermal stress distribution at the center section of the concrete column
(at points 1-10 in Figure 2). The maximum thermal stress are 2.12, 2.67, 2.90 MPa respectively when the
temperature of water in pipes 10, 15, 20 °C.

It should be noted that the use of cooling pipes can also have negative effects such as significant
temperature difference, large local tensile stresses may occur around the cooling pipe. In order to avoid this,
it is necessary to limit the minimum values of water temperature.

The temperature regime and the thermal stress in a concrete block with pipe cooling during construction
were calculated with average values of the parameters of the cooling pipe system: b/H = 0.3, the pipe distance

is 1.5x1.5 m and water temperature in pipes tw = 15 °C. The results of these numerical calculations are
presented in Figures 6-8.

The temperature of all the nodal points (10 nodes in Figure 2) changes over time during the construction
of a concrete block are presented in Figure 6a. Analyzing the results it can be noted that the nodes 1, 2 and
3, which located in the zone of pipe cooling, the maximum temperature is significantly reduced: 36 °C (node
1) and 40 °C (nodes 2, 3) at the moment of time about 70 hours after corresponding to each layer of concrete.

Besides that, the nodes (4+10) in the concrete block, the maximum temperature is reached about (55+56) °C
at the time after 160 hours each of the concrete pours.
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Figure 6. Temperature regime of the concrete mass during construction: a—the graph changes

the temperature of the nodes (1+10) in the mass concrete over time; b —the graph changes
the temperature along the height of the concrete mass at different times.
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Figure 6b presents the results of temperature field changes at 10 nodes (see Figure 2) along the axis
of the concrete block during construction. At elevation 9 m from the foundation, the maximum temperature is
about 34 °C after 720 hours of pour concrete mixture. The maximum temperature in the concrete block is
reduced when using the cooling pipe system. Besides, when concrete placing by large thickness without
cooling pipe system, the maximum temperature in the concrete block is about 56.5 °C is shown in Figure 6a.
Thus, the concrete block with the cooling pipe system has significantly reduced the risk of cracking in the mass
concrete.

Furthermore, it can be noted that due hydration of cement raises the temperature at the center of each
of the concrete pours, creating a temperature difference between the center and the surface of the concrete
block reaching (22—24) °C, which induces a risk of through cracking at an early age.

The results of the calculation of thermal stresses at nodes along the axis of the concrete block are
shown in Figure 7. The formation of cracks in mass concrete is possible when the maximum tensile stress
exceeds the allowable tensile stress value. Allowable tensile stress is determined depending on the type of
concrete and time. The graph of change of this tensile stress value in time is presented in Figure 7. For the
considered problem, the maximum tensile stresses are observed near the base of the concrete block (node 1).

However, the thermal tensile stress of node 1 o= 2.67 MPa is lower than the allowable value (about 3.2 MPa),
so thermal cracks do not occur in the concrete block during construction.

4. Conclusions
Based on the results of the study lead to the following conclusions:

1. The cooling pipe system was applied in the during construction of the mass concrete can significantly
reduce the maximum temperature due to increased temperature of the cement hydration process and reduce
the risk of thermal cracks.

2. When the mass concrete was applied to the pipe cooling system during construction, in order to
obtain the optimal result for control the temperature field and economic efficiency, it is necessary to correctly
assign the parameters of the cooling system such as the height of the pipe cooling zone, the distance between
pipes and the temperature of water in pipes.
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KnioueBble croBa: TemnepaTypHbli PeXMM, 3K30TEPMUYECKUI HarpeB, MakcMMarnbHas Temneparypa,
nepenag TemnepaTtypsbl, TpelwmnHoobpasoBaHune, TpybHoe oxnaxaeHue, MacCBHbIN 6eTOH

AHHOTaumAa. TpyOGHoe oxnaxgeHue SBMASETCA OAHMM M3 3(MAEKTUBHBIX MEPONPUSTUN MO CHDKEHUIO
3K30TEPMMYECKOrO HarpeBa MaCCUBHbIX OETOHHbIX KOHCTPYKUW. B aaHHOW paboTe BbINOMHEH aHanu3
BNUSHMSA NapaMeTpoB CUCTEMbI TPYOHOro oxnaxaeHust Ha TemnepaTypHbIA PEeXUM U TepMOHanpsiKeHHoe
COCTOSIHME BO3BOAUMOrO OETOHHOro MaccuBa. BbeToHHbIM MaccuB paccMaTpuBancs B Buge cronba c
pa3vepamu B nnaHe (10x10) m n okoH4yaTenbHon BbicoTon 30,0 M. MiccnegoBanocb BNUsSHWE cnegylowmnx
napameTpoB: BbICOTbI 30HbI GETOHHOrO cToN6a OT OTMETKM OCHOBAHWS, rAe UCNoNb3yeTca cuctema TpyoHoro
oxnaxpgeHwusi; war Tpyb cuctembl OXMaXKAeHWst Mo BbICOTE U LWIMPUHE GETOHHOrO MaccuBa; Temneparypa
nogaBaeMon B cuctemy TpybHOro oxnaxaeHus Boabl. Bbinu nNpoBeAeHbl YMCHEHHbIE WUCCNEOoBaHWUs C
ncnonb3oBaHWEM nporpamMmHoro komnnekca «Midas civil» Ha ocHoBe MeToAa KOHEUHbIX 3NIEMEHTOB Kak npu
peLleHun TemnepaTypHOM 3agadyn, Tak U Npu onpeaeneHum TePMOHaNPsPKEHHONO COCTOsAHMS MaccuBa. B
pe3ynbTarte YUCMEHHbIX WCCMEeLOBaHWA MOMNydYeHbl KAPTUHbI WM3MEHEHMSI TeMnepaTypHOro pexuma u
TEPMOHanNPsPKEHHOro CoCTosHUS B6EeTOHHOro mMaccuBa B npouecce ero Bo3BefeHus. [MpoBegeHa oueHka
BNUSHMSA KaXXOOro W3 pacCMOTPEHHbIX (aKTOPOB Ha W3MEHeHMe TemnepaTypbl U TemnepaTypHbIX
HanpsbkeHUn 6eToOHHOro MaccuBa. [lonyyYeHHble pe3ynbTaTbl UMEKT NPaKTUYEeCKOe 3HAYEHME N MOTyT ObiTb
NCNONb30BaHbl NPU Ha3HaYeHUN NapaMeTPOB CUCTEMbI TPYOHOIO OXIaXKAEHMS.
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Abstract. Constructively nonlinear problems with unilateral constraints are frequent in the calculation of
various structures. At the same time, certain difficulties cause problems with the contact friction, as well as
with the dynamic action of the load. In such cases, the contact problem becomes more complicated in terms
of mathematics and its numerical solution becomes more complicated as well. This article is devoted to the
construction of calculation models and methods for solving problems with non-ideal unilateral constraints
under dynamic loading. As a result, a numerical algorithm has been developed based on the finite element
model of contact and the step-by-step analysis method, which allows simultaneous integration of the motion
equations and the realization of contact conditions with Coulomb friction. At the same time, to comply with the
limitations under the conditions of ultimate friction-sliding, the method of compensating loads is applied. Using
the proposed approach, numerical solutions of some problems of contact of a structure with a base have been
obtained and analyzed. The reliability of the calculation results is confirmed by comparing them with the
solution obtained by the alternative iteration algorithm. It can be concluded that the step-by-step analysis
algorithm is more efficient in terms of computation time, showing satisfactory convergence, stability, and
accuracy of the solution in a fairly wide range of time integration steps.

1. Introduction

Problems with unilateral constraints and friction between contacting surfaces are often encountered in
the calculation of various types of structures. The solution of such problems under the action of static loads
and different contact conditions was considered in some works [1-12]. At the same time, it is quite typical
when it is necessary to take into account the dynamic loads on the structure [13-15].

When solving constructively nonlinear contact problems, both iterative (successive approximations) and
incremental (step-by-step) methods are used. In particular, for the numerical solution of the dynamic contact
problem, the variant of the iterative Schwartz method (with the finite-element discretization of the problem) is
proposed in works [16, 17]. In works [18, 19] the iterative algorithm of the speeds correction of the Udzawa
type is used for the finite-difference discrete model. In works [20-22] different versions of the method of
iterations on the ultimate friction forces are applied on the basis of variational formulations of contact problems.
As mentioned in these and other works, the application of the method of successive approximations allows
one to build effective iterative algorithms that have a computational stability and guarantee the fulfillment of
contact conditions for ideal unilateral constraints. However, the fulfilment of friction-sliding conditions on the
contact here has certain difficulties and cannot always be realized.

In [23, 24], to fulfill the contact conditions, the weak formulation in the form of an elliptic quasi-
variational inequality is used. The numerical solution of the variational problem is based on the finite element
method and the implicit time integration scheme. The construction of various schemes for the numerical
integration of the equations of motion is considered in works [25, 26]. In the first work the Lagrange multipliers
and the minimum work principle are used at each time step, in the second one, the non-convex linear
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complementarity problem is solved at each step. The advantage of the step-by-step methods is that the
solution of the contact problem can be obtained at any time point and at any stage of dynamic impact by using
them. At the same time, there is an opportunity to satisfy the friction-sliding conditions more precisely, since
the solution of the problem taking friction into account depends on the history of structure loading [1, 2]. The
constructive nonlinearity in the case of dynamic loading will be manifested in the change of the working
schemes of the structure in time — switching on and off unilateral constraints, both in normal and tangential
direction. It is assumed that between two consecutive events on the contact, i.e. within the limits of each fixed
working scheme, the character of the structure deformation is linear.

This paper is devoted to the development of a numerical model and algorithm for solving contact
problems with unilateral constraints and friction under the dynamic load action. The immediate solution of the
dynamic contact problem is made on the basis of time discretization using the direct schemes of integration
of the equations of motion [27]. After each time step, the boundary conditions on the contact are checked. If

within a certain step At there is a change of the working scheme, the time point of changing of the contact
state (occurrence of the next event) is determined by the means of the step-by-time analysis of the contact
state with the use of appropriate approximating expressions for displacements, speeds and accelerations on

the time interval At. In this case, the integration step size is corrected and the current step is recalculated. As
a result, a new state of contact is established at the given time point and, thus, the current working scheme of
the structure is changed [7, 10]. Based on the step-by-step analysis of the dynamic loading process, the given
approach has a clear physical nature and makes it possible to track the current state of the calculated system
at any time point.

2. Methods

Let's consider the dynamic problem of interaction of linearly elastic bodies V* and V-, which may be,

for example, the structure and base, with contacting surfaces, S: and S; correspondingly. To calculate this

system we use a discrete computational model FEM, for which the following matrix equation of motion with
initial conditions is true [27]:

[M]{Ut+At}+[C]{Ut+At}+[K]{Ut+At}:{Pt+At}; {U}L:o:{UO}’ {U}L:o:{uo}' 1)

Taking into account that the displacement at time point t + At can be represented as

UM =U' + AU Jet us convert equation (1) in the form that allows the solution of a constructively

nonlinear dynamic contact problem to be reduced to the solution of the sequence of linear dynamic problems
on the basis of step-by-step on time analysis of the contact state [28]:

[M]{U”M}+[C]{U t+At}+[K]{AUt+At}:{Pt+At}_[K]{Ut}; {U}L:o:{UO}, {U}L:O:{UO}. 2)

Here [M], [C] and [K] are the mass, damping, and stiffness matrices of the finite element system

respectively, at the same time, the proportional damping model is adopted [C] = oc[M] +ﬂ[M]; {UH‘“},
{U'Hm}, {UHAt} and {Pt““} are the vectors of nodal displacements, speeds, accelerations, and the
external nodal load at time point t + At; {AU Hm} is the vector of displacements increment at step At. In

addition, on the part of the outer boundaries Sg, for V* and V™ correspondingly, boundary conditions on the

forces, and on Sf —in the displacements should be given. It is assumed that at the initial time t = 0 the vectors

of displacements, speeds and accelerations are given and it is necessary to find a solution (2) during the time
interval from 0 to some value T.

For the numerical integration of the motion equations (2), the implicit Newmark finite difference scheme

is used, which is based on the assumption of a linear change of accelerations in the At interval. In this case,
the following dependencies between the increments of displacements, speeds and accelerations for the time

point t + At are used:

L)t :ﬁ(étunm_mut)_(%_ljut; g tat :Ut+((1_ﬂ)Ut+ﬂUt+At)At. 3)
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Here « and [ are the parameters determining the accuracy and stability of integration [27]. Let us take
a=1/4, = 1/2, which correspond to the case of the constant average acceleration at each of the intervals
At. In this case, the Newmark integration scheme for linear problems is unconditionally stable, i.e. the solution
does not grow indefinitely at large values of the step At.

Substituting the expression (3) in the equation (2), thereby excluding U™ and U™ from the number

of unknown ones, after simple transformations, we obtain the following matrix equation to determine AU trat.

[k a0 fprs).

where {ﬁ“m}:{PMHM](az{z'ﬂ}+a3{Ut})+[c](a4{Ut}ms{zjt})—[zq{ut}; [K]=[K]+

+ 0y [M] + oy [C] The coefficients oo — a5 depend on the step At and the parameters @ and

- 7 M= P ; azzi; 0‘3:i_1; 0‘4:£_1; 0‘5:@_&"
a(At) aAt adt 20 a 20

)

The system of algebraic equations (4) is solved by the LDLT factorization method, taking into account

U t+At

the sparsity of the symmetric matrix [K] and its variable profile. After finding A and, correspondingly,

1t+4at
U t+At U

for the calculation of accelerations U™ and speeds , equations (3) are used. In their turn, at

any time point t' within the interval At (t <t' <t -+ At), the values of accelerations U (t'), speeds U (t") and
displacements U (t') can be calculated with by the following formulas:

U(t') =U't+(t'A—tt) (U‘t+At_U‘t); U(t')=Ut+(t,2_t) (Ut+U't’);
i 2 (5)
U(t')=ut+(t'—t)ut+%(ut+U't').

The first of the equations (5), according to the Newmark scheme, expresses the linear law of change of
acceleration on the interval At, the second and third ones are obtained from the expressions (3) with the value
substitutions o = 1/4, = 1/2, and the replacement of the value t + At by the value t".

Furthermore, when taking into account unilateral constraint with Coulomb friction in addition to the initial
conditions at t = 0 and boundary conditions on S, SJ‘r, the conditions on the contacting surfaces SCJ‘r should

be satisfied. The contact interaction will be modeled using frame-rod contact finite elements (CFE) [4, 10]. The
CFE data provide a discrete contact between the nodes of the finite element grid located on the boundary
surfaces of the contacting bodies.

Let us write conditions on the contact in terms of forces and displacements for each discrete unilateral
constraint K (i.e. the K CFE), for the time point t:

Wy 20, NL<O; ufNi=0, ke, ©
W< T 20 @E-Tiouk =0, kes,. @

Here u;k, uik are mutual displacements of the opposite nodes for unilateral constraint K in the normal
and tangential direction, Uik :8u£k /ot is the speed of mutual tangential displacement on the contact K;
Nli, Tkt are contact forces in the normal and tangential direction (forces in kK CFE); Tdk =—f, le is ultimate
Coulomb friction force for the contact k; fx > 0 is the coefficient of friction-sliding.

The last of the conditions (6) means that upon contact u’, =0, N <O0; upon separation U}, >0,

NIE =0. The last two conditions (7) establish the correspondence between the speeds of the mutual slippage
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of the opposite nodes on the contact Kk and the magnitude of the force Tkt at the time point t. Under the

conditions Uik =0 and |Tkt|<|TUtk| there is a state of clutching (pre-ultimate friction); when L'Izk #0,

|Tkt| :|TJk| is the state of slippage, while the direction of the slip rate is in line with the direction of the shear

force. Changing the current state, namely the moment of transition from one state to another, is an event —
correspondingly, it will be the events of slippage, clutch, separation (switching off unilateral constraint), or
contact (switching on it).

Let's briefly discuss the sequence of actions implementing a step-by-step algorithm for solving the
dynamic problem with unilateral constraints and Coulomb friction. The General case is considered when the
normal forces of interaction and, accordingly, the ultimate friction forces on the contact change in the process
of dynamic loading, i.e. in time, as it often occurs in practical tasks.

It is believed that at the current time point { the state on the contact is known. The values of mutual

displacements u;k, uik, speed Uik and contact forces le, Tkt, lek are determined for each unilateral
constraint K. Let part of the constraints (kK € S;.) be in the state of clutching, the other part (K € S,.) —in
the state of contact with the slip and, finally, the third part (keS3C) — in the state of separation,

S, =S5, US,, US,,. Atthe beginning of the calculation, at t = 0, the displacements, as well as the speeds
and accelerations, are assumed to be zero.
1. The current time step At is performed, in the process of calculation its value can be changed in

accordance with the established moment of occurrence of the next events on the contact. From the solution

t+A4t Aut+At t+4t t+4t st+At

(4), the increments Au,, ™, & » then the values of displacements u, =, U;"~, speeds U, ", and

contact forces NIE““, k”m, JE‘" for the time point t + At are determined.

2. The traversal of all discrete constraints is performed, therewith for each constraint K there is (within
the current step At) the time point ﬂ( of occurrence of the next, i.e. the closest in the time event. The
expression for determining the time point of slippage for the constraint K that was previously in the state of the
clutching has the following form:

To =Ty
O -TH-05" 150 )

t, =t+4t €Sy ®)

The time point of clutch for the constraint K that was previously in the state of the sliding

.t
- —-u
b =t+at] —%—1, keS,. 9)

<t+at
urk - urk

The time point of separation or contact for the constraint K that, respectively, was previously in the state
of the contact or separation

t t

- —N - -u
t, =t+at —th , keSy, Syo; fo=t+at| —% | keS,. (10)

t+at t+at t

K K Uy —Unk

Since the change of displacements, speeds, and, therefore, forces, within the step At does not actually
follow the linear law, then, additionally, using the expressions (4), an iterative refinement of the time point ﬂ(
can be performed, the time consumption increases slightly in this case [28].

3. Of all the values f, having been found using the formulas (7) and being in the interval (t, t + At), the
smallest one corresponding to the moment of occurrence of the nearest time event on the contact is selected:
t =min(t,), keS,. Incase t >t+ At the next basic integration step At is executed, i.e. transition to p.1
is performed.

4.1n case t <t <t+ At — the recalculation of updated in such a way step with value At =t —t is
performed. Herewith, the method of compensating loads is applied to comply with the conditions of the ultimate
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friction [10, 28]. Changing of the ultimate friction forces on the contact is taken into account by the application
of compensating forces to the opposite nodes

lftk = _A-I:Uk = A

o ~T5), keS,,. (11)

The value of the transverse force on the contact K is corrected by the same quantity: Tkt = Tkt + Afuk-

As a result of the step recalculation, the values of displacements, speeds and forces on the contact in
the time point t are determined. The conditions of the expected event are checked; in case of slippage it will

be a condition Tk = Uk; in case of clutching — k =0, in case of detachment — Nk— 0, in case of

contact — unk = 0. If the corresponding condition does not work, the time point t should be updated once
again but in the interval (t, t) or (t, t+A4t).

5. In case of occurrence of the next on time event on the corresponding support the state of contact
changes — thereby the current working scheme of the construction changes too. Therewith the results of the

recalculated step are considered final for the time point t. Then all the above actions are repeated, but for
the next integration step At.

The given algorithm is implemented by the author in the computer program [29]. The program is
intended for doing numerical research and comparative analysis of various models of contact interaction of
the deformable systems, methods and algorithms of their calculation. For the purpose of comparative
evaluation of the results obtained, the program also implements the well-known methods for calculating
systems with unilateral constraints and friction, in particular, the method of iterations on ultimate friction forces
[21, 22].

Let us demonstrate the considered approach using the example of calculation of a plane framed system,
which, for example, can simulate a pipeline section with a difference of relief under dynamic loading
(Figure 1, a). Itis considered that the system is fixed from lateral displacements, i.e. from the Xy plane. On the
rigid supports K = 1, 2 the conditions of Coulomb friction-sliding with the possibility of separation on the contact
operate. The structure is in the state of rest, then a horizontal impulse load P(t) is applied at the left end. The
law of change of the pulse has a triangular shape with the duration of 0.1s, the amplitude of 100 kN
(Figure 1, b).

The longitudinal stiffness of the rods EA = 9108 kN, bending stiffness El = 2-106 kN-m2, the linear mass
m = 0.4 t/m. The damping matrix here simplistically computed as [C] = & - [M], the damping coefficients were
taken to be the following: & = 0.2z, £ = 0. Contact interaction was modelled with frame-rod CEF [4, 10],
connecting the support nodes of the framed system with fixed supports.

a) b)

X 1
20m . 10m 20m
= Fa

i

Figure 1. Framed system under the action of pulsed load P(t).

At the initial time point t = 0 on all supports the clutch state was set. The normal forces of interaction

Nl? on the contact of the structure nodes with the corresponding supports were taken to be equal to the

reactions from the own weight of the structure. In the future, as a result of the action of the dynamic load,
slippage, and the subsequent clutch on the contact is possible, as well as the switching off (separation) and
the switching on of unilateral constraints during the considered time period. At the same time, due to the

geometry of the framed system, the normal forces of interaction ng also change over time.

The next was the problem of interaction of the water-fight slab of the dam with ground base at
hydrodynamic effect of the water flow discharged from the headwater of the dam. The calculation scheme of
the slab (Figure 2) corresponds to one of the objects of the Volzhsky hydroelectric complex. The purpose of
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the calculations was to assess the impact of the pulsating component of water pressure in the discharge flow
for the contact interaction of the water-fight slab of the dam with the base ground. The criterion condition for
determining the ultimate values for the slab thickness in this case is to prevent the slippage or separation of
the slab from the ground base.

finite elements B
of the slab
)

X qlt
B A —
L N . finite elements

of the ground base

1\ h

[

1

e

L=36m

L

Figure 2. Scheme of the water-fight slab and applied loads.

The calculation took into account loads stipulated by the own weight of the slab, the hydrodynamic
acting from the water flow, the filtration backpressure. The following characteristics of the slab material were
taken: volume weight 24 kN/m?3, modulus of elasticity E1 = 40000 MPa, Poisson's ratio v1 = 0.2. The considered
area of the ground base was 64x20 m, volume weight 18 kN/m3, modulus of elasticity and Poisson's ratio
E2 =600 MPa, V2 = 0.25, the friction coefficient f = 0.31.

The pulsating component of the water pressure in the discharge flow was taken into account as a
dynamic impulse load. The amplitude of the pulsating pressure g and the correlation of its distribution over the
slab surface, depending on the position of the pulse center, were taken into account according to the
recommendations from [30]. Taking into consideration the demonstration nature of the calculation, the
accounting for damping is performed using a simplified scheme — similar to the previous example.

To study the dependence of the solution on the characteristics of the hydrodynamic acting, the behavior

of the water-fight slab at different positions of the impulse on the slab (X/1), likewise at its different directions
and duration of the action was calculated.

3. Results and Discussion

3.1. The problem of interaction of the framed system with rigid supports

The numerical solution of the considered problem, both by the proposed and, for comparative
evaluation, by an alternative method, was carried out using the computer program [29]. The purpose of the
calculations was to estimate the effect of the friction coefficient (the value f in the calculations varied from 0 to
1.5) on the behavior of the framed structure under dynamic loading. Figures 3 and 4 shows the horizontal and
vertical displacements of the frame on one of the supports depending on the time at different values of the
coefficient f, the integration step here was taken 0.0002 s.
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Figure 3. Horizontal displacements (slippage) on support 1 depending on time.
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Figure 4. Vertical displacements (separation) on support 1 depending on time.

Figure 5 represents the dependencies between the amplitude values of the horizontal (slippage) Urand

vertical (separation) Un displacements on the supports and the specified values of the friction coefficients f on
the contact.
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Figure 5. Amplitude values of displacements U and Un on supports at different values
of friction coefficient .

The reliability of the obtained results is confirmed by the software check of the fulfilment of the
equilibrium conditions and the compatibility of the system deformations after each time step. Besides, for the
comparative evaluation of the results, the calculation of system was performed using an alternative algorithm
where the contact conditions at each time step are realized by means of the method of iterations on ultimate
friction forces (Figure 5 shows this solution by dotted line). As it can be seen, the results of the calculations by
the proposed and alternative methods correspond each other, however, the algorithm of iterations on the
ultimate forces requires much more calculation time (for the considered problem almost twice).

From the given graphs (Figures 3-5) it follows, that with an increase in the coefficient f, the separation
of the structure from the supports as a result of the dynamic loading decreases significantly. Moreover, in the
example considered here, there is a certain threshold value of the coefficient f (0.6-0.7), where the effect of
contact friction on the value of maximum separation is extreme.

In order to study the dependence of the solution on the value of the integration step over time, the
behavior of the framed structure for different values of At in the range from 0.0001 to 0.0064 s, with the
successive doubling of the step length, was calculated. The comparison of the obtained results allows us to
conclude that the proposed numerical approach shows satisfactory internal convergence in a rather wide
range of integration steps on time. Thus, the values of horizontal and vertical displacements on the supports
do not differ much when assigning the basic step in the range from 0.0001 to 0.0008 s. With a further increase

in At, there is some deterioration in the convergence, especially at large values of the friction coefficient.

Note that, in the general case, the choice of the optimal integration step is a rather complex problem
[27]. In this regard, basing on conducted numerical studies, it can be recommended to choose the value of the
basic integration step in such a way that when it is increased, for example, twice, the change in the results
does not exceed some specified error of calculation.
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3.2. The problem of interaction of the water-fight slab with ground

As the results of the calculations show, the possible separation of the water-fight slab from the ground
base in all cases occurs only at its edges (first from the left edge). The moment of separation depends on the
position and direction of the impulse of pressure. The most dangerous, from the point of view of the separation
slab from the base, is the pressure pulsation with the pulse duration of from 0.46 s (at the location of the pulse
closer to the edges of the slab) to 0.5s (for the middle of the slab). Figure 6 shows the change of contact
stresses on the left edge of the slab base in time — to the moment of separation of the sole from the base.
Here t/ Timp is the ratio of the current time t to the duration of the impulse of pressure Timp, X/ L is the ratio of
the X coordinate that defines the position of the impulse at the water-fight slab, to the slab length L. The slab

thickness in these cases was taken to be slightly less than the ultimate values for separation hpr.
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Figure 6. Contact stresses on the left edge of the slab base before the moment of separation.

Figures 7 and 8 demonstrate the deformed pattern of the slab-base system at the moment of maximum
slab separation from the ground base. Here the slab thickness h = 2.5m — less than the ultimate one by
separation, pulse position X/L = 0.4. Yellow and light blue points-markers indicate the zones of slippage or
separation of the slab from the base.
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Figure 7. Isopole of horizontal displacements of the slab on the base.

Figure 8. Isopole of vertical displacements of the slab on the base.
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Using numerical experiments, dependencies for the ultimate values of the water-fight slab thickness on
the pulse position on it have been obtained (Figure 9). A solid line shows the envelope relative values of slab
thickness, satisfying the condition its non-separation and shear from the base. Here her = 3.48 m is the critical
depth corresponding to the design specific discharge of water. The dotted line corresponds to the ultimate slab
thickness when only static loads are applied — pressure deficit and own weight of the slab. The given
dependence can serve as a guide in the appointment of the thickness of the water-fight slab on the condition
of preventing its slippage and separation from the ground base — you can take h = her.
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Figure 9. Dependence of the maximum slab thickness hpr on the pulse position X/ |.

4. Conclusion

1. The problem of the contact interaction of elastically deformable systems under dynamic loading is
considered in the article. To solve it, we propose the numerical algorithm combining in one step-by-step
process with the integration of the equations of motion with step-by-time analysis of the contact state. For
more accurate compliance with the limitations under the conditions of ultimate friction-sliding, the method of
compensating loads has been applied.

2. The basis of the above algorithm is a step-by-step analysis method that has a clear physical
interpretation. It is shown that this approach provides the possibility of analyzing the contact interaction of
structures with the base under dynamic loading and has the advantage in cases when the solution of the
problem depends on the history of loading, in particular, when accounting for friction-sliding in unilateral
constraints.

3. The discrete calculation model of the FEM is used, upon that for the modeling of unilateral constraints
with Coulomb friction, the contact finite elements in the form of frame-rod system has been used. The CFE
data providing a discrete contact between the boundary surfaces of the interacting elastic bodies, allows you
to determine the forces and displacements in the contact zone with the same and high accuracy, to apply an
inconsistent finite element grids, to take the physical and geometric properties of the contact seam into
account.

4. The carried out of test calculations allow us to conclude about the efficiency and reliability of the
proposed algorithm, taking into account the complicated contact conditions and dynamic loading, which are
essential for solving applied problems of structural mechanics. The comparison with the well-known algorithm
of iterations on ultimate forces shows in our case a significant saving of calculation time. Using the analysis of
the calculation results of the water-fight slab, proposals concerning the constructive solutions of the considered
structure, taking into account the nature and position of the dynamic loads acting on it, were made.

5. In conclusion, we note that the account of complicated conditions of contact interaction contributes
to the approximation of the calculation scheme to the real working conditions of structure and, thus, allows us
getting more accurate and complete information about its strength and reliability.
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MO,D,eJ'II/IpOBaHVIe KOHTaKTHOro B3aMMO4EeNCTBUS KOHCprKLI,I/Iﬂ
C OCHOBaHuMeM npn aUHaMM4eCKOM HarpyxxeHuu
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KnioueBble crnoBa: KOHCTPYKUMA, OCHOBaHuWe, KOHTakKTHoe B3anMOAENCTBUE, OAHOCTOPOHHME CBA3MN,
OVHaMKU4YeCKoe HarpyxeHue, JUCKpeTHaAa Moaesib, MeTo KOHEYHbIX 3J1eMEHTOB

AHHOTaumA. KOHCTPYKTMBHO HeNMHENHble 3aJayn ¢ OOHOCTOPOHHUMMK CBSI3SIMM 4acToO BCTpevalTcsl npu
pacyeTe pa3nUyHOro pofa KOHCTPYKLUMIA U COOpYXXeHWid. Mpu 3ToM onpefeneHHble TPYAHOCTU B peLLeHum
NpeacTaBnsAloT 3a4aumn Npy y4eTe TPEeHUSI Ha KOHTaKTe, a Takke Npu AUHAMUYEecKoM AeicTBuM Harpysku. B
9TUX Cryyasix KOHTaKTHasl 3afjadva YCIIOXKHAETCS B MaTeMaTMYeCKOM OTHOLIEHWM U YCMOXHSeTcsi ee
yMCrneHHoe pelleHne. HacTtosiwasi cTaTbsl MOCBsiLLEHA MOCTPOEHMI0 pacyeTHbIX Modeneid U MeTogoB
pelleHunst 3aday C HempaeanbHbIMU OQHOCTOPOHHMMU CBA3SIMW MPU UHAMUYECKOM HarpyxeHun. Ha ocHoee
KOHEYHO-3/1EMEHTHOM MOJENN KOHTaKTa M MeToda MoLLaroBoro aHanmsa paspaboTaH YNCNEHHbIN anropuTMm,
MO3BOSSAOWMIA  BbINOMHATE OOHOBPEMEHHO WHTEIpUPOBaHME YPaBHEHWA [OBWKEHUS W peanusaumio
KOHTaKTHbIX YCroBWi ¢ TpeHueM KynoHa. Ons cobnogeHus orpaHuyYeHuid B YCrOBUAX MO MpeaerisHOMYy
TPEHUIO-CKOSIBXXEHUIO MPUMEHEH CNocoG KOMMEHCUPYIOLLMX Harpy3ok. C NoMOLLbH0 NPeanoXeHHOro noaxoaa
nonyyeHbl W NpoaHanM3MpoBaHbl YUCMEHHbIE pELUeHVs HEeKOTOpbIX 3ajay KOHTaKTa COOPYXEHUs C
OCHOBaHVeM. [J0CTOBEPHOCTL PE3YNbTAaTOB NPOBEAEHHbIX pacYeTOB NOATBEPXKAAETCS CONOCTABIIEHNEM KX C
peLleHneM, MNomnyYeHHbIM anbTepHaTMBHbIM MTEePaLMOHHBIM MeToaoM. [py 3TOM anroputM MOLIAaroBoro
aHanusa asnsetca 6onee aPEKTUBHLIM MO BPEMEHW BbIYMCMEHWI, NOKa3bliBas YO4OBNETBOPUTENbHYIO
CXOAUMOCTb, YCTOMYMBOCTb U TOYHOCTb PELLEHNS B 4OCTATOYHO LUMPOKOM AManasoHe LWaros MHTerpupoBaHms
Mo BPeMEHW.
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Abstract. The 3D-technology is becoming widespread in construction. Thus, the development of mixtures with
the indifferent set of properties to the influence of the environment is actual. The intensive setting and
hardening of cement composites in aggressive conditions require finding solutions to ensure the internal curing
of concrete. One of the ways to ensure the internal curing of cement composites can be the using of special
superabsorbent polymers (SAP). The formation in the structure of the mixture of thin films of polyacrylate SAP
with a delayed polymerization of acrylic acids will provide the reserve of water in the system for hydration.
Wherein the mobility of the mixture and strength of composite does not get lost in contrast to the granular
SAP. The determination of the influence of the SAP components “Renovir-hydrogel” on the physical and
mechanical properties of the cement stone is the main aim of this study. Standard test methods in accordance
with Russian state standards for average density and total pore volume, EN 196-1 for kinetics of hardening
are used in the work. It has been shown that the super absorbent polymer solutions with a controlled
polymerization process can be used in cement composites to control water balance. The investigated SAP
solutions allow increasing the average density and compressive strength of cement stone. The admixture of
the SAP solutions in the studied range of variable factors leads to an increase in the strength of cement stone
by 29.5%. An experimental statistical model describing the dependence of the compressive strength on the
amount of catalyst and the ratio of water to polymer part was obtained. This allows for achieving the required
characteristics of the composite.

1. Introduction

The development of mixtures with a set of properties that are indifferent to the influence of the
environment during the setting and hardening of the binder is relevant due to wide adoption of 3D-printers in
construction [1-3]. Intensive water loss from cement compositions proceeds during the layer-by-layer printing
process. This leads to an imbalance of fluid in the volume, lack of water for hydration, high shrinkage, decrease
of density and strength. Therefore, the saving of water in the building "inks" is important throughout the full
period of hardening in natural conditions.

One of the ways to ensure the internal curing of cement composites, by analogy with porous aggregate
saturated with water in lightweight concrete, can be the use of special highly absorbent granular polymers.
Superabsorbent polymers (SAP) are obtained from acrylic acid, its salts and derivatives, polymerized in
solution or suspension. Polyacrylates have a high absorption capacity and therefore the field of application is
very wide in various industries including construction [4]. Most SAPs are produced in the form of granules or
fibers of micrometric size.

Today, experience in the use of SAP in cement systems has been gained in world practice due to the
positive effect on reducing of shrinkage. The effectiveness of superabsorbent polymers as a component for
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the internal curing of concrete is shown in [5]. The decreasing of autogenous shrinkage of concrete from 500
to 120 um/m with the admixture of SAP was shown. The similar positive effect — reducing shrinkage on drying
(by 12.6%) and autogenous shrinkage (by 15.5 %) of self-leveling mortars is described in [4]. Such a shrink-
inhibiting effect is most significant at the age of 28 days.

The authors [6, 7] investigated the effect of differently dispersed SAPs on the reduction of plastic
shrinkage of cement systems (fractions 0...200 um and 200...500 ym) in different heat and humidity conditions.
Longitudinal deformations for compositions with a dispersion of SAP less than 200 ym and 200...500 ym have
decreased by 20 and 17 %, respectively.

In accordance with [6], an increasing in the content of superabsorbent polymers in cement mortar lead
to the decreasing of the tensile and compression strength by 20.5 and 25.8 %, respectively. This is explained
by the changing of porosity [11] which is additionally formed after the desorption of SAP (Figure 1).

Figure 1. Structure of cement mortar [6] (c) and a, b, d [11].

In [10], it was shown that the introduction of SAP in cement composites does not lead to a significant
changes in flexural strength at the age of 28 days. However, cement stone samples containing SAPs show an
insignificant increasing in flexural strength by 9.05 and 2.91 %, for a particle size of <200 ym and fraction
200...500 microns, respectively, just in the early stages of hardening (3 days) [9]. A negative trend is observed
in the later periods (28 days). Flexural strength decreases by 25.4 and 37.2 % and compressive strength by
13.6 and 21.8 % for SAP granules with a size of less than 200 microns and fraction 200...500 microns,
respectively. In this case, the particle size of the SAP is essential. Large SAP granules have the greater
reduction in the strength of the cement stone.

Studies of the SAP with different average particles size (from 324 to 1065 um), density of anionic groups
and crosslinking density from acrylic acid and acrylamide [9, 13] show a significant decreasing of compressive
strength of mixtures with very high density of anionic functional groups. In this case, the desorption of water
from the SAP occurs prematurely. This leads to an excess of water and forms additional porosity. A small
decreasing or saving of strength is observed in cement mixtures with SAP with a lower concentration of anions.

The authors [14] based on the analysis of the effect of SAP on the mechanical properties of concrete at
the age of 28 days conclude about an unambiguous negative influence. Compressive strength by 8...35 %
under high humidity hardening and 28 % in conditions of low humidity is reduced. The tests of the samples
that have been hardened under sealed conditions show inconsistent results For example, the flexural strength
is decreased by 33 % [15] or increased by 7 % for different compositions, but the compressive strength is
decreased by 10...13 % [16].

Thus, the use of superabsorbent polymers in cement composites is characterized by both positive and
negative effects. On the one side, the use of SAP is justified by the positive effect of reducing shrinkage. On
the other side the granular polymer requires pre-saturation (up to 30 minutes) to ensure sufficient mobility of
the cement mixture and is in the composite structure as a source of additional pores, reducing mechanical
properties. The desorption kinetics of SAP provides the most important for increasing efficiency. Water
migration should be carried out in sufficient quantities from polyacrylates to the cement system in sufficient
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guantities, and not the other way around. The properties of polymer cross-linking, the shape and size of the
granules, and the properties of the sorbate are important factors for controlling the desorption process [9].

Based on the above analysis, the following hypothesis can be formulated: the forming of thin films of
polyacrylates in the structure of the cement materials by delayed polymerization of acrylic acids in water
solution provide the water reserve for internal curing without the loss of mobility of the mixture and strength
properties of the composite. This is especially actual to develop recipes of building «inks» for 3D-printers [17—
20].

2. Materials and Methods

In this paper the effect of the “Renovir-hydrogel” superabsorbent polymer on the properties of cement
stone was investigated. The SAP solution is obtained by mixing water (W) with the three components of the
polymer part (XA = A1 + A2 + A3) and catalyst (B). The component “A1” is acrylic acid (propenoic acid
CH2=CH-COOH) or salt (sodium polyacrylate [-CHz-CH(COONa)-]»). The component “A” is a crosslinking
agent in which poly-saturated compounds are widely used. The component “A3” is an initiator from peroxides,
hydroperoxides, hydrogen peroxide, persulfates, azo compounds or redox systems. Varying the
concentrations of each component allows to control the polymerization process and form a different degree of

crosslinking and polymerization speed. Main characteristics of the “Renovir-hydrogel” superabsorbent polymer
are presented in [21].

The determination of the influence of the SAP components “Renovir-hydrogel” (Table 1) on the physical
and mechanical properties of the cement stone is the main aim of this study. The study was carried out in the
framework of a full two-factor experiment. The amount of catalyst B/A1 (X1) and the ratio of water to polymer

part W/2A (X2) were chosen as factors. The average density and compressive strength were used as
controlled indicators.

Table 1. Compositions of superabsorbent polymer solutions “Renovir-hydrogel”.

. Amount, % Factors
No Composition A B W X4 X
1 C-0.003/5.0 16.67 0.042 83.29 0.003 5.0
2 C-0.009/5.0 16.44 1.390 82.71 0.009 5.0
3 C-0.003/8.5 10.44 0.880 88.68 0.009 8.5
4 C-0.009/8.5 10.53 0.027 89.44 0.003 8.5

The Portland cement CEM | 42.5 produced by “Stone Flower” was used to prepare a series of cement
test samples with W/C-ration 0.3. The SAP solutions were used as water in the cement mixtures. The control
composition (C-0/0) was prepared without a solution of SAP. Hardening of the samples was carried out in
normal conditions. The average density and total pore volume were determined by methods in according with
regulatory and technical documents Russian State Standards GOST 12730.1-78 and GOST 12730.4-78. The
average density was determined by the ratio of the mass and volume of the samples, and the true density by
the pycnometric method. Six cubic-samples 50 mm in each series were tested to compressive strength
according to EN 196-1 at the age of 7; 14; 21 and 28 days. The tests were carried using static loading by the
servo-hydraulic press «Advantest 9».

The study was performed by equipment from the Head Regional Shared Research Facilities of the
Moscow State University of Civil Engineering. Technical specifications of the equipment are available on [22].

3. Results and Discussion

Cement pastes with SAP visually were not characterized by differences in workability unlike the control
composition. Presumably, the process of SAP polymerization in the selected range of components is began
after the formation of samples. This provided a delay in the water sorption by SAP and in the deterioration of
workability pastes. Previously [23], the studies of the polymer solutions "Renovir-hydrogel" were carried out
by NMR-relaxometry method. The start and end times of polymerization of this SAP were established for
studied concentrations. According to this study, the period of viability of the polymer solutions "Renovir-
hydrogel" is from 14.2 to 105.2 minutes. That is, the limiting time of preservation of viscosity sufficient for
technological operations exceeds 10 minutes before each of the mixtures was formed.

Analysis of the kinetics of setting and hardening of Portland cement with the addition of acrylate allows
to estimate its impact on the process of structure formation of cement stone in time. The kinetics of the
compressive strength of the cement stone with the hydrogel solutions of different composition were obtained
in this study (Figure 2).
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Figure 2. Kinetics of hardening cement stone with SAP.

The obtained results show that the cement stone modified by solution of the acrylate superabsorbent
polymer is characterized by greater strength at the age of 28 days by 10.2 ... 29.5 % than the composition with
water (Table 2). However, the different effect of the ratio W/ZA and B/A1 on the strength in the early periods
of hardening is shown in Figure 2. It can be noted that the compositions with the amount of polymer W/24 =
8.5 (regardless of the amount of catalyst) are characterized by faster hardening kinetics than the control
composition. At the same time the cement stone where the ratio of water to polymer part is equal to 5.0 has
less strength than the control composition at the age of up to 14 days. This indicates an excess of polymer in
the composition, which has a negative impact on the structure formation of cement stone.

Table 2. Rheological properties of cement pastes and physical-mechanical properties of cement
stone with SAP at the age of 28 days.

No Composition p, kg/m? Sy, % P, % Sk, % Rcom, MPa SR, %
0 C-0/0 2065 0.93 8.0 2.33 58.0 4.24
1 C-0.003/5.0 2100 0.30 3.5 3.13 63.9 3.22
2 C-0.009/5.0 2070 0.60 3.8 3.27 64.2 4.26
3 C-0.003/8.5 2135 0.79 3.3 2.61 75.1 4.13
4 C-0.009/8.5 2095 0.57 3.5 3.55 73.7 3.72

Notes: p is average density; P is total pore volume; Rcom is compressive strength; Sp, Sp, Sr are standard deviations
for average density, total pore volume and compressive strength respectively.

The studies have allowed to establish an experimental equation for estimation of the dependence of the
compressive strength on selected prescription factors:

Y =69.23-0.275X; +5.175X,,.

The analysis of the structural parameters of the cement stone in the Table 2 show that an increase in
the amount of catalyst to 0.009 leads to a slight decrease in the average density and an increase in the porosity
of the cement stone due to the faster polymerization process of acrylate. In the initial period of preparation of
the mixture due to absorption, the polymer reduces the amount of free water in the system and impairs mobility
and workability. Delayed polymerization is achieved with a smaller amount of catalyst. In this case the polymer
does not interfere the distribution of water in the volume and performs an absorbing function after molding the
product. This has a positive effect on the compaction of the mixture and on the hydration of Portland cement,
which provides a lower porosity of cement stone (more than 2 times) (Table 3). The introduction of the SAP
solutions in the studied range of variable factors leads to an increase in the strength of cement stone by
10.2...29.5 %.

Thus, it was shown that the using of water solutions of acrylic acids with controlled polymerization does
not lead to the loss of the strength of the cement stone. The studied SAP solutions allow to delay the absorption
of water from the cement mixture in contrast to the granulated SAP. Obviously, additional studies are required
to determine the action mechanism of SAP solution on the process of structure formation of cement stone and
to establish the dependences of influence of prescription and technological factors on the deformation
properties.
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Table 3. Changes of properties of cement pastes and cement stone compared with the control
composition (C-0/0).

No Composition D, % P, % Rcom, %
1 C-0.003/5.0 +1.7 -56.3 +10.2
2 C-0.009/5.0 +0.3 -52.5 +10.7
3 C-0.003/8.5 +3.4 -58.8 +29.5
4 C-0.009/8.5 +1.5 -56.3 +27.1

Note. «+» or «—» show an increase or decrease in the indicator.

The results show that the introduction of polymer solutions with controlled polymerization in cement
compositions provides an increase in compressive strength from 58.0 to 63.9...75.1 MPa in contrast to the
using of granulated SAP when compressive strength is decreased by 8...35 % [4, 6, 12].

Positive world experience in the use of granulated SAP for reducing shrinkage and the results of this
study suggest the effectiveness of using SAP solutions with controlled polymerization in cement systems
hardening in bad conditions. Such a solution may have further development and practical application in 3D-
printing technology, where extruded concrete structures are subject to intensive moisture loss.

4. Conclusions
Based on this research the following conclusions were made:

1. The formulated hypothesis is confirmed in this paper. It has been shown that the super absorbent
polymer solutions with a controlled polymerization process can be used in cement composites to control water
balance for improving physical and mechanical properties.

2. An experimental equation for estimation of the dependence of the compressive strength on the
amount of catalyst and the ratio of water to polymer part was obtained.

3. The investigated SAP solutions allow to increase the average density and compressive strength of
cement stone. The introduction of the SAP solutions (for studied range of variable factors) leads to decrease
the porosity from 8 to 3.3...3.5 % and increase the compressive strength of cement stone from 58.0 to
63.9...75.1 MPa or by 10.2 ... 29.5 % in comparison with the composition without SAP.
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BHYTPEHHWI yxo[, TBepAeHWe, ycaaka

AHHoTaumA. B cBsA3n ¢ pacnpoctpaHeHnem 3D-MpUHTEPOB akTyalnbHbIM ABMSIETCS pa3paboTka peuentyp,
obnagarowmx MHAMGPMEPEHTHBLIM K BITMSIHUIO OKPY>KatoLLEen cpeabl HAbOPOM CBOWCTB B MEPUOL, CXBATbIBAHUS
N TBepAeHus1 BsSXyLlero. M'mapartaumsi UEMEHTHbBIX KOMMO3UTOB B arpeCcCuBHBbIX YCIOBUSIX TpebyeT moucka
peluieHun, obecrnevmBarOnX BHYTPEHHUN yxon 3a 6etoHoM. OpHMM M3 Takmx CnocoboB MOXeT ObiTb
ncnonb3oBaHWe creyunarnbHbIX BbliCOKONormnowawwmx mnm cynepabcopbupytowmx nonumepos (CAIM). B
OTnuyne oT TPaAULMOHHOIO BBEAEHUS rpaHynupoBaHHbix CAll, dopmupoBaHue B CTPYKTYpe LLEMEHTHOrO
KOMMO3MTa TOHKMX MINEHOK MONMakpunaToB C OTMOXEHHOW MonvMMepusaumen akpunoBbiX KUCMAOT B BOOHOM
pacTBope obecrneynBaeT CUCTEMY pPe3epBOM BOAbI A4S BHYTPEHHErO yXo4a 3a npoueccamu rugpataumm 6e3
notepy NOABWXHOCTM CMeECW, CMOCOOCTBYS CHWKEHMIO YCaAOYHbIX Aedopmauui Npu  COXpaHEHUU
NMPOYHOCTHBLIX CBOMCTB KOMMNoO3uTa. Llenbio nccnegoBaHns ABNsSeTCs YCTaHOBMEHUE BUSHUSA COOTHOLUEHWE
komnoHeHToB B cocTaBe CAIll «PeHoBup-rugporenb» Ha OU3UKO-MEXaHUYECKME CBOWCTBA LEMEHTHOro
kamHs. B paboTe ucnonb3oBaHbl CTaHO4apTU3MPOBaHHbIE MeToabl ucnbiTaHun B cooTtBeTcTBum ¢ TOCT ¢
NPUMEHEHNEM COBPEMEHHOI0 000pyAOBaHMS U  MHCTPYMEHTOB. YCTAHOBIEHO, 4YTO WCMNOMb30OBaHME
pactBopoB CAIl ¢ ynpaBngembiM MNpoOLECCOM MOMMMepU3aLmMm CnocobCTBYEeT YBENUYEHUIO CpeaHen
NAOTHOCTU U MPOYHOCTU LIEMEHTHOIO KaMHs1. B nccnegyemom gruanasoHe BapbupyeMbix hakTopoB BBEAEHME
pactBopa CAIl npuBOANT K MOBBLILEHUIO MPOYHOCTM LIEMEHTHOrO KamHA Ao 29.5 %. [MonydeHa
3KCnepuMeHTarnbHO-cTaTUCTUYecKass Moenb, ONUCbIBaLLas 3aBUMCMMOCTb Npeaerna NPoYHOCTM Npu CxxaTum
OT KONMYecTBa KaTanmsaTopa W OTHOLWIEHMS BoAbl K MOMMMEpPHON 4Yactu ans obecneveHus Tpebyembix
XapakTepucTuk KoMmnosuTa.
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