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Abstract. Article is devoted to calculation the bisteel non-central compressed columns from I-shaped profile. 
The web of I-shaped profile is made of structural steel, the flanges is made from increased-durability steel. 
The analytical decision used the system of the equations was applied. Also, physical tests of prototypes on 
the prof. Korobov’s testing machine were carried out. Loading is applied eccentrically to a steel plate, the hinge 
support applied to the lower plate, plates are fixed by screws from rotational translations. Displacements on 
axes are measured in the plane of the section in middle of rack and also occurs tilt angles. Calculation in 
ANSYS software taking into account physical and geometrical nonlinearity is carried out. It is established that 
analytical calculation gives the results close to experimental values (the maximum divergence of 15 %), the 
configuration of schedule of ANSYS simulation results repeats the schedule of experience data, and a 
divergence of results is insignificant (to 9 %). 

1. Introduction 
In sections with non-central loaded buildings constructions arise various tension, at the same time a 

part of section is used ineffectively. The idea to use in the loaded parts of section high-strength metal is 
effective as it allows using optimum sections – in places with big tension steel with a high durability is applied. 

The possibility of application the bisteel constructions were analyzed by several scientists in Russia and 
abroad. 

Authors [1] made using comparison of bridges load-bearing element working in seismic zones. A part 
of constructions it was executed as bisteel. 

In a [2] research of a bend of the two-layers steel beam (steel with normal and high-strength durability) 
shown, that the normal stresses in multilayer beams depend on the bending stiffness’s relative to the principal 
axes of cross sections of the beams. 

A similar analysis with bisteel profile was made with bisteel beam (a composition of high-strength steel 
inclusions for the flanges in the region of maximum stresses and of low-strength steel for remaining volume of 
the beam) [3]. 

In the [4] article analyzes the stability of bisteel beams taking into account the development of plastic 
deformation in one or more cross-sectional elements. 

Calculation of section of bisteel beams was carried out also using ANSYS complex [5]. Quantitative 
assessment of the phenomenon of a delay of the beginning of fluidity of the elastic-plastic zones of a wall 
adjoining elastic belts is received. 

The authors of [6] performed experimental and numerical modeling of bending and torsion behavior and 
bearing capacity of columns from an equal-angle L-shape column of hot-rolled austenitic steel with a fixed 
end. 

The authors of [7] conducted a comprehensive experimental and numerical study of the behavior of 
welded stainless-steel beam-columns. Twenty test specimens were made of duplex plates; they were tested 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dic.academic.ru/dic.nsf/eng_rus/594878/load
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for bending with compression. Tensile tests and geometric defects were also conducted. Numerical models 
were developed, calibrated according to test results and subsequently used in parametric studies, taking into 
account a wider range of sample geometries. 

The authors of [8] studied the properties of a rack made of square steel pipes filled with concrete with a 
cross section in the L-shape. Using two eccentric compression experiments, the fracture mode, load 
displacement curves for the entire element, and deflection curves for the rack were obtained. 

The authors of [9] experimentally and numerically investigated the bending behavior of welded steel  
I-beams under eccentric compression. 

The authors of [10] studied the mechanical properties of a steel L-shape column rigidly fixed with one 
support. The influence of the plate thickness and the number of bolts on the bearing capacity was analyzed. 

The authors of [11] performed an experimental study to assess the effect of vertical soil movement on 
steel columns with wide flanges in the lower floors of steel frames. Three cyclic side load tests were performed. 

The authors of [12] conducted a numerical study of columns made of high-strength steel plates. The 
study included 4 reference models, confirmed by test data, and parametric research models. 

The authors of [13] tested 28 steel L-shape specimens to study their reaction when it is necessary to 
withstand the axial compressive load at different end eccentricities. 

The authors of [14] investigated the stability and design of laser-welded stainless-steel I-beam columns. 

In [15], the authors conducted an experimental study on the ultimate strength of welded I-beams made 
of steel using laser cutting under axial compression. 

The methodology for calculating centrally and eccentrically compressed non-ideal rods of a rectangular 
profile in critical and supercritical states is described in the [16], in which the principle of possible displacements 
was used as the calculation method. 

The authors of [17] proposed variants of linearized differential equations of “geometrically” and 
“physically” nonlinear problems on bending-torsional deformations of thin-walled open-profile rods. Two “step-
by-step” methods for solving the original nonlinear problem are considered. General expressions are obtained 
for the formation of sequentially refined stiffness matrices of rods as systems with 14 degrees of freedom with 
the possibility of introducing them into the finite element method programs when calculating bar nonlinearly 
deformable structures. 

The solution of the problem of determining the bearing capacity and stability of compressed rods is 
urgent. Many authors offer various methods, some of which use the calculus of variations [18−19]. 

Many scientific works provide examples of determining the bearing capacity of beam and column 
structures by analytical and numerical methods [20−24]. 

The purpose of this study is to compare the results (the dependence of the axial displacements of the 
mid-section) of the calculation of the eccentrically loaded bisteel column using the analytical and numerical 
method of solution, and also to prove their comparability with the experimental results. 

2. Methods 
2.1. Analytical method 

Bisteel columns are effective constructions in comparison with traditional monosteel standard 
structures: the bearing capacity of section increases due to elastic-plastic work and a favorable combination 
of various durability of steel. 

At production welded I-shaped profiles residual tension influence were arisen. Their influence on the 
intense deformed condition of thin-walled elements of metal designs is studied insufficiently. Calculation 
methods were developed for bisteel elements of metal constructions beyond an elasticity limit. 

Algorithms of finding of maximum loads of non-central compressed welded the bisteel columns are 
developed, considering residual welding tension and elastic-plastic deformations. 

According to project codes calculation of the compressed elements of steel metal structures consists of: 

− selection of the sizes of cross section providing the set service conditions at and minimum cost; 

− check of durability; 

− check of rigidity; 

− check of general stability and also stability of elements of cross section. 
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Feature of work of non-central compressed columns with two-axis eccentricity is the development of all 
three characteristic deformations (deflections in two planes and the angles of twisting). 

For the analysis of the intense deformed condition of thin-walled elements at elastic-plastic deformations 
used the charts of balance conditions connecting the internal forces of a profile with its displacements. 

Searching of the limit parameter of the load N (loss of bearing capacity) provides by step method. Nlim is 
a load from requirement of first and second group of limiting condition. 

The conducted researches are based on the system of the differential equations of a bend and torsion of 
thin-walled cores of open profile with the geometrical and physical nonlinearity, offered by A.Z. Zarifyan [25]. The 
decision of a boundary-value problem based on method of "elastic solution", developed by A.A. Ilyushin. 

For analyses pendulum column (H-shape form), compressed by longitudinal force N, having an 
eccentricity ex, ey (shown on Fig. 1) using system of the differential equations (1): 
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where qzψ,t, qxψ,t, qуψ,t, mψt are intensity of additional distributed loading in the plasticity zone, which 
depends on the propagation of the plastic strain zones along the cross section and the length of the rod. The 
additional load functions were determined from the formulas: 

qzψ = Nψ; qxψ = (Myψ)″; qyψ = – (Mxψ)″; mψ = Bψ,   (2) 

where Nψ, M xψ, М yψ, Вψ  are partial values of internal forces in the zones of plastic deformations of the rod’s 
cross sections, arising from the difference between the elastic and effective stresses, according to the actual 
diagrams of deformation of the materials of the column elements (σi−εi). In the absence of plastic 
deformations in the sections, we consider these quantities to be equal to zero. A detailed description of the 
algorithm for determining the bearing capacity for eccentrically compressed rods, taking into account the 
geometric and physical nonlinearity, is given in [26]. 

In the general case, the algorithm for solving the system of nonlinear differential equations was 
implemented as follows: 

• at the first step, the plasticity function ψ1(εi), the intensity of the additional loads qxψ, 1, ..., as well as 

the additional forces in the boundary sections Mxψ, 1, ... are set equal to zero and a system of 
linearized ordinary differential equations was solved. At the next stage, the values of the 
displacement functions ζ1, ξ1, η1, θ1 were determined, the strain intensities εi, 1 were calculated, 
the zones of plasticity propagation over the cross sections and the length of the thin-walled rod were 
found. 

• taking into account the nature of the diagrams σif = σif (εi) for the shelf and σiw = σiw (εi) for the 

column wall, the stress intensities σi, the plasticity function ψ2(εi) were found and the quantities the 

development of plastic areas, the values qxψ, 2, ... and Мxψ, 2, .... The rod, in addition to the given 

external forces, was loaded with additional distributed loads qxψ, 2, ... in the span along the 

elastoplastic region and additional forces Mxψ, 2, ... at the ends. Since the expressions qxψ, 2, ...,  

Mxψ, 2, ... were determined by substituting the corresponding formulas for the displacement functions 
of the previous approximation into nonlinear terms, a system of linear differential equations was 
obtained. 

The calculation in the third and following approximations was reduced to the sequential solution of linear 
equations. 

The system of differential equations (1) for calculating elastoplastic thin-walled rods of an open profile 
is obtained on the basis of the following premises: 
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• the projection of the contour of the cross section on the accompanying plane normal to the deformed 
axis of the centers of bending of the rod is not distorted; 

• shear deformations of the middle surface are insignificant, and their influence on the law of 
distribution of longitudinal displacements along the midline of the contour can be neglected; 

• normal stresses in the cross section are considered uniformly distributed over the thickness; 

• tangential stresses τzs are directed parallel to the tangent to the midline and along the thickness of 
the profile elements and vary linearly. 

• for rods made of elastoplastic materials, under simple loading, the dependence between the stress 
intensity σi and the strain rate εi is taken in the form σi = E [1–ψ(εi)] εz, where ψ(εi) is a function 

depending on the achieved level of strain intensity and determined from the diagram σi− εi of the 
material; 

• with simple loading in the rods of elastoplastic materials, there is a continuous increase in the strain 
intensity; 

• the relationship between deformations and components of the displacement vector has the form 

εz = ζ’ – (ξ’’ + θ η’’) x – (η’’ – θ ξ’’) y – θ’’ω. 

• to determine the boundaries of the distribution of plastic zones over cross sections and the length of 
a thin-walled rod, the Mises plasticity condition was adopted. The transition of the rod to the 
elastoplastic state occurs when the stress intensity value in the most stressed fibers becomes equal 
to the yield strength of the material σi = σy. 

At non-central compression with the two-axis eccentricity identical on both ends, kinematic boundary 
conditions for ξ, η, θ do not change and depend on a way of fixing of a core. Internal efforts in the case of the 
development of plastic deformations in the main sections when the force N is transmitted to the ends of the 
rod through diaphragms that are rigid from their plane (the absence of an external bimoment at the ends) have 
the form: 

0,ξ η θ= = =  ,x y xM Ne M ψ= −  ,y x yM Ne M ψ= − −  .x yB Ne e Bψ= −  

The calculation results using formulas (1), (2) are shown on diagram, Fig. 6, denote by green color. 

1

2

 

Figure 1. The design scheme of column and cross section:  
1 – normal-strength steel; 2 – high-strength steel. 
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Table 1. Parameters of the studied specimens. 
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hw, bf, tw, tf, 

of rack mm mm mm mm N, kN λy 
1 2 8 9 10 11 13 14 15 

1 KM 1-01 62 61 2 2 
34.0 

60 85.5 

2 KM 1-02 63 60 2 2 61 -- 

3 KB 1-03 42 38 2 4.5 
23.0 

96 94 

4 KB 1-04 41 39 2 4.5 94 -- 

5 KB 2-01 26 45 2 4.5 

24.5 

85 105 

6 KB 2-02 27 44 2 4.6 88 -- 

7 KB 2-03 25 45 2 4.5 85 -- 

8 KB 2-04 27 45 2 4.6 86 -- 

Note: KM is monosteel rack; KB is bisteel rack. 

 
Figure 2. Bilinear isotropic hardening chart: a – 09G2; b – VSt3sp5. 

2.2. Experimental method 

Testing of welded I-shaped rack by compression with an eccentricity [27] relative to both main axes were 
carried out on special test unit based on 10-ton unit used prof. Korobov’s system (Fig. 3).  

 

Figure 3. Overall view of test unit. 
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The optimal sizes of the experimental bisteel pillar columns were calculated using the multicriteria 
multiparameter optimization of the cross-sectional dimensions of eccentrically compressed rods, the material 
of which works in the elastoplastic stage [17]. 

The following materials were used for the rack: 

− webs of the I-beam profile were made from sheet broadband universal hire of the brand VSt3sp5 
(Russian State Standard GOST 27772-88*) with design resistance Ry, w = 235 MPa, 

− flanges of the I-beam profile were made from high-strength steel of the brand 09G2 (Russian State 
Standard GOST 19282-73*) and 14G2 with design resistance Ry, f = 355 МPa. 

The columns were welded by semi-automatic welding in carbon dioxide. To make the shape and 
dimensions of the posts after welding consistent with the design, a number of measures were taken during 
their manufacture, which were reduced to compensate for the plastic deformation that develops during 
welding. These included the following: 

• increase in stiffness by means of special fastenings of the elements being welded (use of a 
conductor); 

• application of a rational order of welding. 

The ends of the strut elements were milled to obtain a flat supporting surface. 

It was made 8 racks of two series. Each series consisted of 4 samples. After manufacturing, each rod 
was measured in three sections along the length using a caliper. The scatter of measurements was no more 
than 1.6 %, which made it possible to use all the characteristics. 

To obtain a diagram σ−ε of the material of the shelves and walls, flat samples were made, which were 
subjected to tension up to fracture. In the elements (wall and shelves) of the H-shaped profile of sheet metal, 
the samples were oriented in the direction of the greatest compressive stresses in the column. Production of 
samples and their tensile tests were carried out according to Russian State Standard GOST 1497-84*. 

Testing of all rods for eccentric compression was carried out according to a single method. The full test 
cycle of each rod in the elastic and elastoplastic stages included the preparatory stage and the test phase. At 
the preparatory stage, after the final centering, the rod was installed in the supporting devices of the machine 
with the specified eccentricities of the load application and the measuring devices were mounted. 

The eccentricities ex, ey of the application of the load were created due to the displacement of the axis 
of the rack relative to the axes of the loading device of the testing machine. The magnitude and sign of the 
eccentricities at both ends of the rod were assumed to be the same. After obtaining the specified eccentricity 
of the load application, eccentric loading was performed by the applied force. 

The following measurements were made on the tests: 

− displacement of the center of a bend (ξ,η) in the direction of axes ОХ and ОУ in the central section 
of the column (were installed dial indicators with an increment of 0.01 mm); 

− deformation in the middle of the rack using strain gauges with a base of 10 mm and strain gauge 
station VST-6. The device provided measurement of longitudinal deformations with an accuracy of 
1∙10-5 and allowed to define relative deformations up to 2 %; 

− bearing capacity (it was fixed according to indications of a dynamometer). 

The tests results are shown on diagram, Fig. 7, denoted by red color. 

2.3. Finite element modelling method 

Finite element model of rack was calculated by ANSYS software. Authors found that the divergence 
between the calculation and experimental results for the tested rack in the linearity zone is on average 3.39 % 
[28]. Computer analysis of the data allows obtaining the results of deformation of an eccentrically compressed 
column without full-scale experiment. 

The model consists of: steel plate with design resistance Ry,w = 235 MPa (web of I-beam); steel plates 
with design resistance Ry,f = 355 MPa (flange of I-beam); prisms (welded seams); heavy plate (upper plate 
has a load, lower plate has a fixing surface); constraints by side screws (Fig. 4). 

The finite element model consists of tetrahedral (lower and upper plates) and hexahedral (the rest of 
the model) elements with a minimum size of 1−2 mm near the boundary conditions or contact interaction. For 
extended and geometrically unchanged sections of the structure, a bias modifier is used, which allows to 
reduce the number of elements in the model without losing the accuracy of the calculation results (Fig. 5). 
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Figure 4. The design model of I-shape form 

profiles. 
Figure 5. Biased mesh. 

The calculation was carried out in a nonlinear formulation. Such a statement implies an iterative type of 
solution. This means that the conditional loading time is divided into substeps, in each of which the load applied 
to the structure increases sequentially to the nominal value, the design scheme changes due to deformations 
(geometric non-linearity), and the elastic properties of the material also change when the stresses leave the 
proportional band (physical nonlinearity). 

3. Results and Discussion 
The resulting contours of the values of the directional deformations are represented in Fig. 6. 

a     b  
Figure 6. Directional deformation:  

a – in the direction of ax Ox, b – in the direction of ax Oy. 

All results are represented in Table 1 and on the Fig. 7. 

Table 2. Results of analytical solution, tests and computer simulation. 

Loading, kN 5 10 15 20 25 30 32 

Deformation in the direction of axis ОХ 

Tests results 0.052 0.114 0.179 0.271 0.486 0.75 0.84 

Results of calculation by (1), (2) 0.052 0.103 0.164 0.244 0.4 0.63 0.79 

Nonlinear Finite Element Analysis 0.051 0.102 0.154 0.206 0.257 0.308 − 

Deformation in the direction of axis ОY 

Tests results 0.06 0.126 0.196 0.269 0.371 0.56 0.61 

Results of calculation by (1), (2) 0.06 0.126 0.205 0.298 0.44 0.662 0.79 

Nonlinear Finite Element Analysis 0.059 0.12 0.18 0.24 0.299 0.36 0.382 
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Figure 7. Diagramms of results: a – diagramm of dependence N-ξ (in the direction of axis ОХ), 

 b – diagramm of dependence N-η (in the direction of axis ОY). 

Analytical calculation for formulas (1) and (2) gives the results close to experimental values (the 
maximum divergence of 15 %), the configuration of schedule of ANSYS simulation results repeats the 
schedule of experience data, and a divergence of results insignificant (to 9 %). In the analytical calculation, 
linear displacements in the direction of the main axes of inertia of the cross section and angular displacements 
relative to the axis of the column were taken into account. Linear deformations are given in the results of the 
analytical solution. Under the given boundary conditions corresponding to the parameters of the physical 
model, total angular displacements in the numerical experiment were less than 0.1 degrees. In a physical 
experiment, torsional strains were not measured [26]. Thus, it is possible to draw a conclusion on adequacy 
of computer calculation for the solution of a difficult nonlinear problem. Methods for determining bearing 
capacity were used to optimize the cross-sectional size of thin-walled rods. 

The calculation module for determining the bearing capacity was used to solve the problem of 
multicriteria optimization of the parameters of the cross section of the bisteel column, taking into account 
geometric and physical nonlinearity. Optimization was carried out at given values of the column length and 
compressive force, which was applied with eccentricities. The solution to the optimization problem was based 
on a search method in a uniformly distributed sequence. The following parameters were taken as varied: 
design resistance of the material, wall and shelf dimensions. Regulatory (local stability of the wall and shelf 
profiles of the column) and structural limitations (the possibility of using welding equipment in the manufacture 
of the column) were taken into account. The following criteria were taken as criteria of the objective function: 
the cross-sectional area of the column, the moment of inertia of the cross-section in the plane of least rigidity, 
and the manufacturing cost. 

Based on the solution of the problem of determining the bearing capacity, a technique is developed for 
optimizing the cross-sectional dimensions of a composite H-shaped eccentrically compressed welded bisteel 
columns, taking into account the elastoplastic properties of the material, initial defects and residual stresses 
in a geometrically and physically nonlinear setting under a given load [29]. 

4. Conclusion 
1. A theoretical and experimental study of the operation of columns of steel of two grades with 

different yield strengths under static load was carried out. The method for determining the maximum loads 
makes it possible to rationally select economical sections in the form of a welded I-beam taking into account 
the required regulatory restrictions. 

2. The results of analytical and numerical modeling of the stress-strain state and ultimate loads of 
the bisteel columns are in satisfactory agreement with the data of experimental studies. 

3. The developed technique was used to solve the problem of multi-criteria, multi-parameter 
optimization of the cross-sectional dimensions of H-shaped columns with a high degree of sampling of the 
dimensions of the structure. 
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Abstract. Porous glass ceramic materials are widely used in the construction industry. Foam glass ceramics 
are obtained from industrial wastes, rocks of various chemical and mineralogical composition and other raw 
materials. Samples of foam glass ceramic materials obtained by burning the mechanically activated charge 
were studied. Siliceous rocks from six deposits were ground together with thermonatrite (Na2CO3·H2O). The 
resulting charge was burned at a temperature of 850 °C. The following properties were determined 
experimentally: bulk density, compressive strength, water absorption, sorption humidity, thermal conductivity, 
application limit temperature, thermal and chemical stability of samples. In order to obtain glass ceramic 
materials with a uniform porous structure, the total amount of cristobalite and the amorphous phase in the 
composition of siliceous rock has to be more than 44.5 %. The amount of quartz, calcite and muscovite in the 
rock should not exceed 12 %. The bulk density of the samples decreases with an increase of heilandite share 
in the charge composition. The maximum compressive strength of the developed materials is 6 MPa with a 
bulk density of samples equal to 290 kg/m3. The water absorption of samples decreases to 2.5 % (by volume) 
with an increase of diatomite share in the charge composition for more than 39.5 %. The minimum thermal 
conductivity of glass ceramics (0.0583 W/m °С) was revealed at a sample density of 180 kg/m3. Insufficiently 
high values of thermal stability index (167–183 °C) are associated with the presence of both amorphous phase 
and crystalline minerals in the material, which have different thermal expansion coefficients. The application 
limit temperature of the material reaches 850 °C. The developed materials demonstrated high chemical 
stability after boiling in water, an aqueous HCl solution, as well as in an alkaline solution. Regarding a number 
of indicators, porous glass ceramic materials based on siliceous rocks are superior to foam glass and can be 
used as thermal insulation of pipelines, industrial plants (melting furnaces, boiler equipment), etc. 

1. Introduction 
Porous glass ceramic materials are widely used in the construction industry. Glass ceramic materials 

have high strength, low heat conductivity, high stability to harsh chemical environments, a wide range of 
operating temperatures, etc. They are used as insulators in the construction of industrial and civil facilities, 
nuclear power plants, gas and oil industry enterprises [1–3]. 

In industrial and civil engineering, foam glass ceramic materials from glass waste are widely used  
[4–6]. Glass ceramics based on industrial wastes, such as slag from metallurgical production [7–9], lead-zinc 
mine tailings [10], red mud [11], etc., possess decent physical, mechanical, thermal and physical properties. 
A large number of researches are devoted to developing the compositions and studying the properties of 
porous glass ceramic materials from siliceous rocks (diatomite, tripoli, opoka) [12–19]. Technologies for the 
production of porous glass ceramics are also diverse. Materials are obtained by the method of co-melting the 
components [20], by method of mixing the components in the molten state [21], by foaming a colloidal 
suspension [22], etc. Porous glass ceramic from siliceous rock is obtained mainly in the form of bulk materials 
[13–19]. Diatomite, opoka, zeolite-containing rocks are activated with aqueous solutions of alkalis, then they 
are granulated and burned after that. The equipment deteriorates rapidly with this production technology, as 
a result of exposure to alkalis. Burning the charge is accompanied with the release of harmful substances 
(NaOH) into the atmosphere [23]. This issue is resolved by replacing the alkaline solution with an alkaline 
component (for example, Na2CO3·H2O) in dry form. The components have to be mixed using joint grinding 
method (mechanochemical activation). Structural defects accumulate in the particles of a solid body during 

https://creativecommons.org/licenses/by-nc/4.0/
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intense grinding, phase transformations occur, as well as amorphization of minerals in the crystal structure 
[24, 25]. The practice of obtaining block porous glass ceramic materials by burning joint ground siliceous rock 
(tripoli) and an alkaline component (Na2CO3) is described in the research [26]. 

Siliceous rocks from various deposits have significant differences regarding chemical and mineralogical 
composition. The impact of chemical composition of raw materials on the physical, mechanical, thermal, 
physical and other properties of glass ceramic materials is described in detail in scientific literature. It was 
determined that the strength characteristics of glass ceramics increase with increasing the amount of Al2O3 in 
the mixture up to 18 % [27]. According to the studies [28, 29], the increase in the alumina amount in the mixture 
to a certain extent reduces the thermal conductivity and thermal expansion coefficient of porous glass ceramic 
samples. The impact of CaO content in the material composition on various properties of glass ceramic 
samples from glass wastes and fly ash was described in detail in article [30]. Their obtained results indicate a 
density increase and a simultaneous decrease in compressive strength of samples. The calcium oxide content 
in the material composition increases and is more than 4.25 %. An increase in the density of glass ceramic 
materials, which are based on slag from copper production, with an increase of calcium oxide in the 
composition was also noted in the study [31]. The positive effect of Fe2O3 in the material composition on 
increase in the strength characteristics of glass ceramics was determined [32]. Almost all of the above 
mentioned results were obtained while studying glass ceramic samples based on artificially created glasses 
or industrial wastes. There are only few studies describing the impact of chemical and mineralogical 
composition of siliceous rocks on the properties of porous glass ceramic materials obtained by burning a 
mechanochemically activated charge (siliceous rock + fluxing agent). 

The research goal is to determine the impact of chemical and mineralogical composition of siliceous 
rocks on the physical, mechanical, hydrophysical and thermophysical properties. The chemical stability of the 
foamed glass ceramic samples obtained by burning a mechanochemically activated charge needs to be 
determined as well. 

Objectives: 

− to determine the impact of chemical and mineralogical composition of siliceous rocks on the bulk 
density, compressive strength, as well as on water absorption and sorption humidity of foam glass 
ceramic samples; 

− to determine the thermal conductivity, thermal stability and application limit temperature of the 
production samples of foam glass ceramic materials; 

− to determine the stability of developed material samples in water or aqueous solutions of acids and 
alkalis. 

2. Methods 
2.1. Materials 

In order to obtain foamed glass ceramic samples, siliceous rocks from six deposits were used, five 
species of tripoli and one diatomite (humidity ≤ 1 %). The chemical and mineralogical composition of the rocks 
is given in Table 1 and 2, respectively. 

Table 1. The chemical composition of the rocks. 

Comp. 
number 

Chemical composition, % mass 
SiO2 CaO Al2O3 Fe2O3 K2O MgO TiO2 Na2O SO3 Other 

R1 69.6 6.9 7.1 2.0 1.5 1.0 0.3 0.0 0.1 11.5 
R2 68.5 6.8 6.8 1.8 1.5 1.0 0.3 0.2 0.1 13.0 
R3 67.9 7.7 7.6 2.0 1.6 1.1 0.3 0.2 0.1 11.5 
R4 56.4 12.5 8.7 2.7 2.0 1.2 0.4 0.2 0.1 15.8 
R5 62.3 11.3 6.7 2.0 1.4 0.9 0.3 0.1 0.0 15.0 
R6 81.5 1.5 5.3 2.1 1.0 0.9 0.2 0.2 1.8 5.5 

 
Table 2. The mineralogical composition of the rocks. 

Comp. 
number 

Mineralogical composition, % 

Quartz Calcite Heulandite Muscovite Cristobalite Tridymite 
Amorphous 

phase 
R1 11.6 12.3 16.8 12.6 24.7 2.0 20.0 
R2 11.4 12.1 19.0 10.8 24.6 2.1 20.0 
R3 10.8 12.8 19.2 14.4 21.1 1.7 20.0 
R4 11.1 22.4 19.8 14.3 11.4 1.0 20.0 
R5 8.5 21.3 19.6 9.9 19.2 1.5 20.0 
R6 14.3 0.0 0.0 10.7 0.0 0.0 75.0 
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Thermonatrite with a main substance mass fraction of at least 99 % was used as fluxing agent. The 
chemical formula is Na2CO3·H2O. 

2.2. Compositions and manufacturing technology of samples 

Samples of foamed glass materials were produced according to the technology described below. First, 
the siliceous rock was ground together with fluxing agent (Na2CO3·H2O). The grinding was carried out in a 
Retsch PM 400 planetary ball mill for 90 minutes (the rotation speed of the grinding jars was 250 rpm). Then, 
the resulting charge was poured into metal molds and burned in a muffle furnace (the molds were pre-treated 
with kaolin paste). The charge burning program is as follows: heating to a temperature of 600 °C at a rate of 
4.5 °C/min, holding at 600 °C for 1 hour, heating to 850 °C at a speed of 4.5 °C/min, holding at 850 °C for 
30 minutes. Holding at a temperature of 600 °C is necessary in order to remove excess gases formed due to 
the decomposition of individual minerals from the charge’s composition (calcite, muscovite, etc.). After cooling 
the mold with the obtained material together with the furnace to 40 °C, the mold was disassembled, and the 
samples were removed for further testing. 

The studied charge compositions are presented in Table 3. The compositions are selected based on 
previously conducted experimental studies of obtaining glass ceramic materials with an optimal porous 
structure (pore diameter not more than 2 mm). The results are partially described in the study [26]. 

Table 3. Compositions studied in the research. 

Composition 
number 

Charge composition, % 

Siliceous rock 

(chemical composition see Table 1) Thermonatrite 

R1 R2 R3 R4 R5 R6 

C1 79 – – – – – 

21.00 

C2 75.05 – – – – 3.95 

C3 71.10 – – – – 7.90 

C4 67.15 – – – – 11.85 

C5 – 79.00 – – – – 

C6 – 75.05 – – – 3.95 

C7 – 71.10 – – – 7.90 

C8 – 67.15 – – – 11.85 

C9 – – 79.00 – – – 

C10 – – 75.05 – – 3.95 

C11 – – 71.10 – – 7.90 

C12 – – 67.15 – – 11.85 

C13 – – – 39.50 – 39.50 

C14 – – – 34.00 – 45.00 

C15 – – – – 44.40 34.60 

C16 – – – – 42.00 37.00 

C17 – – – – 39.50 39.50 

2.3. Analytical techniques 

2.3.1. Physical and mechanical properties 

The density and compressive strength of foamed glass ceramic materials were determined using dry 
cubic samples with a face size of 90±5 mm. The maximum destructive force when determining the 
compressive strength was adopted as the value, at which the sample collapsed with cracking or crumpled in 
the surface layers by 10 % of the initial height value. The final result was the average value of the test results 
of five samples for each composition. 

2.3.2. Hydrophysical properties 

Water absorption ( VW ) of foamed glass ceramic materials by volume was determined by measuring 

the water mass adsorbed by a dry sample when completely immersed in water for 24 hours. The tests were 
carried out on cubic samples with a face size of 50±5 mm. Before testing, the samples were dried to constant 
weight at a temperature of 105±5 °C. The formula for determining water absorption ( VW , %) is as follows: 
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,                                                          (1) 

where m  is mass of the sample, previously dried to constant weight, g; 

1m  is mass of the sample saturated with water, g; 

V  is volume of the sample, cm3; 

Wρ  is the density of water, g/cm3. 

The sorption humidity ( SW ) of foamed glass ceramic materials was determined for samples with the 

mass of 5±0.5 g. The samples were placed in glass beaker and dried to constant weight. Then the glasses 
with samples were placed in artificially created steam-air medium (relative air humidity: 40 %, 80 %, 97 %, 
temperature is 20±2 °С). Every 5 days within 1 month, the moisture content of the samples was determined 
by weighing. The temperature of the room, in which the samples were weighed, was 20±2 °C; the relative air 
humidity was 60±10 %. The formula for determining the sorption humidity ( SW , %) of the samples is as 

follows: 

1

2
100S

m m
W

m m

−
= ⋅

−
,                                                          (2) 

where m  is mass of the dried sample in a glass beaker, g; 

1m  is the mass of the sample in a glass beaker after the end of the sorption process, g; 

2m  is mass of dry glass beaker, g. 

When determining the hydrophysical properties, the average value of the test results for three samples 
of each composition was taken as the final result. 

2.3.3. Thermophysical properties 

The thermal conductivity (λ ) of samples was determined by the probe method using the MIT–1 device 
(probe diameter 6 mm). The studies were carried out on dry cubic samples with a face of 90±5 mm at a 
temperature of 25±2 °C. In the center of cube face a hole was drilled with a diameter of 6 mm and a depth 
from 50 to 60 mm, into which the probe was immersed. 

The application limit temperature of foamed glass ceramic materials was determined by the residual 
change in sample size (90×40×40 mm) after aging at a given temperature. Dry samples were placed in a 
muffle furnace in one row in height. The temperature in the furnace was increased at a rate of 10 °C/min to a 
temperature, which is 50 °C less than maximum. Then it was increased at a rate of 2 °C/min for the last 50 °C 
before holding. The samples were kept at the testing temperature for 2 hours. The samples were cooled 
together with the furnace down to room temperature. Linear temperature shrinkage ( l−∆ ) or growth thermal 
expansion ( l+∆ ) during sample heating was calculated in percent by the following formula: 

1 100
l l

l
l

−
∆ = ⋅ ,                                                              (3) 

where l  is the sample height before heating, cm; 

1l  is the sample height after heating, cm. 

The thermal stability ( T∆ ) of the samples was determined according to the temperature difference of 
the alternately heated and cooled samples, at which cracks occurred. Dry cubic samples (face length equals 
50±5 mm) were kept for 30 minutes in a thermostat at a temperature of 110 °C. Then, the samples were 
removed from the thermostat after no more than 10 seconds and immersed in a water tank (water temperature 
is 20±2 °С). The immerse duration of samples in water is 65±5 seconds. The experiment was repeated with 
an increase in the thermostat temperature by 10 °С until cracks appeared on all samples. The thermal stability 
( T∆ , °C) of each sample was calculated by the following formula: 

T W tT T T T∆ = − − ,                                                         (4) 

where TT  is thermostat temperature, at which a crack on the sample appeared, °C; 

WT  is temperature of the coolant in the tank, °C; 
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tT  is thermostat temperature difference between the subsequent and previous tests, 10 °C. 

The average value of test results for three samples of each composition was taken as the final result, 
when determining the thermophysical properties. 

2.3.4. Chemical stability 

The chemical stability ( X ) of foamed glass ceramic materials was determined using powder samples 
(fraction 0.315–0.630 mm). The weight loss of the samples was determined after boiling for 3 hours in distilled 
water, in aqueous solution of 6N HCl, and in a mixture of equal volumes of 1N solutions of Na2CO3 and NaOH. 
5±0.0005 g of the prepared sample were placed in a flask and filled with 100 cm3 of reagent. The flask was 
connected to a reflux condenser. After boiling the contents of the flask for 3 hours, an aggressive liquid was 
drained from it, and the sample was washed with distilled water. The washed sample was poured onto a funnel 
with an ashless paper filter, together with distilled water. The funnel with the filter and the test sample was 
calcined in an oven at a temperature of 800±25 °С, cooled in a desiccator above CaCl2 and weighed. 

The formula for determining chemical stability ( X , %) is as follows: 

1 100
m m

X
m

−
= ⋅ ,                                                          (5) 

where m  is the sample mass before the test, g; 

1m  is the sample mass after testing, g. 

The final result was adopted as the average value of the test results for three samples of each 
composition. 

3. Results and Discussion 
3.1. Physical and mechanical properties 

The results of studying the impact of chemical and mineralogical composition (siliceous rock + 
thermonatrite) of the charge on the bulk density and compressive strength of porous glass-ceramic samples 
are presented in Fig. 1. During the experiment, 17 compositions of five samples each were tested. 

a     b  
Figure 1. Bulk density (a) and compressive strength (b) of samples. 

According to the obtained data (Fig. 1, a), an increase in the diatomite amount (rock R6) in the charge 
composition causes the bulk density of porous glass ceramic samples to increase linearly. For example, the 
density of samples increases by almost 25 % when 15 % of tripoli (rock R1) is replaced with diatomite 
(compositions C1 and C4, respectively) in the charge composition. This is probably due to the fact that the 
decrease in the bulk sample density (when replacing part of tripoli with diatomite) is a consequence of a 
heulandite (a mineral from the zeolite group) content decrease in the charge composition. As per researches 
[15, 26], the zeolite group minerals are ones of main sources for pore formation in the production of glass 
ceramic materials based on siliceous rocks (for one charge heating). According to studies carried out, samples 
C1, C5 and C11 have the lowest bulk density (≈ 230 kg/m3). The heulandite content in the rock, from which 
the samples are made, is 17–19 %. The results obtained when testing samples of compositions C9 and C10 
were not taken into account, since they had an uneven porous structure. The samples of C14 composition 
have the highest density (≈ 315 kg/m3). In this case, the heulandite amount in the rock is the smallest (8.5 %). 

Despite the deterioration of some indicators, such as density increase, the introduction of diatomite into 
the charge is necessary in some cases. For example, tripoli R4 and R5 contain a large amount of calcite (> 
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20 %). Without adding diatomite to the charge, it was not possible to obtain foamed glass ceramic materials 
based on these rocks. Samples based on tripoli R5 (21.5 % CaCO3) have a uniform porous structure when at 
least 45 % of tripoli is replaced by diatomite in the charge. Based on the composition with tripoli R4 (22.4 % 
CaCO3), it was possible to obtain porous glass ceramic materials with not less than 50 % of diatomite content 
from the total mass of siliceous rocks in the charge. According to the data in Table 2, the diatomite used in the 
study consists of an amorphous phase for 75 %, which is characterized by high reactivity. When diatomite is 
introduced into the charge, the fluxing agent amount increases at a lower temperature, the material has a 
uniform structure [14, 18]. In addition, the amount of calcite decreases with replacing the part of tripoli by 
diatomite in the charge composition. As is known [33], calcite contributes to the production of melt in the charge 
at high temperatures. 

The pore structure of glass ceramic materials based on tripoli R3 becomes uniform, when at least 10 % 
of tripoli is replaced by diatomite in the charge. The main difference between the mineralogical composition of 
tripoli R3 from R1 is an increased muscovite content (by 1.8 %), as well as a lower amount of cristobalite (by 
3.6 %). However, foam glass ceramic samples based on tripoli R1 have uniform porosity even without the 
diatomite inclusion. Therefore, in order to obtain a uniform porous structure of glass ceramic materials based 
on the presented siliceous rocks, the total amount of cristobalite and the amorphous phase has to be more 
than 44.5 %. The amount of quartz, calcite and muscovite should not exceed 12 %. 

According to the studies (Fig. 1, b), it was found that the compressive strength of porous glass ceramic 
samples (C1–C12) is linearly dependent on their bulk density. These samples were obtained using tripoli  
R1–R3, which differ slightly in chemical and mineralogical composition. The samples of C4 composition have 
the highest compressive strength (≈ 6 MPa) for. The bulk density of the samples is 290 kg/m3. The 
compressive strength of the developed porous glass ceramic materials with an equal bulk density is greater 
than that of foam glass from glass waste and coal fly ash (fly ash) [1, 4, 5, 10, 30]. 

Samples of foamed glass ceramic materials based on tripoli R4 and R5 have lower compressive 
strength compared to samples based on rocks R1–R3 (with equal bulk density). For example, at almost the 
same density (≈ 290 kg/m3), the compressive strength of C17 samples is almost 20 % lower than the strength 
of C4 samples. According to the data in Table 1, this is most likely due to a decrease in Al2O3 amount in the 
material composition. A decrease in the strength characteristics of glass ceramic materials due to a decrease 
of aluminum oxide in their composition was represented in various researches [27–29]. 

3.2. Hydrophysical properties 

The results of studying the water absorption for foamed glass ceramic samples based on siliceous rocks 
are presented in Fig. 2. 

According to the scientific literature [16, 17], it is known that the water absorption of porous glass 
ceramic materials depends on the source of pore formation, the rate of temperature rise and burning, etc. 
Analyzing the data obtained (Fig. 2) showed that the water absorption of samples of the developed materials 
depends primarily on their bulk density. Samples of C9 composition have the greatest water absorption by 
volume (≈ 32 %). The bulk density of the samples is 180 kg/m3. And the least water absorption (≈ 2.5 % by 
volume) is in samples of compositions C14 and C17. The density of these samples is 315 kg/m3 and 
295 kg/m3, respectively. 

 

 
Figure 2. Water absorption of samples. 
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It should be noted that the amount of water adsorbed by the samples decreases with an increase of 
diatomite content in the initial charge composition. For example, the water absorption of C3 composition 
samples (7.9 % of diatomite) is almost 50 % higher than the composition of C16 (37 % of diatomite) at an 
almost equal value of the bulk density (≈ 270 kg/m3). As noted earlier, this is due to the prevalence of closed 
pores in the material structure due to an increase in the amount of fluxing agent at a lower temperature. 

According to the results of experimental studies regarding determining the sorption humidity of samples 
of developed foam glass ceramic materials, the following was determined. After 30 days of holding the samples 
at a temperature of 20±2 °C and a relative humidity of 40, 80 and 97 %, the sorption humidity of the material 
does not exceed 0.07, 0.10, 0.14 %, respectively. The mass of samples continues to increase. The impact of 
chemical and mineralogical composition of siliceous rocks (used for the research) on the equilibrium moisture 
content of samples from developed materials is not exposed at this stage. According to researches [16, 17], 
the sorption humidity index for samples of foam glass and foamed glass ceramic is stabilized for some 
compositions only after 1 year of testing. Our results after 30 days of testing correlate with data obtained by 
other authors [16, 17]. 

3.3. Thermophysical properties 

The results of the thermal conductivity test for porous glass ceramic samples, which are based on 
siliceous rocks with various bulk densities, are presented in Fig. 3. During the experiment, three samples for 
each of 17 compositions were tested. 

 
Figure 3. Thermal conductivity of samples. 

According to the data presented in Fig. 3, the thermal conductivity of dry samples increases linearly 
from 0.0583 to 0.0782 W/m∙°С with an increase in the material density from 180 to 320 kg/m3. The dependence 
of thermal conductivity (λ , W/m∙°С) on the density of studied materials is represented by the following formula: 

0.02 3.2

120

ρλ +
= ,                                                                          (6) 

where ρ  is the bulk density of the material in the dry state, kg/m3. 

The approximation certainty factor is 2R = 0.9405. 

As a result of conducted research, it was found that the density of dry porous glass ceramic materials 
from siliceous rocks with a thermal conductivity of not higher than 0.060 W/m∙°C should be less than 
200 kg/m3. For thermal conductivity of not more than 0.070 W/m∙°C the density has to be less than 260 kg/m3. 
No significant impact of the chemical and mineralogical composition of siliceous rocks (used in the study) on 
the thermal conductivity of developed material samples was detected. The results obtained correlate with the 
data of many researchers [11, 14, 20, 28]. 

According to various studies [1, 27, 28], the building materials used for the thermal insulation of industrial 
equipment must have high thermal stability (not to collapse under abrupt temperature changes). The results 
of testing the thermal stability of porous glass ceramic samples from siliceous rocks are represented in Fig. 4. 
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Figure 4. Thermal stability of samples. 

Analyzing the data presented in Fig. 4, it can be concluded that the thermal stability of developed 
material samples is within the 167–183 °C range. Insufficiently values of the indicator are apparently 
associated with the presence of both amorphous phase and crystalline minerals in the material. They have 
different thermal expansion coefficients. As a result, with an abrupt temperature drop of more specific intervals, 
the material is destroyed by internal stresses. As was determined earlier [26], the ratio of crystalline to 
amorphous phase is approximately 40:60 for the foamed glass ceramic materials based on siliceous rocks. 
Samples of compositions C9 and C10 withstood temperature gradient of almost 200 °C. Such effect is likely 
associated with the open porosity of the material, as evidenced by the high rate of water absorption of the 
samples (Fig. 2). According to the test method, heated samples were immersed in water. Penetrating into the 
material, it contributed to a more uniform cooling. Consequently, the thermal stability of the samples increased. 

It should be noted that the thermal stability of foamed glass ceramic samples increases with an increase 
in the diatomite content in charge composition. Disregarding the test results of C9 and C10 composition 
samples, the compositions with a diatomite content in the charge of more than 39.5 % (C13 and C14) have 
highest thermal stability (183 °C). The lowest value of the indicator is for samples (compositions C1, C5, C6), 
for which the diatomite content in the charge does not exceed 3.95 %. 

In terms of thermal stability, porous glass ceramic materials from siliceous rocks are comparable to 
foamed glass ceramic from industrial wastes, but slightly inferior to foamed glass [27, 28]. 

The results of studies on determining the application limit temperature of the developed materials 
(residual changes in the size of the samples after holding for 2 hours at a given temperature) are presented in 
Table 4. 

Table 4. Residual changes in the size of samples after holding for 2 hours at a given temperature. 

Comp. number 
Residual changes in the size of samples after holding for 2 hours at a given temperature, %* 

750 °С 800 °С 850 °С 
C1 0.00 –0.10 –0.21 
C2 0.00 –0.10 –0.29 
C3 0.00 –0.12 –0.49 
C4 –0.12 –0.43 –1.17 
C5 0.00 –0.13 –0.39 
C6 0.00 –0.29 –0.75 
C7 0.00 –0.31 –0.97 
C8 –0.17 –0.34 –2.32 
C9 0.00 0.00 –0.15 

C10 0.00 –0.11 –0.27 
C11 0.00 –0.18 –0.43 
C12 0.00 –0.30 –0.88 
C13 –0.06 –0.18 –1.04 
C14 –0.76 –0.82 –3.04 
C15 –0.11 –0.68 –5.36 
C16 –0.13 –0.76 –4.71 
C17 –0.22 –0.78 –5.48 

* − The standard deviation (σ) of the results does not exceed 0.02 % (from 0 to – 1 % for the results).  
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Analyzing the data in Table 4 shows that individual compositions of the developed materials (C1–C3, 
C5–C7, C9–C12) can be operated at a temperature of ≤ 850 °С. After holding for 2 hours at a temperature of 
870 °С, the sizes of samples of all compositions decreased by more than 1 %. With an increase of the charge 
diatomite content to more than 11.85 % in the composition, the application limit temperature of the samples 
decreases to 800 °C. After holding the samples for 2 hours at a temperature of 850 °С, their sizes decreased 
by only 0.15 % (C9 composition), and decreased by more than 5 % for C17 composition. According to the 
data in Tables 1 and 3, a C9 composition sample was obtained from siliceous rock (R3) with an Al2O3 content 
of ≈ 7.6 % (the amount of diatomite is 0). The total amount of aluminum oxide in the C17 charge does not 
exceed 6 %. According to the researches [27–29, 32], the stability of ceramic materials to prolonged exposure 
to high temperatures increases with an increase in the amount of Al2O3 and decreases with an increase in 
Fe2O3. It is likely that the increased content of Fe2O3 (2.7 %) in the composition of siliceous rock (R4) 
contributed to a decrease in the application limit temperature of samples based on it (C13, C14) up to 800 °С. 
It is important to note that the amount of alumina in the charge, from which samples C13 and C14 are made, 
is approximately 7 %. 

Regarding the application limit temperature, the developed materials are comparable to foamed glass 
ceramic from industrial waste, and significantly exceled foamed glass [28]. The application limit temperature 
of the latter rarely exceeds 600 °C [1]. Porous glass ceramic materials based on siliceous rocks (presented in 
the research) can be used as thermal insulation of industrial equipment, such as melting furnaces, boiler 
equipment, etc. 

3.4. Chemical stability 

Table 5 presents data on the weight loss of foamed glass ceramic samples (crushed to a fraction of 
0.315–0.630 mm) after 3 hours of boiling in various chemical media. 

According to the experimental data, with an increase in the diatomite content in the charge composition, 
the dissolution of powdery glass ceramic samples decreases upon boiling for 3 hours in water, an aqueous 
HCl solution, and also in alkaline solution. The pattern is typical for samples obtained from a charge based on 
siliceous rocks R1–R3 (compositions C1–C12). Thus, the mass of developed material samples based on R1 
composition tripoli (sample C1) decreased on average by 0.9 % after 3 hours of boiling in water. In an alkaline 
solution it decreased by 7.51 %, and by 3.62 % in an acid solution. When replacing 15 % of tripoli with 
diatomite, the weight loss of samples (C4) after 3 hours of boiling in water is on average 0.36 %. For an alkaline 
solution this value is 7.16 %, and for acid solution – 1.78 %. 

Table 5. The change in mass of samples after boiling in various chemical media for 3 hours. 

Comp. 
number 

The change in mass of samples after boiling in various chemical media for 3 hours, % 

Average value Standard deviation (σ) 

H2O 6N HCl 
solution 

1N Na2CO3 solution + 

1N NaOH solution (1:1) 
H2O 6N HCl 

solution 
1N Na2CO3 solution + 

1N NaOH solution (1:1) 

C1 0.90 7.51 3.62 0.08 0.45 0.25 

C2 0.75 7.44 2.37 0.06 0.52 0.17 

C3 0.57 7.33 1.94 0.05 0.44 0.10 

C4 0.36 7.16 1.78 0.03 0.36 0.11 

C5 0.74 7.43 3.6 0.05 0.45 0.22 

C6 0.58 7.38 2.48 0.05 0.44 0.12 

C7 0.49 7.24 2.03 0.04 0.51 0.14 

C8 0.42 7.13 1.94 0.03 0.50 0.12 

C9 0.61 6.99 3.41 0.05 0.35 0.24 

C10 0.54 6.71 2.97 0.04 0.40 0.15 

C11 0.48 6.35 2.74 0.04 0.44 0.14 

C12 0.32 6.13 2.51 0.03 0.31 0.18 

C13 0.86 6.45 2.08 0.06 0.38 0.17 

C14 0.99 6.38 1.91 0.09 0.43 0.10 

C15 0.08 6.51 1.97 0.01 0.46 0.12 

C16 0.33 6.43 1.89 0.02 0.32 0.13 

C17 0.89 6.42 1.87 0.08 0.39 0.13 
 
The dissolution of samples from a charge based on siliceous rocks R4 and R5 (compositions C13–C17) 

is greater with an increase of diatomite content in the mixture. After 3 hours of boiling in water, samples of 
composition C15 lost only 0.08 % by weight. At the same time, samples of composition C17 lost 0.89 %. Both 
variants of samples were obtained on the basis of tripoli with the R5 composition. There is by 4.9 % more 
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diatomite in the C17 charge composition than in C15. The chemical stability of these samples in HCl and 
alkaline solutions varies slightly. Samples lost on average 1.91 % after 3 hours of boiling in a HCl solution, 
and 6.46 % after boiling in an alkaline solution. 

According to the researches [34, 35], the chemical stability of glass-ceramic materials depends on many 
factors. The main influence is provided by their chemical and mineralogical composition. Pisciella P. in the 
study [31] came to the conclusion that the chemical stability of glass ceramics primarily depends on the 
material’s structure formation. As mentioned above, the amount of fluxing agent increases at a lower 
temperature with the introduction of diatomite in the charge composition. This possibly contributes to the 
material’s structure formation, characterized by greater chemical stability. It was determined that the chemical 
stability of glass ceramic materials is directly affected by the content of CaO in the composition [32]. The 
chemical stability increases with a decrease in calcium oxide in the material composition. According to the 
data in Table 1, the CaO content in the diatomite used (R6) is several times lower compared to tripoli  
(R1–R5). When replacing part of tripoli in the mixture with diatomite, the amount of calcium oxide in the 
calcined material decreases. Apparently, this also contributes to an increase in the chemical stability of the 
samples. 

The experimental tests of foamed glass materials showed their high chemical stability in water, in an 
aqueous HCl solution, as well as in an alkaline solution. Regarding this indicator, the developed materials 
excelled foamed glass [11, 34, 35]. The above mentioned allows recommending porous glass ceramic 
materials to be used as insulation of pipelines, industrial plants, etc. 

4. Conclusions 
The impact of chemical and mineralogical composition of siliceous rocks on the properties of porous 

glass ceramic samples is studied. The samples were obtained by burning a mechanochemically activated 
charge. Siliceous rocks from six deposits were ground together with thermonatrite (Na2CO3·H2O). The 
resulting mixture was burned at a temperature of 850 °C. The following properties were experimentally 
determined: bulk density, compressive strength, water absorption, sorption humidity, thermal conductivity, 
application limit temperature, thermal and chemical stability of samples. The major findings of the research 
are as follows: 

1. The bulk density of the samples depends more on the mineralogical composition of the siliceous 
rocks, from which they were made. In order to obtain glass ceramic materials with a uniform porous structure, 
the total amount of cristobalite and the amorphous phase in the rock composition has to be more than 44.5 %. 
The amount of quartz, calcite and muscovite in the charge composition should be less than 12 %. The bulk 
density of the samples decreases with an increase in the heulandite content in the charge composition. 

2. The compressive strength of the developed materials is linearly dependent on their bulk density. 
Moreover, this indicator decreases with a decrease in the amount of Al2O3 in the charge composition. The 
greatest compressive strength (≈ 6 MPa) was found in samples with a bulk density of 290 kg/m3. The 
compressive strength of the developed porous glass ceramic materials with an equal bulk density is several 
times higher than that of foamed glass from waste glass and coal fly ash.  

3. Water absorption of samples of developed materials decreases with a diatomite content increase in 
the charge composition. The greatest water absorption by volume (≈ 32 %) is in samples based on a charge 
without diatomite. The least absorption (≈ 2.5 %) is in samples obtained from a charge with a diatomite content 
of at least 39.5 %. The decrease in water absorption as a result of replacing part of tripoli with diatomite is 
apparently due to the prevalence of closed pores in the material structure. This is due to an increase in the 
amount of fluxing agent at a lower temperature. 

4. The thermal conductivity of dry foamed glass ceramic samples from siliceous rocks increases almost 
linearly from 0.0583 to 0.0782 W/m∙°С with an increase in the material density from 180 to 320 kg/m3. No 
significant effect of the chemical and mineralogical composition of siliceous rocks (used in the study) on the 
thermal conductivity of the samples was revealed. 

5. The thermal stability of the foam glass ceramic samples increases from 167 to 183 °C with diatomite 
content increase in the charge composition from 0 to 39.5 %. Insufficiently values of the indicator are 
apparently associated with the presence of both amorphous phase and crystalline minerals in the material. 
They have different thermal expansion coefficients. 

6. The application limit temperature of porous glass ceramic materials reaches 850 °C. This indicator 
for samples decreases to 800 °C with an increase of diatomite in the charge composition of more than 
11.85 %. It was determined that the application limit temperature decreases with a decrease in the amount of 
Al2O3 in the charge composition, as well as with an increase in Fe2O3. 

7. The developed materials showed high chemical stability after boiling in water, in an aqueous HCl 
solution and in alkaline solution. It was determined that the dissolution of powdery glass ceramic samples 
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upon boiling for 3 hours in chemical media decreases with diatomite content increase in the charge 
composition. 

8. Considering the number of indicators, porous glass ceramic materials based on siliceous rocks excel 
foamed glass and can be used as insulation for pipelines, industrial plants (melting furnaces, boiler 
equipment), etc. 
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Abstract. This article is devoted to the results of fire risk studies of polymer construction 
materials (PCMs), in particular decorative and finishing materials. The article 
summarizes the results of longstanding research carried out at VNIIPO EMERCOM in 
Russia and covers the main areas such as a review of existing regulatory and technical 
bases, experimental study of fire hazard (mainly the ability to ignite) for decorative and 
finishing facing materials, estimation of the flammability of paint and varnish coverings 
(P&VC), development of a method to determine fields of application for decorative and 
finishing materials, based on the condition of non-flammability in the case of fire, 
development of permissible usage conditions for decorative and finishing materials in 
premises (especially along evacuation routes) and determining methods for establishing 
permissible finish height. Research conducted in the specified areas allows to formulate 
the conditions for fire-safe P&VC application, taking into account the established 
maximum values of heat flux density, as well as to propose methods for determining the 
ignition time, the critical density of the heat flux ignition and the amount of heat 
necessary to ignite a unit of the coating surface for further practical use. Fire-safe P&VC 
application means no fire hazard from such coatings under the conditions of their 
particular use. Experimental studies of the influence of P&VC thickness (number of 
layers) and base (substrate) type on the flammability indexes made it possible to 
establish a number of corresponding dependencies. 

1. Introduction 
The primary objective of this work are polymer finishing materials for walls and 

floors, which can contribute into fire spreading and occurring of other hazardous factors 
(such as flame, smoke, etc.). The subject of this research is flammability of polymer 
building materials under the influence of heat flux of different densities and the 
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assessment of their parameters which can impact their possible application. Authors 
have not found any published researches concerning described materials and methods 
which can be used for their investigating. 

Some types of epoxy and alkyd enamels, water dispersion paints, samples of 
painted metal panels and decorative and protective plaster used for finishing the exterior 
and interior walls of buildings were selected for the studies. 

The flammability of polymer materials is a large problem of fire safety. Works in 
the area of fire safety are mostly concentrated on prevention [1−4]. There are many 
works devoted to the flammability of polymer building materials. [5−11], however most 
of the researches were focused on comparative tests and experimental data analysis, 
which is not connected with different fire modes and possible heat fluxes in specific 
conditions. If we talk about the application of different polymer coatings in fire conditions, 
we can mention works [12−14] which are concentrated on flammability of intumescent 
fire-protective coatings. Some other researches concerning the low flammable building 
materials are represented in [15, 16]. 

The relevance of a work to assess the fire hazard of polymeric building materials 
and the development of a fire prevention measures for their use especially on the 
evacuation routes is due to the need to ensure the safety of people during fire and also 
to limit the spread of a fire in a building to minimize material and environmental damage. 

The aim of the current research is to estimate flammability of polymer building 
materials in conditions which are close to real fire scenario. The following tasks were 
formulated:  

− To choose and justify the parameters of forecasting and assessment of polymer 
building materials fire hazard; 

− To choose and justify the type of materials which will be used during research; 

− To investigate flammability of samples and find out correlations; 

− To show the possibility of determination of the area of safe application of polymer 
building materials considering obtained experimental data of their flammability. 

From a fire occurrence perspective, in preventing the possible spread of fire 
through the building (or room) the flammability of combustible of PCM is the most 
important fire hazard property. Having achieved non-flammability of PCMs in the case 
of fire (along evacuation routes in particular), it is possible to limit the spread of fire, 
providing a safe means of evacuation and considerably reducing material and ecological 
damage. 

The parameters, most often used for estimating the flammability of PCMs, are 
flammability temperature (°C), the critical density of the heat flux rate (qflm

cr, kW/m2) and 
flammability time under the predetermined density of the heat flux rate (τflm,cr) [17]. 
Another important and informative parameter that can be used in the assessment of 
PCM flammability is the quantity of supplied heat needed for flammability of a material 
surface unit (Qflm, kJ/m2), calculated from Eq. (1): 

0 ( )flm
flmQ q d

τ
τ τ= ∫ ,                                                  (1) 

where q(τ) is the heat flux density influencing the material at a point in time τ and τ is 
the current time (s). 
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Under q(τ) = constant rate, 

eqv *flm flmQ q τ= ,                                                  (2) 

To obtain a more objective assessment of flammability, all the parameters need 
to be considered as a result of the influence of heat flux and it is necessary to implement 
experimental conditions maximally close to the real ones, including the correspondence 
of the heat flux mode to the real heat flux. 

Experimental data from [14] shows the change in heat flux density influencing the 
most dangerous section (from the point of flammability) during a fire. The data was 
obtained from results of field experiments at a polygonal installation, “High-rise building 
fragment”, with a fire load of 30 kg/m2 (fire centre) in a room of 20 m2, which corresponds 
to the majority of corridor-type buildings [18, 19]. In [14] it is shown how rates Qflm and 
qflm

cr are calculated in a diagram. With a known value of qflm
cr, it is possible to determine 

the permissible height of corridor finish [17]. In the example presented, the case of 
determining the maximum allowable flame propagation in a fire is not considered. 

Research on the flammability of different PCMs under conditions of variable and 
constant heat flux density over a period of time made it possible to introduce the concept 
of “equivalent heat flux density over time”, qeqv. qeqv is a constant heat flux density over 
a period of time, which influences the material and provides flammability results identical 
to those obtained for a variable heat flux density over a period of time. 

The results in [17] Fig. 2 were obtained experimentally in large-scale tests. In 
other specific cases, this dependence may have a different look and be different from 
linear. The research undertaken here can be used in future to maintain conditions for 
the fire-safe application of polymeric materials in a construction area, depending on the 
purpose of the materials and the purpose of the buildings. 

The most potentially dangerous materials in terms of possible fire spread in a 
building are decorative and finishing facing materials used along evacuation routes and 
in rooms. 

Any protective and decorative polymer coating applied to a non-flammable 
substrate (sand-cement mortar, concrete, brick, metal, mineral fibre plates, etc.) does 
not allow the material to be classified as non-combustible. This is because the 
combustibility test method (in Russia) for classifying construction materials as non-
combustible or combustible only applies to homogeneous building materials. For 
laminates, it can only be used as an evaluation and tests are carried out for each layer 
of material separately. Thus, in the case of a composite of a non-flammable finishing 
material and a combustible polymer coating applied thereon, the composition cannot be 
classified as non-combustible due to the presence of a layer of combustible material in 
its composition. In the course of research within the present framework, an analytical 
evaluation was carried out of the thermal impact on the facade system structure during 
fire spread on the outer surface of exterior wall in tests according to [21]. For this 
purpose, tests were conducted at FGBU VNIIPO EMERCOM, Russia, assessing the fire 
hazard of facade insulating composite system samples with external plaster layers. The 
samples were assigned to fireproof class. 

The temperature regime regulated by [21], it corresponds closely to real fire 
conditions and the maximum temperature values on the tested facade system surface 
are reached on the system surface at the flame exit point from the open aperture of the 
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fire chamber at approximately 0.2–0.4 m from the upper boundary (upper slope). The 
maximum temperature values, recorded in the gas column (at 150 mm from the facade 
system sample surface) at the indicated location when testing various facade thermal 
insulation composite system (FTICS) samples were 600–650°C and on the facade 
system sample surface were 550–600°C, which corresponds to the average density 
value of incident heat flux on a facade system surface of approximately 50 kW/m2. P&VC 
applied to the outer surface of the facade system finishing or facing surface almost 
completely burned out in the zone of direct exposure to the flame. This is confirmed by 
the test results for P&VC samples considered in the framework of the present work, 
according to standard [21]. Outside the zone of direct flame action (for example, at a 
distance of 1.8 m from the upper boundary of the fire chamber aperture) the maximum 
values of fixed temperatures in the gas column are in the range 300–350°C and on the 
facade system sample surface are 250–300°C, which corresponds to an average value 
of incident heat flux density on the facade system surface of approximately 15 kW/m2. 

2. Materials and Methods 
To establish the extent to which the protective and decorative layer of the material 

can affect fire hazard, comprehensive experimental studies were conducted to 
determine the flammability, flame propagation over the surface, smoke-generating 
capacity and toxicity of the combustion products of certain facing materials, using 
different non-flammable bases (in particular, metal and cement) and different chemical 
compositions and thickness of P&VC paint coatings. To carry out the experiments 
assessing the fire hazard of such materials, standard test methods (Russian) were used. 

An experimental evaluation of flame propagation was the simultaneous action of 
a 32 kW/m2 radiation source and a pilot burner flame, and the measurement result was 
a dimensionless value of the flame propagation index taking into account the linear 
motion of the flame front and the temperature of the flue gases generated during 
combustion. 

The method of determining the toxicity index (Toxicity index of combustion 
products) is biological and consisted of burning the test material in the combustion 
chamber at a known heat flux density and identifying the dependence of the lethal effect 
of gaseous combustion products on the mass of material, referred to the unit volume of 
the exposure chamber. There are four hazard classes of materials (T1-T4) according to 
the value of the toxicity indicator, of which class T1 is considered to be low hazardous. 

The essence of the method for determining the smoke generation coefficient  
(Dm, m2/kg) was to determine the optical density of the smoke generated during 
combustion or decay of an amount of material distributed in some volume. Three groups 
of materials are distinguished with low (S1), moderate (S2) and high (S3) smoke-
generating ability. 

To obtain the dependences of the critical falling heat flux density (CFHFD) and 
the linear velocity of flame propagation over the surface from the thickness of the P&VC, 
various types of epoxy and alkyd enamels and water-dispersion paints were used for 
finishing the exterior and interior walls of buildings. In addition, comprehensive study of 
fire hazard indicators was carried out for samples of finished painted metal panels and 
finishing compositions for the external surfaces of exterior walls of buildings and 
structures (facade compositions).  

It is important to note that the P&VC layers were applied to a non-flammable 
substrate (or composition) in accordance with the normative and technical 
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documentation development, with a consequent increase in the thickness of the upper 
layer (samples 1, 3, 4 and 5). Since in most cases of decorative property loss, P&VC 
layers are not removed, but are applied over the existing (“old”) P&VC layer (repainting), 
the thickness of the upper layer of the coating increases. Samples 6–8 comprised the 
external coating of building materials and structures (in this work, metal facing panels 
and facade composition). 

The total thickness of outer decorative and protective plaster (base and finishing 
layers) in the facade compositions was not less than 7.0 mm, with a thickness of the 
base plaster layer not less than 5.0 mm. The thickness of increased strength, 
weatherproof, vapour permeable P&VC, used for thin-layer colouring (levelling) on the 
outer surface of the finishing/finishing layer of decorative protective plaster, was not 
more than 180–200 μm. 

According to the results of the experimental studies conducted according to the 
[22], it was established that none of the samples of materials (compositions) investigated 
are in the group of non-combustible (NC) materials, with only one parameter considered 
– combustion duration (more than 10 s). 

To answer the question of the extent to which the protective and decorative 
coating applied to different base types can affect composition flammability as a whole, 
experimental studies of various chemical compositions and thicknesses of P&VC were 
carried out. For this purpose, the chosen P&VC types were those used for finishing and 
repairing building premises and structures (walls, ceilings), in particular, water-
dispersion acrylic enamel (WD) and pentaphthalic (PP) and oil (O) enamels. The bases 
were chrysotile cement sheets (CCS), gypsum plasterboard sheets (GPS) and GPS with 
glued fibreglass wallpaper. The bases for P&VC were chosen taking into account the 
most common surfaces for painting in buildings and structures. The main characteristics 
of the bases for coating are shown in Table 1. The term consumption (g/m2) refers to 
the amount of paint applied to the surface to be protected to achieve the required coating 
thickness. 

Table 1. Main characteristics of bases for coating. 

Base 
Thickness 

(mm) 

Consumption 

(g/m2) 
Density 

Chrysotile cement sheets 10 – 1600 kg/m3 

Plasterboard sheets 9.5 – 800 kg/m3 

Fibreglass wallpaper 0.3–0.5 – 120–140 g/m2 

PVA glue “Builder” 
universal – 140–160 – 

 

The choice of the number of P&VC layers was based on the possibility of repeated 
coatings of paint being applied in the case of repair work, mainly because of the need 
to allow for the required decorative and operational properties of the structure surface. 

To establish the most probable numerical values of heat flux density during the 
development of fire in a room (or along evacuation routes), the following circumstances 
were taken into account. In large-scale studies of the behaviour of corridor wall finishing 
in conjunction with fire development in an adjacent room, it has been established that 
thermal impact intensity varies with the height from the floor level. The corridor wall 
section at a height of 2.0–2.5 m is exposed to the greatest thermal impact, with a heat 
flux density in the range of 25–30 kW/m2 [23]. In this regard, when studying the 
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flammability of P&VC used for finishing walls and ceilings, a maximum value of 
30 kW/m2, as the most dangerous, was taken as the value of the incident heat flux 
density. 

For an intermediate number of layers (from 3 to 5), the P&VC values are 
determined to a great extent by the thermophysical properties of the base, namely its 
thermal diffusivity, i.e. the value characterizing the change rate in the temperature field 
of material when exposed to an external heat source. The density data and 
thermophysical properties of the bases considered in this work, as well as the results of 
calculating the thermal diffusivity coefficient based on these, are presented in  
Table 2. From these data, it is evident that gypsum board thermal diffusivity is more than 
1.7 times higher than the corresponding coefficient for asbestos-cement, which 
qualitatively explains the regularities obtained in experiments for the case in which the 
P&VC is thermally thin and the dynamics of heating to a significant degree depend on 
the thermophysical properties of the substrate to which it is applied. 

Table 2. Thermophysical properties of bases. 

Base 
Density 

(kg/m3) 

Coefficient of 
thermal 

conductivity 
(W/m∙K) 

Specific heat 

(J/kg ∙K) 

Thermal 
conductivity 

(107∙m2/s) 

Chrysotile cement sheet 1600 0.35 1500 1.5–1.6 

Plasterboard sheet 800 0.2 950 2.6 

3. Results and Discussion 
The characteristics of samples and finishing compositions and the results of the 

experimental studies are presented in Table 3. CFHFD reflects the value of the heat flow 
delivered to the exposed surface at which steady flame burning was observed when 
approaching the specified surface of the pilot flame. Repeatability of the results obtained 
was less than 15 %, and the error of the determined parameters did not exceed 10 %. 

Experimental studies determining the critical surface heat flux density for paint 
materials considered within the framework of this work were carried out using the test 
method and measuring instruments in accordance with the requirements of [24]. 
Experimental data characterizing the CFHFD changes for P&VC samples, depending 
on the chemical composition, thickness and type of the base, are shown in Fig. 1, 2 
and 3. 

With a CFHFD of 30 kW/m2, P&VC samples based on WD enamel do not ignite 
when 2–5 layers are applied to CCS, GPS and GPS with glued fibreglass wallpaper 
glued, which indicates the potential for fire-safe application in corridors of buildings. In 
this case, taking into account the maximum heat flux density, qmax (30 kW/m2), which 
affects the most heated section of the wall, the condition of CFHFD qmax will be fulfilled, 
thus ensuring non-flammability and hence system fire safety. 

From the dependences presented in Fig. 1, 2, and 3, it also follows that 
differences in the chemical composition of P&VC and different types of bases have 
different coating critical thickness values at CFHFD = 30 kW/m2. This conclusion is of 
practical interest because it is possible to regulate the fire-safe (permissible) number of 
deposited layers or the thickness of P&VC along evacuation routes and in indoor 
spaces. 
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Figure 1. Dependence of CFHFD based on the number of layers: 

 ■ water-dispersive enamel (base – chrysotile cement sheet); 
 ● water-dispersive enamel (base – gypsum plasterboard sheet); 

 ▲water-dispersive enamel (base – plasterboard sheet  
with glued fibreglass wallpaper). 

 
Figure 2. Dependence of CFHFD based on the number of layers: 

 ■ water-dispersive enamel (base – chrysotile cement sheet); 
 ● water-dispersive enamel (base – gypsum plasterboard sheet); 

 ▲water-dispersive enamel (base – plasterboard sheet  
with glued fibreglass wallpaper). 
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Table 3. Characteristics and test results of paint and varnish coatings. 

No. 
Name (characteristic) of the 

paint and varnish coating 
(enamel) 

Thickness of a layer of 
the material, μm 

Combustibility 
group T °C/ SL,% 

Flammability group 
CFHFD (kW/m2) 

(flammability time, 
s) 

Coefficient of 
smoke formation 

(Dm, m2/kg)  
smoke-forming 

capacity 

Toxicity index of 
combustion 

products 
combustion product 

toxicity group 

Flame spreading 
index 

 

1. 

Complex coating 
(waterborne acrylic facade 
primer, waterborne acrylic 

facade paint) 

180–200 
(primer:10–15 µm, 
paint:170–185 µm) 

106/11 F1/40 (304) 174/S2 > 120/T1 0.7 

280–300 
(primer: 10–15 µm, 
paint: 270–285 µm) 

108/12 F1/40 (196) 174/S2 > 120/T1 1.2 

370–400 
(primer : 10–15 µm, 
paint; 360–385 µm) 

114/17 F2/30 (676) 174/S2 > 120/T1 2.3 

2. 

Complex coating (facade 
primer based on an aqueous 

silane/siloxane emulsion, 
water-based facade paint 

based on emulsion of 
silicone resin) 

280–300 
(primer: 10–15 µm, 
paint: 270–285 µm) 

108/13 F1/40 (46) 192/S2 > 120/T1 2,8 

3. 
Complex coating 

(waterborne acrylic primer, 
waterborne acrylic paint) 

200–240 
(primer: 15–20 µm, 
paint:185–220 µm) 

106/11 F1/40 (138) 165/S2 > 120/T1 0.5 

280–300 
(primer: 15–20 µm, 
paint: 265–280 µm) 

109/13 F1/40 (21) 165/S2 > 120/T1 1.1 

370–400 
(primer: 15–20 µm, 
paint: 355–380 µm) 

115/16 F2/30 (324) 165/S2 > 120/T1 1.8 

4. Complex coating (latex putty, 
alkyd enamel) 

280–310 
(putty: 240–260 µm, 

paint: 40–50 µm) 
110/13 F1/35 (214) 292/S2 > 120/T1 23.4 

320–350 
(putty: 240–260 µm, 

paint: 80–90 µm) 
112/16 F2/25 (302) 292/S2 > 120/T1 >20 

360–410 
(putty: 240–260 µm, 
paint: 120–150 µm) 

123/24 F2/25 (118) 292/S2 > 120/T1 >20 
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No. 
Name (characteristic) of the 

paint and varnish coating 
(enamel) 

Thickness of a layer of 
the material, μm 

Combustibility 
group T °C/ SL,% 

Flammability group 
CFHFD (kW/m2) 

(flammability time, 
s) 

Coefficient of 
smoke formation 

(Dm, m2/kg)  
smoke-forming 

capacity 

Toxicity index of 
combustion 

products 
combustion product 

toxicity group 

Flame spreading 
index 

 

5. 

Complex coating (two-
component epoxy putty, 
three-component epoxy 

enamel) 

190–230 

(putty: 120–140 µm, 

paint: 70–90 µm) 

108/15 F2/20 (742) 802/S3 42/T2 2.72 

260–320 

(putty: 120–140 µm, 

paint: 140–180 µm) 

112/15 F2/20(608) 802/S3 42/T2 7.43 

380–420 

(putty: 120–140 µm, 

paint: 260–280 µm) 

113/16 F2/20 (496) 802/S3 42/T2 >20 

6. Polyether powder paint 80 107/11 F1/50 43/S1 > 120/T1 0 

7. 
Coating based on 

polyvinylidene fluoride 
(PVDF) 

30 107/11 F1/50 32/S1 > 120/T1 0 

8. 
Organic-soluble acrylic paint 

on cement plaster with a 
layer of 2 cm 

200 

(paint) 
105/9 F1/50 40/S1 > 120/T1 1.3 

Note: For samples 1–5, paint and varnish coatings were applied to 10 mm thick chrysotile cement sheets; for samples 6–7, paint coatings formed a protective layer for metal panels with 
a thickness of 3 mm); sample 8 was a composition of a facade mineral plaster on a non-combustible mineral wool board. 
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Figure 3. Dependence of CFHFD based on the number of layers: 

 ■ pentaphthalic enamel (base – chrysotile cement sheet); 
 ● enamel pentaphthalic (base – plasterboard sheet); 

 ▲pentaphthalic enamel (base – gypsum plasterboard  
with glued fibreglass wallpaper). 

Analysing the dependences obtained (Fig. 1), one more important conclusion can be drawn. Given 
the absence of any control over the number of coatings applied along evacuation routes in buildings, the 
use of P&VC with synthetic varnishes should be allowed on any base because the condition of CFHFD 
qmax cannot be met. 

 
Figure 4. Dependence of CFHFD based on the number of layers: 

 ■ enamel oil (base – chrysotile cement sheet); 
 ● enamel oil (base – plasterboard sheet); 

 ▲ enamel oil (base – plasterboard sheet with glued fibreglass wallpaper). 

The results of the analysis of the influence of base type, namely the thermophysical properties, on 
the CFHFD values of the P&VC studied in the framework of this work are important. For example, for WD 
enamel in the case of four layers deposited on a non-flammable substrate, the indication for the number of 
layers deposited corresponds to the maximum possible in accordance with the requirements of [21], with 
the CFHFD value ranging from 25 to 40 kW/m2, i.e. 60 % with respect to the minimum value for the various 
types of bases investigated in the present work. This requires an explanation, both from the point of view 
of an objective assessment of the CFHFD for P&VC applied on various bases and from the analytical point 
of view due to deficiencies in the regulatory requirements for the test procedure determining the CFHFD. 
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It should be noted that the smallest differences in the CFHFD values, depending on the type of the 
non-combustible base, are observed for the minimum number of layers (2) and for the maximum number 
of layers (6). In the case of the minimum number of layers, the CFHFD values are in the range 40–50 kW/m2 
and 30–35 kW/m2 for WD and PP enamels, respectively. In terms of the values for incident heat flux derived 
using the standard test procedure according to [24], the impact on the sample under investigation is a result 
of thermal shock and the ignition of the P&VC sample occurs in a considerably shorter time than the 
corresponding time for P&VC samples with a deposit of 3–5 layers on a non-flammable substrate, which 
indicates that there is no effect of dissipation (removal) of heat from the source of thermal radiation through 
a non-flammable base. In the case of the maximum number of layers, the coating applied to the substrate 
ceases to be thermally thin, that is, the thermophysical properties of the coating itself have a significant 
influence on the heating of the composition of the P&VC base. 

As the standard procedure for determining CFHFD according to [24] allows only one type of non-
flammable substrate (asbestos-cement [chrysotile cement] sheets with a thickness of 10 or 12 mm), the 
results will be a characteristic not only of the coating, but also its composite combination with the chrysotile 
cement sheet. This can be disputed on the grounds that the CFHFD value is a classification characteristic 
defined under standard conditions and is intended only for assigning the material to a particular flammability 
group F1-F3 in accordance with Russian classification of building materials. The conditions of standard 
tests should, as far as possible, approximate the conditions of thermal impact on the material under 
investigation, which is realized in real fires. The main problems arising and their solutions are as follows. 

First, the definition of the CFHFD as exclusively a characteristic of the material under investigation 
implies the absence of influence of the non-combustible base type (its thermophysical properties). For this, 
non-combustible bases with thermal diffusivity values that are significantly smaller than the corresponding 
values for the types of bases studied herein can be used. P&VC thickness should be such that the effect 
of the incombustible base on its heating is negligible. This can be achieved, for example, by increasing the 
minimum number of P&VC layers required for a standard test. Such an approach may not meet the 
conditions for the application of P&VC in practice (in terms of the number of layers deposited on the base), 
but will give a certain margin of safety with regard to determining the CFHFD. 

Second, there is the problem of determining the CFHFD as a characteristic of the composite 
combination of P&VC and a specific non-flammable base (or other non-flammable base with similar 
thermophysical characteristics). The approach herein allows us to determine the CFHFD for P&VC not only 
in combination with a non-flammable base, but also with a combustible base. In this case, an objective 
assessment of the CFHFD will be obtained to predict the behaviour of the PP under the conditions of the 
development of a real fire. 

As already noted above, the practical purpose of the studies presented is to ensure the fire safety of 
PCMs used in construction and their non-flammability, in particular focusing on P&VC. In this regard, we 
focus on ensuring non-flammability in a fire, for which it is necessary to have a distribution of the heat fluxes 
affecting the building structures under real conditions. As an example, let us consider the distribution of 
heat fluxes along the height of the corridor during a fire in a room. At a known value of qflm

cr (established 
under the influence of time-varying heat flux), it is possible to determine the permissible height of the 
corridor wall finish. Taking into account the experimental data obtained, the conditions qflm

cr > qmax and 
CFHFD > qmax are satisfied only for WD enamel applied to non-flammable substrate (qflm

cr and CFHFD for 
WD enamel of more than 40 kW/m2). 

The presented experimental data on the dependence of the values of heat fluxes (CFHFD  
(kW / m2)) on the thickness of the applied coating and the type of basis sufficiently correspond to similar 
research results obtained by S.V. Stebunov in his PhD thesis «Investigation of the fire hazard properties of 
paint coatings» with regard to complex coating (waterborne acrylic facade primer, waterborne acrylic facade 
paint). 

Also it is important to note that due to information we possess no researches on the similar coatings 
were performed before us. 

4. Conclusion 
1. In this article, the results of longstanding research assessing the ignitability of PCMs (including 

P&VC) are presented, according to the standards and especially the methods developed by the FGBU 
VNIIPO EMERCOM, Russia, which are designed to solve various problems in ensuring the fire safety of 
buildings (assessment of ignition in classification, development of formulations, confirmation of compliance, 
determining the area of acceptable use, etc.). 

2. This article describes approaches to forecasting of flammability of decorative, finishing, facing 
materials and paint coatings. These approaches are based on particular experimental data and findings 
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about a possible fireproof application of those materials, for example, on the evacuation routes of public 
buildings. This research is of practical and scientific interest for a wide range of specialists, approaches 
and methods represented in it can be applied by specialists both in Russia and abroad for assessment of 
the possibility of using building materials in rooms of various functional purposes. The presented 
approaches are illustrated by specific examples. 

3. Studies of the fire hazard of various P&VC have been conducted, taking into account the type of 
material, base thickness (number of layers) and coating. Appropriate dependences have been obtained, 
which make it possible to resolve practical issues of the application of P&VC in construction, ensuring the 
non-proliferation of fire in a building (premises) and the safety of people. New methods have been 
developed with the aim of determining more complete and objective indicators for PCMs. 

4. A complex of experimental data on fire hazard of finishing materials was obtained. This data 
(mostly on the critical heat flux densities which cause burning of polymer building materials) contributes 
into previous results obtained by other researchers. 
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Abstract. Two-way hinges are frequently practiced in bridge columns aiming to avoid the transfer of bending 
moment to the foundation. The reduction of the concrete column section over a very small height portion is 
mainly sufficient to create a hinge like behavior. Currently, ACI Code proposes an amplification factor, limited 
to two, to account for the increasing of the hinge axial capacity due to the column confinement effect. The 
shear capacity of two-way hinges is defined as well by the shear friction theory imposed by the code. This 
paper presents a finite element analysis of two-way hinges to evaluate their behaviors. The experimental data 
were taken from a recent experimental investigation of two way hinges specimens subjected to axial load only. 
A numerical analysis was done using ABAQUS software. Based on the good convergence between the 
numerical and experimental results, a further analysis was conducted to investigate the hinge behavior under 
the simultaneous effect of axial and lateral loads. It was observed that the tri-axial stresses and confinement 
provided by the larger area strengthen the throat region, and the axial capacity of the hinge is amplified by a 
confinement factor equal to three. Furthermore, the confining stress produced by the column on the throat 
increased the hinge shear capacity more than what the code indicates. 

1. Introduction 
Concrete hinges have been perfectly used in civil engineering structures for nearly 120 years. They are 

used to either reduce bending moment transferred to the foundations or redistribute the forces and stresses 
applied. A recent literature in bridge construction mentioned that Freyssinet and Mesnager concrete hinges 
are the most developed hinges in the different types of bridge applications since the early last century [1]. 

Hinges are produced by different means. The reduction of the concrete column cross section over a 
very small height portion is enough to create a hinge like behavior. The dowel bars are extended from the 
footing into the column [2]. The stress induced by the bending moment in the smaller section leads the 
structure to attain the maximum capacity quickly. Consequently, the cracks appear and the section is not 
capable of sustaining further moment [3]. 

Two types of hinges are commonly used in bridge construction: one-way and two-way hinges. One-way 
hinge transmits moment in the strong direction, whereas the moment transferred in the other direction is 
practically neglected [4–6]. However, two-way hinge restricts the moment transfer in both directions, and 
thereby reduce the size and cost of the foundation [7–9]. Whereas, previous studies concluded that although 
the moment at the hinge was not totally neglected, it was substantially lower than the moment capacity of the 
full section. Thereby, the hinge moment is required to account for in design [2]. 

Another advantage of using a two-way hinge is the low cost of repairing a damaged two-way hinge 
compared to that of a damaged full moment connection [10]. 

Recent researches emphasized that hinges performed a moment-free connections while transferring 
shear and axial loads, and exhibited large rotations without afflicting their performance [11–12]. Likewise, pipe 
pins hinge showed well performance in transferring the shear forces to the footing through the pipes interaction 
and friction [4–5, 13–14]. The well confinement of the two-way hinge by the upper column and the lateral 

https://creativecommons.org/licenses/by-nc/4.0/
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reinforcement allows the throat region to maintain large strains [15–16]. Besides, a past study demonstrated 
that the compressive strength of one-way hinge was largely increased by the confinement provided by the 
upper column and the lower footing surfaces [2]. 

However, the effect of tri-axial confinement on the two-way hinge capacity is not extensively discussed 
in current codes and literature. Therefore, this paper comes to present a numerical investigation of two-way 
hinges in reinforced concrete members. The experimental data were taken from a recent experimental 
investigation of two-way hinges specimens subjected to axial load only [17]. A numerical analysis was done 
using ABAQUS software. Following the good convergence between the numerical and experimental results, 
a further analysis was conducted to investigate the hinge behavior under the combined effect of axial and 
lateral loads. 

The objectives of this research is to investigate the behavior and the failure modes of two-way hinges 
subjected simultaneously to axial and lateral loads, as well as to understand the confinement effect imposed 
by the larger concrete column area on the smaller hinge region, and ultimately to introduce a codified guideline 
design method of two-way hinges in reinforced concrete structures. 

2. Method 
2.1. Introduction 

The input data used in the numerical analysis are the experimental results performed by Chahal et al. 
(2019), at Beirut Arab University, Lebanon [17]. The experimental program was composed of eighteen  
1/3-scale specimens of two-way reinforced concrete hinges divided into three major series, each consisted of 
six specimens as provided in Table 1. A 300 mm × 300 mm square footing was used in all cases, with 300 mm 
height, reinforced by a mesh of 4ϕ14 in the both directions. A 70 mm × 70 mm square hinge area (Ah), with 
30 mm thick, and reinforced by 4ϕ10 is used in all models as well. The area of the column (Ac) was accordingly 

changed to evaluate to effect of different confinement levels. Thus, the ratio /c hA A  ranged between 2 and 
4 throughout the case. The sizes of specimens are detailed in Fig. 1. The specimens are subjected to an 
increasing axial load only. 

 
Figure 1. Specimen detail. 

Table 1. Characteristics of specimens. 

Specimen 
Square Column 

/c hA A  Concrete Compressive Strength, f'c (MPa) 

22 32 40 Width ; Height 
(mm) 

Reinforcement (mm²) 

CS14-22 CS14-32 CS14-40 140 4ϕ12 2.00 

CS20-22 CS20-32 CS20-40 200 4ϕ14 2.86 

CS21-22 CS21-32 CS21-40 210 8ϕ12 3.00 

CS23-22 CS23-32 CS23-40 230 8ϕ12 3.29 

CS25-22 CS25-32 CS25-40 250 8ϕ12 3.57 

CS28-22 CS28-32 CS28-40 280 8ϕ14 4.00 
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2.2. Modeling methodology 

As indicated earlier, the advanced finite element software ABAQUS was used in the analysis. The 
standard linear volumetric element type C3D8R with a hexahedral shape was used to model the concrete 
members as illustrated in Fig. 2. This is an 8 nodded element type with a reduced integral and hourglass 
control, which is the optimal mesh type to simulate the concrete members and to give the most accurate results 
with the least run time [18–19]. Steel was assigned as plastic material with a strain hardening curve. As shown 
in Fig. 3, the standard linear wire truss element type T3D2 was used to model the reinforcement and to prevent 
any unwanted bending moments. This element type takes axial forces only. 

A rigid body constrain between the top of the column and a reference point was assigned. This is to 
avoid any stress concentration or singularities upon loading. A displacement controlled analysis was proposed 
to determine the behavior of the cases considered. The models were analyzed using Static/Risk analysis in 
ABAQUS. A uniformly increasing imposed axial displacement of 20 mm was applied. This is much greater 
than the failure displacement of all cases. The corresponding reactions were then recorded and plotted. 

The bottom of the footing was assigned a fixed boundary condition. It was restrained against translation 
in all directions. This is to forbid the formation of bending moment which may causes tilting of the footing. 
Hinged columns usually are stable in structures as they are braced by each other. To avoid such instabilities, 
and to prevent the formation of bending moments on the column, the top of the column was assigned a restrain 
against lateral movement. 

An embedment constrain was assigned to the steel reinforced in the concrete. This constrain ensures 
full bond and strain compatibility between the concrete and steel. No direct steel slippage properties were 
assigned to the reinforcement or to the interface between the concrete and steel reinforcement. 

 

Figure 2. Concrete meshing. 

 

Figure 3. Steel reinforcement meshing. 
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2.3. Concrete damage plasticity 

Concrete damaged plasticity method (CDP) was used to model the concrete behavior. The method was 
introduced on 1989 by Lubliner, and developed later on 1998 by Lee and Fenves [20–22]. Different parameters 
are used in the CDP to describe the nonlinear behavior of concrete, such as the cracking and inelastic strains, 
as well as stiffness degradation and other parameters. CDP method comprises majorly two independent 
behaviors in tension and compression as defined by stress strain graphs separately, Fig. 4. The concrete 
inelastic strain in compression “εin”, and the cracking strain in tension “εck” are: 

0

in c
c E

σε ε= −                (1) 

0

ck t
t E

σε ε= −                (2) 

Where “σc” and “σt” are respectively the compressive and tensile stresses in concrete, and “E0” is the initial 
modulus of elasticity. 

 
(a)              (b) 

Figure 4. Uniaxial behavior of concrete: (a) under compression, (b) under tension. 

Further, two isotropic damage parameters “dc” and “dt” are used accordingly to describe the stiffness 
degradation of concrete in compression and in tension respectively. The parameters are assigned as the 
concrete is strained beyond its elastic limit. The damage parameters have a maximum value of 1, where the 
material have reached full damage [23–26]. Equations 3 and 4 represents the damage parameters for 
compression and tension respectively. 
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Using the damage parameters, the inelastic and crack strains are then transferred into plastic strains at 

compression “ pl
cε ”and tension “ pl

tε ” as follows: 
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The parameters provided were accomplished by following up a reliable approach in the triad 
“composition, structure, and properties” [27–29]. The concrete mechanical properties used in CDP are 
summarized in Table 2. The steel reinforcement was modeled using the elastoplastic behavior, and the 
mechanical properties of steel rebars are stated in Table 3. 
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Table 2. Mechanical properties of concrete. 

Parameter  Unit Symbol Value 

Compressive strength MPa f’c 22 32 40 

Tensile strength MPa ft 2.91 3.51 3.92 

Elastic modulus MPa Ec 22,045 26,587 29,725 

Poisson’s ratio  ν 0.2   

Density KN/m3 ρ 2400   

Dilation angle ° ψ 30   

Eccentricity  ɛ 0.1   

Bi-axial to uni-axial strength 
ratio  fb0/ft0 1.16   

Second stress invariant ratio  K 0.667   

Viscosity parameter  μ 0.00001     

 
Table 3. Mechanical properties of steel reinforcement. 

Parameter  Unit Symbol Value 

Yield strength MPa fy 520 

Ultimate strength MPa fu 624 

Elastic modulus MPa Es 200,000 

Poisson’s ratio  ν 0.3 

Density KN/m3 ρ 78.5 

3. Results and Discussion 
3.1. Model calibration 

As mentioned earlier, the eighteen models were analyzed using ABAQUS software. An imposed 
displacement of 20 mm was applied only on the top center of the column’s specimen of each model. As 

indicated earlier, ACI 318-14 limits the increase in strength due to confinement up to /c hA A  = 2 [30]. The 
column sizes were increased as much as 16 times the hinge area in order to reach double the code limitation. 

Several failure modes were experienced in the hinge area. Two-way hinges with low area ratios 

/c hA A  = 2, mainly failed by hinge crushing as for models CS14-22, CS14-32 and CS14-40. The red 
volumes seen in Fig. 5 indicates the crushed concrete elements. The crushing starts from a distance up 
through the column. The stress concentrated in the failed zone and are transferred through the hinge.  
Fig. 6 describes the axial stress distribution throughout the model. The hinge axial capacity is amplified due 
to the confinement effect produced by the column on the throat area, even though it was not enough to 
withstand the vertical stress induced. 

ABAQUS references the x, y and z axis as 1, 2 and 3 respectively. In the pure stresses states, tensile 
forces and stresses are positive while compressive forces and stresses are negative. 

 
(a)           (b)           (c) 

Figure 5. Hinge failure of two-way hinges with low area ratios:  
(a) SC14-22, (b) SC14-32, (c) SC14-40. 
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(a)           (b)           (c) 

Figure 6. Vertical stress of two-way hinges with low area ratios:  
(a) SC14-22, (b) SC14-32, (c) SC14-40. 

On the other hand, the next fifteen models with high area ratios /c hA A  > 2, failed by splitting failure 
above throat area. The red plan seen in Fig. 7 presents the shear failure plane, and the splitting failure above 
the hinge area is provided as well. Fig. 8 clarifies the spreading of stress S22 throughout the hinge. It was 
observed that the confining stress produced by the column on the throat area increased the hinge axial 
capacity to become greater than what the column can withstand. 

 

(a)           (b)           (c) 

Figure 7. Splitting failure of two-way hinges with high area ratios:  
(a) SC23-22, (b) SC23-32, (c) SC23-40. 

 

(a)           (b)           (c) 

Figure 8. Vertical stress S22 of two-way hinges with high area ratios:  
(a) SC23-22, (b) SC23-32, (c) SC23-40. 
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(a)              (b) 

Figure 9. CS23-32 vertical stress S22: (a) 3-D section, (b) Planner section. 

The model CS23-32, /c hA A  = 3.29, was selected to illustrate the transfer of stress through the 

hinge. ABAQUS references the x, y and z axis as 1, 2 and 3 respectively. In the pure stress states, the tensile 
stress is positive however the compressive stress is negative. Fig. 9 describes the vertical stress S22 
distribution through the model CS23-32. The hinge reached the ultimate axial strength at a value of 115 MPa, 
which is way larger than the concrete compressive strength (32 MPa). The hinge axial capacity is amplified 
up due to the confining stresses S11 and S33 imposed by the larger area surrounding the throat region. The 
vertical Stress S22 in the column upper portion, where there is less confining effects is about 32 MPa. This 
demonstrates the abrupt increase in the stress as it passes through the smaller throat area. The stress 
concentrated at a distance approximately equal to half the width of the column. 

Fig. 10 shows the lateral confining stresses S11 and S33 of CS23-32. It is obvious that the stresses are 
mainly provided at the hinge area. The maximum confining stress developed is in the range of 34 MPa, which 
highly amplifies the hinge bearing capacity.  

 
(a)                 (b) 

Figure 10. CS23-32 lateral stresses: (a) stress S11, (b) stress S33. 

On the other hand, consider the model CS14-32 which is a two-way hinge with a small area ratio, 

/c hA A  = 2. Fig. 11 shows the distribution of vertical stress S22 through the hinge. The model reached the 
ultimate axial strength at a value of 85 MPa. 

 
(a)                 (b) 

Figure 11. CS14-32 vertical stress S22: (a) 3-D section, (b) Planner section. 
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The lateral confining stresses S11 and S33 of model CS14-32 are illustrated in Fig. 12. The model do 
not have enough distance to reach the optimum confining levels. The stresses S11 and S33 in the throat zone 
are both about to 14 MPa, which is much smaller than the corresponding lateral stress of CS23-32 (34 MPa). 

 
(a)                (b) 

Figure 12. CS14-32 lateral stresses: (a) stress S11, (b) stress S33. 

Fig. 13 shows a comparison between the finite element analysis and experimental results of load 
displacement curves for CS14 and CS23 with the different concrete compressive strengths. 

The load displacement curves due to the FEA for all cases are plotted in Fig. 14. The ABAQUS 
outcomes are in a very good agreement compared with the experimental results. Although all the models failed 
way before 20 mm displacement, the hinges with high area ratios exhibited ductile failure modes. 

    
(a)                 (b) 

    
(c)                 (d) 

    
(e)                 (f) 

Figure 13. FE model and experimental test of load displacement curves for CS14 and CS23: 
(a) CS14-22, (b) CS23-22, (c) CS14-32, (d) CS23-32, (e) CS14-40, (f) CS23-40. 
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 (a)                (b) 

(c)  
Figure 14. Axial load-displacement curves: (a) CS-22, (b) CS-32, (c) CS-40. 

Fig. 15 displays the hinge axial capacity versus the square ratio of column to hinge area / .c hA A  

    
(a)                 (b) 

(c)  
Figure 15. Square root of area ratio vs hinge capacity: (a) CS-22, (b) CS-32, (c) CS-40. 

According to ACI Code, the hinge ultimate capacity Pulh is: 

0.85 ' ( ) /ulh h st c h y stP f c A A A A f A= − +         (7) 
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where Ah is the gross sectional area of the concrete hinge and Ast is the area of hinge reinforcement. 

ACI code stipulates that the amplification factor “ /c hA A ” is limited to two. Beyond that, the 
confinement effect produced by the larger area on the throat would not effectively amplify the hinge capacity 
even if the column area is increased. Following the ABAQUS results, two-way hinge capacity did not have the 
same limit as the code stipulates. Obviously, the hinge capacity was amplified up by a confinement factor “CF” 
equal to three (Eq. 8). Indeed, the confinement factors reached an asymptotic value equal to 3.5 as indicated 
in Table 4. Despite the code recommends using the amplification factor in case the hinge is confined from 
both directions, many design methods consider using the factor for one-way hinge as well. 

0.85 ' ( )

ulh y st

h st

P f A
CF

f c A A

−
=

−
             (8) 

Table 4. Hinge confinement factor (CF). 

Model /c hA A  
Hinge Axial Load (KN) 

Confinement Factor “CF” 
Exp. ABAQUS 

CS14-22 2.00 346 340 2.06 

CS20-22 2.86 441 406 2.83 

CS21-22 3.00 448 411 2.89 

CS23-22 3.29 454 435 3.17 

CS25-22 3.57 458 441 3.24 

CS28-22 4.00 464 451 3.36 

CS14-32 2.00 423 417 2.03 

CS20-32 2.86 567 530 2.94 

CS21-32 3.00 572 534 2.97 

CS23-32 3.29 584 563 3.20 

CS25-32 3.57 590 571 3.27 

CS28-32 4.00 599 578 3.32 

CS14-32 2.00 491 481 2.10 

CS20-32 2.86 664 615 3.21 

CS21-32 3.00 671 633 3.26 

CS23-32 3.29 685 662 3.35 

CS25-32 3.57 691 671 3.38 

CS28-32 4.00 704 679 3.47 

3.2. Model analysis due to the dual effect of axial and lateral loads 

The finite element calibrated and verified the experimental work. The models were further analyzed, 
using ABAQUS, to investigate their behaviors under the dual effect of axial and lateral loads. Simultaneously, 
an imposed vertical displacement of 10 mm was applied at the top center of the column of each model, and a 
lateral displacement of 10 mm imposed at the center of the hinge thickness as well. 

Several failure modes were observed. The models CS14-22, CS14-32 and CS14-40, with low area 

ratios /c hA A  = 2, exhibited bearing failure at the throat region. As shown in Fig. 16, the red volumes 
presents the crushed concrete elements. The crushing starts from a distance up through the column. The 
deformation increased and the stiffness degraded through the test. The hinge reached the ultimate axial 
capacity before the shear slippage takes place. This implies that the confining stress produced by the column 
on the hinge was not enough to withstand the vertical stress induced. Fig. 17 describes the axial stress 
distribution of the cases mentioned. The stress concentrated but did not amplify the throat capacity. This is 
probably due to the presence of the shear stress which contributes in decreasing the hinge axial capacity by 
about 30~35 % as indicated next. 
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(a)           (b)           (c) 

Figure 16. Hinge failure of two-way hinges with low area ratios:  
(a) SC14-22, (b) SC14-32, (c) SC14-40. 

  

(a)           (b)           (c) 

Figure 17. Vertical stress of two-way hinges with low area ratios:  
(a) SC14-22, (b) SC14-32, (c) SC14-40. 

The models with high area ratios /c hA A  > 2, failed by hinge-footing slippage interface as seen in 
Fig. 18. This indicates that the shear stress is greater than the confining stress produced by the column on the 
throat area. The red volume presents the concrete damage imposed by the shear slippage failure. It was 
observed that the deterioration was quite substantial right after the model reached the peak shear strength. 
Fig. 19 shows the stress distribution throughout the hinge. The stress concentrated and slightly amplified the 
throat axial capacity. Similarly to the above mentioned, the presence of the shear stress dropped the hinge 
axial capacity by about 30~35 %. 

 

(a)           (b)           (c) 

Figure 18. Shear slippage failure of two-way hinges with high area ratios:  
(a) SC23-22, (b) SC23-32, (c) SC23-40. 
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(a)           (b)           (c) 

Figure 19. Vertical stress of two-way hinges with high area ratios:  
(a) SC23-22, (b) SC23-32, (c) SC23-40. 

The drop of the hinge axial capacity is primarily due to the presence of the lateral shear stress which 
contributes in degrading the throat stiffness. As summarized in Table 5, the confinement factor “CF” is 
decreased to 1 for the hinges with low area ratios and to 1.5 for those with the high ones. Therefore, “CF” is 
not practically valuable. Fig. 20 presents the axial load displacement curves performed by ABAQUS for the 
different cases considered. Fig. 21 displays the hinge axial capacity versus the square root ratio of column to 

hinge area /c hA A . 

Table 5. Hinge axial capacity. 

Model /c hA A  

ABAQUS 
Capacity 
Drop % 

Confinement 
Factor (CF) (Axial Load only) 

KN  
(Axial & Lateral Loads) 

KN  

CS14-22 2.00 340 235 31% 0.84 

CS20-22 2.86 406 281 31% 1.37 

CS21-22 3.00 411 284 31% 1.41 

CS23-22 3.29 435 287 34% 1.44 

CS25-22 3.57 441 291 34% 1.49 

CS28-22 4.00 451 302 33% 1.62 

CS14-32 2.00 417 278 33% 0.92 

CS20-32 2.86 530 341 36% 1.42 

CS21-32 3.00 534 346 35% 1.46 

CS23-32 3.29 563 363 36% 1.60 

CS25-32 3.57 571 370 35% 1.66 

CS28-32 4.00 578 376 35% 1.71 

CS14-40 2.00 481 314 35% 0.97 

CS20-40 2.86 615 413 33% 1.60 

CS21-40 3.00 633 420 34% 1.65 

CS23-40 3.29 662 425 36% 1.68 

CS25-40 3.57 671 431 36% 1.72 

CS28-40 4.00 679 438 35% 1.76 
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(a)                (b) 

(c)   

Figure 20. Axial load-displacement curves: (a) CS-22, (b) CS-32, (c) CS-40. 

    
(a)                  (b) 

(c)   

Figure 21. Square root of area ratio vs hinge capacity: (a) CS-22, (b) CS-32, (c) CS-40. 

According to ACI code, the hinge nominal shear Vhn is [30–32]: 

' 'min{0.2 ;(3.3 0.08 ) ;11 }hn c c c c cV f A f A A= +                             (9) 
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The confining stress produced by the column on the throat area, has a great influence on the hinge 
shear strength. Regardless of the level of the column/hinge area ratio, the shear capacity of two-way hinges 
was five times higher than the code states, as indicated on Table 6. Fig. 22 presents the lateral load 
displacement curves performed by ABAQUS for the different cases considered. 

Table 6. Hinge shear strength. 

Model /c hA A  
Hinge Shear Strength (KN) 

Increasing Rate 
ACI Code ABAQUS 

CS14-22 2.00 22 105 4.77 

CS20-22 2.86 22 117 5.32 

CS21-22 3.00 22 114 5.18 

CS23-22 3.29 22 116 5.27 

CS25-22 3.57 22 117 5.32 

CS28-22 4.00 22 117 5.32 

CS14-32 2.00 29 126 4.34 

CS20-32 2.86 29 137 4.72 

CS21-32 3.00 29 139 4.79 

CS23-32 3.29 29 138 4.76 

CS25-32 3.57 29 139 4.79 

CS28-32 4.00 29 140 4.83 

CS14-40 2.00 32 143 4.47 

CS20-40 2.86 32 163 5.09 

CS21-40 3.00 32 161 5.03 

CS23-40 3.29 32 162 5.06 

CS25-40 3.57 32 162 5.06 

CS28-40 4.00 32 163 5.09 
 

    
(a)                 (b) 

(c)  

Figure 22. Lateral load-displacement curves:  
(a) CS-22, (b) CS-32, (c) CS-40. 
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4. Conclusions 
This paper investigates the behavior of two-way hinges in reinforced concrete structures using the finite 

element method. The main conclusions are as follows: 

1. The hinges with low area ratios /c hA A  = 2, mainly failed by hinge crushing. This implies that the 
confining stress produced by the column on the hinge was not enough to bear the vertical stress induced. On 

the other side, the hinges with high area ratios /c hA A  > 2, failed by splitting failure above throat area. This 
means that the confining stress produced by the column on the hinge was greater than what the column can 
withstand. 

2. The hinges with high area ratios /c hA A  > 2, exhibited ductile failure modes, noting that a large 
displacement was imposed by ABAQUS prior to complete failure. The transfer of stress through the hinge 
indicates that the hinges with high area ratios showed better confinement than those with low ratios. 

3. Two-way hinge axial capacity did not have the same limit as the code stipulates. The capacity was 
noticeably amplified up by a confinement factor “CF” equal to three. 

4. Subjected to the dual effect of lateral and axial loads, two-way hinges with low area ratios 

/c hA A  = 2, exhibited bearing failure at the hinge region. This entails that the confining stress produced by 
the column on the hinge was not enough to withstand the vertical stress induced. However, the hinges with 

high area ratios /c hA A  > 2, failed by hinge-footing slippage interface. This indicates that the confining 
stress increased the hinge bearing capacity and thereby, the hinge failed once the shear stress exceeded the 
shear capacity. 

5. The confining stress produced by the column on the throat area has a great influence on the hinge 
shear strength. Regardless of the level of the column/hinge area ratio, the shear capacity of two-way hinges 
was five times higher than what the code states. 

6. The presence of the shear stress decreased the axial capacity of the hinge by about 30~35 %, and 
the amplification factor due to the confinement effect was decreased to nearly 1 for the models with low area 
ratios and to 1.5 for those with the high ones. 
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Abstract. The object of research in the article is the vibroisolated foundation of a high-power turbine unit 
(1000 MW). World energy is developing rapidly today and there is a need to build energy facilities in areas of 
high seismicity. The acute question is the lack of a comprehensive methodology for calculating and designing 
earthquake-resistant foundations of turbine units. The article proposes a general procedure of actions aimed 
at increasing the seismic resistance of the foundations of turbine units. Implementation of the proposed 
methodology was carried out on a specific example of a vibroisolated foundation: the dependences of seismic 
accelerations and displacements were obtained for different variants of seismic isolation. Application of the 
above technique allows to reduce seismic acceleration on capacitors by more than 2 times, seismic 
movements of capacitors by more than 3 times. 

1. Introduction 
In the current conditions of the development of world industry and nuclear energy, the construction of 

industrial and energy facilities in areas with high seismic activity as part of the development of the 
corresponding capacities of individual regions and states is of particular importance. This circumstance is due 
to the need to ensure high reliability of the operation of the relevant construction projects, including through 
the implementation of measures to reduce the negative physical effects on the structural elements of 
construction projects, due to both internal and external factors. Moreover, among external factors, a special 
form of natural influences – seismic – is of particular importance. This circumstance is associated primarily 
with the nature of the impact of these loads on the structural elements of construction objects, as well as the 
difficulty in predicting the scale and time intervals for the manifestation of the corresponding natural 
phenomena, as well as the severity of the possible consequences. The complexity of developing appropriate 
structural, organizational and technological solutions is determined not only by the need to ensure rigidity and 
strength of the corresponding structural elements of construction objects, but also by the importance of taking 
into account the characteristics of soils located in the construction location. Based on the above-mentioned, a 
conclusion was drawn on the feasibility of conducting a study, the purpose of which is to develop a procedure 
for substantiating the characteristics of structural solutions in the field of protecting structural elements of 
industrial and energy construction from seismic loads. To achieve this goal, the following research objectives 
were formulated: 

1. Review and analysis of scientific work on the research topic. 

2. Development of a procedure for substantiating structural solutions in the field of protecting structural 
elements of industrial and energy construction from seismic loads. 

3. Implementation of the developed procedure on a practical example. 

At the initial stage of the study, a review and analysis of literary sources related to the research topic 
was carried out. Despite the large number of scientific works in the field of designing structural elements as 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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part of industrial and energy construction, the number of methodological developments and tools directly 
related to solving the problems of substantiating the characteristics of the above elements from the point of 
view of protection against seismic loads is relatively small. This circumstance is mainly due to the need to take 
into account the dynamic factor in the formulation and solution of the corresponding design problems, which, 
in turn, determines the high complexity of the calculations, the effectiveness of which is directly determined by 
the level of development of information and computer technologies. That is why the first applied research in 
the field of protection of structural elements from seismic loads began only in the second half of the XX century. 
In particular, in the Soviet Union, the first research in the field of seismic protection of building structure 
elements was carried out at the Central Scientific and Research Institute of Civil Engineering under the 
direction of Ya.M. Eisenberg [1–2]. The results of these studies were the basis for scientific and methodological 
developments and tools in the corresponding field of research. In the late 70s of the 20th century, the first mass 
construction of buildings and structures with seismic isolation systems in the form of turn-on and turn-off 
connections during the construction of the Baikal–Amur Mainline route began.  

The city of railroad workers (82 buildings) was built up with seismically insulated buildings based on 
large-panel series 122. This was the first experience in the world in applying such a seismic protection system 
in residential buildings [1]. These circumstances, in particular, determined Russia's advancement to the 
leading places in the world in the number of built structures with various seismic isolation systems (more than 
600 objects). 

The appearance of new and improvement of already created scientific developments in the field of 
seismic isolation of building structures is inextricably linked with the development of dynamic calculations (in 
particular, seismic), the development of various methods of mathematical modeling in the calculation of 
structures, the improvement of construction-base interaction theories, soil calculation methods, and much 
more. 

Among domestic and world scientists in the direction of seismic design calculations, it should be noted 
such scientists as Y.M. Eisenberg, A.N. Birbraer, I.I. Goldenblat, M.F. Barshtein, B.G. Koronev, 
I.M. Rabinovich, I.A. Konstantinov, N. Newmark, E. Rosenblatt, S.L. Timoshenko, S.T. Shulman. 

General issues of designing structural elements as part of industrial and energy construction in areas 
with high seismic activity are covered in works of Hiraki (2014), Chen (2014), Kumar, Whittaker and 
Constantinou (2015) [3–7]. 

A detailed description of the relevant design solutions in the field of protecting elements of building 
structures as part of industrial and energy construction is presented in works of Medel-Vera (2015), Sayed 
(2015), Firoozabad (2015), Zhou, Wong and Mahin (2016), Kostarev, Petrenko and Vasilyev (2007) Sargsyan 
(2013), Birbraer (2017) Turilov (2017), Tyapin (2019) [8–24]. These decisions include the following: 

− the use of seismic isolation systems to reduce the lower natural frequencies of structural elements 
of buildings and structures, as well as related technological equipment; 

− the use of damping devices to increase the dissipation of kinetic energy that appears in the structural 
elements of the building under seismic impact; 

− use of a non-standard approach in the field of Soil Structure Interaction. 

It is important to note that the implementation of the above design solutions in the general case is 
characterized by rather high labor and money costs, but it does not always provide a high level of reliability of 
the operation of the construction site in conditions of increased seismic activity for the following main reasons: 

− the difficulty of conducting full-scale tests of fully seismically insulated heavy buildings, and, as a 
result, the difficulty of verifying design methods; 

− the difficulty of correct accounting in dynamic design models of construction objects for the stiffness 
and attenuation of individual elements of building structures, as well as large-sized technological 
equipment.  

− unreasonable increase in damping characteristics in the ground. 

To increase the efficiency of constructive solutions and reduce the complexity of the process of their 
development in the works of Belash (2019), Muravyeva and Vatin (2014), Egarmin (2015), Dražić and Vatin 
(2016) Rutman and Ostrovskaya (2018) [25–30] offers various options for dynamic calculation methods, 
including taking into account damping.  

However, the relevant works describe only the general principles of accounting for seismic effects 
without taking into account the features of structural elements in industrial and energy construction facilities 
(these features are determined, in particular, by the purpose of the facility, the appropriate space-planning 
solution, the applied technological equipment, etc.). At the same time, the specified works do not provide 
specific methods for substantiating the characteristics of structural solutions in the field of protecting structural 
elements in construction objects from seismic influences. 

https://elibrary.ru/author_items.asp?authorid=402076
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Thus, according to the results of the review and comparative analysis of literary sources on the research 
topic, the following conclusions were made: 

− a relatively small proportion of the number of works devoted to the development and analysis of 
design solutions in the field of protecting industrial and energy construction objects from seismic 
loads in the total number of works related to the design of industrial and energy construction objects; 

− lack of tools providing substantiation of the characteristics of structural solutions in the field of 
protection of structural elements in industrial and energy construction objects from seismic effects. 

The above conclusions once again confirmed the relevance of the study and were the basis for the 
implementation of its subsequent stages – the development of a procedure for substantiating the 
characteristics of structural solutions, a more detailed description of which is presented in the following 
sections of the work. 

The object of research is the vibroisolated foundations of high-power turbine units (1000 MW). The aim 
of the study is to determine and formulate a comprehensive methodology for calculating and designing 
earthquake-resistant vibroisolated foundations of turbine units. During the study, the following main tasks were 
posed and solved: 

1. Formulation of methods for calculating and designing earthquake-resistant vibroisolated foundations 
of turbine units; 

2. Implementation of the proposed methodology on a specific example, by conducting computational 
experiments; 

3. Analysis of increasing the seismic resistance of the vibroisolated foundation of the turbine unit when 
applying the proposed methodology. 

2. Methods 
As part of the next phase of the study, a procedure was proposed for substantiating the characteristics 

of structural solutions for protecting structural elements in industrial and energy construction from seismic 
effects. The structure of the developed procedure is presented in the form of a flowchart in Fig. 1 and has the 
following main features: 

1. The general process of solving the problem of substantiating the characteristics of structural 
solutions to protect the structural elements of building objects from seismic influences includes the following 
key steps: 

− construction of a comprehensive model containing adjustable and unregulated parameters of the 
studied structural elements, as well as design characteristics for evaluating alternative constructive 
solutions; 

− description of alternative constructive solutions by forming appropriate combinations of adjustable 
parameter values; 

− creation of a calculation model (in a pre-selected software environment) based on the above 
calculation; 

− implementation of computational experiments on the developed computational model in accordance 
with pre-formed alternative design options; 

− the choice of the most preferred design solution based on the results obtained from the 
implementation of computational experiments. 

2. The basic principles for constructing a comprehensive model are the following: 

− as unregulated are assigned parameters that describe the construction object and its structural 
elements, which, when perceived by seismic loads, do not cause a decrease in the reliability 
indicators of the facility; 

− as adjustable parameters are assigned that describe the structural elements of the construction 
object or appropriate technological equipment, the perception of which seismic loads significantly 
affects the reliability indicators of the facility; 

− as design characteristics for evaluating the effectiveness (preference) of structural solutions for 
protecting structural elements of an object from seismic influences, particular indicators are assigned 
that are determined by analyzing the dependences of seismic accelerations and displacements in 
the corresponding supporting components of structural elements on the time factor or frequency 
characteristics of external influence (for example, peak seismic acceleration, zero period 
acceleration (ZPA) and deformation of support components). 

3. General requirements for software in the field of modeling of computational models, which can be 
used to solve the problem, are the following: 
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− the possibility of implementing the finite element method of the spatial configuration; 

− the ability to implement dynamic calculations by directly integrating the equations of motion; 

− the ability to account for concentrated dampers in the design scheme; 

− the ability to numerically and graphically display selected design characteristics. 

4. The construction of the calculation model is based on the corresponding complex model according 
to the following basic principles: 

− unregulated and adjustable input parameters of the model are formed in accordance with 
unregulated and adjustable (according to the design options) parameters of the structural elements 
of the object in question, taking into account the structural features of the models within the selected 
software environment; 

− model output parameters are formed on the basis of design characteristics for evaluating the 
effectiveness (preference) of structural solutions and, in the general case, describe the dependence 
of the seismic resistance characteristics of the considered structural elements or technological 
equipment on the time factor or on the frequency characteristics of external influence. 

5. The choice of the most preferable constructive solution based on the results of the implementation 
of computational experiments in the selected software environment is advisable to carry out by the method of 
linear convolution. The corresponding mathematical expressions have the form: 

{ }: max ii i
i Q Q∗

∗ = , (1) 

worst

best worst
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ij j
i j

j j

n
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q q
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from seismic effects; 
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options) of a design solution option; 

n  is total number of design characteristics for evaluating the effectiveness (preference) of constructive 
solutions; 
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Figure 1. A flowchart describing the structure of the proposed procedure. 
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ijq  is value of design characteristic j ( 1,2,...,j n= ) to evaluate the effectiveness (preference) in relation 

i ( 1,2,...,i m= ) to the design solution; 

best worst,j jq q  are respectively, the most and least preferred value of the design characteristic  

j ( 1,2,...,j n= ) to evaluate the effectiveness (preference) of constructive solutions; 
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, if the growth of the characteristic determines 

  increased preference; 
(5) 

, otherwise. 

A detailed description of the implementation process of the proposed procedures on a practical example 
of use in the next section of the work. 

3. Results and Discussion 
At the next stage of the study, the proposed procedure was implemented using a practical example – 

substantiating the characteristics of a structural solution for technological equipment – a high-speed turbine 
unit – as a structural element of an energy facility – a turbine building with a monolithic reinforced concrete 
frame – as part of a power plant. At the initial stage of solving the problem, the initial data were collected and 
systematized (block 1 of the scheme in Fig. 1). The generated schematic description of the structural  

At further stages of solving the problem, an integrated model for solving the problem was created. A 
description of the main adjustable and unregulated parameters of the complex model (blocks 2–4 of the circuit 
shown in Fig. 2) is presented in Table 1. 

Table 1. Structural elements of the developed calculation model. 

№ in 
order. Name UoM. Value / Category 

1 Unregulated parameters 

1.1 Turbine building length m 100 

1.2 Turbine building width m 60 

1.3 Turbine building height m 35 

1.4 The altitude mark of the placement of the foundation of the turbine unit m 15 

1.5 Frame material - concrete B25 

1.6 The mass of the turbine building with equipment, more t 115000 

1.7 Mass of the isolated foundation of the turbine unit, more t 9000 

1.8 Seismic impact area - base plate bottom 
surface * 

1.9 Locations of points (at the installation marks of the turbine unit and 
condensers) for calculating the design characteristics - see Fig. 2, b  

and 2, c 

1.10 Number of marks for calculating design characteristics:    

1.10.1 at the installation mark of the turbine unit un. 12 

1.10.2 at the installation mark of capacitors un. 8 

1.11 Total attenuation (damping) % 4 

1.12 Peak acceleration on the free surface of the soil in the horizontal 
direction m/s2 1.7 
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№ in 
order. Name UoM. Value / Category 

2 Adjustable parameters (by design options) 

2.1 The number of insulating elements at the installation marks of the 
turbine unit and condensers un. value 

2.2 Type of insulating elements at the installation marks of the turbine unit 
and condensers 

- value 

3 Design characteristics for evaluating the effectiveness of structural solutions 

3.1 
Averaged spectrum of the response of seismic accelerations at the 

installation marks of the turbine unit and condensers for axial, transverse 
and vertical directions 

m/s2 from 
f (Hz) dependence 

3.2 Peak seismic acceleration at the installation marks of the turbine unit 
and condensers for axial, transverse and vertical directions m/s2 value 

3.3 Acceleration of the zero period at the installation marks of the turbine 
unit and condensers for axial, transverse and vertical directions m/s2 value 

3.4 Normalized greatest strains in insulators at the installation marks of the 
turbine unit and condensers for axial, transverse and vertical directions Mm value 

Note: * it was assumed that the lower foundation slab is absolutely rigid, therefore, the influence of soil properties in the 
calculation was not taken into account. 

As adjustable (by design options) parameters, the characteristics of vibration-insulating systems were 
considered in terms of the number and type of insulating elements in two groups placed in the support 
components of the turbine unit (Levels 1-2 in Fig. 2, a) and the condenser (Levels 3-4 on Fig. 2, a), 
respectively. 

At the next stage of solving the problem, alternative constructive solutions were developed for vibration 
isolation of the technological equipment under consideration (block 5 of the diagram in Fig. 1). In total, five 
different constructive solutions were developed; their detailed description is presented in Table 2. 

As part of the next stage of the study, the choice was made of software for creating a calculation model 
based on a previously developed integrated model (block 6 of the scheme in Fig. 1). As the specified software, 
the Nastran program was chosen for performing dynamic calculations, as it provides the optimal ratio of the 
complexity of creating and implementing the calculation model and the adequacy of the results obtained in the 
implementation of the corresponding computational experiments. 

Further, using the selected program, a calculation model of the object of study was created. The basis 
of this development was the finite element model, a graphical description of which is presented in Fig. 3. 

a)  

 

b)  
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c) 

Figure 2. Description of the structural element under consideration – the foundation of the turbine 
unit – as part of the construction project: a) – generalized scheme (cross section); 

b) –points for calculating the output characteristics of the calculation model at the turbine unit mark 
(levels 1-2); 

c) – points for calculating the output characteristics of the calculation model  
on capacitors (levels 3-4). 

The structural elements of this model in terms of adjustable and unregulated input parameters, as well 
as output parameters (blocks 7–9 of the circuit in Fig. 1) correspond to the corresponding elements of the 
complex model. The main principles of creating a calculation model were the following: 

− characteristics of the finite element mesh – the number of nodes and the configuration of their 
interconnections is determined by the spatial characteristics of the investigated construction object 
and its structural elements; 

− environmental impact characteristics – seismic effects – are determined by quantitative 
characteristics – peak acceleration on the free surface of the soil, frequency composition of the 
synthesized accelerogram; 

− the averaged response spectra of seismic accelerations at the installation marks of the turbine unit 
and condensers for axial, transverse and vertical directions (paragraph 3.1 of Table 1) were obtained 
as the average of all spectra at this mark, with peak expansion by 15 %. No additional peak reduction 
was performed. 

At the next stage of solving the problem, computational experiments were performed, each of which 
corresponded to a separate version of the design solution for protecting technological equipment (as a 
structural element in the construction site) from seismic loads (blocks 10, 11 of the circuit in Fig. 1). The general 
parameters for the implementation of computational experiments on the model developed by Nastran are 
presented in Table 3. A graphic description of the output parameters of the model calculated as part of the 
above experiments is presented in Fig. 4. 

Table 2. Description of design options for protecting process equipment from seismic loads. 
Design 
option 

number 
Design element name Designation  

in Fig. 2 a 

The number of insulating elements * 
Spring 

insulators 
Rigid spring 
insulators ** 

Spring damper 
insulators Dampers 

1 
Capacitor supports levels 1-2 4×4    

Turbine unit foundation 
supports levels 3-4 94    

2*** 
Capacitor supports levels 1-2 4×4    

Turbine unit foundation 
supports levels 3-4 62  32  

3 
Capacitor supports levels 1-2 4×4   4×4 

Turbine unit foundation 
supports levels 3-4 62  32  

4 
Capacitor supports levels 1-2  4×4  4×4 

Turbine unit foundation 
supports levels 3-4 62  32  

5 
Capacitor supports levels 1-2  4×4   

Turbine unit foundation 
supports levels 3-4 62  32  

Note: * the maximum possible number of insulating elements is limited by a fixed size of the supporting surface area, 
layout, as well as maintenance requirements; 
** horizontal stiffness of spring insulators doubled compared to standard; 
*** this option is a standard version of the vibration-insulated foundation of a turbine unit, which differs from that used 
in areas with low seismic activity only by an increased number of damping elements. 
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Table 3. General parameters for the implementation of computational experiments on a model 
developed in the “Nastran” program. 

№ in 
order. Name UoM. Value 

1 Dynamic calculation method - direct integration method of 
equations of motion 

2 Integration step in the calculation of spectra s 0.002 

3 Integration step for calculating displacements s 0.005 

4 General attenuation modeling technique - Rayleigh technique 
 

 

Figure 3. Graphic description of the finite element model  
of a turbine building developed in the “Nastran” program  

At the final stage of solving the problem, the most effective (preferred) version of the constructive 
solution was selected to protect the technological equipment as part of the construction object from seismic 
loads (block 12 of the diagram in Fig. 1) by the highest value of the generalized efficiency indicator 
(expressions (1) and (2)) calculated according to the following basic principles: 

− minimization of peak seismic accelerations at the installation marks of the turbine unit and 
condensers for axial, transverse and vertical directions; 

− minimization of zero-period accelerations at the installation marks of the turbine unit and condensers 
for axial, transverse and vertical directions; 

− minimization of the greatest seismic deformations in insulating elements for axial, transverse and 
vertical directions. 

When performing the appropriate calculations, it was assumed that the above calculated characteristics 
were equivalent in evaluating the effectiveness of structural solutions, determined by identical values of the 

corresponding coefficients { }jα . In the case of additional critical requirements for seismic accelerations or 

displacements received from the equipment manufacturer or from technologists, it is possible to vary the 

coefficients { }jα . The results of calculating the values of the generalized performance indicator for alternative 

options for constructive solutions are presented in Table 4. 

  

a) d) 
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b) e) 

  
c)       f) 

Figure 4. Graphic description of the results of the implementation of simulation experiments  
in terms of the averaged spectrum of the response of seismic accelerations: 

a) at the installation marks of the turbine unit, axial direction; 
b) at the installation marks of the turbine unit, transverse direction; 

c) at the installation marks of the turbine unit, vertical direction; 
d) at the installation marks of the capacitors, axial direction; 

e) at the installation marks of the capacitors, transverse direction; 
f) at the installation marks of the capacitors, vertical direction. 

Based on the results presented in Table 4, it was concluded that option 4 of the design solution for 
protecting process equipment from seismic effects is most preferred, since the highest value of the generalized 
efficiency indicator corresponds to this option. The next preferred option is option 3, since the corresponding 
value of the generalized performance indicator is slightly less than the value of the same indicator for option 
4. Moreover, from the point of view of a direct analysis of the results of computational experiments, these 
options provide a decrease at the installation marks of the capacitors of both peak seismic accelerations and 
zero period acceleration by more than 2 times, and the extreme values of deformations – by 2-4 times in 
comparison with the basic version 1 of the design solution. At the same time, at the installation marks of the 
turbine unit for the indicated design options, the peak seismic accelerations decrease by 4–5 times, the zero 
period acceleration – by about 3 times, and the largest deformations – by more than 5 times in comparison 
with the basic version 1. 

It is important to note that the results obtained in the framework of the implementation of the proposed 
procedure on a practical example, in general, correspond to real data for the designs of vibration-insulated 
foundations of turbine units of power plants with a rigid connection of capacitors to the turbine unit (from the 
bottom, the capacitors are mounted on spring insulators to compensate for temperature deformations) – 
relevant examples are high-speed turbine units of the K-1000 and K-1200 models manufactured at the 
Leningrad Metal Plant (LMP). This circumstance allowed us to conclude that the proposed tool is highly 
practical. 

Based on the comprehensive literature review presented in introduction, we see that there are no 
publications with methodological recommendations for calculating and designing earthquake-resistant 
vibroisolated foundations of turbine units. 

There are also no articles with numerical results for calculating the vibration-isolated foundations of 
turbine units. 

General conclusions based on the results of seismic calculations are in good agreement with the 
conclusions obtained in studies on the seismic isolation of buildings and structures of nuclear power plants 
[3–21]. 
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4. Conclusion 
As part of the study, the following main results were obtained: 

1. The procedure for substantiating the characteristics of structural solutions in the field of protecting 
vibroisolated foundations of turbine units from seismic influences is proposed; 

2. The specified procedure was implemented to solve a practical problem – substantiating the 
characteristics of the constructive solution of the vibroisolated foundation of the turbine unit. Alternative options 
are considered, the most preferred option is selected. This option involves the installation of spring insulators 
of increased stiffness and dampers in the capacitor supports, as well as the installation of spring and spring-
damper insulators in the foundation supports of the turbine unit; 

3. The certain preferred embodiment of the vibroisolated foundation of the turbine unit allows to reduce 
seismic acceleration on capacitors by more than 2 times and reduce horizontal seismic movements of 
capacitors by more than 3 times, compared with existing options. 

At further stages of the study, it is planned to improve the developed procedure for calculating and 
designing earthquake-resistant vibroisolated foundations of turbine units in terms of classifying the 
corresponding tasks and a more detailed description of the structural features of complex and computational 
models. 
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Abstract. The influence of the molding process of sand-cement mortar printed on a 3D printer on its structure 
and properties is investigated. The mortar mix was characterized by a mobility Pk = 2, which corresponds to 
an immersion depth of the etalon cone of 5 cm. Determination of compressive strength was carried out on 
standard samples of beams with dimensions of 40×40×160 mm by loading them on a press in pure 
compression mode. Water absorption was defined as the ratio of the difference between the mass of a water-
saturated sample and the mass of a dried sample to the mass of a dried sample. The porosity of the hardened 
mortar samples was determined by the results of determining their density, water absorption and sorption 
moisture. Defects of the sand-cement mortar mix and hardened composites, formed by the extrusion (3D 
printing), were determined by the visual and instrumental methods using a measuring metal rule. It is shown 
that the raw mixes currently used (similar to accepted in experimental studies) are not adapted for their 
extrusion (3D printing), as reflected in the appearance of various defects – different layer thicknesses, crushing 
of the underlying layers, cracks, skew of the mixture, inhomogeneous structure of the hardened composite, 
mix spreadability, high porosity. It was found that the molding of the studied sand-cement mortar by the 
extrusion (3D printing) leads to increased total pore volume by 10 %, open capillary pore volume by 22 %, 
conditionally closed pore volume by 9 %, microporosity by 8 %, reduction in open non-capillary volume by 
65 % compared to the traditional injection molding samples of a similar composition with further compaction. 
This leads to a decrease in compressive strength by half compared with the injection molding method with 
further compaction, and an increase in water absorption by 22 %. Based on the results, the directions of 
improving the raw mixes for 3D printing are determined. 

1. Introduction 
There is a quick growth of additive manufacturing market in different areas of human activities at the 

present time. In 2018 market volume exceeded $5 billion, in 2025 projected market volume will be more 
$21 billion (Fig. 1). It should be noted that more than 50 % of the global additive manufacturing market is 
controlled by such countries as the USA, Germany, Great Britain, Japan, etc. In the long-term perspective it 
defines them as leaders in the development of this technology. While addressing manufacturers of equipment 
for additive manufacturing, the following leading companies should be highlighted: 3D Systems (USA), EOS 
Gmbh (Germany), SLM Solutions (Germany), Stratasys (USA), ObjectGeometries (USA-Israel), Envisiontec 
(USA-Germany ( DLP), ExOne (USA), Voxeljet (Germany), Arcam AB (Sweden). 

Considering the market of 3D construction printing, it should be noted that the largest market share in 
terms of cost and volume is 3D printing by the extrusion, the volume of which can grow to $56.4 million by 
2021 [2]. 

This technology allows to create (grow) objects by layer-by-layer deposition (extrusion) of the raw 
material mix in accordance with a three-dimensional digital model [3], [4]. The essence of this method is to 
extrude a construction mix (sand-cement mortar, fine-grained concrete, gypsum, gypsum-cement-pozzolanic 
mixtures, etc.) with various mineral, chemical additives and reinforcing fibers through a ‘nozzle’ or an extruder 
of a 3D printer [5–8]. Each next layer is laid on top of the previous one, which results in a certain structure. 

Concrete extrusion can be carried out by various types of 3D printers: portal, with a delta drive working 
in angular coordinates, based on industrial manipulators [5, 9, 10]. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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Figure 1. Forecast of the additive manufacturing market structure by 2025 by region.  

The ‘other countries’ segment includes India, Latin America, Russia, Australia, Sweden,  
Italy, Belgium, Spain and the Netherlands [1]. 

An analysis of the world experience of existing technological solutions for 3D printing in construction 
performed in [11] made it possible to identify organizations implementing 3D printing technology in construction 
– ‘WinSun’ (China), OOO ‘SPECAVIA’ (Russia), ‘ApisCor’ (Russia), ‘StroyBot’ (Rudenko 3D Printer), 
‘BetAbram’ (Slovenia), ‘Contour Crafting Corp.’ (USA), ‘MIT Media Lab’ (USA), Loughborough University 
(Great Britain), ‘CyBe Construction’ (Holland), ‘DUS Architects’ (Holland), ‘Batiprint 3D’ (France), as well as 
recommendations for concrete mixes used and characteristics of composites based on them. For example, 
the width of the layer of the extrudable raw mix of different types of 3D printers varies in the range of  
20–60 mm, the thickness is 10-40 mm, the average density is 2000–2350 kg/m3, the bending strength is  
6–13 MPa, and the compressive strength is 27.4–110 MPa. It should be noted that the indicators of the 
properties of construction mixes and hardened compositions based on them, claimed by the listed companies, 
are often promotional references and they are not always the result of scientific research or certified tests, 
which does not allow to use these data in the planning of scientific research. The tests performed on some of 
the proposed compositions in laboratory conditions using a 3D printer confirm this assumption. 

An analysis of the quality of construction products printed on a 3D printer shows that the concrete mixes 
currently used (mainly fine grains) are not adapted for use in extrusion technology (3D printing), which is 
reflected in the disruption of the geometrical dimensions of the products due to spreading of the underlying 
layers ruptures, voids and fractures, low crack resistance, high shrinkage deformations, low adhesion of layers 
caused by not optimal compositions and rheological and technological properties of the mixes, which leads to 
reduced physical and mechanical characteristics and durability of the products on their basis (Fig. 2-4). 

a)  b)  

Figure 2. Typical 3D printing defects on the example of a residential building  
by Alex Le Roux (USA) [12]: a), b) disruption of the geometrical dimensions due  

to spreading of the underlying layers, poor adhesion of the layers. 

a)  b)  

Figure 3. Typical 3D printing defects on the example of residential building  
by ‘Tengda’ (China) [12]: a), b) disruption of the geometrical dimensions due  

to spreading of the underlying layers, surface heterogeneity. 
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a)  b)  

Figure 4. Typical 3D printing defects on the example of concrete wall by ‘CyBe Additive 
Industries’ (Holland) [13]: a) disruption of the geometrical dimensions, concrete flows  

b) destruction of the concrete product due to the low structural strength of the concrete mix. 

Molding process furthermore can directly influence on the quality of the molded products along with a 
composition of the concrete mix. Distinctive features of concrete molding by extrusion from the widely used 
injection molding method is the absence of formwork (form) resulting in significant open surface module of 
product and difficulties in curing of concrete; the absence of a technological stage aimed at compaction of the 
molded concrete mix after its extrusion, difficulties in realizing a full-fledged traditional core reinforcement 
using flat grids, volume frames, etc. (although there are some positive results in this area [14–17]). 

As a result of our experimental studies and literature data, the main requirements for concrete mixtures 
in additive manufacturing based on operational, prescription and technological factors were identified. It should 
be noted that this is consistent with the results. At the stage of molding and hardening the mix, the main 
requirements should include: rheological and technological properties [18, 19] (formability or workability, the 
ability to transport through pipes, plastic strength [20], thixotropy), dispersion, adhesive properties (tight 
adhesion of the layers), the absence of fractures of the mixture, the absence of cracking, low shrinkage, 
uniformity hardening (setting), high setting rate after extrusion. The finished products are required to provide 
the necessary strength, high uniformity and stability of properties, low density and thermal conductivity, high 
adhesion strength, frost resistance [21]. M.Y. Elisrtatkin at al. [22] established links between the process 
factors and properties of molding components; principles of their practical implementation are proposed. 

There are a number of works aimed at developing new compositions of raw mixes adapted for the 3D 
printing by extrusion, as well as methods for controlling their properties [23]. G.S. Slavcheva at al. [24, 25] 
established that the W/C-ratio defining the concentration of solid phase particles in the system is the main 
factor of structuring and strengthening of cement paste for 3D construction printing. R.A. Buswell at al. [26] 
explored the relationship between raw material mix and geometry of the created hardened composite (mortar 
and concrete). Based on the obtained data, a matrix of issues has been created that identifies the spectrum 
of future research exploration in this emerging field. Y. Zhang at al. [27] propose to use recycled pieces of 
glass as a fine aggregate, which makes it possible to control the rheological parameters of the mixture, thus 
introducing them into the composition increases the mobility of the mix, however, the strength of products 
made from such concrete is lower compared to conventional concrete. 

An alternative way to improve the rheological properties of concrete mixtures for 3D printing is to use 
active mineral and chemical additives [28, 29]. To reduce the rate of setting concrete mix, authors [30] 
proposed ultrasonic activation of the binder during the hydration process in the pre-induction period, during 
which a larger number of ettringite crystals is created, which can significantly increase the speed of 3D printing, 
while the concrete strength reaches approximately 1 MPa within 20 minutes. In another work [21], to reduce 
the setting time, it is proposed to introduce a solution of sodium silicate in the amount of 5 and 8 % into the 
formulation of the raw material mix, which allows reducing the setting time from 90 minutes to 20 and 12 
minutes, respectively. To reduce the shrinkage deformation of concrete, the authors [31] propose using silica 
fume together with a plasticizing additive. 

To solve the problems of low strength and fracture toughness of products obtained on a 3D printer by 
the extrusion, it is proposed to use dispersed reinforcement with various types of fibers: polyvinyl [32, 33], 
polyethylene [34], polypropylene [35, 36], glass [37], basalt [38]. The introduction of polypropylene fibers in an 
amount of 1 % [36] has a positive effect on a decrease in the spreadability of printed samples (of seven layers) 
upon application of a vertical load, which is associated with an increase in the compressive strength of 
composites to 31 %.  

P. Lubin at al. [39] proposed replacing cement paste with clay soil up to 25 %, which leads to a reduction 
in cost and an increase in printability on a 3D printer with a slight decrease in the strength of the material to 
7 %. 

One of the ways to control the structure formation of building composites is the use of nanomodifying 
additives [40–42], including creating construction products using 3D printing [43, 44]. 
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There is no study comparing the properties of building mixtures from the molding method, the influence 
of 3D printing technology on the appearance of defects and damages, the causes of their occurrence in many 
works. Solution of these problems allows to determine the main directions of development and optimization of 
concrete raw mixes adapted for 3D printing, which ultimately will lead to high-quality construction products. 

The purpose of this study is to examine the impact of the molding process of a raw mix not adapted for 
3D printing on the example of a sand-cement mortar on its structure and properties during the injection method 
with compaction and extrusion without compaction (3D printing) and, based on the results, to determine 
directions for improving compositions raw mixes for 3D printing. 

2. Materials and Methods 
The studies were carried out in the laboratory of additive manufacturing in construction (Kazan State 

University of Architecture and Engineering, Russia).  

The process of creating a sample by extrusion (3D printing) included the following sequence of 
technological operations: 

1. Development of object digital three-dimensional model in ‘AutoCad’ (Autodesk, Inc.); 

2. Division of the model into layers in cross section in ‘Sheet Cam’ (Stable Design); 

3. Translation the model into G-code, which allows to simulate, generate codes and control a 3D printer 
by Mach3 (Artsoft founder Art Fenerty); 

4. Preparation of a raw mix with specified properties; 

5. Transfer of the developed code to the print head-extruder; 

6. Extrusion of the raw mix in accordance with a specified digital three-dimensional model; 

7. Curing of the raw mix material; 

8. Secondary processing: removal of the supporting structure (substrate). 

The sample was formed from a sand-cement mix by extrusion in workshop 3D printer ‘AMT S-6044’ 
OOO ‘SPETSAVIA’ (Yaroslavl, Russia), organized by a portal system (Fig. 5), in accordance with a specified 
digital three-dimensional model (G-code). Technical specifications of 3D printer ‘AMT-S-6044’ are shown in 
Table 1. 

Table 1. Technical specifications of 3D printer ‘AMT-S-6044’. 

Length, mm 4000 

Width, mm 4000 

Height, mm 2800 

Weight, kg 870 

Producer OOO ‘SPETSAVIA’ 

Manufacturing country Russia. The equipment is certified in the territory of the Customs Union 

Type of drive Stepper motors with parallel-shaft 

Type S Series Small-format Portal Construction 3D Printer 

Assignment 
Printing of building elements up to 12.6 m2, hardscape elements, street furniture, 

architectural decor, reinforced concrete products. The printer is intended for 
installation in the workshop 

Productivity, m3/h 0.6 

Operational zone, mm 3500×3600×1000 

Working power, кВт 1.6 

Print layer size, mm  
(height, width) 10×30 

 
The following materials were used in the research process: 

a) sand-cement mix (manufacturer Samara gypsum plant) complying with GOST 28013-98 (Russian 
standard); 

b) modifying additives: 

- comprehensive additive ‘Cemfix’ superplasticizer-hardening accelerator based on polymethylene 
naphthalene sulfonates (С-3) and inorganic sodium salts (‘Cemmix’), conforming to  
TU 2499-007-90557835-2014; 
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c) polypropylene fibers with a length of 12 mm (VSM-II), conforming to TU 5458-001-82255741-2008. 
Technical specifications are shown in Table 2; 

d) tap drinking water complying with GOST 23732-2011 (Russian standard). 

Table 2. Technical specifications of polypropylene fibers ‘VSM-II’. 

Name Index 

Fiber diameter, μm 20 

Fiber lenght, mm  12 

Tensible strength, MPa  550 

Lengthening 20 % 

Elastic modulus, MPa no less than 10000 

Number of single fiber, million pieces/kg  510-550 

Surface fiber area, m2/kg  150 

Temperature of fusion, °C 160 
 
Mixing of the components of the raw materials was carried out in a cyclic concrete mixer ‘CMI 46’ for 5 

minutes 30 seconds until homogeneous mass was obtained. 

The mortar mix was characterized by the mobility Pk = 2 conforming to GOST 28013-98 (Russian 
standard), which corresponds to immersion depth of the etalon cone of 5 cm. The mobility of the mortar mixture 
was determined to GOST 5802-86 (Russian standard). 

Defects of the sand-cement mortar mix and hardened composites based on it, formed by extrusion 
(3D printing), were determined by the visual and instrumental methods using a measuring metal rule. 

Samples were formed in two ways: extrusion without mold (formwork) and compaction of the mix 
(3D printing) and injection molding with further compaction in the mold 40×40×160 mm. 

 
Figure 5. 3D printer ‘AMT-S-6044’ at the laboratory of additive manufacturing  

in construction (Kazan State University of Architecture and Engineering, Russia). 
The samples were tested after hardening for 28 days in an air-moist environment. Determination of 

compressive strength was carried out on standard samples of beams with dimensions of 40×40×160 mm by 
loading them on a press in pure compression mode complying with GOST 310.4-81 (Russian standard). 

Water absorption and density of the samples were evaluated according to GOST 5802-86 (Russian 
standard). Water absorption was defined as the ratio of the difference between the mass of a water-saturated 
sample and the mass of a dried sample to the mass of a dried sample. 

The porosity of the samples of the hardened composite was determined by the results of determining 
their density, water absorption and sorption moisture according to GOST 12730.4-78 (Russian standard). 

 
Figure 6. 3D concrete printing process. 
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3. Results and Discussion 
According to the results of the first stage of experimental studies, it was found that the molding process 

of raw mix affects the pore structure parameters and the character of the pore distribution. 

Table 3. Effect of molding process on pore structure sand-cement composite. 

Molding process Total pore 
volume 

Volume of open 
capillary pores 

Volume of open 
non-capillary pores 

Volume of 
conditionally 
closed pores 

Microporosity 

Injection molding  
with further compaction 

in the mold 
30.36 8.38 1.50 20.48 0.85 

Extrusion without mold 
and compaction  

(3D printing) 
33.53 10.24 0.97 22.39 0.92 

 
As can be seen from Table 3, molding process of raw mix affects the pore structure parameters and the 

character of the pore distribution. Thus, the extrusion molding process (3D printing) leads to an increase in 
total pore volume by 10 %, volume of open capillary pores – 22 %, volume of conditionally closed pores – 9 %, 
microporosity – 8 % and it leads to decrease in volume of conditionally closed pores by 65 %. 

At the second stage effect of molding process on compressive strength of specimens was investigated 
(Fig. 7). 

 

Figure 7. Effect of molding process on compressive strength of sand-cement composite. 

As follows from Fig. 7, molding process of raw mix significantly affects the strength of sand-cement 
composite. Thus, compressive strength of sample formed by extrusion (3D printing) is 5 MPa, which is two 
times lower than sample formed by injection molding with further compaction. The low compressive strength 
of a sample formed by extrusion (3D printing) is primarily a consequence of the resulting pore structure of 
hardened composites, poor adhesion of the printed layers. 

Water absorption of sand-cement mortar formed by extrusion (3D printing) and injection molding with 
further compaction is shown in Fig. 8. 

 

Figure 8. Effect of molding process on water absorption of sand-cement composite. 
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As follows from Fig. 8, specimen formed by extrusion (3D printing) has the highest water absorption – 
10.2 % owing to high pore structure parameters of hardened composite. 

In general, the obtained data on the average density of water absorption of cement mortars are 
consistent with the data presented in the research [45, 46]. 

The following defects and damages of specimens formed by extrusion (3D printing) were observed: 
different layer thickness, crushing of the underlying layers, cracks, skew of the mixture, inhomogeneous 
structure of the hardened composite, mix spreadability, high porosity. Some of the listed defects were also 
noted by the authors in the research [26]. 

 

a)  

 

b)  

 

c)  
Figure 9. Defects of specimen formed by extrusion (3D printing):  

a – different layer thickness (5-8 mm), crushing of the underlying layers, cracks;  
b – skew of the mixture, inhomogeneous structure of the hardened composite;  

c – mix spreadability, high porosity. 

In accordance with the results, the main directions for improving the formulation of fine-grained concrete 
for extrusion (3D printing) are determined: 

− imparting a denser and more uniform structure to fine-grained concrete mix, for example, by 
introducing the optimal type and amount of active and inert mineral additives; 

− imparting required rheological properties to fine-grained concrete mix, accelerating the kinetics of 
the initial structure formation and hardening of the raw material mix and the strength properties of 
the hardened composite, for example, by introducing the optimal type and amount of plasticizing 
additive and hardening accelerator additive; 

− imparting increased crack resistance and strength to fine-grained concrete, for example, by 
reinforcing with fibers of an optimal form and content; 

− imparting increased water resistance, frost resistance and other indicators of durability to fine-
grained concrete, for example, by introducing a water-repellent additive. 

 

 



Magazine of Civil Engineering, 102(2), 2021 

Mukhametrakhimov, R.Kh., Lukmanova, L.V. 

4. Conclusions 
1. Concrete mixes currently used are not adapted for extrusion (3D printing), as reflected in the 

appearance of various defects – disruption of the geometrical dimensions due to spreading of the underlying 
layers ruptures, voids and fractures, low crack resistance, high shrinkage deformations, low adhesion of layers 
caused by not optimal compositions and rheological and technological properties of the mixes which leads to 
reduced physical and mechanical characteristics and durability of the products on their basis. 

2. It has been established that the extrusion molding process (3D printing) of sand-cement mortar leads 
to an increase in total pore volume by 10 %, volume of open capillary pores – 22 %, volume of conditionally 
closed pores – 9 %, and microporosity – 8 %, and it leads to decrease in volume of conditionally closed pores 
by 65 % compared with the traditional injection molding with further compaction of samples of a similar 
formulation. This leads to a deterioration in the physical and mechanical characteristics and durability of 3D 
printing products. 

3. It was revealed that the molding of a cement-sand mortar by extrusion (3D printing) leads to a 
decrease in compressive strength by half compared to the injection molding with further compaction, and an 
increase in water absorption by 22 %. 

4. The results of research confirm that conventional (not adapted) compositions of raw mixes are not 
effective for use in 3D printing as “ink”, indicating the need for further theoretical and experimental studies on 
development of raw mixes, primarily based on fine-grained concrete, as the most effective and used in existing 
3D printers for extrusion (3D printing). 

5. The main directions of improving the composition of fine-grained concrete for extrusion (3D printing) 
are following: imparting a denser and more uniform structure, the required rheological and technological 
properties to fine-grained concrete mix, acceleration of the kinetics of the initial structure formation and 
hardening of the raw material mix and the strength properties of the hardened composite, increased crack 
resistance , increased water resistance, frost resistance and other indicators of durability, for example, by 
introducing optimum type and amount of active and inert mineral additives, chemical additives (plasticizing 
additives, hardening accelerator additives, water-repellent additives) into formulation, fiber reinforcement. 
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Abstract. In the study of steel fiber concrete beams, there are many design parameters that affecting stress-
strain state, cracks formation and cracks development, etc. in beams. Changes of these design parameters 
will affect bearing capacity, displacement and cracks in beams. ANSYS can simulate the work of beams when 
design parameters be changed. Therefore, in this paper, the authors used ANSYS numerical simulation 
method to simulate design parameters of beams which be changed, to bearing capacity such as: steel fiber 
content in concrete, shear steel stirrups spacing at the ends of the beam, number of tensile steel bars, diameter 
of tensile steel bars, considering the nonlinear element of the materials, etc to consider the cracks formation 
and cracks development in beams from the beginning of loading to the damaged beams and then build the 
load and stress relationship, load and vertical displacement relationship in steel fiber concrete beams. Beam 
simulation results show that changes of these design parameters have affected the bearing capacity, stress-
strain state, cracks formation and cracks development of beams, with the beams when increasing the content 
of steel fibers in concrete, increasing the number of tensile steel bars, increasing the diameter of tensile steel 
etc., making the beams reduce cracks, increase the bearing capacity, etc. for the beams. Simulation results 
were also compared with experimental methods. So, the study of these design parameters helps the design 
of steel fiber concrete beam structures to withstand impact loads and limit cracks in beams. 

1. Introduction 
Fiber concrete has been researched and widely applied in many types of constructions such as civil 

works, bridges, underground constructions, etc., with many different types of structures such as: basalt fiber 
concrete [1], crumb rubber in steel fiber beam [2], steel fiber concrete [3], steel fiber concrete of curved shells 
[4–6], nano concrete or high-performance concrete with steel fiber [7–10], self-compacting geopolymer 
concrete with and without GGBFS and steel fiber [11], etc. In particular, steel fiber concrete has been 
researched and widely applied, especially in steel fiber concrete beams. The studies go from analyzing static 
problems [12], abradability of steel fiber concrete [13], shear behavior, bending resistance, failure 
mechanisms, etc., [14–16] to use experimental method and numerical simulation on steel-reinforced concrete 
beams [17–19].  

 In the steel fiber concrete beams analyzed above, many authors have considered the factors affecting 
to shear strength of beams [20–21], to flexural behavior [22], to the strength of concrete [23–24], to fracture 
characteristics [25–26], to improve the quality of mass concrete [27], in study of numerical simulation and 
experiment on steel fiber concrete beams [28] investigated the effect of 0 %, 4 % and 8 % steel fiber content 
on stress, deformation and displacement in steel fiber concrete beams, or some another studies [29–34], etc. 

 In order to determine the stress-strain state and cracks in beams when design parameters be changed, 
it is necessary to study design parameters such as: steel fiber content in concrete, shear steel stirrups spacing 
at the ends of the beam, number of tensile steel bars, diameter of tensile steel bars, considering the nonlinear 
element analysis of the material, etc. To solve the mentioned main problems above, this paper presented 
ANSYS numerical simulation method to consider the cracks formation and cracks development in beams from 
the beginning of loading to the damaged beams and then build the load and stress relationship, load and 
vertical displacement relationship in steel fiber concrete beams with beam section 150×200×2200 mm and 
simulation results were compared with experimental methods. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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2. Materials and methods 
2.1. Parameters in model 

Beam of 150×200×2200 mm size, shear steel stirrups spacing at the ends of the beam, ⌀6, changed 
from 50 mm to 100 mm, shear steel stirrups spacing at the middle of the beam, ⌀6a200, constant. Tensile 
steel diameter changed from ⌀12 to ⌀20 and ⌀25, number of tensile steel bars changed from 2 bars to 3 bars 
and 4 bars. Fixed compression steel bars are ⌀10. 

Concrete B20, all beams, fiber steel content were studied with 0 % to 4 % and 8 % by volume. Fiber 
steel content with 0 % that means normal reinforced concrete beams without steel fibers, in order to consider 
the impact of steel fiber content on normal reinforced concrete beams. 

Load P is applied to the steel plate 140×140×6 mm, increased from 0 kN until the beam is damaged, 
each load level is increased by 5 kN, shown in Fig. 1. 

 

Figure 1. Reinforced concrete beam in the study. 

2.2. Input parameters in ANSYS 

Select the model of steel fiber dispersion in concrete: To model steel fiber in concrete, three models are 
used: smeared model, embedded model and discrete model. In this study, steel fibers that are dispersed in 
concrete should use a smeared model. 

Select cracking model in concrete: Currently cracks in concrete are modeled in two basic forms: discrete 
model and smeared model. In this study, we are interested in the behavior relationship between load and 
displacement without being too concerned about crack shape, local stress. So in this study choose the 
smeared model for cracks in concrete. 

Constructing a finite element model for beams: 

− Concrete simulation element: SOLID65 element, which is a specialized simulation of concrete 
materials, can simulate reinforcement in concrete with the phenomenon of cracking and compression, 
nonlinear material definition. This is a 3D element with 8 buttons. In SOLID65, it is allowed to declare 
steel fiber content through concrete reinforcement constant as a percentage.  

− Steel bars element: used beam 188 element: is an element used to model the reinforcement in beams, 
used as a basis for Timosenko beams, the element consists of 2 nodes with 6 degrees of freedom at 
each node. 

Material model: stress-strain model of concrete when tensile and compression: we have a model of 
Hognestad, a model of Todeschini, a model of Kent and Park, a model of Kachlakev, etc. Based on the survey 
of stress-strain models of compressive concrete presented above, we choose concrete model under 
compression according to Kachlakev model. Model of stress-strain of concrete under tensile stress, this model 
has been predefined in ANSYS. 

Destructive standards: Willam and Warnke's destructive standard is used in this study and are defined 
in ANSYS. 

Meshing for models, boundary conditions and loads: due to the simple beam structure, meshing 
(VSWEEP, ALL) with mesh shapes is divided by 3D blocks available in ANSYS and optimized element size, 
shown in Fig. 2. 
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a) Reinforced concrete beam model    b) Steel bar model and loads 

Figure 2. Model, meshing, boundary conditions and loads applied to the beam. 

Input parameters for the model: In ANSYS to enter the input parameters for SOLID65 concrete element, 
we must enter the following 8 basic parameters: 

1. Shear force transmission coefficient when the crack is opened ( )0β  

2. Shear force transmission coefficient when cracking is closed ( )Cβ  

3. Cracking stress when tensile ( )rf  

4. Compression stress ( )'
Cf  

5. Weak reduction coefficient due to cracking when tensile 

6. Modulus ( )CE  

7. Poisson's coefficient: v  

8. Stress-atrain relationship curve of concrete, considered the nonlinearity of the material. 

3. Results and Discussion 

3.1. Survey of steel fiber content in concrete 

Tensile steel bars are 2⌀12, shear steel stirrups spacing at the ends of the beam is 50 mm, linear 

material. Steel fiber content in concrete are changed from µ = 0 % to 4 % and 8 %. 

The color spectrum will help us to observe changed values, with the color spectrum of vertical 
displacement and the color spectrum of stresses in beams are shown in the Fig. 3. 

     

a) Color spectrum of vertical displacement     b) Color spectrum of stresses 

Figure 3. Color spectrum of vertical displacement and stresses values on beam. 

 The beams begin to appear cracks when the steel fiber content are changed, are shown in Fig. 4. 
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a) Steel fiber content is 0 % (Pcarck = 6 kN) 

 
b) Steel fiber content is 4 % (Pcarck = 6 kN) 

 
c) Steel fiber content is 8 % (Pcarck = 5 kN) 

Figure 4. Beams begin to appear cracks when the steel fiber content are changed. 

 The beams begin to be damaged when the steel fiber content are changed, are shown in Fig. 5. 

 

a) Steel fiber content is 0 % (Pmax = 34 kN) 

 

b) Steel fiber content is 4 % (Pmax = 43 kN) 

 

c) Steel fiber content is 8 % (Pmax = 41 kN) 

Figure 5. Beams begin to be damaged when the steel fiber content are changed. 

Load and tensile stress relationship, load and compressive stress relationship when the steel fiber 
content are changed, shown in Fig. 6. 

  
a) Load and tensile stress      b) Load and compressive stress  

Figure 6. Load and stresses relationship when the steel fiber content are changed. 
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 With: SF content is steel fiber content. 

Load and vertical displacement relationship at middle and at P forces of beams when the steel fiber 
content are changed, are shown in Fig. 7. 

 

a) at middle of beams       b) at P forces of beams 

Figure 7. Load and vertical displacement relationship when the steel fiber content are changed. 

Comment: In Fig. 4, the beams with the steel fiber content in concrete are µ = 0 % and µ = 4 %, all start 

cracking at the load level P = 6 kN, µ = 8 % cracking earlier and starting to crack at load P = 5 kN. When the 

beams are damaged, µ = 0 % is damaged at the load of 34 kN, µ = 4 % is damaged at the load of 43 kN, and 

µ = 8 % is damaged earlier and the damaged at P = 41 kN (Fig. 5). It can be seen that when the steel fiber 
content is large, surpassing the permissible limit content of steel fibers in concrete, the bearing capacity 
decreases, in published studies, the steel fiber content ranges from 0.1 % to 4 % according to volume, 
meaning the beams are brittle. Therefore, do not increase the steel fiber content too high and exceed the 
permissible limits of steel fibers in concrete.  

Load and stresses relationship in beams (Fig. 6), we see in the tensile zone, the steel fiber concrete 
beams have a tensile stress smaller than normal concrete beams. In contrast, in the compression region, with 
the participation of steel fibers, the steel fibers have played a role of increasing the bearing capacity for 
concrete. In relation to the load and vertical displacement in the beams, the steel fibers in the beams did not 
significantly change the displacement problem, all 3 beams had no significant change (Fig. 7). 

3.2. Survey with shear steel stirrups spacing at the ends of the beam 

In this survey, fixed steel fiber content is µ = 4 %, tensile steel diameter 2⌀12 and linear material. Shear 
steel stirrups spacing at the ends of the beams changed from 50 mm to 100 mm. 

The beams begin to appear cracks and the beams begin to be damaged, are shown in Fig. 8. 

 

     a) The beams begin to appear cracks, Pcrack = 6 kN 

  

        b) the beams begin to be damaged, Pmax = 45 kN 

 

                                              c) shear steel stirrups spacing is 100 mm 

Figure 8. Cracks in beams and shear steel stirrups spacing changed to 100 mm. 

Load and tensile stress relationship, load and compressive stress relationship when shear steel stirrups 
spacing changed to 100 mm, are shown in Fig. 9. 
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a) Load and tensile stress relationship    b) Load and compressive stress relationship 

Figure 9. Load and stresses relationship when shear steel stirrups spacing changed. 

Load and displacement relationship at middle and at P forces of beams when shear steel stirrups 
spacing changed to 100 mm, are shown in Fig. 10. 

      
a) at middle of beams                                   b) at P forces of beams 

Figure 10. Load and displacement relationship of beams  
when shear steel stirrups spacing changed. 

Comment: When shear steel stirrups spacing changed from 50 mm to 100 mm, beams start to crack at 
P = 6 kN, damaged at P = 45 kN, are shown in Fig. 8, compared to Fig. 4b and Fig. 5b with shear steel stirrups 
spacing is 50 mm, the cracks start to appear at the same time, but it is damaged later at P = 45 kN. However, 
the number of cracks decreases. When the content of steel fibers in concrete is still within the limit of steel 
fiber content in concrete, the stress in the beam will play a role of bearing as well as limiting cracks, stress 
value changes greatly when passing load level P = 20 kN (Fig. 9). Displacement in beams are not changed 
much and start to change when the beams pass the P = 35 kN load level (Fig. 10). This is similar to the case 
when increasing the fiber content exceeds the steel content limit in concrete. Thereby, we should not increase 
the distance of shear steel too thick. 

3.3. Survey of the change in the number of tensile steel bars 

This case still does not change the steel fiber content in concrete beams, µ = 4 %, shear steel stirrups 

spacing at the ends of beams are 50 mm, linear material. However, this case changed the number of tensile 

steel bars that increased from 2⌀12 to 3⌀12 and 4⌀12, are shown in Fig. 11. 
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a) Beam model with 3⌀12                                       b) Beam model with 4⌀12 

Figure 11. Beams model with change in the number of tensile steel bars. 

Beams start to crack when increasing the number of tensile steel bars, are shown in Fig. 12. 

 
a) Beam model with 3⌀12, Pcrack = 6 kN 

 
b) Beam model with 4⌀12, Pcrack = 7 kN 

Figure 12. Beams start to crack when increasing the number of tensile steel bars. 

Beams are damaged by increasing the number of tensile steel bars, are shown in Fig. 13. 

 
a) Beam model with 3⌀12, Pmax = 43 kN 

 
b) Beam model with 4⌀12, Pmax = 46 kN 

Figure 13. Beams are damaged by increasing the number of tensile steel bars. 

Load and tensile stress relationship, load and compressive stress relationship when increasing the 
number of tensile steel bars, are shown in Fig. 14. 

     
      a) Load and tensile stress                        b) Load and compressive stress 

Figure 14. Load and stress relationship when increasing the number of tensile steel bars. 
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Load and displacement relationship at middle and at P forces of beams when increasing the number of 
tensile steel bars, are shown in Fig. 15. 

 

a) at middle of beams                                 b) at P forces of beams 

Figure 15. Load and displacement relationship when increasing the number of tensile steel bars. 

Comment: when increasing the number of tensile steel bars, fixed µ = 4 %, with 2 beams have 2⌀12 and 
3⌀12, crack at P = 6 kN, damaged at P = 43 kN. Beam with 4⌀12, Crack at P = 7 kN (Fig. 12) and damaged 
at P = 46 kN (Fig. 13). This means that with the increasing in the number of tensile steel bars, the working 
ability of the beams also increases, so increasing the number of tensile steel bars will increase the bearing 
capacity of the beam and are shown in (Fig. 14), (Fig. 15). In Fig. 14b, when changing the number of tensile 
steel bars, the relationship of load and tensile stress will change significantly when passing the P = 15 kN load 
level. 

3.4. Survey the affect of diameter of tensile steel bars 

This case still does not change the steel fiber content in concrete, µ = 4 %, steel stirrups spacing at the 

ends of beams are 50 mm, linear material. Diameter of tensile steel bars is changed from 2⌀12 to 2⌀20 and 

2⌀25. 

Beams begin to crack when increasing the diameter of the tensile steel bars, are shown in Fig. 16. 

 
a) Beam model with 2⌀20, Pcrack = 10 kN 

 
b) Beam model with 2⌀25, Pcrack = 10 kN 

Figure 16. Beams begin to crack when increasing the diameter of the tensile steel bars. 

Beams begin to be damaged by increasing the diameter of the tensile steel bars, shown in Fig. 17. 

 
a) Beam model with 2⌀20, Pmax = 48 kN 

 
b) Beam model with 2⌀25, Pmax = 53 kN 

Figure 17. Beams begin to be damaged by increasing the diameter of the tensile steel bars. 
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Load and tensile stress relationship, load and compressive stress relationship when increasing the 
diameter of the tensile steel bars, are shown in Fig. 18. 

     

             a) Load and tensile stress                      b) Load and compressive stress 

Figure 18. Load and stresses relationship when increasing the diameter of the tensile steel bars. 

Load and displacement relationship at middle and at P forces of beams when increasing the diameter 
of the tensile steel bars, are shown in Fig. 19. 

     
a) at middle of beams                                 b) at P forces of beams 

Figure 19. Load and displacement relationship  
when increasing the diameter of the tensile steel bars. 

Comment: when increasing the diameter of the tensile steel bars from ⌀20 to ⌀25, all beams crack at 
P = 10 kN (Fig. 16), damaged at 48 kN of ⌀20 and 53 kN of ⌀25 (Fig. 17). In Fig. 16, beams appear cracks at 
the same load level but the number of cracks as the diameter of the tensile bar increases, the cracks decrease 
and is similar to the number of bars increased. Therefore, when increasing the number of tensile steel bars 
and increasing the diameter of tensile steel, it will make the beams quickly increase bearing capacity and 
quickly reduce cracks in the beams and load and tensile stress relationship be changed when the loads exceed 
the P = 20 kN load level (Fig. 18a). 

3.5. Surveying the effect of nonlinear material analysis 

When increasing the content of steel fibers, increasing the diameter of tensile steel, increasing the 
number of tensile steel bars, etc., will help the beams reduce cracks, enhance the bearing capacity of the 
beams. However, nonlinear materials need to be analyzed, in order to use effectively. 

This case still does not change the steel fiber content, µ = 4 %, steel stirrups spacing at the ends of 
beams are 50 mm, tensile steel bars 2⌀12. However, this case analyzes nonlinear material. 

Beams start to crack and be damaged by nonlinear material analysis, are shown in Fig. 20. 
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a) Beams start to crack, Pcrack = 6 kN 

 

b) Beams start to be damaged, Pmax = 48 kN 

Figure 20. Beams start to crack and be damaged by nonlinear material analysis. 

Load and tensile stress relationship, load and compressive stress relationship when nonlinear material 
analysis, are shown in Fig. 21. 

    
a) Load and tensile stress                       b) Load and compressive stress 

Figure 21. Load and stresses relationship when nonlinear material analysis. 

Load and displacement relationship at middle and at P forces of beams when nonlinear material 
analysis, shown in Fig. 22. 

    
      a) at middle of beams                                 b) at P forces of beams 

Figure 22. Load and vertical displacement relationship when nonlinear material analysis. 

Comment: When considering linear and non-linear material analysis, beams begin to crack at load P = 6 kN, 
in nonlinear material analysis, beams are damaged later at 48 kN (Fig. 20). In Fig. 21 and Fig. 22 at the near 
destructive stage, the effect of nonlinear material analysis consideration, after the P = 35 kN load level, the 
difference in stresses and vertical displacements are growing. Therefore, in structural analysis, it is necessary 
to analyze nonlinear materials. 
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3.6. Case studies are influenced by many factors 

Consider the following 3 cases: Case 1: µ = 0 %, shear steel stirrups spacing at the ends of beams are 

50 mm, tensile steel bars 2⌀12 and linear material analysis. Case 2: µ = 4 %, shear steel stirrups spacing at 

the ends of beams are 50 mm, tensile steel bars 2φ20 and nonlinear material analysis. Case 3: µ = 8 %, shear 
steel stirrups spacing at the ends of beams are 50 mm, tensile steel bars 2⌀25 and nonlinear material analysis. 

Beams start to crack and be damaged with many factors considered, are shown in Fig. 23. 

 
a) Case 2: Beams start to crack, Pcrack = 7 kN 

 
b) Case 3: Beams start to crack, Pcrack = 8 kN 

 
c) Case 2: Beams start to be damaged, Pmax = 66 kN 

 
d) Case 3: Beams start to be damaged, Pmax = 67 kN 

Figure 23. Beams start to crack and be damaged with many factors considered. 

Load and tensile stress relationship, load and compressive stress relationship when many factors 
considered, are shown in Fig. 24. 

     

               a) Load and tensile stress                       b) Load and compressive stress 

Figure 24. Load and stresses relationship when many factors considered. 

Load and displacement relationship at middle and at P forces of beams when many factors considered, 
are shown in Fig. 25. 



Magazine of Civil Engineering, 102(2), 2021 

Do, T.M.D, Lam, T.Q.K. 

     

                 a) at middle of beams                                 b) at P forces of beams 

Figure 25. Load and displacement relationship when many factors considered. 

Comment: in case 2, the beams start to crack at 7 kN and damaged at 66 kN, while case 3 starts to crack at 
8 kN and damaged at 67 kN (Fig. 23). In case 3 we see that when considering many factors, tensile stress 
and displacement are significantly reduced (Fig. 24), (Fig. 25). 

3.7. Compare with experimental results 

The numerical simulation results are compared with experimental results, in the experimental study, we 
poured concrete for 6 beams of a 150×200×2200 mm size, of which: 2 beams with steel fiber content of 0 %, 
2 beams with steel fiber content of 4 % and 2 beams with steel fiber content of 8 % [27]. 

− The beams were tested with varying steel fiber content, are shown in Fig. 26. 

     

                a) Formwork and reinforcement of beams          b) Concreting beams 

 

c) Beams with experimental equipments 

Figure 26. The beams were tested with varying steel fiber content [27]. 

− Load and deformation between experiment (EXP) and ANSYS: The simulation results are 
compared with the test case of 8 % steel fiber content, because in the experiments the authors 
measured deformation values in beams, in ANSYS, so the authors took deformation values. 

Load and deformation between EXP and ANSYS, are shown in Fig. 27.  
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     a) Load and tensile deformation                  b) Load and compressive deformation 

Figure 27. Load and deformations between EXP and ANSYS, µ = 8 % [27]. 

Comment: The research results of steel fiber content are suitable for the experiment when µ = 8 %, so the 
results of the survey of the effects of the above design parameters are reliable. In the study [27], the experiment 
investigated cracks formation and cracks development by microscopy, so the authors were able to read at the 
load level of P = 25 kN or higher when cracking appeared. In ANSYS, the program can accurately simulate 
the position and number of cracks in the beam, so it will show at a smaller level. And this ANSYS program can 
be used to survey other parameters such as beams cross section, distributed load, etc. With the two simulation 
and experiment methods above, the difference between the two results is not significant and acceptable. 

4. Conclusions 
Based on the results of the study lead to the following conclusions: 

1. When considering the effect of steel fiber content in concrete, increasing the steel fiber content, the 
beams reduce cracks, but the stress and displacement do not change much. When the steel fiber content 
exceeds the allowed steel content in concrete, the beams will be brittle damaged. 

2. When shear steel stirrups spacing at the ends of beams too thick, it will affect the working of the 
beam, so, the content of steel should be sufficient. 

3. Considering influencing factors such as the number of tensile steel bars and the diameter of tensile 
steel bars, the role of steel bars will change stress, vertical displacement and cracks significantly reduced 
when adding steel fiber content in concrete. 

4. When considering the influence of nonlinear materials analysis and considering many factors, steel 
bars in bending beams have the effect of bearing and reducing obvious cracks. 

5. Through studies on steel fiber concrete beams, it is effective to add steel fibers into the concrete, 
which will make the beams reduce cracks, resist collisions, increase the long life of the works, etc. This shows 
that the efficiency of steel fiber concrete is not high when using normal concrete. Research is needed on fibers 
when adding high strength concrete or silica nano concrete. 
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Abstract. Eccentrically braced frames are one of the most popular systems in buildings because they provide 
both high stiffness and ductility to the structure. Other systems such as moment frames and concentrically 
braced frames do not usually provide desirable stiffness and ductility, respectively. Steel shear walls are also 
popular systems in steel buildings; however, they can be expensive due to the large amount of steel used in 
these systems. Therefore, it is of interest to investigate new types of eccentrically braced frames. In this paper 
a truss-shaped brace is proposed and its behavior under cyclic loading in an eccentrically braced frame is 
numerically investigated using finite element software. Different cross-sections are implemented in the truss-
shaped brace and the effect of the cross-section on the behavior of the frame is studied and compared to the 
reference specimen with conventional configuration. The results of this study show that hollow square  
cross-section with 100 mm width and 4 mm thickness had the best performance in terms of strength, absorbed 
energy and pinching compared to other specimens. 

1. Introduction 
Among seismic lateral load-bearing systems, moment frames, special moment frames in specific, can 

be considered as seismic load-bearing systems that have high ductility and low stiffness. On the other hand, 
concentrically braced frames despite having high stiffness, do not have high ductility. In other words, the 
displacement criterion usually controls the design of special moment frames, whereas in concentrically braced 
frames the ability to absorb and dissipate earthquake energy controls the design. Eccentrically braced frames 
(EBF) are in fact a perfect combination of moment frames and concentrically braced frames, which have 
sufficient stiffness and ductility properties simultaneously. The stiffness of these systems comes from 
restraining the lateral displacement by bracing and the ductility of these systems are resulted from using link 
beams that act as fuses under earthquake loads. A fuse shuts down the current in an electrical circuit when 
the current becomes more than the capacity of the circuit; therefore, not allowing serious damage to the circuit. 
This is how a link beam works in EBF systems except that the current in the electrical circuit is in fact the load 
demand in the building. 

Eccentrically braced frames (EBF) were first introduced by Fujimot et al. in 1972 and Tanabashi et al in 
1974 [1] in Japan. The major development of this system was due to the ongoing research of Popov and his 
colleagues from 1977 to 1989 [2] on isolated link beams and other specifications and design criteria of these 
frames at Berkeley Earthquake Research Center.  

In 2005 Richards and Uang [3] studied the rotational capacity of eccentrically braced links by modeling 
112 specimens with various widths to thickness ratios of flange. Okazaki et al. (2005) [4] tested various 
sections and lengths for linked beam under different load protocols to investigate the flange slenderness limit 
as well as the over strength factor of links.  

Berman and Bruneau in 2007 [5], investigated the behavior of tabular links with various thickness, yield 
strength, and stiffener spacing in eccentrically braced frames experimentally and analytically. They also 
proposed an equation to prevent buckling of web and flange in tabular link. Berman and Bruneau in 2008 [6] 
conducted a parametric study on the effect of different geometry and properties of tabular links (web and 
flange compactness ratios, length of links and stiffener spacing). They also reviewed and developed the design 

https://creativecommons.org/licenses/by-nc/4.0/
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recommendations for built-up box links located in eccentrically braced frames [7]. In another study by Berman 
et al. in 2010 [8], the reduced section was applied in links to improve link to column connection ductility. They 
proposed a design procedure for links with reduced section, and also investigated different geometry and 
lengths of the reduced section and concluded that the reduced section could reduce the strain of the flange.  

Pan et al. in 2011 [9] proposed a new eccentrically braced frame by adding a plate between columns 
and shear links and investigated its behavior experimentally and numerically. In 2011, Daie et al. [10] used 
pre-bent strips in a brace as a damper and modeled this device in steel frames with different stories using 
finite element software in order to investigate its behavior. The results indicated that this system had 
acceptable stiffness, energy dissipation and deformation capacity. Ohsaki and Nakajima in 2012 [11] optimized 
the location and thickness of the link member which is used between the beam and eccentrically braced frame 
by using a heuristic method. They also used the finite element method to obtain the deformation of the link 
member.  

In 2013, Zahrai et al. [12] used a pushover and time-history analysis to evaluate the behavior of an 
upgraded eccentrically braced frames by adding zipper-struts to the middle of braced span. They concluded 
that zipper-struts increased the ductility coefficient, displacement, and dissipation capacity. Moreover, this 
system caused distribution of shear force between shear links by connecting them in all stories and dilation of 
shear link collapse by increasing the rotational capacity. Irandegani and Narmashiri (2013) [13] used aluminum 
panels instead of steel in steel braced frame as a vertical link. They modeled the frame in ABAQUS and then 
modeled 1-, 4-, 8-, and 12-story buildings with different types and shapes of aluminum panels. The aluminum 
panels increased the energy dissipation. Zahrai and Vosooq in 2013 [14], proposed a new dual system 
including knee elements at the bottom of the eccentric brace and a new vertical link beams above the eccentric 
braces. They assessed the behavior of this system and two other systems under monotonic and cyclic loading. 
The new dual system indicated significant energy dissipation and stable behavior.  

Lai and Mahin (2014) [15] examined the seismic behavior of a new strong back system. They concluded 
that this economic system could decrease the concentration of deformation and damage. Andalib et al. [16] in 
2014 studied the effect of different steel rings on ductility and performance of off-center braced frames 
experimentally and numerically. In 2016, Ashikov et al. [17] investigated a new bolted replaceable active link 
in the eccentrically braced frame numerically under cyclic loading. They founded that this system increased 
the rotation capacity and had stable cyclic behavior. Simpson and Mahin in 2017 [18] evaluated a new 
retrofitting system (strong back) to improve weak story behavior in braced frames. They tested two-story 
braced frames with two different braces (buckling restrained braces and hollow structural steel braces) in the 
first story and one hollow structural steel brace in the second story. Their proposed system successfully 
mitigated the behavior of the weak story. Kafi and Kachooee [19] proposed a new brace with an unbuckled 
fuse in the middle of brace length and studied its cyclic behavior numerically. 

In 2019, Bishay-Girges [20] proposed a new damping system instead of eccentrically braced frames 
and investigated the effect of this system on the behavior of structures. Naghavi [21] used cables for bracing 
instead of channels in a steel frame and compared the performance of a cabled frame with a moment frame 
using the finite element method. The cabled frame considerably increased initial stiffness and load capacity. 
Mohammadi et al. [22] proposed a new composite buckling restrained fuse and investigated the cyclic behavior 
of this fuse experimentally and numerically and concluded that this fuse had acceptable ductility and energy 
absorption. Peng et al. [23] applied finite element modeling to investigate the seismic behavior of eccentric, 
concentric, and concentric with ring damper braced frames. They concluded that adding ring dampers to 
concentric braced frame improved the seismic performance such as energy dissipation and load-bearing 
capacity. Kafi and Nik-Hoosh [24] investigated the geometry of blades in dampers on the behavior of 
concentric steel frames under static cyclic loading and proposed an optimal length to width ratio for blades.  

The main purpose of this study is to investigate the seismic behavior of truss-shaped braces in 
eccentrically steel braced frames and compare its behavior with conventional braces, which has not been 
studied so far. Fig. 1 schematically shows the objective of this study. The reason for using truss-shaped braces 
is that due to the multiplicity and variety of load-bearing elements, the performance (stiffness, stress, pinching, 
and especially shear strength and energy absorption) of steel frames with such braces can be improved in 
comparison with conventional braces. Due to the fact that the seismic behavior of this type of braces has not 
been studied, so in this study, various cross-sections are applied to a new truss-shaped brace and the cyclic 
behavior of this new brace was investigated and compared to a solid brace. Different parameters, including 
shear resistance, absorbed energy, stiffness degradation, stress demands, mode of failure and pinching, are 
obtained and presented for all specimens. In addition, a statistical study is performed to predict absorbed 
energy, shear capacity and pinching of truss-shaped braces applied in eccentrically steel braced frames with 
square and circular cross-sections and a reasonably accurate equation is proposed for each case.  
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Figure 1. Comparison of the proposed brace comprised  
of various cross-sections for members with conventional brace.  

2. Methods 
The use of finite element methods in civil engineering, and especially in the study of concrete and steel 

structures, has expanded due to its acceptable accuracy and low cost compared to laboratory studies [25]. In 
this study, the finite element method was used to evaluate the behavior of truss-shaped braces in eccentrically 
braced steel frames under cyclic loading. First, for the purpose of validation, an experimental frame with an 
eccentric brace was modeled in ABAQUS software and its results were compared to the experimental 
specimen. Then the specimens with various brace cross-sections were modeled in ABAQUS and their 
behavior were studied. 

2.1. Model verification  

Different eccentric braced frames are presented in Fig. 2 a, b, and c. In this figure, “e” is the length of 
the link beam. Many experimental studies have been performed on the behavior of eccentric braced steel 
frames [26–28]. For model verification in finite element software (ABAQUS) [29], a study which was conducted 
in 2007 by Berman and Bruneau [5], is considered. In the considered frame, the height of the columns is 
2460 mm, the length of the beam is 3340 mm, and the length of the braces is 2207 mm. The cross-section of 
the beam, the column, and the brace are 152×152 mm box, 325×310 wide flange, and 178×178 mm box, 
respectively. The thickness of the plates used for the flange and the web of columns are 23 and 14 mm, 
respectively. In addition, the thickness is considered 16 mm, 8 mm, and 11.8 mm for the flange of the beam, 
the web of the beam, and the braces, respectively. The frame, dimensions and cross-section of the members 
are shown in Fig. 2d. The thickness of the gusset plates is 13 mm. The modeled gusset plate and its 
dimensions are shown in Fig. 3.  

The frame supports are pinned. In this frame, due to the use of box-shaped cross-sections, the stiffeners 
are mounted outside the beam to prevent local buckling (Fig. 2d). In order to apply a cyclic lateral load to all 
specimens, the displacement control method of ASTM E2126-07a [30] was used.  

In the study conducted by Berman and Bruneau [5], a hollow rectangular cross-section was applied as 
link beam in an eccentrically braced frame and the behavior of the frame was investigated. For the purpose of 
verification, the exact characteristics of the experimental specimen, such as dimensions and cross-sections 
of the frame and the brace, mechanical properties of steel and the beam to column connection properties were 
derived from the experimental specimen and were modeled in the finite element software.  

The static general analysis in Abaqus was used in this study. The type of elements which were used for 
meshing the frame, and the proposed brace were shell (S4R), and beam (B31), respectively. The approximate 
global size of 10 was employed for the mesh size, which was selected based on the accuracy of the results of 
the verification study. Based on the study by Bruneau and Berman [5], two types of grade 50 steel (elastic-
perfectly plastic model) were used for the flange and the web (Fig. 4). The yield stress of steel for the web and 
the flange material was defined 448 and 393 MPa, respectively. The values of density, young’s modulus and 
Poisson’s ratio were taken to be 785 kg/m3, 210000 MPa and 0.3 respectively for both types of steels. The 
displacement of the frame was measured at a point above the column (U3). Also, the support reaction force 
(RF3) was obtained in the z-direction for the displacements applied to the specimen. In order to plot the cyclic 
curve, these values were plotted together. 
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a) b) c) 

 
d) 

Figure 2. a, b, c) Different types of eccentric braced frames,  
and d) Dimensions of modeled frame for verification. 

 
Figure 3. Dimensions of the gusset plate. 

  

a) b) 

Figure 4. Stress-strain diagrams of steels which were used for  
a) Flange (type 1), and b) web (type 2) in the experimental study [5]. 
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The ATC-24 [31] loading protocol is used which was used in the Berman and Bruneau study [5]. The 
rotation of the link beam versus its shear was obtained and was compared to the experimental results. In Fig. 
5 the comparison of these two graphs are presented. As shown in this figure, the numerical modeling exhibits 
reasonable correlation with the experimental results. Although certain correlation between the graphs is 
observed, some difference is also clearly seen. Differences in experimental and numerical results can be due 
to two general items: 1. Experimental errors: errors caused by laboratory equipment such as lack of 
instrumentation calibration, human errors during testing, etc. 2. Errors of numerical methods: these errors can 
be due to modeling errors, use of simplification hypotheses and techniques (in defining materials, type of 
connections and supports, and etc.), type of elements, type of analysis, number of degrees of freedom, and 
etc. Because of all the aforementioned inevitable uncertainties, the difference observed in this study can be 
acceptable. 

 

Figure 5. Comparison of experimental results with numerical results. 

2.2. Proposed models 

In this study, a reference specimen similar to the specimen intended for validation, and 10 specimens 
similar to the reference specimen but braced with truss-shaped brace (which is shown in Fig. 6) were modeled. 
Various cross-sections (Table 1) were considered for all the members of truss-shaped brace to investigate the 
behavior of these braces located in the eccentrically braced steel frame instead of the ordinary brace with a 
solid section. Six groups of sections including solid and hollow circle, square and rectangle with different 
dimensions were considered. The mechanical properties of steel (Fig. 4) in all specimens were considered the 
same as the verified model. For all members, type 1 steel was used except for the web of the beam and 
column, in which type 2 steel was used. 

The geometry of each cross-section, its dimensions, specimen's name, and the moment of inertia of 
each cross-section are provided in Table 1. Due to the availability of sections in the market, the dimensions of 
the sections were selected from the Stahl table [32]. 

Table 1. Cross-sections used in the braces. 

Cross-section Dimensions (cm) Specimen Name 
Moment of Inertia 
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Cross-section Dimensions (cm) Specimen Name 
Moment of Inertia 

( )4cm  

 

a = 3.2 

a = 3.5 

SS1 

SS2 

8.74 

12.5 

 

a = 6, t = 0.5 

a = 10, t = 0.4 

SH1 

SH2 

31.75 

125.54 

 

a = 9, b = 5, t = 0.4 

a = 12, b = 8, t = 0.4 

RH1 

RH2 

59.93 

163.43 

 

Due to the size of the cross-sections (one relatively smaller dimension compared to other dimensions), 
all the elements were modeled by shell elements, except for the braces in the reference specimen, which was 
modeled with beam elements. The Standard reduced integration shell element type (S4R) was selected for 
mesh element type, which reduced the computation time without significant effect on the results. Furthermore, 
a beam element was used to mesh the braces. All the members of frame were merged, and tie constraints 
were used to connect the braces to the frame. In order to take into account the buckling effect in members, 
the imperfection load was applied to the frame. In Fig. 6 the geometry of the proposed brace and its dimensions 
are shown. The sections in Table 1 are used for the members of the proposed brace. 

 

Figure 6. The proposed brace implemented in the steel frame. 

3. Results and Discussion  
In this section, the results of finite element modeling, such as hysteresis curve, absorbed energy, 

stiffness degradation, stress, mode of failure and pinching, are presented for all the specimens. The results 
are compared with each other, as well as with the reference specimen, which is the verified model of the 
specimen experimentally investigated by Bruneau and Berman [5]. 

3.1. Hysteresis Curves 

To assess the seismic behavior of the proposed braces, a cyclic displacement was applied to the top of 
the columns. The protocol applied to the specimen includes displacements of 12, 15, 21, 30, 45, 60, 85, 105, 
135, 150, 195 mm. In order to consider the buckling effect, an eccentric load was applied to the left side of the 
link beam. As shown in Fig. 7a, this force generates a very small displacement at the left side of the beam. 
The hysteresis curves of all specimens are presented in Fig. 8. The displacement value was measured at a 
point above the column (Fig. 7b). 
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(a) (b) 

Figure 7. a) Applying eccentric load, and b) Point of displacement measurement. 
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CS2 CH1 

 

CH2 

Figure 8. Hysteresis curves of specimens. 

3.2. Absorbed Energy 

The meaning of absorbed energy in this section is the area under the force-displacement cyclic curve. 
In order to compare the absorbed energies in all specimens, this parameter was computed up to the 
displacement of 150 mm and is present in Table 2. The maximum shear strength tolerated by each specimen 
is also presented in Table 2. In addition, the difference of absorbed energy and shear strength in all specimens 
compared to the reference specimen was computed and presented in percent.  

Table 2. Comparison of the absorbed energy, and shear strength values of the proposed 
specimens with those of the reference specimen. 

Specimen name Absorbed Energy 
(kN.mm) 

Difference with 
the Reference 
Specimen (%) 

Shear Strength (kN) 
Difference with 

Reference 
Specimen (%) 

Reference 1.06E+07 --- 3420.11 --- 

SS1 3.85E+06 63.57 1705.65 50.13 

SS2 3.95E+06 62.67 2062.81 39.68 

SH1 7.26E+06 31.35 2130.79 37.7 

SH2 1.1E+07 -30.71 3510.46 -2.64 

RH1 6.71E+06 36.54 1896.92 44.54 

RH2 8.35E+06 21.07 2302.31 32.68 

CS1 3.60E+06 65.93 1598.85 53.25 

CS2 7.52E+06 28.93 2113.55 38.2 

CH1 5.24E+06 50.48 1884.48 44.9 

CH2 1.05E+07 1.15 2705.13 20.9 
 

In this table the negative sign indicates an increase in the desired parameter compared to the reference 
specimen. As shown in Table 2, all the specimens showed lower absorbed energy and shear capacity 
compared to the reference specimen except specimen SH2 with 30.71 % and 2.64 % increase in absorbed 
energy and shear capacity, respectively. Moreover, in specimen CH2 the results are almost similar to the 
reference specimen. 
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In each cross-section with defined geometry, absorbed energy and shear strength increased with 
increasing cross-section dimensions. The hollow sections indicated acceptable results compared to solid 
sections such that the hollow square, circle, and rectangular geometries had the top three best responses, 
respectively. In solid cross-sections, the square cross-section also showed better performance than the circle 
geometry.  

3.3. Stiffness Degradation  

The diagram of secant stiffness versus displacement for all the specimens in the positive direction (the 
direction with the greatest force tolerated) is shown in Fig. 9. To obtain the secant stiffness, the maximum 
force in three cycles with equal displacement (first cycle) was divided by its corresponding displacement. As 
indicated in Fig. 9, the reference specimen (indicated by "R" in the figure), SH2, CH2 and CS1 specimens 
exhibited the highest initial stiffness, respectively. As the displacement increased from 19 mm to 125 mm, 
specimen SH2 followed by the reference specimen showed the highest stiffness. Moreover, stiffness degraded 
faster in specimens SS1, CS1 and RH1.  

 

Figure 9. Stiffness degradation versus displacement for all specimens. 

3.4. Von Mises Stresses and Modes of Failure 

The von Mises stress values in braced frames are presented at the end of loading for all specimens in 
Fig. 10. The modes of failure can be seen in this figure as well.  
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SH2 RH1 

  

RH2 CS1 

  

CS2 CH1 

 

CH2 

Figure 10. The stresses (kg/cm2) in all specimens at the end of loading. 

As seen in Fig. 10, the maximum stresses in the reference specimen, SS2, SH1, SH2, CS2 and CH2 
happened in the linked beam. The stress distribution in specimen SH2 is remarkably close to that of the 
reference specimen, while specimen RH1 had the lowest stress in the beam compared to other specimens. 
In specimens SS1, RH1, RH2, and CH2, the stresses in the beam are lower and more stress is tolerated by 
the braces and gusset plates compared to other specimens. The connections between the beams and columns 
are fixed to withstand the moment caused by lateral loads (earthquake or wind) in addition to vertical shear 
stress. If the beam-to-column connection is fixed, the moment tolerated by the beam and the column is greater 
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that tolerated by the brace. In terms of shear, shear tolerated by the column and the brace is greater than that 
tolerated by the fixed joint. 

The brace buckling occurred in specimens SS1, SS2, SH1, CS1 and CH1 while in other specimens 
such as SH2, RH1, RH2, CS2, and CH2 the left gusset plate distortion was observed, which is shown in Fig. 
11. In cyclic loading, the first force that caused out of plane movement of the braces was considered as the 
buckling force. The buckling force of these specimens are presented in Table 3. In this table, the buckling load 
is the load that causes the brace to buckle. The negative sign means that buckling occurred first in the left 
brace. According to Table 3 the specimens with solid circle (CS1) and hollow square cross-sections (SH1) had 
the lowest and highest buckling load, respectively, whereas the braces with rectangular cross-sections did not 
experience buckling in the brace.  

  

SH2 RH1 

  

RH2 CH2 

Figure 11. The gusset plate distortion. 

Table 3. Buckling loads of specimens. 

Specimen Buckling Load (kN) 

SH2 -1544.98 

SS2 -1839.41 

SH1 -1853.15 

CS1 -1116.06 

CH1 -1733.94 
 

In the reference specimen, the beam was deflected and moved out of plane (Fig. 12), whereas this 
deflection was not seen in specimens SH2 and CH2. This may be attributed to the fact that the beam is weaker 
than the braces in the reference specimen. Therefore, before the braces can withstand much stress, the beam 
undergoes non-linear and plastic deformation and moves out of its plane. 

According to Table 3 the specimens with solid circle (CS1) and hollow square cross-sections (SH1) had 
the lowest and highest buckling load, respectively, whereas the braces with rectangular cross-sections did not 
experience buckling in brace.  
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Figure 12. Deviation from the main axis of the beam (out-of-plane displacement)  

in the reference specimen. 

3.5. Pinching 

Pinching is the amplitude of the force which corresponds to the maximum force range tolerated by the 
specimen. The distance between the minimum and maximum force tolerated by the specimen on the vertical 
part of the cyclic diagram is defined as pinching. Pinching is a measure of the degree of ductility and energy 
absorption of a specimen. The smaller the amount of pinching is, the more flexible and ductile the behavior of 
the frame is [33]. Pinching is defined by parameter "X" in Fig. 13  . Pinching was calculated for all specimens 
and is presented in Table 4. To calculate pinching, the distance between maximum and minimum forces in 
vertical axis was determined and presented. Note that more pinching means that the distance "X" in Fig. 13 is 
in fact smaller.  

 

Figure 13. Pinching in hysteresis curve. 

Table 4. The amount of pinching for all specimens. 

Specimen name Pinching (kN) 

Reference 4579.71 

SS1 2235.3 

SS2 2930.67 

SH1 3407.17 

SH2 5915.96 

RH1 2867.65 

RH2 3382.35 

CS1 1949.787 

CS2 3413.87 

CH1 2966.39 

CH2 4588.23 
 

According to Table 4, the amount of parameter "X" in SH2, CH2 and the reference specimen is more 
than that in other specimens. This means that specimens SH2, CH2 have ductile and flexible behavior. 

3.6. Prediction 

In this section, prediction means obtaining the values of absorbed energy, shear strength and pinching 
for frames with truss-shaped braces based on the results obtained in this study. According to the results, as 
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well as the moments of inertia for each section, the prediction of each result was performed using trend lines. 
Diagram of absorbed energy, shear strength and pinching changes versus moment of inertia for each section 
in each group (circle and square) was plotted and the best relationship was obtained for each case using trend 
lines. These diagrams for the circular and square sections are shown in Fig. 14 and 15, respectively. In these 
figures, the points are the values obtained by the finite element method and the lines are regression lines. In 
each diagram, the values of R2 for the regression lines are provided, which indicates the accuracy of the 
prediction. In each case, the best type of regression which had a value of R2 closer to one was selected.  

  
a) Absorbed energy b) Shear strength 

   
c) Pinching 

Figure 14. Regression of results for circular cross-sections. 

  
a) Absorbed energy b) Shear strength 

   
c) Pinching 

Figure 15. Regression of results for square cross-sections. 

y = 476.03x2 - 28995x + 6E+06
R² = 0.6926

0.00E+00

2.00E+06

4.00E+06

6.00E+06

8.00E+06

1.00E+07

1.20E+07

0 25 50 75 100 125 150

A
bs

or
be

d 
E

ne
rg

y 
(k

N
.m

m
)

Moment of Inertia 

y = 0.0648x2 - 2.5397x + 1855.4
R² = 0.7904

0

500

1000

1500

2000

2500

3000

0 25 50 75 100 125 150

Sh
ea

r 
St

re
ng

th
 (

kN
)

Moment of Inertia 

y = 0.0783x2 + 4.1035x + 2579.6
R² = 0.7071

0

1000

2000

3000

4000

5000

0 25 50 75 100 125 150

P
in

ch
in

g 
(k

N
) 

Moment of Inertia 

y = 3E+06ln(x) - 3E+06
R² = 0.987

0.00E+00

2.00E+06

4.00E+06

6.00E+06

8.00E+06

1.00E+07

1.20E+07

0 25 50 75 100 125 150

A
bs

or
be

d 
E

ne
rg

y 
(k

N
.m

m
)

Moment of Inertia 

y = 14.289x + 1714.7
R² = 0.9746

0

500

1000

1500

2000

2500

3000

3500

4000

0 25 50 75 100 125 150

Sh
ea

r 
St

re
ng

th
 (

kN
)

Moment of Inertia 

y = -0.1466x2 + 49.181x + 2050.3
R² = 0.9817

0

1000

2000

3000

4000

5000

6000

7000

0 25 50 75 100 125 150

P
in

ch
in

g 
(k

N
) 

Moment of Inertia 



Magazine of Civil Engineering, 102(2), 2021 

Haji, M., Azarhomayun, F., Ghiami Azad, A.R. 

For both circular and square sections, second order polynomial was used as regression type to predict 
the results. However, a logarithmic function was considered for regression in square sections for absorbed 
energy. The values of R2 for the square sections are closer to one than the circular sections, indicating better 
performance of the considered functions in predicting the results for these sections. 

4. Conclusion 
In this paper, a new truss-shaped brace was proposed, and the cyclic behavior of this new brace was 

investigated numerically. The variables in the models included the geometric shapes of the cross-section 
(solid/hollow and circle/square/rectangular). Nonlinear analysis was performed by finite element software, the 
results were obtained and some parameters such as shear strength, absorbed energy, stiffness degradation, 
stress, failure mode and pinching were presented for all specimens and compared to the reference specimen. 
Also, some equations were presented based on obtained results for the absorbed energy, shear strength, and 
pinching of circular and square cross-sections versus moment of inertia. The most important results are as 
follow: 

• In terms of absorbed energy, the hollow square section with width and thickness of 100 and 4 mm 
(SH2), with 30.71 % increase compared to the reference specimen showed the best performance 
among all specimens. In the brace with hollow circular cross-section with the radius of 44.5 mm and 
the thickness of 6 mm, the absorbed energy was almost similar to the reference specimen. Also, the 
same results were obtained for the shear strength, except that the amount of increase in shear strength 
compared to the reference specimen was 2.64 % in SH2. 

• The brace buckling was observed in at least one of each cross-section shapes, expect in the braces 
with hollow rectangular cross-section. The lowest stresses in the frame due to cyclic loading were also 
observed in the braces with this kind of cross-section. Among the buckled braces, the braces with 
solid circular cross-section and hollow square cross-section had the lowest and highest buckling load, 
respectively. 

• Initial stiffness in the reference specimen and SH2 specimens had the highest amounts and the 
stiffness reduction rate in these two specimens was minimal in comparison with other specimens.  

• It can be concluded from the pinching values that the new brace with hollow square cross-section with 
bigger dimensions (SH2) with 29.18 % increase in pinching compared to the reference specimen 
showed more ductile behavior than the rest of the specimens. 

Finally, by increasing the moment of inertia of the proposed brace cross-section, its performance such 
as shear capacity, absorbed energy, stiffness degradation, stresses in members, mode of failure and pinching, 
improves. However, more research is required to better understand the behavior of truss-shaped braces in 
eccentrically braced frames. Conducting full-scale experiments are highly recommended to further back up 
the results of this study. In addition, studying this brace in concentrically braced frames is recommended to 
better understand the behavior of this type of brace.  
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Abstract. The paper is devoted to the analysis of seismic input characteristics from the point of view of their 
importance for engineers. It is noted that the design input does not need to have an external resemblance to 
the real one but it must provide for some properties of real actions. The paper considers three groups of 
seismic input characteristics: kinematic, spectral and energy ones. The stability of the characteristics under 
consideration is analyzed within the seismic intensity on the MSK scale. Among all characteristics, peak 
acceleration, peak velocity, harmonicity coefficient, Arias intensity, and absolute cumulative velocity are 
highlighted. It is noted that the kinematic characteristics significantly depend on the prevailing accelerogram 
period, and many energy characteristics are stable within the seismic intensity under consideration and can 
describe it. It is noted that for calculating structures under the design earthquake action, the kinematic 
characteristics should be fundamental for the engineer, and for calculating structures under the destructive 
(maximum design) earthquake action, the energy characteristics are fundamental. Two new seismic input 
characteristics are introduced, which are based on the response spectrum of the work of plastic deformation 
forces and on the structure damage spectrum. 

1. Introduction 
Using certain models of seismic input is widely discussed in literature [1–11]. 

When selecting seismic input models, different authors considered to various characteristics of real 
actions. 

According to widespread opinion, it is the necessary to use a package of past earthquake 
accelerograms. It is supposed that this way makes it needless to study the properties of seismic effects that 
define the structure behavior under seismic actions. Hazardous input is assumed to be found in the packet 
under consideration and if you get a lot of real actions from different places, it is most likely to be there. 
However, in practice the design action package includes about 60–100 accelerograms and sometimes less, 
which is not enough, which is a significant drawback of this way. You can get 100 high-frequency 
accelerograms and draw a wrong conclusion about the high seismic resistance of a weakly damped 
seismically insulated structure. Therefore, selecting past earthquake accelerograms must be carried out 
together with engineers, who know what is dangerous for their constructions.  

Another, less important, but also significant drawback of this approach is an enormous amount of 
necessary calculations, though not more than 2–3 inputs from the accelerogram package turn out dangerous. 
Calculating the structure using other accelerograms will be "redundant." Hence, attempts to specify a limited 
number of design inputs that should simulate real ones are made. In so doing, the central question to answer 
is the question of what properties of real actions should be taken into account when modeling design input. In 
our opinion, we do not have to “copy” the real earthquake functions, but it is necessary to mark out the main 
features of real actions and to take these features into account in the process of generating input. Such 
approach has been in fact developed in earthquake engineering over the past 60 years. 

The first experts in earthquake engineering used harmonics as an action model.  

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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The founders of modern earthquake engineering in the USSR used the action model in the form of a 
damped sinusoid. Furthermore, complex models were used in the form of Berlage polynomial, Puzyrev 
polynomial, Gelfand polynomial and polynomial proposed by N. Ricker [12].  

These models based primarily on specifying peak ground accelerations (PGA) and possible action 
frequency. In most cases, the authors analyzed the base acceleration, not paying attention to the 
displacements, so many input processes, except the Berlage polynomial, were unbalanced and led to huge 
displacements. The second feature of most processes is that all processes are narrowband, i.e. one frequency 
is dominant. 

Working with a linear system, when the system spectrum is known, several narrow-band processes can 
be used. To use one process, a number of experts proposed a variable frequency input models. They believed 
that such processes would be broadband. This result is described in some Russian textbooks: the authors 
showed that they provide only PGA of real actions and do not estimate displacements.  

In [9] it was proposed to use well-known models of accelerograms to describe velocigrams. Then the 
processes become balanced, i.e. the velocity at the end of the process becomes 0, and the residual 
displacements are limited. However, the processes under consideration are still quite narrowband. As an 
example, the acceleration spectrum of the Annaev – Uzdin process [9] is given in Fig.1. Accelerograms, 
seismograms, and characteristics of models are shown above in Tables 1-3. 

Table 1. Unbalanced processes. 

№  Model name Model accelerogram  Model seismogram  

1 Gelfand’s model 

  

2 Korchinsky’s model 

  

3 Kostyrev-Vetoshkin’s 
model  

  

4 Epstein’s model 

 

 

 
 

Table 2. Balanced processes. 

№ Model name Model accelerogram  Model seismogram  

5 Annaev-Uzdin’s 
model 

  

6 Berlage’s model 

  

7 Velocity, presented 
by damped sinusoid 

  

8 Ricker’s model 
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№ Model name Model accelerogram  Model seismogram  

9 Puzyrev’s model 

  

10 Bucharest earthquake 

  

11 Tabass earthquake 

  
 
Table 3. Characteristics of processes. 

№  Model name Model function 
PGA, 
m/s2 

PGV, 
m/s 

IA,  
m/s 

CAV, 
m/s κ 

1 Gelfand’s model 
2

sin( )ty e t      4.22 1.99 4.08 10.76 10.75 

2 Korchinsky’s model sin( )ty e t      4.00 1.84 1.52 4.86 13.19 

3 
Kostyrev-Vetoshkin’s 

model  Discrete input 4.00 1.91 2.59 7.11 6.88 

4 Epstein’s model sin( ( ) )ty A e t t       4.00 3.14 2.05 6.00 12.62 

5 Annaev-Uzdin’s model sin( ( ) )ty A e t t       4.00 1.14 11.99 33.07 4.76 

6 Berlage’s model sin( )n ty t e t       4.14 0.93 3.43 9.37 1.10 

7 
Velocity, presented by 

damped sinusoid sin( )ty e t      3.97 0.76 0.99 3.92 2.50 

8 Ricker’s model 

2
2

1 2
t

y t e









  
    

  
   
            

 4 0.93 1.68 4.74 1.6 

9 Puzyrev’s model 

2

sin( )
t

y e t



 

 
  
     

4.19 0.81 0.73 1.93 2.31 

10 Bucharest earthquake Discrete input 1.99 0.80 0.74 5.48 1.04 

11 Tabass earthquake Discrete input 8.63 1.00 11.20 33.30 3.29 

 

 

Figure 1. The acceleration spectrum of the Annaev – Uzdin process [9]. 
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Thus, engineers are faced with many models of seismic actions with the same PGA and similar 
frequencies. In order to give preference to one or another model, it is necessary to know characteristic 
properties of real actions and the influence of these properties on the behavior of structures during 
earthquakes. A lot of various characteristics of seismic actions are discussed in literature. Among the most 
famous ones, in addition to peak accelerations (PGA) one can include the following: 

1. Harmonic coefficient 

(max) (max)
0 0

2(max)
0

у у

у






 
 
 

,     (1) 

where (max)
0у  is the peak acceleration value (PGA); (max)

0у  is peak velocity value (PGV); (max)
0у  is peak 

desplacement value (PGD). 

2. Arias intensity AI  and Arias modified intensity AI  [14], as well as modifications of this intensity [15] 

,A stdI and ,A stdI  : 

2

0

( )
2AI y t dt

g





 ;      (2) 

2
0

0

( )AI y t dt


         (3) 

where 0( )y t  is the earthquake accelerogram,   is its duration. 

Note that the Arias intensity has the dimension of velocity. 

3. Absolute cumulative velocity, CAV [15] 

0
CAV ydt


       (4) 

4. Potential damage index IAraya proposed by R. Araya and widely used to describe seismic impact 
intensity [16, 17]: 

'

2
0

,A
Araya

I
I


       (5) 

where  is the number of crossing of the time-axe by the process 

5. Effective earthquake duration 

0

2 2

2

0

( ) ( )
2

( )

c

ts

ts

t t a t dt

y t dt








      (6) 

where ct  is the “center of acceleration gravity” along the time axis, st  is the total accelerogram duration. 

6. Root-mean-square (RMS) peak acceleration [18] 

2
0 ,mod0 A

A

y dt I



 

 


     (7) 

7. Seismic energy density, SED [13] 
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2
0 ( )SED y t dt

  ;     (8) 

8. RMS peak velocity [18] 

2
00

V
y dt SED




 


        (9) 

These characteristics (except for the harmonic coefficient) are often called energy. Recently, many 
experts [15] prefer to use the CAV value as an indicator of earthquake intensity. 

Tables 1.2 show frequently used seismic input models normalized to 4 m/s2 and the values of some 
characteristics of these models. For comparison, Table 2 shows two accelerograms of real impacts of 9 degree 
on the MSK-scale (Bucharest and Tabas). As can be seen from Table 1, most of the known processes are 
unbalanced. The harmony indicators of unbalanced processes turn out to be unrealistic due to large parasitic 
displacements of the process. For processes in which a velocigram is adopted as a basic function, the process 

is balanced, but at the same time 0(0) 0y  . 

The purpose of this paper is to systematize the known characteristics, consider new indicators of the 
earthquake intensity, as well as to analyze the significance of the considered parameters when setting design 
accelerograms. 

2. Methods 

2.1. Determining the main characteristics of seismic input necessary  
for an engineer in designing  

Some characteristics of seismic input have been considered earlier. In the general case, all 
characteristics can be divided into three groups: kinematic, spectral and energy ones.  

Kinematic characteristics include  

 peak ground acceleration (PGA);  

 peak ground velocity (PGV);  

 peak ground displacement (PGD);  

 the harmonic coefficient κ, calculated by the formula (1);  

 seismic action duration τ. 

The main spectral characteristics are acceleration, velocity and displacement spectra, as well as the 
Fourier spectra of seismic actions [19]. In addition to these characteristics, the prevailing action period T or 
the prevailing action frequency ω can be specified. However, it should be borne in mind that these values are 
different for an accelerogram and a seismogram. 

The energy input characteristics are quite diverse. We consider it necessary to mark out the following: 

 Arias intensity, IA, determined by formula (2); 

 seismic energy density SED (formula (8)) and the associated root-mean-square velocity σV (formula 
(9)); 

 absolute cumulative velocity CAV (formula (4)); 

 the work of plastic deformation forces PFW, when an earthquake acts on an elastoplastic pendulum 

0 ( ( , ) )eqPWF R y y y dt


  ,     (10) 

In formula (10), y(t) is pendulum displacement, ( , )R y y  is pendulum response to seismic action. 

Now the PGA mainly used in engineering calculations. The PGD value becomes necessary to be 
additionally used in calculating bridges to estimate the movable bearing travel [20]. Other action characteristics 
are used in generating design accelerograms [21].  

Specifying action characteristics correctly seems to be very important and this question is still far from 
being sold finally. However, results obtained on questions of specifying these characteristics should be taken 
into account in calculations. 

First, the PGA decreases with increasing the prevailing action period. Prof. O.A.Savinov drew attention 
to this phenomenon. The data on this question are given in the monograph [20]. A.A. Dolgaya obtained the 
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dependence of the PGA on the earthquake prevailing period Teq based on the records of 240 earthquakes 
with intensity 8 on the MSK-scale [7]. The corresponding dependence is shown in Fig. 1. Further, such 
dependence was confirmed in the analysis of about 100 records of earthquakes with intensity 9 on the MSK-
scale [28, 29]. 

 

Figure 2. Regression dependencies (for I = 8 on the MSK-scale). 
1   max зA T ; 2     max з A зA T T . 

Secondly, such an important indicator as the harmonic coefficient, just like the PGA, depends on the 
prevailing action period. In the Guidelines for calculating nuclear power plants (USA), this coefficient is 
recommended to be set equal to 5 [23]. In 2000 A.A. Dolgaya and O.A. Sakharov [11] found the dependence 

( )eqT . In later studies [28, 29] this dependence was confirmed. Fig. 2 shows such a dependence according 

to [29]. 

 

Figure 3. Dependence of the harmonic coefficient  on the prevailing input period Teq. 

Thirdly, energy characteristics may also depend on the prevailing action period. Studies available [22, 
24] show that the Arias intensity and the CAV are independent of the prevailing period of action on the 
accelerogram. This allows one to use them as a universal action characteristic. In particular, the USA experts 
analyzed more than 500 earthquakes recorded in the USA and came to the conclusion that the most stable 
energy action characteristic is the CAV value [15]. The values of the IA value for earthquakes of intensity 9 on 
the MSK-scale for different exceedance probability P are shown in Table 4. 

Table 4. The Arias intensity values of a given exceedance probability. 

IA values depending on the probability of their exceeding 

P, % 70 80 90 

IA 42.528 52.601 68.389 

2.2. Additional characteristics of seismic input important in multi-level designing 

In our opinion, the characteristics considered poorly describe the strong earthquake intensity. The 
intensity of destructive earthquakes is determined by the degree of building and structures damages. Generally 
in order to damage the structure, it is necessary to do some mechanical work and to do this, it is necessary to 
have energy. For this reason, the above-mentioned energy action characteristics were introduced. They 
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indirectly characterize the energy transmitted by the earthquake to the structure. In the literature attempts to 
link energy with the mentioned characteristics [13].  

However, these attempts give very rough estimates of energy transmitted by the earthquake to the 
structure. In this regard, the authors tried to introduce additional action characteristics directly related to the 
energy and structure damage. For this, we considered two models of structure damage accumulation. The 
first model is elastoplastic, and the second is adaptive with degrading stiffness. 

In the first case, an elastoplastic pendulum with a Prandtl diagram is considered (Fig. 4). The diagram 
is characterized by the inclination angle   for the first section of the diagram and by the elastic limit elF  with 

the ultimate displacement elu . The rigidity of the system is C tg , and the oscillation period in the absence 

of sliding is 2 /T k ; where 2 /k C m ; m  is the system mass; the elastic limit is conveniently expressed 

in terms of the conditional coefficient of friction / ( )elf F m g  . During the loading process, the forces of 

plastic deformation work only in the second section of the diagram. 

 

Figure 4. Diagram "force-displacement" of the system used for assessing  
the earthquake intensity. 

To construct the spectrum of the work of plastic deformation forces W(T), we consider the equations 

1. for the OA section 

2
oy k y k y y           (11) 

2. for the AB section 

s ( ) oy g f ign y y         (12) 

Equation (11) includes the force of internal friction in the material, characterized by the coefficient of 
inelastic resistance  . The value of   influences the value of W. For objects of mass building constructions, 
the value of   varies from 0.08 to 0.2. The lower boundary refers to metal and monolithic reinforced concrete 
structures on rocky soils. The upper boundary refers to rigid structures on highly compressible soils. To assess 
the strength of the earthquake, the authors propose using a representative structure with 0.1 . 

Solutions of equations (11, 12) have a standard form and are written analytically within the frame of an 
integration step. Integration begins at the OA section (equation 10), and the transition to the AB section occurs 
if the elastic force yC  exceeds the elastic limit elF . The return from section AB to section OA occurs when 

the sign of the mass velocity relative to the base changes. Fig. 5 and 6 show accelerograms of two 
earthquakes: Bucharest (1977) and Tabass (1978). Earthquakes intensity for both earthquakes is equal to 9 
on the MSK scale, but they have completely different characteristics. These characteristics are shown in 
Table 4. In addition to the characteristics noted above, a harmonic index is included in Table 4. 

 
Figure 5. Accelerogram of Bucharest (1977) earthquake. 
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Figure 6. Accelerogram of Tabass (1978) earthquake. 

Table 5. Characteristics of Bucharest (1977) and Tabass (1978) earthquakes. 

 
PGA,  

oy , m/s2 

Arias intensity  

AI , m/s 

Absolute cumulative 
velocity,  

CAV, m/s 

Harmonic index, 

κ 

Bucharest earthquake 2 0.74 5.48 1.035 

Tabass earthquake 8.63 11.2 33.3 3.286 
 

The spectra of plastic deformation forces for the two considered earthquakes are shown in Fig. 7, 8. 
With large differences in the seismic impact characteristics used, the ( )W T  dependences for the considered 
earthquakes turn out to be close. 

 

Figure 7. The spectrum of the work of plastic deformation forces for the Bucharest earthquake with a 
peak acceleration equal to 0.2 g, 0.1  . 

 

Figure 8. The spectrum of the work of plastic deformation forces for the Tabas earthquake  
with a peak acceleration equal to 0.863 g, 0.1  . The red and green dots indicate the possible 

values of the monotonous loading in emergency (red dot) and admissible (green dot) cases. 

The work of plastic deformation forces does not depend only on the system oscillations period, but also 

on its elastic limit elF . In order to assess the possible earthquake potential, it is necessary to find a structure 

that the earthquake can destroy. To do this, the dependences ( )W T  should be constructed for various 
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characteristics f . In the general case, one should work with the two-dimensional spectrum ( , ).W T f  Fig. 9 
shows such a two-dimensional dependence for the El Centro earthquake in isoclines. 

The potential destructive ability of an earthquake can be estimated by the volume of the figure formed 
by the surface ( , )W T f . If we designate this indicator as PFW (Plastic forces work), we can write: 

max max

0 0
( , )

T f

PFW W T f dfdT        (13) 

 

 

Figure 9. A two-dimensional dependence for the El Centro earthquake in isoclines. 

The proposed indicator for assessing earthquake intensity reflects the physical meaning of a 
macroseismic damage analysis and does not require any expert agreement about the earthquake duration. 
Singling “safe” sections out of the earthquake process occurs automatically depending on the structure 
properties. In addition, the proposed indicator gives more information about the earthquake than a 
macroseismic analysis. For example, a high-frequency earthquake in a territory built up with flexible structures 
does not result in a large amount of damages and is characterized as weak or moderate. At the same time, in 
the territory built up with low-rise rigid buildings, the same earthquake would cause a large amount of damage 
and must be described as strong. When using the proposed indicator of the earthquake intensity is used, the 
earthquake itself will find objects that it can destroy, which makes it possible to evaluate its strength objectively.  

The proposed criterion is conveniently used in assessing the earthquake resistance of structures under 
strong impacts in accordance with [25]. 

To this end, the point of monotonous destruction of the structure under consideration is put on the 
spectrum of work of the forces of plastic deformation. If the point is inside the graph (red dot in Fig. 7), the 
system will collapse due to low-cycle fatigue or progressive collapse. Otherwise, (green dot in Fig. 7) the 
system will adapt to the loading program. 

For adaptive systems with degrading stiffness, as a criterion for damage accumulation (earthquake 
intensity), one can use the damage index   and the current period of the structure fundamental vibration tone 
T. It is assumed that as the damage accumulates, the rigidity of the system will decrease, and the period of 
the fundamental vibration tone will increase. At the time of collapse, the rigidity comes down to 0. The concept 
of damage was introduced by L.M. Kachanov [29] and Yu.N. Robotnov [30] and is characterized by the area 
of the cross-section part occupied by the crack. At the beginning of the oscillations 0 , and at the time of 

collapse 1 . 

To describe the structure behavior, the authors used the Kirikov – Amankulov model of the damage 
accumulation [31]. In accordance with this model, the damage index  increases linearly, and the oscillation 
period decreases linearly with an increase of the maximum system displacement umax over the loading history. 

For this type of damage accumulation, the restoring force is described by the equation 

2

( )
( )

1 ( )

r u y
R y

u y



      (14) 
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where y is the structure displacement; u is the maximum structure displacement over the history of loading;  
is the nonlinearity parameter. 

The system rigidity is constant until the displacement u is less than the elastic limit uapp. When the 
elastic limit is exceeded, the stiffness begins to fall linearly with an increase of the maximum value of the 
system displacement over the loading process history. The displacement corresponding to the zero rigidity of 
the system is called the conditional displacement of destruction ucond. In fact, the displacement at which the 
destruction of the structure takes place is considered the displacement udistr at which the reaction of the system 

reaches its maximum value. The dependences R(u) and (u) are shown in Fig. 9. 

Systems with the type of nonlinearity under consideration are among the adaptive systems that, due to 
the increase of damages, are detuned from resonance. Ya.M. Eisenberg introduced the concept of a system 
state spectrum [31] for such structures. The system adapts itself to the loading program if the state spectrum 
crosses the response spectrum at some point. 

Oscillations of a system with degrading rigidity are described by the equation: 

0( )mu rmu R u my    ,     (15) 

where , ,u u u are the movement, velocity and acceleration of the structure, respectively; m is the structure 

mass; (umax) is the coefficient of inelastic resistance; R(u,umax) is the system rigidity; 0( )y t is the 

accelerogram of base vibrations. 

 

Figure 9. Dependence of the structure rigidity (a) and the coefficient of inelastic resistance  
of the structure (b) on the maximum displacement over the structure loading history. 

The integration of equation (15) has been carried out by standard methods. If the characteristics of the 
system change within the integration step, its parameters change in accordance with the change in these 
characteristics. As a result, it is possible to obtain the dependences of the final (after seismic impact) period 
and the system damage coefficient on the initial period of its oscillations, i.e. period and damage spectra of 
the system. Fig. 10 and 11 show examples of such spectra for the Bucharest and Tabas earthquakes. 

  

Figure 10. Spectrum of periods (left) and damage spectrum (right) for the Bucharest earthquake 
for f = 0.25. 
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Figure 11. Spectrum of periods (left) and damage spectrum (right) for the Tabas earthquake  
for f = 0.25. 

As can be seen from the figures, the systems under consideration with the accepted characteristics of 
damage accumulation must survive the Bucharest earthquake without collaps, and in the case of the Tabass 
earthquake, all structures with periods ranging from 0.05 to 1 s must be destroyed. 

3. Results and Discussion 
When modeling seismic impacts, it is necessary to take into account their characteristics discussed 

above. The importance of certain characteristics is determined by the adopted limit state. As it is known, the 
transition to multi-level designing is currently underway. As minimum, two levels of ultimate state and two 
levels of seismic input are considered. The first limit state is a violation of normal operation, which is referred 
to as SLS (Serviceability Limit State). It is allowed once every 50–300 years and after it the structure keeps 
working as usual. The corresponding earthquake is called a design one (DE). 

The second limit state is damage accumulation, incompatible with further operation – ULS (Ultimate 
Limit State). It is allowed with repeatability once every 500–5000 years. It corresponds to the maximum design 
earthquake (MDE). The requirements for multi-level designing are available in Eurocode-8. In a number of 
countries, for example, in Italy and France, these requirements are detailed. They provide for four limit states 
(4 action levels). The first limit state is the complete absence of damage (DLS (Damaged Limited State)), 
which can take place once every 21 years. The second limit state is SLS which can take place once every 60 
years. 

The third limit state is ULS with a repeatability of once every 500 years. And the fourth limit state is CLS 
(Collapsed Limited State) with a repeatability of once every 700 years. 

For each limit state and its corresponding actions, different factors are important. For calculating 
structures using the DLS and SLS, the PGA value should be decisive. The larger the PGA, the greater the 
structure strains. It goes without saying, the model action should be resonant, i.e. the prevailing action 
frequency should coincide with the peak of the amplitude-frequency characteristics of the structure. If the 
system is non-linear, for example, a seismically isolated building on kinematic supports, the PGA value is to 
correspond with the oscillation period according to the technique proposed in [26]. 

In all cases, it is necessary to take into account the significant dependence of the PGA and  on the 
prevailing input period, which decreases 3–5 times with an increase in the oscillation period from 0.2 to 
2 seconds. As damage accumulates, the role of the PGA decreases and energy performance becomes 
important. Here, from the authors’ point of view, preference should be given to IA and CAV parameters, since 
they do not depend on the prevailing input period. Values such as, for example, SED, significantly depend on 
the prevailing input period, which at the input generation it should be adjusted to the fundamental period of the 
structure oscillation. However, during the accumulation of damages, the period of oscillation falls, and the 
question of tuning for the period becomes problematic. In our opinion, the problem can be sold using the 
spectra of plastic deformation forces and the damage. The choice of spectrum depends on the mechanism of 
structure damage accumulation. For metal structures and other structures that are characterized by plastic 
work, the tuning is based on the work of plastic deformation forces. For stone and reinforced concrete 
structures, crack formation and damage accumulation according to the Kirikov-Amankulov model are typical. 
In these cases, the prevailing input period should correspond. 

4. Conclusion 
The analysis of seismic action properties allows us to conclude the following: 

1. It seems possible to use the simplest seismic impact models for typical designing and calculating 
mass construction objects. 
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Such models are also useful at the preliminary design stage, when the required amount of seismological 
data is not available yet. These impact models may be unlike the real ones, but they must ensure that the 
basic characteristics of the calculated models and the real impacts are consistent each other. 

2. In structure calculating under the action of DE, when the structure has no damages, the most 
important characteristics are kinematic ones. 

For most structures, first of all it is necessary to consider the values of PGA and harmonic coefficient. 
They determine seismic loads on the structure. In this case, the resonant actions should be chosen for the 
structure. The most important requirement is the observance of the dependence of both PGA and  on the 

prevailing period. The larger the period, the lower the PGA and  values. Dependences PGA (T) are available 
in both scientific and educational literature; the dependence (Т) is given in this paper. 

3. In calculating the action of moderate earthquake or MDE, when damages appear in the structure 
and the deformation diagram becomes non-linear, the energy characteristics of the impact become important. 
The authors believe that in these cases the most convenient are Arias intensity and cumulative absolute 
velocity (CAV), since these characteristics are independent of the prevailing input period. 

4. The authors propose two characteristics important, in their opinion: they are the spectrum of the work 
of plastic deformation forces and the damage spectrum. Peaks in the spectra of the model input should 
correspond to the fundamental periods of the structure oscillations. 
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Abstract. The subject of research is expanded-clay concrete with additives of ground granulated blast-furnace 
slag, silica fume, superplasticizer admixture and air-entraining admixture for 3D printing. The heat release of 
concrete and thermal conductivity of concrete are investigated depending on the concrete composition 
(cement, water cement ratio, expanded-clay), additives (slag, silica fume) and admixtures (superplasticizer, 
air-entraining agent). The thermal conductivity of concrete depends primarily on the expanded clay gravel 
content and depends less on the cement content. If both factors increase, the thermal conductivity decreases. 
This is due to the replacement of dense sand grains with a more porous cement paste. The influence of air-
entraining admixture on the thermal conductivity of expanded-clay concrete was not detected due to the high 
scattering of the experimental points. It was confirmed that the cement content and water cement ratio have 
an impact on the integral value of the heat release per unit mass of cement (q = Q/C). This value decreases 
with increasing cement content. The reason for this is that the total heat generated by concrete Q, with 
constant W/C and other equal conditions, increases linearly with increasing the cement content. The air-
entraining admixture increases the heat generation by concrete. This is due to the chemical interaction 
between the admixture and cement hydration products with the formation of thermodynamically more stable 
compounds. 

1. Introduction 
The technology of 3D printing is gradually becoming an integral part of construction industry. Using 

construction 3D printers automates the manufacturing process of building products and the construction. 

3D printers create of an object by adding material to the object layer by layer. The physical object is 
usually based on a digital 3D model [1–2]. In the construction industry, 3D printing can be used over a wide 
range: from the creation of hardscape elements [3] to the creation of large structures such as walls and domes 
[4].  

3D printing in construction industry makes it possible to realize not only simple rectangular buildings, 
but also structures more complex in their geometry [5]. In addition, the positive effects are the opportunity to 
reduce the cost of the created objects, increase the accuracy of their manufacture and reduce the construction 
period [6], [7]. 

The properties of concrete mix for 3D printing technology makes many demands [8]. The mixture must 
have a certain viscosity and moldability to maintain the required shape during printing. In addition, the mixture 
must have workability for extrusion [9]. It should also be fast setting, so as not to lose shape without formwork 
[10–11]. If it is necessary for concrete to have greater strength, steel reinforcement, fiber or glass-fiber are 
added to the mixture [12–16]. Possible flexural strength is up to 30 MPa and compressive strength is up to 
80 MPa in the case of using carbon, glass and basalt fibers with a size of 3–6 mm [17–18]. It is possible to 
use lightweight steel concrete structures consisting of monolithic concrete, profiled steel and fiber-cement 
sheets [19–20]. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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Other additives may be included in the mixture to improve certain characteristics of the concrete mix or 
concrete structures [21]. 

Experimental studies [22–23] showed that the addition of silica and nanoclay improved the formability 
of the fresh printing mixture, while a slight improvement was observed as a result of the addition of 
polypropylene fiber [24]. It is possible to use cement with clay soil and additives. The test results [25] shows 
the possibility of replacing cement paste with clay soil up to 25 % which leads to a reduction in the cost and 
an increase in printability with a slight decrease in the strength of the obtained material to 7 %. Other mineral 
admixture (fly ash, blast furnace slag, limestone, silica, silica fume, nanosilica, granite, perlite, vermiculite, 
etc.) also improved the properties of concrete [26–28]. 

The study [29] investigated adhesion between the layers of 3D printed concrete. It was found that the 
adhesion between the layers decreased with increasing time interval between lay-up. The interlayer bonds 
can be strengthened with cement paste at the interface [30]. This solution minimized voids and increased the 
adhesion area. 

Good extrudability and buildability were achieved when the yield strength of the material was in the 
range of 1.5–2.5 kPa [31]. The material did not have enough strength for maintain shape if the yield strength 
was below this range. Nevertheless, the material extrudability was difficult if the yield strength was above this 
range. 

For additive technologies due to the absence of form work, the rheological properties of the concrete 
mixture and green strength are also significant [9, 32]. As for example, the green strength can be up to 9.5 kPa 
in 30 min after mortar extrusion and up to 45 kPa in 150 min after mortar extrusion [32]. In this paper, 
rheological properties and green strength are not considered. 

In addition to the above concrete properties, which play an important role for 3D printing, it is the heat 
release of concrete [33]. Cracks appear in hardening concrete because of the heat of hydration of cement. 
These cracks are caused by uneven and moderate temperature deformations [34], [35]. There are different 
technical solutions for controlling the thermal conditions of hardening concrete and reducing temperature 
differences [36], [37], [38]. 

Another important property of any types of concrete is its thermal conductivity [39]. The thermal 
conductivity significantly affects the thermotechnical characteristics of the building and its energy performance 
[40–41]. 

In study [42], concrete containing cement, fly ash and hydrophobic aerogel granules was investigated. 
This type of composite could be used as 3D printing of wall elements with low thermal conductivity. 

Another way to reduce the thermal conductivity was to use the extrudable foamed concrete [43–44]. 
Study [43] showed that the obtained green and early age strength made this material potentially suitable for 
3D printing. Relatively high compressive strengths of this concrete was above 10 MPa [44]. Therefore, it 
fulfilled the requirements for building materials used for load-bearing wall elements in multi-story houses. This 
type of concrete was suitable for 3D-printing applications, while fulfilling both load-carrying and insulating 
functions. Besides the foamed concrete could be used foamed fly ash-based geopolymer matrices. This 
material for 3D printing was investigated in [45]. 

Large scale building elements could be made on 3D printer by depositing fresh wood chip concrete [46]. 

Fiber-reinforced concrete was investigated in [47] to optimize the mechanical and heat transfer 
characteristics of building components. Structures made of this type of concrete showed less thermal 
conductivity compared to reinforced concrete. 

However, the heat release of concrete and the thermal conductivity of concrete has not yet been 
purposefully investigated for construction 3D printing. Which makes this research relevant. 

The subject of research is expanded-clay concrete with additives of ground granulated blast-furnace 
slag, silica fume, superplasticizer admixture and air-entraining admixture for 3D printing. 

The objectives of the work is analysis of expanded-clay concrete composition influence on the heat 
release and the thermal conductivity of concrete. 

2. Materials and Methods 
2.1. Materials 

The Fly ash aggregate was tested in Peter the Great St. Petersburg Polytechnic University (Russia). 

Consistency of experimental mixtures was not tested for 3D printing. The rheological parameters for 
suitability can be achieved using admixtures after selecting a mixture according to the criteria of heat release 
and thermal conductivity. 
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Concrete mixture consisted of: 

1. Portland cement PC 500-D0-N produced by OJSC MORDOVCEMENT (Mordovia, Russia). 
Fineness of the cement is 97.1 %. Mineralogical composition of the cement are presented in  
Table 1. 

Table 1. Mineralogical composition of the cement [%]. 

C3S C2S C3A C4AF 
60.8 16.6 5.8 12.8 

 

2. Natural sand. The sand has fineness modulus from 2 to 2.5. 

3. Expanded clay gravel produced by OOO SUOR (Novocheboksarsk, Russia). Size fraction is 0–
20 mm, bulk density is 800 kg/m3 and cylinder strength is from 5.5 to 6.5 MPa. 

4. Silica fume MKU-85 produced by Yurga division of Kuznetskie Ferrosplavy (Yurga, Russia). Specific 
surface area is 15 m2/g. Content of SiO2 is 91.2 %. 

5. Ground granulated blast furnace slag produced by PJSC Mechel (Russia). Chemical composition of 
the slag is presented in Table 2. 

Table 2. Chemical composition of the ground granulated blast furnace slag. 
S K SiO2 CaO MnO Al2O3 MgO TiO2 FeO 

0.710 1.54 38.90 40.50 0.57 10.50 7.50 0.73 0.63 
 

6. Superplasticizer Sika ViscoСrete E78 RC/A on the base of polycarboxylate. 

7. Air-entraining admixture Sika AER 200-C on the base of synthetic surface-active agent.  

2.2. Thermal conductivity measurement 
The thermal conductivity λ was determined by thermal conductivity meter ITP-MG4 “250” according to 

Russian State Standard GOST 7076-99 “Building materials and products. Method of determination of steady-
state thermal conductivity and thermal resistance”. Samples in the form of plates were made with dimensions 
of 250×250×30 mm. Form removal was carried out 2 days after the manufacture of the samples. After that, 
the samples were stored under normal conditions at a temperature of 20 ± 2 °C and a relative air humidity of 
at least 96 %. After 28 days, the samples were removed from the moisture chamber and dried to constant 
weight. The test results are presented in Table 3.  

2.3. Heat release measurement 
Heat release Q was determined according to EN 196-9:2010. The heat release of concrete was 

determined by the thermos method at an initial temperature of 20 ºC. After that, the heat release of concrete 
was recalculated to the isothermal hardening mode at a temperature of 20 ºC. 

In accordance with hypothesis [48] the ratio of the heat release rates and corresponding terms 2τ  and 

1τ  remains constant at moments of equal heat release at Q1 = Q2: 

1 2

2 1

( ) const
( ) t

Q f
Q

τ τ
τ τ

∂ ∂
= = =

∂ ∂
 (1) 

The temperature function ft was calculated by the formula: 

1 2-

2
t t

tf ε= , (2) 

where ε is the characteristically temperature difference. If t1-t2 = ε, when ft = 2. This means if the temperature 
rises by ε degrees, the rate of heat release will double. 

Three identical samples of each concrete mix were tested. The readings of the temperature sensors 
were recorded by the data logger every 30 minutes. Heat release per unit mass of cement q = Q/C in tested 
mixes was characterized by two parameters of the I.D. Zaporozhets’s equation (3):  
qmax = Qmax/C, kJ/kg and A20, d-1. The parameter m was accepted constant and equal to 2.2 [49]. 
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1
1

max 1 (1 ) m
tQ Q Aτ

−
−

 
 = − +
  

, (3) 

where At is the heat release rate coefficient that characterizes the heat release rate at a given constant 
temperature t (in this case t = 20 ºC and At = A20); т is the order of the cement hydration reaction. The order 
of the cement hydration reaction for portland cement is between 2 and 2.3. 

The values of qmax and A20 were determined by experimental data. 

3. Results and Discussion  
3.1. Experimental data of heat release and thermal conductivity 

The heat release data and the thermal conductivity data of expanded-clay concrete are presented in 
Table 3. 

Table 3. Mixture proportions, the heat release and the thermal conductivity of expanded-clay 
concrete. 

Cement 

(C) 
[kg/m3] 

W/C 
Expanded 
clay gravel 

[kg/m3] 

Sika 
VC E78 
[kg/m3] 

Sika AER 
200-C 
[kg/m3] 

Silica 
fume 

[kg/m3] 

Slag 
[kg/m3] λ [W/(m·°С)] qmax [kJ/kg] 

A20 
[d-1] 

Х1 Х2 Х3 Х4 Х5 Х6 Х7 Y1 Y2 Y3 
375 0.445 0 4.5 1 0 60 1.352 400 1.45 

375 0.45 0 5.25 0 0 60 1.378 380 1.65 

430 0.43 130 4.5 1.45 43 70 1.215 392 1.45 

435 0.425 276 4.34 1.53 44 70 1.071 420 1.23 

440 0.461 347 3.96 1.38 44 70 0.983 423 0.8 

450 0.438 115 4.32 1 45 80 1.191 393 1.25 

450 0.511 520 4.05 1 45 70 0.791 395 0.9 

460 0.374 267 4.15 1 46 80 1.018 360 2 

460 0.439 185 4.4 0.8 46 70 1.184 420 1.25 

465 0.35 545 3.75 0.75 40 0 0.751 335 0.9 

465 0.443 295 4.9 1.4 46 70 0.994 430 1.15 

465 0.35 545 3.75 0.75 40 0 0.855 330 1.1 

470 0.483 270 4.23 1.4 47 69 0.954 420 1.05 

475 0.309 602 5 0.55 44 0 0.842 355 1.5 

475 0.314 502 4.5 0 44 0 0.788 350 1.7 

475 0.34 0 3.7 0 45 0 0.918 320 1.33 

475 0.319 502 5 0 44 0 0.848 360 1.3 

475 0.318 602 5.5 0.55 44 0 0.885 360 1.3 

475 0.34 560 3.7 0 45 0 0.901 317 1.4 

480 0.429 430 4.35 0.85 50 70 0.94 330 0.86 

485 0.404 530 6 0 45 110 0.867 380 2.5 

490 0.414 351 5.8 1 48 68 0.878 370 1.35 

520 0.296 486 7.6 1.25 50 60 0.83 345 1.1 

520 0.337 504 6.7 0 50 100 0.858 325 3.3 

520 0.379 400 7.5 0 45 60 0.906 350 1.3 

520 0.404 556 6.4 0 50 50 0.86 330 2.8 

520 0.41 428 4.9 1.5 50 70 0.791 358 1.55 

550 0.351 512 6.25 0 50 50 0.77 310 1.05 
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3.2. Thermal conductivity dependence on concrete composition 
The influence of independent composition parameters (X1 ... X7) on the thermal conductivity parameters 

(Y1) is determined by multivariate analysis based on linear regression. 

Linear regression Y1 = f(Х1…Х7) is appropriate according to the F-test, which is 4.32E-12 with a 
statistical value of 60.7. A determination coefficient R2 is 0.9550. The regression coefficients and their 
significance are given in Table. 4.  

Table 4. Parameters of linear regression for the thermal conductivity dependence on concrete 
composition. 

Variables coefficients Standard error t-statistics P-value 
Limits of confidence 95 % 

Upper Lower 

X1 -0.00176 0.000610 -2.88 0.00916 -0.00303 -0.000487 

X2 -0.154 0.270 -0.569 0.576 -0.717 0.410 

X3 -7.79E-04 6.55E-05 -11.9 1.59E-10 -9.15E-04 -6.42E-04 

X4 0.0125 0.0148 0.847 0.407 -0.0183 0.0433 

X5 -0.0448 0.0198 -2.26 0.0349 -0.0861 -0.00352 

X6 0.00126 0.00164 0.766 0.453 -0.00217 0.00468 

X7 0.000546 0.000472 1.16 0.261 -0.000439 0.00153 

Y1 interaction 2.02 0.239 8.44 5.02E-08 1.52 2.52 
 

Size of a region meets the condition Р < 0.05 for three of seven factors. These factors are X1 (cement 
content), X3 (expanded-clay gravel content) and X5 (air-entraining admixture content). Moreover, all three 
coefficients are negative, that is, an increase in the content of each of these components reduces the value of 
thermal conductivity of concrete. However, the results of dual regression analysis shows that coefficient of X5 
is positive, which contradicts the physical meaning, and the coefficient of determination is very small, 
R2 = 0.0292. Linear regression plots for significant factors X1 and X3 are shown in Fig. 1.  

 
Figure 1. Dual regression plots for the dependence of thermal conductivity versus cement content, 

and expanded clay gravel content. 

3.3. Heat release dependence on concrete composition 
The influence of independent composition parameters (X1 ... X7) on the heat release parameters (Y2 

and Y3) was determined by multivariate analysis based on linear regression. Importance factors are presented 
in Table 5. 

Table 5. Linear hypothesis factors of the multifactorial regression. 
Regression F-statistics F-value R2 

qmax= Y2=f(X1…X7) 9.70 2.95E-05 0.7725 

A20=Y3=f(X1…X7) 3.63 0.0109 0.5598 
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Linear regression graphs for the most significant factors X1, X2, and X5 of the response function  
Y2 = qmax are shown in Fig. 2.  

 

Figure 2. Dual regression plots for the dependence of qmax versus cement content, water-cement 
ratio and admixture Sika AER 200-C content. 

Function Y3 = A20 has very low coefficients of determination for the dual regression and represents 
hundredths and thousandths of a unit.  

3.4. Correlation between the concrete parameters 
The results of regression analysis on the influence of seven factors on the thermal conductivity (Y1) 

shows that only two factors have significant statistical value. The thermal conductivity decreases with 
increasing the expanded clay gravel content (factor X3), which is characterized by a relatively small scattering 
of points and a high coefficient of determination of R2 = 0.9083. The influence of another significant factor – 
cement content (X1) – is difficult to explain. If the cement content increases, the thermal conductivity 
decreases. Two more dual regressions of dependencies could explain this fact. They are concrete density 
versus cement content and thermal conductivity versus concrete density (Fig. 3). 

 
Figure 3. Dual regressions of dependencies: concrete density versus cement content and thermal 

conductivity versus concrete density. 

As shown in Fig. 3, the effect of cement content (factor X1) on the thermal conductivity (Y1) is associated 
with a decrease in the concrete density. Authors assume that this is the result of replacement of fine aggregate 
with a more porous cement paste. In this case, the usual correlation between λ and the concrete density is 
satisfactorily described by a second degree polynomial with a determination coefficient of R2 = 0.721. 

As a regression analysis has shown, the total integral value of the heat release per unit mass of cement 
qmax (Y2) depends on three factors: the cement content (X1), the water cement ratio (X2) and the admixture 
Sika AER 200-C content (X5). Fig. 2 shows a significant scattering of experimental points, but a certain 
tendency is observed. The decrease in the heat release per unit mass of cement q = Q/C with an increase 
in cement content is a well-known position. The heat Q produced by concrete, with constant W/C and other 
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equal conditions, increases linearly with an increase in the cement content C [50], [51]. This explains the law 
of mass action from chemical kinetics.  

4. Conclusions 
A multivariate analysis of experimental data on the influence of seven factors of concrete mixture 

(cement, water cement ratio, expanded clay, ground granulated blast-furnace slag, silica fume, 
superplasticizer, air-entraining admixture) on the thermal conductivity and the heat release of concrete was 
carried out. The results obtained lead to the following conclusions: 

1. The thermal conductivity of concrete depends primarily on the expanded clay gravel content and 
depends less on the cement content. If both factors increase, the thermal conductivity decreases. This 
is due to the replacement of dense sand grains with a more porous cement paste. The influence of 
air-entraining admixture on the thermal conductivity of expanded-clay concrete was not detected due 
to the high scattering of the experimental points. 

2. The cement content and water cement ratio impact on the integral value of the heat release per unit 
mass of cement. This value q = Q/C decreases with increasing cement content. The reason for this 
is that the heat Q generated by concrete, with constant W/C and other equal conditions, increases 
linearly with increasing the cement content C. W/C has a positive effect on the heat release of 
concrete. This explains the law of mass action from chemical kinetics. 

3. The influence of these seven factors on the rate of heat release, and, consequently, on the hydration 
of cement has not been established. 

Further research on this topic may be experimental studies of cold-bonded fly ash aggregate concrete 
for 3D printer. Fly ash can be used as an additive in the mix [52] or as a large aggregate [53]. If presoaked 
aggregate is added to the concrete mix, this will create “internal curing” for the concrete and reduce cracks 
caused by the heat release [54]. 
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Abstract. We propose a scheme of a statically determinate truss with straight chord s and four supports, one 
of which is a fixed hinge, the other movable hinges. The task is to obtain the dependence of the deflection of 
the middle span of the structure on the number of panels. The problem is solved by induction using operators 
of the Maple computer mathematics system. The deflection is determined by the Maxwell – Mohr's formula, 
the forces in the rods are found from the solution of the joint system of the equation of equilibrium of nodes, 
the unknowns of which include the reaction of the supports. of nodes, whose unknowns include the reaction 
of the supports. The inclusion of support reactions in the system of equilibrium equations allows us to reveal 
the external static indeterminability of the structure. Generalizing a number of solutions for trusses with a 
consistently increasing number of panels, the desired dependence is obtained. To do this, we create recurrent 
equations that satisfy the terms of the sequences of coefficients in the deflection formula. The resulting 
homogeneous linear recurrent equations have a degree no higher than the eighth in the case of a problem 
with a load distributed over the upper chord and the sixth for a concentrated load in the middle of the span. 
Solving these equations in the Maple environment using the rsolve operator gives expressions of the 
dependence of the coefficients of the desired formula on the number of panels. The asymptotics of solutions 
are found. The dependence of the horizontal shift of the mobile support on the action of distributed and 
concentrated load is also obtained. Formulas are derived for the dependence on the number of panels of 
forces in some elements in the middle of the span. The obtained solutions can be used for preliminary 
evaluation of the designed structure and for evaluating the accuracy of numerical solutions. 

1. Introduction 
Rod structures that carry loads or perform fencing or decorative functions are widely used in 

construction [1–6]. The most common planar schemes of such structures, consisting of pivotally connected 
rods that experience only compression or tension (trusses). On the basis of such models, more complex 
schemes with arbitrary (rigid or elastic) nodal connections are also built. Among all truss schemes, statically 
determinate ones are singled out separately, the forces in which are found from the static equations. Trusses 
differ in the shape of chords and the grid pattern. Despite a fairly large variety of schemes for statically 
determinate planar trusses, the search for new designs continues. This search is not an end in itself. Different 
working conditions of structures suggest different schemes. In some cases, a well-chosen scheme gives an 
advantage in terms of structural rigidity, where this is especially important, for example, in railway bridges or 
industrial buildings with suspended crane equipment. In other cases, the truss is used as a decorative element 
and must have a non-standard architectural expression. In [7], spatial periodic hinge – rod structures are 
developed for modeling materials with a cellular structure. Very often, the structure requires more strength 
than rigidity. In all these variants, you can not do with one simple scheme, for example, a truss with parallel 
chords and a triangular lattice. A variety of schemes is required. In 2005, Hutchinson and Fleck even called 
the search for new statically determinate schemes "hunting" [8, 9]. In the future, the direction of studying the 
features of calculating regular plane and spatial structures is continued [10, 11]. Statically determinate regular 
schemes of arch-type trusses were proposed and analytically calculated in [12–18]. More than 70 schemes of 
regular trusses with formulas for the deflection dependence on the number of panels are contained in the 
reference [19]. The relevance of this research is determined by the need to have a reliable alternative method 

https://creativecommons.org/licenses/by-nc/4.0/
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of obtaining a solution for numerical calculations of building structures. This method is the analytical method 
used in this paper. In addition, analytical solutions can be used for truss optimization problems [20–24].  

The first paper aim is the task of developing a new architectural and expressive scheme of a statically 
determinate truss in order to expand the class of statically determinate schemes of regular type trusses, and 
second – the analysis of this scheme and obtaining an analytical solution for the deflection of the structure, 
whose parameters include the number of panels, which significantly expands the applicability of the desired 
formula. 

The paper proposes a scheme of an externally statically indeterminate truss with straight belts and four 
supports, one of which is a fixed hinge, the other three are movable hinges. Triple lattice of parallel struts and 
resemble in structure members of a cable-stayed bridge Harp design or a Bolman truss with an additional 
lower chord. The task is to get a formula for calculating the dependence of the deflection of the middle span 
of the truss on the number of panels, the load and the size of the structure. The problem is solved by induction 
using operators of the Maple computer mathematics system. 

The main novelty of the work consists in the proposed scheme of a statically determinate regular truss 
scheme, for which a simple analytical solution obtained by the induction method is admissible. 

2. Methods 

2.1. The calculation of the forces in the members 

A distinctive feature of the structure under consideration is its external static indeterminate, defined by 
four supports, one of which is pivotally fixed, the other ones pivotally movable. However, this scheme is not 
only statically determinate, but also allows an analytical solution of the deflection problem for an arbitrary 
number of panels. The total length of all truss rods with n panels is 2(4 1) 3 12n a hn cn   , where 

2 2c a h  . Each panel consists of six braces, three struts h  high each, and six upper chord rods a  long. 
Adjacent panels intersect with each other along two common members of the upper chord and are connected 
along the lower chord by a rod of length 4a . Thus, shorter rods are located in the upper chord that is subject 
to compression, and the lower stretched chord contains long members. The truss consists of 14 6m n   
rods, including five rods that model supports. 

The truss is externally statically indeterminate, which means that the standard calculation scheme with 
independent determination of support reactions does not pass here. The reactions of the supports can only 
be determined from solving the joint system of equilibrium equations of all nodes together with the forces in 
the rods. 

 

Figure 1. Load distributed over the upper chord, n = 6. 

 

Figure 2. Concentrated force, n = 4. 

Since the goal is to derive a formula for deflection, the forces in the rods must also be found in symbolic 
form. In [12, 14], an algorithm for calculating forces in planar truss rods in the Maple computer mathematics 
system is proposed. Nodes and rods of the truss are numbered (Fig. 3). The program code for the values of 
the coordinates of the nodes of the structure: 

4 3 4 4 3

( 1), 0, 1,...,4 3,

, , 1,2,3, 1,..., .
i i

i n j j i n j

x a i y i n

x x y hi i j n   

    

    
                                       (1) 
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Figure 3. Numbering of nodes and rods, n = 2.  

Each element is assigned an ordered list of end numbers. For upper chord, for example, these lists 
have the form: [ , 1], 1,...,4 2.iN i i i n     For the lower chord: 

13 2 [3 3 4 ,3 6 4 ], 1,..., 1.n iN i n i n i n                                              
(2) 

The matrix of the system G of node equilibrium equations consists of guide cosines of forces, which are 

calculated through projections of members 
2, 1, 2, 1,1, 2,, , 1,..., ,

i i i ii N N i N Nl x x l y y i m      and their 

lengths 2 2
1, 2,i i il l l  . Even (j = 2) rows of the matrix contain guide cosines with a horizontal x axis, and 

odd (j = 1) rows contain guide cosines with a vertical y axis: 

, , ,2/ , 2 2 , , 1,2, 1,..., ,k i j i i iG l l k N j k m j i m       
                            (3)

 

, , ,1/ , 2 2 , , 1,2, 1,..., .k i j i i iG l l k N j k m j i m        

Solving a system of equilibrium equations using standard operators of the Maple system gives forces 
in the rods. The scheme of distribution of forces in the rods in the case of a distributed load (Fig. 1) is shown 
in Fig. 4 

 

Figure 4. Forces in the rods in the case of distributed load action, n = 4, a = 4m, h = 3m.  

Compressed members are marked in blue, and tension members are marked in red. The upper chord 
is compressed, the lower chord is stretched. It is significant that the extreme racks of the truss are compressed, 
the lower middle ones are stretched. The thickness of the line is proportional to the modules of forces related 
to the load P. In the case of concentrated force, not all members of the upper chord are compressed (Fig. 5), 
and many members, including side extensions, are not loaded. 

 

Figure 5. Forces in the rods under the action of a concentrated load, n = 4, a = 4m, h = 3m. 

It is noted that for an odd number of panels, the determinant of the system of equilibrium equations 
turns to zero. This indicates the kinematic variability of the system. This is confirmed by the diagram of possible 
node velocity. For n = 1 it is given in Fig. 6: 
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Figure 6. Diagram of possible velocity of nodes for instantly changeable truss, n = 1, v/a = u/h. 

If the calculations are made not in analytical form, but numerically, then due to rounding errors, the 
effect of turning the determinant of the system to zero may not be noticed. Consider trusses with an even 
number of panels 2 .n k  

2.2. Calculation of deflection 

The deflection of the middle of the truss is calculated using the Maxwell – Mohr's formula 

                                                   
5

1
,j j jm

j

S s l

EF






                                                                     (4) 

where E  and F  are the elastic modulus of the members and their cross-sectional area, jl  and jS  are the 

length and force in the j-th element from the action of a given load, js  is the force from the unit load applied 

to the upper chord nodes in the middle of the span. 

Calculations show that the deflection of the truss for any number of panels has the form 

                         
3 3 3 2

1, 2, 3,( ) / ( )k k kP C a C c C h h EF    ,                                                (5) 

where the coefficients , , 1,2,3j kC j  depend only on the number k. The main task at this stage is to find 

these dependencies. Sequential calculation of trusses with increasing number k = 1,2,... gives the sequence 
of coefficients. Common terms of these sequences can be found by composing recurrent equations for 
sequence members using the rgf_findrecur operator. To determine the coefficient 1,kC , it was necessary to 

consistently find the deflection of 16 trusses at k = 1,2,..., 16 and obtain a linear homogeneous equation of the 
eighth order: 

1, 1, 1 1, 2 1, 3 1, 5 1, 6 1, 7 1, 8 2 2 6 6 2 2 .k k k k k k k kС С С С С С С С                          (6) 

The solution of the equation is given by the rsolve operator: 

4
1,

2(40 2(9 8( 1) ) (( 1) 1)(2 1)) / 2.k
k kk kC k      

                          
(7) 

The other coefficients are determined in the same way: 

4 3 2

4 3 2
3,

2, (40 16(2( 1) 5) 2(37 24( 1) ) (1 ( 1) )(38 15)) / 6,

(40 16(2( 1) 5) 2(7 24( 1) ) (1 ( 1) )(26 3)) / 6.

k
k k k

k k k
k

k k k k

C k k k

C

k

         

       



  
           

(8) 

Coefficients 2,kC  and 3,kC  differ only in a few terms. Formula (5) with these coefficients is the main 

solution of the problem. It can be supplemented by calculating the truss for other loads and by output formulas 
for the forces in some of the most critical rods in the relation to the stability and strength of the rods. So, for 
the case of the action of a concentrated force (Fig. 2), we have the following coefficients, obtained also by 
induction 
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3

3 2

2

1,

2,

3,

4 2(2 ( 1) ) ( 1) 1,

(4 6(( 1) 1) (20 6( 1) ) 3( 1) 3) / 3,

2 (2 3(( 1) 1) 3( 1) 4) / 3.

k

k

k

k k

k k k

k k

k k

k k k

k k

C

C

C k

     

        

     





                       

(9)

 

In the case of a load distributed over the nodes of the lower chord (Fig. 7), the coefficients of the solution 
(3) have the form  

4 2
1

2

,

2
,

4 3

5 (3 2( 1) )

(10 4(2( 1) 5) 4(5 3( 1) ) 8(1 ( 1) ) 3( 1) 3) / 6,

3 2(5 2(2( 1) 5) (7 6( 1) ) 2(( 1) 1)) / 3.3,

,k
k

k k k k
k

C k k

k k k k

k k kC k k k kk

C

   

            

                

(10)

 

 

Figure 7. Load distributed over the lower chord, n = 6.

 
2.3. The forces in the members 

In the process of calculating the deflection in analytical form, formulas for the forces in all rods and 
supports were obtained. We will write out only the most interesting results related to the most compressed and 
stretched rods (Fig. 2). For a distributed load, we have the following expressions: 

2
1 2

2
1 2 1 2

(8 3) / (2 ), (8 1) / (2 ),

4 / , 4 / , , (2 1)(2 3).

O Pa k h O Pa k h

U Pck h U Pak h V P V P k k

     

                   
(11)

 

At k > 1, the most compressed rod has a force of 1O . To approximate the stability of the structure, we 

can use Euler's formula, taking the coefficient of reduced length equal to 1: 

2 2 2(8 3) / (2 ) / ,Pa k h EJ a                                                           (12) 

where J is the moment of inertia of the cross section. 

Reactions of supports of an externally statically indeterminate structure have the form: 

4 , / 2.A BY Pk Y P  
                                                               

(13) 

It is interesting to note that the reaction of support B does not depend on the number of panels or the 
size of the structure. Judging by the sign, the reaction of this support is directed downward, the support does 
not support the structure from below, but holds it. In the case of a concentrated load for the same rods and 
support reactions the formulas are obtained: 

1 2

1 2 1 2

(2 1) / (2 ), ( 1) / (2 ),

(( 1) 1) / (2 ), / , 0, (2 ( 1) 1) / 2,

k

k k

O Pa k h O Pa h

U Pc h U Pak h V V P k

    

                     

(14) 

                
(1 ( 1) ) / 2, ( 1) / 2.k k

A BY P Y P    
 

Here the signs of reactions and some forces depend on the parity of the number of panels in the half 
span. 

2.4. Shifting of the movable support 

In addition to the deflection of the middle of the span, an equally important operational characteristic of 
the truss is the shift of the movable supports under the influence of an external vertical load. Of course, in 
girder trusses, this value is not as large as in arched or frame trusses, but to calculate the support structures, 
the engineer must have an estimate of the amount of support shift under load. When calculating the horizontal 
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displacement in the Maxwell – Mohr's formula (4), js
 
it is the forces from the action of the horizontal unit force 

on the movable support A. Omitting the intermediate calculations, we present the results of an inductive 
generalization of solutions. In the case of distributed load action the offset of the support A has the following 
formula depending on the number of panels: 

2 ( 1)(1 2 1) / (3 ).6 a k k k FhP E                                                 (15) 

For the case of a concentrated load, this dependence has the form: 

22 (1 ( 1) ) / ( )ka k EP k Fh    .                                                 (16) 

For the case of a load distributed over the lower belt, the dependence of the shift of the movable support 
on the number of panels has the form: 

2 2(4 6 5) .2 / (3 )a hk k FP k E                                               (17) 

3. Results and Discussion 
The features of the obtained solution in the case of distributed load are studied on the graphs of the 

dependence of the dimensionless deflection ' / ( )sumEF P L  , where (4 1)sumP n P   is the total load 

on the structure. Let us assume that the span length is fixed 2(2 1)L n a  . As the number of panels 
increases, the length of each panel decreases, and the relative deflection increases (Fig. 8). Note that this 
growth is uneven and strongly depends on the height h. The intersection of curves shows that for different 
heights, but the same number of panels in this setting, the relative deflection can be the same. The deflection 
– height ratio also depends on the number of panels. At the beginning of the graph, for small k, the order of 
the curves is natural. The higher the height of the truss, the smaller the deflection. Starting from a certain value 
of k, the curves are reversed. Note that the effect of self-intersection of the curves on the graph and the 
alternation of their order is associated with the nonlinearity of the problem and the accepted assumption about 
the constancy of the load and the span length. If the deflection is attributed not to the total load and the panel 
size rather than the span is fixed, then the self-intersection effect disappears. 

 

Figure 8. Dependence of dimensionless deflection on the number of panels, 

1 – h = 1 m; 2 – h = 2 m; 3 – h = 4 m; L = 100 m. 

Curves of deflection dependence on the number of panels are non-monotonic. The presence of jumps 
in such curves is typical for trusses with a complex lattice [14]. Trusses with a lattice consisting of triangles, 
these curves are smooth and have no jumps [15, 16]. 

In the case of a load applied to the lower belt, the curves are almost the same with the same effects of 
intersecting the curves and changing their order. 

The asymptotics of the solution turns out to be nonlinear. By means of Maple system, we get that the 
deflection dependence on the number of panels with increasing k tends to be cubic: 

                                            

3lim '/ 5 / (3 )
k

k h L


 .                                                              (18) 
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The same order is obtained for a concentrated load: 3lim '/ 8 / (3 )
k

k h L


 . The cubic character of 

the deflection growth with an increase in the number of panels is also found in the arch-type truss [14]. 
However, the deflection growth in this problem is much slower. The growth factor is 5 / (384 )h L .

 
The dependence of the deflection on the height reveals a minimum (Fig. 9). As the number of panels 

increases, the extreme point on the h axis shifts to lower values. The presence of a minimum deflection with 
a change in height is very typical for such problems [14–16] and is associated with the form of the solution. 
The quantity h in (5) has the second degree in the denominator and cubic in the numerator. Functions of this 
kind usually have a minimum. A less obvious minimum is found in a similar statement of the problem for the 
arch [14]. In [8–11] such curves were not constructed. 

 

Figure 9. Dependence of the deflection on the height of the truss, L = 100 m. 

In addition to the usual calculations of forces and deflections in truss problems, this paper reveals a 
somewhat unexpected feature of the proposed scheme – kinematic degeneration of the structure. This is 
shown in the degeneration of the matrix of the system of equilibrium equations for certain values of the panel 
numbers. This effect was not found in [1–3, 8–11], where regular trusses were also studied. The effect of 
kinematic degeneration of many regular truss schemes with a complex lattice at a certain number of panels 
was previously noted in the reference [19]. 

4. Conclusions 
 A new scheme of a statically determinate truss is proposed and its mathematical model is constructed, 

which allows calculating the forces in the members and obtaining the deflection dependence on the 
number of panels in an analytical form. 

 Kinematic degeneration of the structure was found for an odd number of panels. The result is 
confirmed by a picture of the distribution of virtual node velocities. 

 By generalizing a series of solutions for trusses with a successively increasing number of panels, a 
formula is obtained for the dependence of the deflection and forces in some rods on the truss size, 
load and number of panels. Formulas have the form of polynomials in the number of panels of degree 
no higher than the fourth. 

 The dependence of the horizontal displacement of the mobile support under the action of three types 
of loads is found. An asymptotic analysis of the solution of the deflection problem was performed, 
which revealed the cubic character of the deflection growth with an increase in the number of panels.  

 The solution graphs constructed for specific dimensions of the structure showed the presence of a 
minimum deflection depending on the height of the truss and a jumpy, non-monotonous increase in 
the deflection with an increase in the number of panels. 
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Abstract. Introduction. The urgent scientific and practical problem in hydraulic engineering is refinement of 
structural designs of embankment dams with seepage-control elements (SCE) made of artificial materials. 
They should conform with the requirements of effectiveness and safety. Different authors make proposals on 
refinement of structural designs of embankment dams with SCE to be made of materials based on cement 
and on widening the sphere of their application. Materials and methods. Analyses were made of the spheres 
of application in hydraulic engineering of the materials based on cement: concrete, clay-cement concrete, soil-
cement concrete, soil-cement mixes. With this consideration the analysis was made of SCE structure 
alternatives. Their classification permitted revealing the main tendencies in development of embankment dam 
structural designs. Results. The sphere of possible application of SCE different types depends on the dam 
height. For low-head and medium-head dams the most applicable design solution refers to dams with 
diaphragms made of clay-cement concrete bore piles. It was already tested in practice. For high-head and 
ultra-high-head dams the effective and safe solution has not been found yet. Four conceptual ways may be 
considered, but all of the men visage using structures made of cement-containing materials. The first way is 
refinement of a concrete face rockfill dam structural design. It may be realized by doubling the seepage control 
facility with use of geo-synthetic materials. The second way is elaboration of a principally new massive 
seepage-control structure to be made of material based on cement. The third way is use of combined dams, 
where the dam safety is enhanced by replacement of a part of an embankment dam by concrete. The fourth 
way is combination of different types of SCE each of which is arranged at different by height dam sections. 
Conclusions. Materials based on cement propose wide possibilities for refinement of embankment dam 
structural designs. Nevertheless, the main tendency in development of high-head embankment dam structural 
designs is application of SCE complicated structures with use of materials based on cement. By their structure 
they may be either double (multi-layered) or compound (SCE combination). 

1. Introduction 
The urgent problem of hydraulic engineering is refinement of structural designs of embankment dams. 

Structural designs used at present are varied: they differ by type (earthfill, rock-earthfill, rockfill), by structure 
(core, face, curtain, diaphragm) and by material of a seepage-control element. However, all of them have 
limitations either in the field of application or do not guarantee the proper level of safety. 

Therefore, refinement of embankment dam structural designs envisages solution of at least one of the 
following tasks: 

1. Enhancing effectiveness of dam construction: decreasing the cost, decreasing man-months and 
construction period; 

2. Enhancing reliability and safety of the dam structural design; 

3. Widening the field of embankment dam application for higher heads. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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At present the only type of dams which may be used actually for any head and conditions is rock- earthfill 
dam with central core made of clay soil. The highest dam of such type is 300 m high dam of Nurek HPP in 
Tajikistan. 

However, rock-earthfill dams have limitations by application related to the possibility of placing clay soils 
into the seepage-control core. In severe climatic conditions it is difficult to provide proper quality of clay soil 
placement which results in decreasing the dam safety level. This is testified by operation experience of the 
highest in Russia rock-earthfill dam of Kolyma HPP built in Magadan Oblast [1]. As a result of insufficient 
quality of soil placement, the dam is subject to considerable deformations, and there are zones of increased 
permeability in the core. Danger of affecting the seepage strength of the soil core is also a characteristic 
feature for other rock-earthfill dams. The case of complete failure in 1976 of 93 m high Teton rock-earthfill dam 
(USA) is well known [2]. In literature there described cases of hydraulic fracturing of Balderhead dam cores 
(England) [3, 4], of Kureika dam [5–7]. 

Therefore, the urgent problem is search for alternatives of embankment dam structural designs [8]. A 
number of publications is devoted to this issue. Analysis of these papers shows that the most perspective is 
use of seepage-control elements (SCE) of non-soil materials in embankment dam structures. This is explained 
by the quality of artificial materials production and provision of the required level of their strength and water 
permeability. 

A that, the important role is played by the materials based on cement. Based on cement a wide spectrum 
of different materials may be created and various methodologies may be applied for their production. 

This article presents the analysis of proposals on refinement of the existing and elaboration of new 
structural designs of embankment dams with use of materials based on cement in order to estimate the 
perspectives of these materials’ application. 

2. Materials and methods 
Analysis of the considered issue is carried out in two stages. At the first stage there was made a review 

of used materials based on cement in hydraulic engineering. The considered materials are those where 
cement plays the role of a binding agent. At the second stage there were analyzed the ways of further 
refinement of embankment dam structural designs as well as the advantages and disadvantages of structures 
proposed by different authors. 

3. Results 

3.1. Review of information about the materials developed based on cement 

Materials created on the base of cement differ in composition and / or manufacturing technology. They 
may be classified as follows. 

1. First of all, it is traditional concrete and reinforced concrete. However, it should be noted that for the 
increased level of SCE safety, special solutions can be applied to the design of concrete structures. In 
particular, instead of traditional concrete reinforcing with steel bars, it is possible to use distributed 
reinforcement. In particular, the face of the Shuibuya dam was reinforced with geosynthetic fibers to increase 
tensile strength [9]. It is also proposed to use self-healing concrete. 

2. In hydraulic engineering and road construction, so-called roller compacted concrete is widely used. 
In hydraulic engineering, it has been used since the middle of the 20th century. It is a particularly hard concrete 
mix with a low cement content and a high content of coarse aggregate. Unlike conventional concrete, it is 
placed by layers and compacted not by internal vibrators, but by vibration rollers. 

3. Further development of roller compacted concrete technology is the “hard fill” technology, which 
found its application in the 21st century. [10–13]. As a result of its application, a new type of dam was created 
– the “hard fill”. The profile of such dams is trapezoidal, like that of embankment dams, but with steeper slopes 
(about 0.8). Abroad, a hard soil-cement mix of cement, sand and gravel is called CSG, and in Russia it is 
called soil-cement concrete. The technology for producing soil-cement-concrete can be various. The already 
produced CSG mix is placed in the dam and compacted by rollers. It includes not more than 80 kg/m3 of 
cement, and sand and gravel in equal proportions. It is also possible to obtain soil cement concrete by pouring 
coarse soil with cement mortar, the so-called divided technology. 

Technologies of roller compacted concrete and “hard fill” are convenient for construction of massive 
structures, but roller compacted concrete and soil-cement concrete are quite permeable, therefore, they 
require additional seepage-control structure. For example, the upstream face of CSG dams is covered with a 
protective layer of concrete. 

4. Clay-cement concrete or plastic concrete is used exclusively to create seepage-control structures. It 
is concrete with the addition of local clay materials. Bentonite clay or similar local clay soils are used as such 
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additives [14]. Additives are designed to reduce the stiffness of cement stone. The ratio of cement and 
bentonite in clay-cement concrete mix may be different. For example, clay cement concrete used for 
construction of Karkhe dam seepage-control wall (Iran) contains 200-220 kg of cement and 30-40 kg of 
bentonite in 1 m3 [15], while clay cement concrete of the Kureika dam wall contains 125-156 kg of Portland 
cement and 120-140 kg of bentonite. 

Depending on the ratio in the content of cement and clay, it is possible to obtain clay-cement concrete 
with the necessary deformability and strength. The modulus of deformation of clay-cement concrete may vary 
widely: it may be less than 100 MPa or may exceed 1000 MPa [15]. Clay-cement concrete has plastic 
properties, due to which it can have the ability to self-heal cracks [16], so it is advisable to use it for installation 
of seepage-control walls. To increase the strength of clay-cement concrete, it is proposed to introduce 
distributed reinforcement, fiber in its composition in the form of metal wires or in the form of polymer fibers [17, 
18]. 

A separate class of cement-containing materials is composed of various soil-cement mixes. They are 
soils, binded in one way or another with cement. Depending on the technology of consolidation, several types 
of soil-cement mixes are distinguished. 

5. Soil cement is produced by mixing soil with cement directly at the site of placement. It was first used 
in the USA for protection of the slope against the effects of waves. 

Soil-cement mixes can be formed during the development of soil. Recently, such methods of creating 
seepage-control walls in soils as the mixing method and the jet grouting method have appeared1. In these 
methods, cement and soil are mixed in place, during the execution of the wall. The base soil is not removed, 
but is part of the cement-soil material. Depending on the content of cement, water and air, the properties of 
soil-cement mixes can vary greatly. 

6. Soil cemented by injection of cement-based grouts is produced by injecting the grout into the pores 
of coarse-grained soil at a pressure of 0.5-6 MPa [19, 20], and after hardening of which a cemented stone is 
formed. 

The material of curtains and walls produced by injection, mixing, and jet grouting is unpredictable in 
properties, because its composition is determined by the composition of the original soil massif. 

Even a brief review shows that the range of cement-based materials used in hydraulic engineering is 
very wide. 

Perspectives of using in embankment dams of new structures of seepage-control elements 
made of cement-containing materials. 

Use of the above cement-containing materials, as well as the technology of their application, allows 
creating new design solutions for embankment dams. 

A peculiarity of scientific and technical progress in hydraulic engineering is that fundamentally new 
solutions are rarely implemented; more often development is carried out by improving or borrowing already 
existing technologies. In construction of embankment dams, the main trend is the transfer of technology, that 
is, the adaptation of those structures and technologies that have previously proven themselves in any field 
and have proven their effectiveness, reliability, to solve new problems. 

Expanding the scope of application of this or that material, technology is limited by technical capabilities 
and gained experience. Therefore, the ways of developing designs of low-, medium- and high-head 
technologies differ. 

Perspectives of using seepage-control elements made of cement-containing materials in 
embankment dams of low and medium heights. 

Development of structures of low-head and medium-hed embankment dams is aimed at increasing the 
efficiency of construction, as the problem of providing reliability and safety can be solved by traditional 
methods. It is proposed to use SCE of cement-containing materials (including concrete) as an alternative to 
the traditional soil SCE (cores and faces of clay soils). 

This is proved by the experience of repairing several rock-earthfill dams, where cracks appeared in 
seepage-control cores. An example is Balderhead Dam in England [3, 4]. Its repair was carried out in 1968, 
first by grouting to fill the cracks, and then by creating a trench method of a seepage-control wall made of soil 
concrete with a thickness of 0.65 m and a depth of up to 45 m [21]. There are other examples of creating new 
seepage-control diaphragms in the bodies of repaired dams using the trench method, for example, at Navajo 
dam (USA, 1987) [21]. 

                                                   
1 Broid I.I. Jet geotechnology. – М.: АСВ, 2004. – 448 p.; Development of Dam Engineering in the United States. Pergamon 
Press. Edited by E.B. Kollgaard and W.L. Chadwick, 1988. 1072 p. 
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Another technology for creating a new seepage-control wall is the technology of bored piles. An example 
is the dam at the Kureika hydroelectric station, in one of the sections of which in 1992 failure occurred with 
loss of core tightness [5–7]. The dam repair was proposed to be implemented by creating a new SCE of bored 
piles [5–7]. It was completed in 1998–1999 and after that the dam continues to operate successfully. 

According to the experts of VNIIG named after B.E. Vedeneev, making a diaphragm of bored piles is a 
promising way to create SCE in low-head embankment dams. This was shown by recent experience in building 
the dam of the Nizhnyaya-Bureya hydroelectric plant [22, 23]. VNIIG named after B.E. Vedeneeva developed 
typical designs of dams with diaphragms made of clay-cement concrete for future use2. 

It should be noted that this idea has already been realized abroad. Already in the 1970s –1980s, the 
diaphragms of a number of embankment dams were made using the “slurry trench cutoff wall” method [24]. 
For example, at 6.5 meters high Wadi Hawashinah dam (Oman), a 0.6 m thick diaphragm was constructed 
using a trench method [25]. In the 1970s, 31 m high Formiz dam was built in Germany, the SCE of which was 
the core of silty sands, and a wall was built in its center [26]. The wall with a thickness of 0.6 m was erected 
with use of the trench method by 4 m high layers. The material softer than concrete was used as the diaphragm 
material, i.e. clay-cement concrete. 

For medium-head dams, Russian authors propose a new type of dam SCE – a bored pile diaphragm 
erected by layers [17, 27]. A number of papers published recently have been devoted to the issues of possible 
use and development of such structures [28–30]. The complexity of using this design is vulnerability of 
connection of the diaphragm layers [31]. 

Abroad, there is an experience in creating deep (in one layer) seepage-control diaphragm walls for 
repair of rock-earthfill dams. These walls are made by the trench method. In 1985–1986 in this way, the 
Fontenel Dam was repaired in the USA: a 0.65 m thick and 55 m deep concrete wall was constructed in sandy-
loamy soil [21, 32, 33]. At the Mud Montain Dam (USA), the depth of the wall, made in a similar way, was 
120 m [34]. The wall thickness was 0.85÷1 m [21]. 

There is experience in application to create a temporary diaphragm wall in the cofferdam and body of 
the Xianlongdi dam in China [22]. Its total depth (in the dam and foundation) was 52 m. The diameter of the 
borehole columns was 1.2 m. 

In all these cases, SCE arranged by various underground methods in the body of a filled dam, showed 
their reliability during several years of operation. Thus, the use of diaphragm walls makes it possible to create 
safe structures of embankment dams. 

Perspectives of using seepage-control elements made of cement-containing materials in high-
head embankment dams. 

For high and ultra-high dams, the problem of SCE safety is the main one, and the issues of construction 
efficiency are fading into the background. These dams require special design and technological solutions. 

Currently, for high-head dams, only one SCE made of artificial materials is used: this is a concrete face. 
At present, the highest concrete face rockfill dam (CFRD) is Shuibuya Dam in China. Its height is 233 m. 
Chinese designers suggest using CFRD with even at a height of 300 m [9, 35, 36]. However, as practice 
shows, the safety of CFRD is not guaranteed. At a number of such dams, the faces were damaged and needed 
repairs. Dams Campos Novos, Aguamilpa, Tianshengqiao 1, Mohale, Barra Grande [35, 37, 38] may be 
presented as examples. For the possibility of using SCE of non-soil materials, it is necessary to solve the 
problem of providing the necessary level of its safety. As experience and research show, of all types of non-
soil materials, only cement-based materials are suitable for construction of ultra-high dams. 

Two fundamentally different ways of solving the safety problem of high-head dams with non-soil SCE 
can be distinguished: 

 the first way is to improve the applied design of CFRD; 

 the second way is development of a fundamentally new dam design. 

The first way, enhancing safety of the applied design of CFRD can be realized by duplication of one 
SCE (concrete face) with another, i.e. by using a multilayer construction. A similar approach is used in the 
design of sludge collector dams, ash and slag dumps and toxic liquid storage facilities where an increased 
level of seepage-control protection is required. For example, in them, asphalt concrete and geosynthetic faces 
are simultaneously performed, between which drainage is arranged to collect and drain filtered water. 

Several alternatives for construction of a multilayer SCE structure may be considered. The first 
alternative is a combination of concrete and geosynthetic faces. This method has proven itself at construction 

                                                   
2 Company-specific standard STP 310.02.НТ-2017. Recommendations for designing, analysis and construction of a 
seepage-control element made of clay-cement concrete bored piles / edited by Miltzin V.L., Orishuk R.N., Solsky S.V.: 
JSC «VNIIG named after B.Е.Vedeneev», JSC «Lenhydroproject». 2017. 118 p. 
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of Bovilla dams [39] and repair of concrete face of dams Turimiquire [40], Salt Springs [41] and New Exchequer 
[42]. Its disadvantage is the possibility of damage to the open geomembrane due to mechanical and thermal 
effects, as well as by solar radiation. 

The second alternative is a combination of concrete and soil-cement concrete face. This idea is 
promoted by a number of Russian authors – L.N. Rasskazov [43], Yu.P. Lyapichev [44], A.S. Bestuzheva [45]. 
The idea is not only to increase safety of SCE due to appearance of a second line of seepage-control 
protection, but also to provide the maintainability of SCE, which is achieved by repairing a soil-cement concrete 
zone by injecting grouts. The concept of creating a massive SCE of cement-containing materials is debatable, 
because according to the results of our research [46], this does not increase, but reduces the concrete face 
efficiency. 

The concept of creating a massive SCE of cement-containing materials is debatable, because according 
to the results of our research [46], this does not increase, but reduces the efficiency of BE. 

The second way to improve the design of high-head embankment dams, i.e. elaboration of new designs 
of ultra-high dams, is even more problematic. A number of publications are devoted to this issue. Several dam 
designs may be proposed and considered. For example, L.I. Kudoyarov proposed to use steel faces for 
construction of ultra-high dams [47], however, this alternative of the dam is very costly and difficult for repairs. 

More realistic alternatives are also available. As a rule, their idea is based on use of materials based on 
cement. All the proposed alternatives may be classified as three different concepts. 

Concept No. 1 is based on use of a massive SCE made of one of the materials based on cement in the 
dam design. An injection curtain or a concrete mass (core) may present such a SCE. 

Alternative 1 – an injection core (curtain) made by binding a gravel-pebble soil with a cement-containing 
mix (Fig. 1). The advantage of this option is that it has already been put into practice in one form or another. 
For example, the grout curtain is at the bottom of a series of SCE high embankment dams. These are 
Atbashinsk [48], Yumaguza [49] dams, dams of Kambarata hydroelectric power plant-2 [50] and Mainskaya 
hydroelectric power plant [20]. 

 
Figure1. Design of rockfill dam with a seepage-control elements grout curtain.  

C – grout curtain, RF – rock fill, B – bedrock base, I, II, III – construction project phases. 

There are cases of grout curtain in the body of an embankment dam for repair purposes. An example 
is Orto-Tokoi Dam (Kyrgyzstan), 52 m high, in which clay-cement grout was injected to reduce seepage 
through the dam body. 

Successful experience gained in operating the above dams shows that the grout curtain may be used 
as the main SCE of an embankment dam. Grout curtains (cores) have several advantages over other types 
of SCE. Firstly, due to arrangement of a curtain (injection) after completion of the dam construction, SCE will 
be free from deformations of rockfill of the construction period, which improves its SSS. Secondly, in the event 
of breaking water tightness, the injection core can be repaired by re-injecting the developed cracks. 

However, injection cores have a major drawback: in order to ensure seepage strength, the grout curtain 
in coarse soil should have a greater thickness, which leads to an increase in the cost of the dam. 

Option 2 – a massive concrete core made of roller compacted concrete. One such proposal was put 
forward by V.F. Korchevsky and V.V. Orekhov [51, 52]. To give the concrete core greater flexibility, it is 
proposed to cut it height-wise with horizontal joints into separate blocks (Fig. 2), and for greater safety, arrange 
an asphalt concrete face from the upstream side. 
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Figure 2. Scheme of arrangement of concrete face rockfill dam 1 – concrete face made  

of roller compacted concrete, 2 – rockfill shells, 3 – concrete face foundation made  
of vibrated concrete, 4 – asphalt concrete face, 5 – transition zones. 

It was proposed in VNIIG to arrange in the dam body a concrete face enclosing an asphalt concrete 
diaphragm. 

We conducted studies on reliability of the mentioned alternatives [8, 53]. They showed the insufficient 
level of their reliability. Besides, using massive concrete structures is not feasible because it requires a large 
volume of both rock excavations and earth moving and concrete work, which is economically unfavorable. 

Thus, the concept of elaboration of embankment dam structures based on using massive stiff SCE in 
most cases is inconsistent. However, analysis of the proposed alternatives permits revealing an important 
tendency in selection of structural designs of ultra-high embankment dams. It is striving to apply two doubling 
SCE in one structure. 

Concept No.2 is use of combined dams. The dam is called combined when it integrates a concrete dam 
and an embankment dam. The idea of combined dams is in the fact that in the lower part of an embankment 
dam a more safe and serviceable concrete structure should be used. 

A number of combined dams have already been constructed in the world. They integrate a concrete 
structure and CFRD. Some of the them are the result of increasing the height of a concrete dam. The example 
may be 150 m high New Exchequer dam rehabilitated in USA in 1968 [42]. Besides, there known the dams 
which from the very start were constructed as combined dams. These are 192 m high Sogamoso dam in 
Columbia [44], 162 m high Yacambu dam in Venezuela. 

Other alternatives of combined dam construction may be considered. The example may be 164 m high 
Quxue dam [54], where a concrete structure is combined with an asphalt concrete diaphragm and Bovilla dam 
with the face made of geomembrane [39]. 

Using combined dams seems to be advantageous, however, it also does not guarantee achievement 
of proper safety level. This is explained by the fact that a concrete and an embankment parts of a dam work 
actually independently from one another, which may lead to development of decompaction zones at the 
contact between them. This conclusion is confirmed by technical problems with water tightness at the interface 
of a concrete face with a concrete structure, which took place during operation of New Exchequer dam [42]. 

Concept No.3 in development of new structures of ultra-high embankment dams is use of combined 
non-soil SCE consisting of CSEs of two different types. 

Dams with combined non-soil SCE are not principally new; they have been used for a long time in 
hydraulic engineering. Combination of non-soil SCE appears in case if the dam is rested on a thick layer of 
soil foundation. In this case in the foundation there arranged a vertical SCE in the form of SCW or a grout 
curtain which then is continued in the lower part of the dam. Using dams of such design permits increasing 
effectiveness of their construction. Using in the lower part such SCE as grout curtain, seepage-control wall 
permits dam construction without performing pit excavation, i.e. without the pit dewatering. 

The examples of dams with combined SCE with grout curtain may be At-Bashinsk dam (79 m high, 
1970) and the dam of Kambarata HPP-2 (50 m high, 2010) in Kyrgyzstan. At-Bashinsk dam SCE consists of 
a polyethylene diaphragm (in the upper part) and a grout curtain (in the lower part) [48]. The dam of Kambarata 
HPP-2 in Kyrgyzstan where SCE consists of a PVC face (in the upper part) and a grout curtain (in the lower 
part) [50]. 

The examples of dams with combined SCE with use of a seepage-control wall may be Hengshan dam 
in China [55] and Arkun dam in Turkey [56, 57]. The first is 70.2 m high, the second is 140 m high. In both 
cases SCE in the upper part is arranged in a form of a concrete face. 

Taking into account this experience at construction of an ultra-high dam it is feasible in the upper part 
to use SCE as well proven concrete face and in the lower part to use a vertical SCE in the form of a grout 
curtain or a seepage-control wall. VNIIG specialists proposed to use the design of an ultra-high rockfill dam 
with combined SCE consisting of a concrete face and a grout curtain [58]. However, till present these dam 
designs have no analogs; scientific validation is required for their construction. 
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Figure 3. Dam design with combination of seepage-control elements:  

a concrete face and a grout curtain.  
1а, 1b – rockfill, 2 – concrete face, 3 – under-face zone, 4 – concrete gallery,  

5 – grout curtain, I, II, III, IV – dam construction stages. 

The same may be said about all the proposed new structural solutions of ultra-high rockfill dam with 
SCE: their possible use will appear in case of thorough scientific validation. 

4. Conclusions 
1. Due to development of technologies the materials based on cement acquire new properties and 

become cheaper. All these permits saying about possible widening of application field of these materials based 
on cement in dam construction. Namely, for low-head and medium-head dams the effective structural solution 
is arrangement of clay-cement concrete diaphragms. 

2. The urgent scientific problem is refinement of structural designs of high embankment dams with use 
of seepage-control structures made of non-soil materials. Different concepts and alternatives for elaboration 
of new types of ultra-high dam structures with structures made of materials based on cement are put forward. 
However, their scientific validation is required for introducing new dam designs. 

3. The main tendency in refinement of seepage-control structures of embankment dams is use of 
complicated structures. The effective ways of enhancing safety of embankment dams is use of doubling each 
other seepage-control structures as well as use of combined structures. In these structures the important role 
is played by the materials based on cement. 
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Abstract. Recommendations for quantity of polycarboxylate water-reducing admixtures, for the properties of 
Portland cement as well as the curing regimes is presented in order to reduce the Portland cement amount, 
to improve the transfer and design strength and durability of prefabricated structures. On the basis of 
experimental studies the parameters of low-heat steaming treatment of concrete with a polycarboxylate 
superplasticizer were stated: the duration of pre-exposure 2.5–3 hours, the rate of temperature rise 7°C/hour, 
the temperature of isothermal exposure 40–50 °C. The results obtained can be used in the production of 
precast prestressed sub-rail structures as well as other reinforced concrete structures with high performance 
characteristics at concrete plants with double or single mold turnover per day. 

1. Introduction 
In connection with the increase of requirements for sub-rail structures the issue of using high-strength 

and durable concretes in their production is relevant [1–4]. Sleepers, half-sleepers, prefabricated slabs of 
ballastless track of high-speed railway, etc. belong to the reinforced concrete sub-rail structures of factory 
production [5-7]. Increase of the durability of precast structures is possible through the use of polycarboxylate 
modifiers and reduction of the temperature of isothermal holding at heat-steaming treatment [4, 8]. 

At the same time, it is necessary to maintain high productivity of technological equipment for the 
production of sub-rail structures due to the double turnover of moulds per day. For lines with double turnover 
of moulds per day, the required transfer strength of concrete at the age of 10–12 hours should be more than 
35MPa for B40 strength class and more than 44MPa for B50 strength class. 

Water-reducing admixtures based on polycarboxylate esters are used to provide a high strength class 
of concrete [9–11], to increase concrete early strength [1], to obtain mixtures of high workability [12]. The 
reduction of water-to-cement ratio and the absence of forced high-heat treatment increase the durability of 
precast concrete structures [13]. The high temperature of isothermal holding at the heat-steaming treatment 
leads to the delayed ettringite formation in concrete structure [14–16]. This leads to the presence of high 
internal tensile stresses and, consequently, to the decrease of concrete strength [17]. 

According to De Bonte firm their sleepers produced without heat-steaming treatment have minimum 
service life of 40 years at speeds up to 350 km/h with the axial load of 225kN. 

The required transfer strength of concrete for pre-stress release of reinforcement is achieved after  
18–24 hours of hardening at normal conditions in a number of technologies of sub-rail structures production, 
for example, in the technology of large Italian manufacturer PLAN. However, the question of the use of water-
reducing admixtures based on polycarboxylates for obtaining concrete with high transfer strength after low-
heat steaming treatment of duration of 10–12 hours has not yet been studied. It is necessary to determine the 
conditions under which the use of method combining the modifier addition and thermal treatment provides the 
required transfer strength of concrete. 

Polycarboxylate-based water-reducing admixtures are widely represented. The range of admixtures 
grows every year. However, the effect of admixtures on the technological properties of fresh concrete and on 
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the rate of strength development of hardened concrete is different [12, 18, 19]. Some water-reducing 
admixtures can significantly slow the growth of concrete strength in the first hours of hardening [20–22]. 
According to this it is necessary to identify the criterion by which admixture can be selected in order to obtain 
high-strength concrete after heat-steaming treatment on the example of production of sub-rail structures with 
double turnover of forms per 24 hours. One can propose the comprehensive approach that considers the use 
of ordinary raw materials, effective water-reducing modifiers of concrete structure as well as optimal low-
temperature modes of heat-steaming treatment. 

The aim of the paper is to set the correlation among the concrete strength and the parameters of the 
mode of low-heat steaming treatment of concrete with admixture namely the duration of pre-exposure, the rate 
of temperature rise as well as the duration and temperature of isothermal holding. Recommendations on the 
amounts of water-reducing admixtures on polycarboxylate basis, Portland cement fineness as well as modes 
of low-heat steaming treatment must be given.  

The obtained results can be used for increasing the durability of prefabricated prestressed reinforced 
sub-rail structures as well as other reinforced concrete structures in the production with double or single 
turnover of moulds per day. 

2. Methods and Materials of research 
In transport construction the Portland cement of brand PC500D0-N (normalized composition without 

mineral additives where C3A is up to 8 %, R2O up to 0.6 %) according to Russian State Standard GOST R 
55224-2012 "Cements for transport construction" is used for the preparation of concrete mixtures. The 
consumption of Portland cement in the manufacture of railway sleepers is between 450 and 500 kg/m3 for 
concrete of B40 strength class and from 500 kg/m3 for concrete of B50 strength class. The concrete of B50 
strength class is manufactured with the use of superplasticizer. 

The high amount of Portland cement is a disadvantage of the compositions since the compositions are 
designed on the basis of the condition of ensuring the required transfer strength of concrete after heat-
steaming treatment at 80°C. The strength at the age of 28 days is provided due to the high consumption of 
Portland cement. Fresh concrete mixes with water-to-cement ratio up to 0.4 are used to ensure the early 
strength and durability of concrete according to Russian Application Standard OST 32.152-2000 "Sleepers for 
the Railways of the track of 1520 mm of the Russian Federation". Studies were performed on the composition 
of concrete for the production of sleepers with the weight ratio of 1:1.44:2.57 and with mixtures of the same 
workability. Granite coarse aggregate with the maximum size of 40mm and feldspar sand with the size 
modulus of 2.1 were used as aggregates. 

Water-reducing admixtures must meet the requirements of Russian State Standard GOST 24211 
"Admixtures for concrete and mortar." The polycarboxylate-based water-reducing admixtures Stachement 
2280 and Stachement 2060 were chosen for the research. 

The characteristics of the Portland cements chosen for the study are presented in Tables 1 and 2. 

Table 1 Mineralogical composition of clinker. 

Designation Cement C3S C2S C3A C4AF 

CEM-1 PC500D0-N "Maltsovsky Portland cement” 63.1 14.6 6.3 13.5 

CEM-2 PC500D0-N "Volskcement” 63.9 13.0 4.1 16.0 

 
Таble 2 Physical and mechanical characteristics of cements. 

 

Desig-
nation  

Fineness, 
the rest on 

sieve 
No.008, % 

Normal 
consis-

tence , % 

Setting time of 
cement paste, 

hours-min. 

Cement activity 
at normal 

conditions of 
hardening at 28 

days, MPa 

Cement 
activity after 

heat-steaming 
at 80°C *, MPa 

Group of 
cement 

activity at 
heat-

steaming 
treatment at 

80°C * 

Begin   End   

Cem-1 3.3 27.6 2-30 4-20 51.3 34.1 II 

Cem-2 2.3 27.0 2-10 4-20 52.5 40.8 I 
*according to method [23] 
 
Comparison of grains quantity of different fractions was made at the evaluation of particle size 

distribution of Portland cements in Table 3. 
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Table 3. Particle size distributions of Portland cements. 

 

The quantity of cement grains smaller than, % 

2 

µm 

3 

µm 

5 

µm 

10 

µm 

16 

µm 

32 

µm 

50  

µm 

100 

µm 

Cem-1 6.3 8.6 14.1 23.7 48.8 68.9 80.2 95.2 

Cem-2 11.6 16.6 23.7 38.6 49.2 75.2 90.1 98.7 
 

3. Results and Discussion 

3.1. Determination of the optimal amount of admixtures to increase the early strength 
of cement matrix 

The problem of insufficient increase of fluidity of fresh concrete or insufficient reduction of water demand 
with the addition of superplasticizers due to the influence of chemical and mineralogical composition of 
Portland cement is known and studied by scientists [24–26]. This problem can rarely occur in the case of the 
use of Portland cement of brand 500D0-N that has the normalized composition according to standard Russian 
State Standard GOST R 55224-2012 "Cements for transport construction". However, it should be taken into 
account that water-reducing admixtures with the increase of their dosage can have a slowing effect on the 
hydration of cement systems at the early stage due to poor water permeability through the adsorption layers 
[27–29]. 

The results obtained in paper [30] at studying inhibitory effect of lignosulfonates lead to the conclusion 
about the adsorption of a large number of lignosulfonate molecules by the resulting ettringite. This leads to a 
slower crystallization of ettringite in calcium monosulfoaluminate that reduces the hydration of the C3A. 
Hydration of alite also slows down if the concentration of lignosulfonate in the liquid phase remains high. As a 
result, the cement setting time is extended as well as the set of early strength of cement matrix slows down. 
The retarding effect of admixtures based on polycarboxylate esters on cement system hydration is also 
associated with their adsorption on ettringite [31] as well as with the effect of length of the main chain of their 
molecules [27]. 

The results of determining the optimal quantity of studied admixtures to produce concrete with high 
strength at an early age under normal hardening conditions are presented in Figures 1 and 2. The studies 
were carried out on a cement pastes with the normal consistency. Cubes of size 20×20×20 mm in precise 
plastic forms were made to determine the kinetics of the strength growth of cement matrix at different amounts 
of admixtures. 

 

Figure 1. The strength growth of cement matrix at different amounts of Stachement 2280. 
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Figure 2. The strength growth of cement matrix at different amounts of Stachement 2060. 

The analysis of Figures 1 and 2 has showed that clearly expressed maximum values of the compressive 
strength at the age of 12, 18 and 24 hours exist at the range of 0.4–0.6 % of Stachement 2280 admixture. The 
strength of cement matrix at the age of 12 and 18 hours decreases with increasing quantity of admixtures 
despite the increase of their water-reducing effect. 

Thus, the optimal amount of polycarboxylate modifier exists to increase the strength of cement matrix 
in the early period of hardening, for example 12, 18 and 24 hours. 

In the case of superplasticizer quantity less than the optimal one, no increase of early strength was 
observed due to insufficient water demand reduction. Conversely, the retarding effect of superplasticizer on 
cement hydration was manifested in the case of admixture quantity greater than the optimal one. The strength 
of cement matrix at the age of 28 days has increased with increasing quantity of admixtures in the studied 
range. It should be noted that the increase of strength was insignificant at the age of 180 days at the admixture 
quantity of more than 0.8 % of Portland cement mass. 

3.2. Effective coefficients of strength of cement matrix 

A scientifically based approach to determine the effective coefficients of strength of cement matrix taking 
into account the water-reducing effect of polycarboxylate admixture and the cement activity is proposed in 
paper [32] for the cement matrix of daily age. 

Effective coefficients of strength growth of cement matrix at the age of 12 hours (Ke
12) taking into 

account the water-reducing effect of the admixture are calculated in this paper for the purpose of reasonable 
choice of admixtures for the studied technologies of production of sub-rail structures: 

Ke
12= Wr× Kc

12,                                                                            (1) 
where 

Wr=(W/Cn)/(W/Cpl),                                                                         (2) 
Where Wr is water-reducing effect of admixture; 

W/Cn is water-to-cement ratio of cement paste without admixture; 

W/Cpl is water-to-cement ratio of cement paste with admixture. 

Kc
12= Rpl

12/ Rn
12,                 (3) 

where Kc
12 is coefficient of relative activity of cement at the age of 12 hours in the presence of admixture; 

Rn
12 is cement matrix strength at the age of 12 hours without admixture; 

Rpl
12 is cement matrix strength at the age of 12 hours with admixture. 

Similarly, the effective coefficients of cement matrix strength at the age of 18 and 24 hours were 
calculated in Table 4. It should be noted that the choice of plasticizing admixture and its amount depends on 
the requirements of precast concrete production technology. 
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Table 4 Effective coefficients of cement matrix strength. 

Admixture 
Amount, 

% 
W/C Wr, 

% 

Compressive 
strength, MPa  Kc

12 Ke
12 Kc

18 Ke
18 Kc

24 Ke
24 

12 h 18 h 24 h 

No 
admixture 

0 0.255 - 10.6 23.7 34 1.000 - 1.000 - 1.000 - 

Stachement 
2280 

0.2 0.245 1.041 17.6 33.9 41.0 1.660 1.728 1.430 1.489 1.205 1.255 

Stachement 
2280 

0.4 0.225 1.134 28.7 36.9 50.0 2.707 3.070 1.556 1.765 1.470 1.667 

Stachement 
2280 

0.6 0.217 1.175 20.1 33.6 59.9 1.896 2.228 1.417 1.665 1.761 2.070 

Stachement 
2060 

0.2 0.244 1.041 18.8 - 40.1 1.773 1.845 - - 1.179 1.227 

Stachement 
2060 

0.4 0.224 1.138 24.9 - 44.6 2.349 2.673 - - 1.312 1.492 

Stachement 
2060 

0.6 0.217 1.175 15.1 - 44.1 1.424 1.673 - - 1.297 1.524 

 
As one can see from Table 4 the optimal amount of admixture for precast concrete should be assigned 

not from the condition of its maximum water-reducing effect but from the condition of obtaining the maximum 
strength of concrete under normal conditions of hardening at the age when the requirements for transfer 
strength are imposed. 

Studies have shown that the admixture amount for concrete with the necessary transfer strength after 
heat-steaming treatment of duration 10–12 hours should be assigned from the condition of the maximum value 
of the coefficient of relative activity of cement (Kc

12) at the age of 12 hours in the presence of admixtures. The 
coefficient Ke

12 provides a more complete assessment of the effectiveness of admixtures since it also takes 
into account the water-reducing effect of the admixture. 

Superplasticizers Stachement 2280 in the amount of 0.4% (Kc
12 = 2.7; Ke

12 = 3.07) and Stachement 
2060 in the amount of 0.4% (Kc

12 = 2.35; Ke
12 = 2.67) were chosen according to the results of determination 

of the coefficients Kc
12 and Ke

12 for the selection of concrete composition to ensure the required transfer 
strength after heat-steaming treatment of duration up to12 hours. 

Thus, the dependences of cement matrix strength on the type and amount of modifiers as well as the 
duration of hardening under normal conditions are stated. It is shown that the optimal amount of modifier in 
order to increase the strength at the age of 12, 18 and 24 hours exists for each type of superplasticizer. 

The greatest increase of strength at the age of 12 hours was obtained with the addition of water-reducing 
admixture in the amount of 0.4% compared to the non-admixture composition. The studied admixtures at the 
amount of less than optimal one have not increase the early strength of concrete due to insufficient water 
reduction and at the amount higher than optimal one – their slowing effect on cement hydration has prevailed. 

3.3. The modes of heat-curing of concrete with polycarboxylate-based admixture 

Features of the production of precast reinforced concrete using superplasticizers and heat-curing were 
studied by many scientists [33–36]. However, obtaining the required strength of concrete after heat-curing was 
provided either by reducing the temperature of isothermal holding or the duration of heat-curing [37–41] or by 
reducing the cement quantity [42–46]. In this paper, the author sets the task to simultaneously reduce the 
Portland cement quantity and the temperature of isothermal holding. The optimal parameter values of low-
heat steaming treatment for obtaining the high transfer and design strength as well as durability of precast 
concrete were stated. 

It is shown that the duration of the pre-exposure of concrete before the low-heat steaming treatment is 
advisable to appoint considering the start of cement paste setting with a polycarboxylate modifier. Cracking 
was observed in samples with water-reducing admixtures at insufficient duration of pre-exposure or forced 
modes of heat-curing with the temperature rise rate of more than 10 °C/hour as shown in Figure 3. The width 
of the cracks was 0.5–1 mm which led to a sharp decrease of concrete strength. Thus, the pre-exposure must 
be 2.5–3 hours with the modifier of optimum quantity of 0.4 % by weight of Portland cement in contrast to the 
exposure of 1.5–2 hours used in the production of sub-rail structures (without water-reducing admixtures). 
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Figure 3. Samples of concrete after low-heat steaming treatment with different duration of 

preliminary exposure (sample 1 after treatment with mode of 3-3-5-1/40 °C, sample 2 after treatment 
with mode of 2-3-6-1/40 °C). 

Modes with the temperature of isothermal holding of 40 °C and the total duration of 12 hours have 
differed in the rate of temperature rise as shown in Table 3. These modes were chosen to determine the effect 
of the rate of temperature rise on the strength of concrete with the optimal amount of admixture. The greatest 
increase of the concrete strength with admixture compared to the non-admixture concrete is obtained at the 
temperature of 40 °C as shown in Table 5. For comparison the Portland cements with different quantity of fine 
fractions were selected. 

Table 5 Effect of the temperature rise rate on the concrete strength. 

Cement Admixture 

Compressive strength after low-heat steaming 
treatment, MPa 

3+1+7+1/40 ºC 3+2+6+1/40 ºC 3+3+5+1/40 ºC 

Cem-1 Stachement 2280 0.4% 42.7 44.4 48.3 

Cem-2 Stachement 2280 0.4% 44.7 50.6 49.7 

Cem-1 Stachement 2060 0.4% 43.0 43.5 50.3 

Cem-2 Stachement 2060 0.4% 45.5 51.1 48.4 
 

Table 5 shows that the concrete reaches the greatest strength at the rate of temperature rise of  
7–10 °C/hour. At the same time, the temperature rise can be 10 °C/hour for Portland cement with the grain 
quantity of less than 3 µm in the amount of 17 % (Cem-2). 

The Portland cement activity with admixture at low-heat steaming treatment should be considered in 
addition to the activity of pure Portland cement at low-heat steaming treatment. Studies have shown that the 
optimal value of the isothermal holding temperature, corresponding to maximum strength, varies and depends 
on the type of modifier. Determination of the temperature of isothermal holding was performed at the 
temperature rise rate of 7–8 °C/h according to Table 6. 

It is stated that the maximum absolute values of the concrete strength of samples with Stachement 2280 
can be obtained at the isothermal holding temperature of 50 °C, with Stachement 2060 – at 40 °C. The 
maximum increase of strength of concrete with admixtures after low-heat steaming treatment compared with 
non-admixture concrete is achieved at 40 °C. 

Table 6 Effect of the isothermal holding temperature on the concrete strength (Cem-2). 
 

Admixture, % W/C 
Compressive strength after low-heat steaming treatment, MPa / in % 

3+1+7+1/30ºC  3+3+5+1/40ºC 3+4+3+2/50ºC 3+5+2+2/60ºC 

0 0.34 28.1/100 33.6/100 37.1/100 37.8/100 

Stachement 2060 0.4%  0.30 39.1/138 49.2/145 48.8/130 48.7/128 

Stachement 2280  0.4% 0.30 39.8/140 50.8/150 52.2/139 49.8/131 
 

Accordingly, the Portland cement must have a high activity with water-reducing modifier at the optimum 
temperature of isothermal holding in order to significantly reduce the consumption of Portland cement. 

One can propose to simultaneously determine the efficiency coefficient of Portland cement with 
polycarboxylate modifier after low-heat steaming treatment (for example, at temperatures of 40, 50 and 60 °C) 
(4) and to choose the optimal temperature of isothermal holding as shown in Table 7: 
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Kдt=Rдt/Rc,           (4) 
where Rдt is activity of Portland cement with polycarboxylate modifier after low-heat steaming treatment at 
t = 40, 50 and 60 °C; 

Rc is activity of Portland cement with polycarboxylate modifier at the age of 28 days. 

Table 7 Efficiency coefficient of Portland cement with admixture after low-heating treatment. 

Components 

Efficiency 
coefficient of 

Portland cement  

at 40 °C 

Rд40 Rд50 Rд60 Rc Kд40 Kд50 Kд60 

Stachement 2060 0.4%   

Cem-1 

0.60 
43.2 45.7 42.0 57.5 0.74 0.79 0.72 

Stachement 2280 0.4%   

Cem-2 
0.71  46.7 46.8 45.0 56.8 0.81 0.81 0.78 

* The efficiency coefficient of cement is determined by the formula 4 without the use of admixtures 
 

The coefficient of efficiency of Portland cement with admixture after low-heating treatment allows setting 
the optimal temperature of isothermal exposure taking into account the properties of admixture and Portland 
cement. 

Thus, the values of the parameters of curing of precast concrete with polycarboxylate-based admixture 
were stated: the duration of pre-exposure is 2.5–3 hours; the rate of temperature rise is 7–10 °C/h; the 
temperature of the isothermal holding is 40–50 °C. 

Generalized mathematical dependence of the transfer strength of concrete after low-heat treatment 
from its duration and temperature of isothermal holding, quantity of Portland cement and water-reducing 
admixtures was derived (5). To do this, the multifactorial task of finding the dependence of concrete strength 
(Y) on the following factors is considered: Rd is admixture quantity (0.3; 0.4; 0.5%), Rc is cement quantity (400, 
440, 480 kg), t is the duration of low-heat treatment (10, 12, 14 hours), Tgrad is the temperature of isothermal 
holding (40 °C, 50 °C, 60 °C). The experimental results are presented in Table 8. 

The equation of the regression function Y is represented as the polynomial of the 2nd degree of 4 
variables with significant estimates of parameters and the coefficient of multiple determinations R2 = 95.32 % 
as: 

Y = -330.5+445.6×Rd+1.2×Rc–395.9×Rd–0.4×Rd×Rc+3.9×Rd×t+0.2×Rd×Tgrad–0.001×Rc2     (5) 

Table 8. Multi-factor task of finding the dependence of compressive strength. 

Matrix of the plan in values 

Compressive strength of concrete after heat-steaming treatment with duration 

at 40 °С at 50 °С at 60 °С 

10 hrs, 
MPa 

12 hrs, 
MPa 

14 hrs, 
MPa 

10 hrs, 
MPa 

12 hrs, 
MPa 

14 hrs, 
MPa 

10 hrs, 
MPa 

12 hrs, 
MPa 

14 hrs, 
MPa 

Admixture 
quantity, % 

Cement, 
kg Y10

40 Y12
40 Y14

40 Y10
50 Y12

50 Y14
50 Y10

60 Y12
60 Y14

60 

0.5 480 35.4 39.6 44.4 35.8 40.2 45.2 35.9 40.5 46.5 

0.5 400 32.2 35.8 39.6 32.8 36.4 40.3 32.7 36.9 40.7 

0.3 480 41.2 43.1 45.2 42.3 44.5 45.6 43.5 47.7 48.1 

0,3 400 29.8 32.2 34.6 30.7 33.6 34.9 33.4 35.2 36.9 

0.5 440 33.9 38.1 42.9 35.0 38.9 43.9 35.3 39.2 42.8 

0.3 440 37.9 40.6 42.8 39.1 41.8 44.1 42.8 44.3 45.6 

0.4 480 41.3 44.6 47.8 42.8 45.0 49.6 43.6 46.3 49.2 

0.4 400 35.9 39.3 41.8 37.2 39.9 42.9 38.9 41.6 43.0 

0.4 440 40.1 42.9 45.8 41.5 43.8 47.2 42.6 45.6 47.9 
 
The graph of the regression function of concrete strength is shown in Figure 4. 
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Figure 4. Experimental and, theoretical values of the regression function of concrete strength. 

On the basis of the obtained model it was determined that the Portland cement quantity is 400 kg/m3 in 
the conditions of application of Portland cement that meet the criteria for activity after low-heat treatment, 
chemical-mineralogical composition and fineness as well as water-reducing admixture in the optimal amount 
of 0.4 %. This consumption of Portland cement is 15 % less compared to the consumption in production of 
precast sleepers of B40 and B50 concrete strength class that are steamed at 80 °C to ensure the required 
transfer strength. 

4. Conclusions 
1. Recommendations on the amounts of water-reducing admixtures on polycarboxylate basis, Portland 

cement fineness as well as modes of low-heat steaming treatment were given in order to increase the strength 
and durability of prefabricated structures.  

2. The optimal amount of polycarboxylate modifier exists to increase the strength of cement matrix in 
the early period of hardening, for example 12, 18 and 24 hours. In the case of superplasticizer quantity less 
than the optimal one, no increase of early strength was observed due to insufficient water demand reduction. 
Conversely, the retarding effect of superplasticizer on cement hydration was manifested in the case of 
admixture quantity greater than the optimal one. The strength of cement matrix at the age of 28 days has 
increased with increasing quantity of admixtures in the studied range. 

3. Effective coefficients of strength growth of cement matrix at an early age were stated. These 
coefficients allow choosing the necessary type and quantity of admixture for precast concrete production. 

4. The parameters of low-heat steaming treatment of concrete with a polycarboxylate superplasticizer 
were stated: the duration of pre-exposure 2.5–3 hours, the rate of temperature rise 7 °C/hour, the temperature 
of isothermal exposure 40–50 °C. The obtained results can be used in the production of precast prestressed 
reinforced sub-rail structures as well as other reinforced concrete structures with high durability at plants with 
double or single turnover of moulds per 24 hours. 
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Abstract. This paper considers the progressive collapse analysis of reinforced concrete structures based on 
the sudden removal of a load-bearing structural element and simulation of the dynamic structural behavior, 
taking into account the elasto-plastic properties of the material and the degradation of concrete during 
cracking. A specially developed finite element library is used, which includes triangular and quadrilateral 
shell finite elements of medium thickness, and a two-node finite element of a spatial frame, which take into 
account the discrete arrangement of reinforcement and various elasto-plastic material models for concrete 
and reinforcement. The novelty of the proposed approach lies in the formulation of both: the spatial frame 
and shell finite elements as a three-dimensional solid body with sequential application of the conventional 
hypothesis of the for Mindlin-Reissner shells of medium thickness, Timoshenko beams, and the elasto-
plastic constitutive models. This makes it possible to achieve sufficiently high reliability of the results for 
engineering analysis, and on the other hand, a relatively simple implementation, which makes it possible to 
perform an elasto-plastic dynamic analysis of the entire design model of the structure, and not a separate 
fragment, in real time from the point of view of practical design. This approach is free from assumptions 
related to the introduction of a dynamic amplification factor into the quasi-static analysis, which is widely 
used to solve such problems. The paper provides a numerical example illustrating the effectiveness of using 
a special structure – an outrigger storey, to prevent progressive collapse, and a comparison of the nonlinear 
dynamic analysis and the linear one. 

1. Introduction 
One of the most important problems in the reliability assessment of the entire load-bearing structural 

system is its resistance evaluation in the case of failure of individual load-bearing structures or in the case of 
a local defect in the structural system. This problem is sometimes formulated as a structural robustness 
assessment, which seems to be one of the possible approaches. 

Essentially, the problem of resistance evaluation of a load-bearing system in the case of failure of a 
structural element can be reduced to the analysis of the collapse development in the load-bearing system 
due to a local cause (failure of an individual structure). This approach corresponds to the modern 
interpretation of the well-known and commonly used concept of progressive collapse, which is considered as 
disproportionate collapse due to a failure of the local structure or assembly. 

Progressive collapse is a dangerous phenomenon in which the failure of some key load-bearing 
structural elements leads to the failure of other elements; this in turn leads to a partial or even complete 
collapse of the structure. This phenomenon attracted much attention in 1968, after the partial collapse of the 
Ronan Point Building, when an explosion of domestic gas in one of the apartments entailed a chain of 
collapses throughout the building. This problem, however, became even more acute after the events of 
2001, when the twin towers of the World Trade Center (WTC) were destroyed in a terrorist attack, which 
resulted in a large number of victims and huge economic losses. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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It is quite obvious that the concept of progressive / disproportionate collapse refers to a phenomenon 
that needs to be prevented, i.e., the collapse development in a load-bearing system due to a failure of an 
individual structure should not be allowed. In order to ensure the stability of the load-bearing system in the 
case of failure of a structural element and to provide the resistance of the load-bearing system, building 
codes now include the requirements for taking into account a possible progressive collapse and preventive 
measures, which increases the construction costs. One of the components that significantly affect the cost is 
the factor of the dynamic response of the construction to the failure of its local part. The nonlinear behavior 
of the system and the dynamic effect can be taken into account in one of three different analytical 
procedures, i.e., linear static analysis (LS), nonlinear static analysis (NS) or nonlinear dynamic analysis 
(ND). 

The dynamic effect was usually taken into account in quasi-static analyses by introducing a dynamic 
amplification factor of kdyn = 2.0 into the linear static analysis (LS) regardless of the type and mass 
distribution of the designed structure. 

The simplicity of quasi-static analysis and dissatisfaction with such a rough decision prompted the 
scientists to refine the values of kdyn, and in 2009 the dynamic amplification factor formulas appeared, which 
allow to replace the nonlinear dynamic analysis with a quasi-static linear or nonlinear one. These factors 
were empirically derived by A. McKay [1] based on statistical processing of the results of frame structure 
analyses for column failures and presented in the report written together with K. Marchand and D. Stevens 
[2]. In the same year, the proposed formulas were included in UFC 4-023-03: Design of Buildings to Resist 
Progressive Collapse. They were further refined in the works of M. Liu [3, 4], M. Tsai [5], H. Saffari and J. 
Mashhadi [6] and others, but they still referred only to simple orthogonal frame structures. More complex 
designs (with additional bracings, outriggers, etc.) were not considered. Moreover, the quasi-static analysis 
did not provide sufficient accuracy, and sometimes did not even guarantee a conservative solution, which 
was noted, for example, in [7, 8]. Therefore, nonlinear dynamic analysis remains a very important problem, 
which is studied by many researchers [9–12]. 

This paper is devoted to the same problem. The simulation of the progressive collapse process is 
based on a nonlinear dynamic analysis of the structure as a whole or of its separate part. Nonlinearity is 
caused by high stress levels in the material leading to partial and/or complete collapse of structural 
fragments. Not only does this approach have great computational complexity, but it should also be based on 
a mechanical-mathematical model that adequately describes the processes occurring in structural elements. 
Partial and complete collapse of structural elements often leads to poor conditioning of the system of 
governing equations; therefore, it becomes necessary to use specific approaches that ensure the 
computational stability of the method. The foregoing emphasizes the difficulties of the considered problem 
and explains the fact that the vast majority of practical calculations today are based on approximate models 
using certain simplifications. Therefore, creating a method that uses a nonlinear dynamic analysis based on 
sufficiently advanced mechanical models of physical nonlinearity to solve the progressive collapse problem 
is still a relevant task. Solutions obtained on the basis of such an approach could possibly improve simpler 
approaches — static, linear dynamic, or nonlinear dynamic ones based on simplified nonlinearity models. 

In the absence of proven calculation methods that take into account the nonlinear behavior of the 
entire reinforced concrete structure, some generalized partial criteria for individual elements and assemblies 
are proposed and justified [13, 14]. This approach should be considered as a solution to the problem at a 
local level, but it cannot be accepted as a generalized methodology for assessing the progressive collapse 
stability of reinforced concrete load-bearing systems. 

Without reducing the generality of the proposed approach, we will consider only reinforced concrete 
structures with bar or plate-bar load-bearing systems, whose behavior during progressive collapse is much 
less studied than the behavior of steel structures. There are many different approaches today to simulating 
the behavior of concrete at high stress levels. We will consider only the most typical ones.  

These or other relations of the theory of plasticity are used in [15–23], and in many other works. 
Degradation of concrete in the tension area during cracking is described by the descending branch of  
the σ – ε diagram. Usually, in the absence of reinforcement, a finite element solution becomes mesh-
dependent: it diverges when the finite element mesh refines [24, 25]. Different approaches were proposed 
for dealing with this phenomenon, which, as a rule, involved a significant complication of the design model. A 
nonlocal continuum approach is presented in [18–20], where exact relations for strains at a given point are 
replaced by weighted average expressions obtained by the integration over a finite neighborhood of this 
point. 

In [26], as well as in a number of other works, derivatives of the higher order stress tensor 
components are kept in the continuum equilibrium equations, which makes it possible to stabilize the 
convergence of the numerical solution within the descending branch of the σ – ε diagram. The disadvantage 
of such approaches is the fact that it is not clear how to choose the values of constants that appear in 
constitutive relations.  
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In [27–29] and other works, linear fracture mechanics methods are used to simulate cracking in 
concrete. A particle method is proposed in [30], which assumes that only particles uniformly distributed over 
the volume of concrete can have embedded cracks. If the maximum tensile stress exceeds the tensile 
strength of the material in a unit volume, a discrete crack is initiated in the nearest particle. 

The above works, as a rule, considered individual structural elements (a beam, a flat frame, a slab) in 
a static formulation. There are rare articles, for example, [31], in which the nonlinear dynamic approach is 
applied to the entire design model. However, these are usually strongly simplified design models, not design 
models of real structures. 

The novelty of this approach is to study the dynamic behavior of a reinforced concrete structure as a 
whole in an elasto-plastic formulation using governing equations derived from the three-dimensional 
equations of solid mechanics, taking into account traditional static and kinematic hypotheses of the Mindlin-
Reissner theory for shells of medium thickness, Timoshenko beams, and the elasto-plastic constitutive 
models. 

Also, we use an original formulation of the deformation theory of plasticity in the terms of residual 
strains, allowing us easy to pass from tensile zone to compression one and vice versa. Unlike most 
approaches published and implemented in modern software, we take into account the stiffness of 
reinforcement not only on tension-compression but on transverse shear as well, which helps to avoid 
geometrical instability or poor conditioning of the problem in cases where the finite elements are in the 
tension area and concrete has significant damages [32, 34, 35]. 

In order to prevent the divergence of the numerical solution with mesh refinement after passing the 
yield point of the σ – ε diagram, a simple engineering idea is used: the reinforcement, whose σ – ε diagram 
does not have a descending branch, should regularize the numerical solution. It is shown in [32, 34, 35] that 
if the slope of the descending branch of the σ – ε diagram for concrete in reinforced concrete thin-walled 
structures does not exceed a certain limit value depending on the ratio of the elastic modules of steel and 
concrete and the reinforcement ratio, then the curve of equilibrium states is monotonically increasing. 

On the one hand, the proposed approach demonstrates the reliability of the results acceptable for 
engineering purposes, which is confirmed by numerous comparisons with the results of well-designed 
experiments and with reliable numerical solutions [32–35, 37]. On the other hand, the proposed approach is 
quite simple, which allows performing an elasto-plastic analysis of the entire design model of the structure, 
and not a separate fragment, on a desktop computer in real time from the point of view of the designer. 

2. Methods 

2.1. Finite Element Library 

The developed finite element library includes triangular and quadrilateral shell finite elements of 
medium thickness [32–34] (Figure 1), described by the Mindlin-Reissner equations, and a two-node finite 
element of a spatial frame based on the Timoshenko beam theory [35] (Figure 2).  

The stability of the above finite elements against the shear locking is provided. Reinforcement is 
smeared in the plane of a shell finite element and forms reinforcement layers. The discrete arrangement of 
rebar along the thickness of the element remains though. Each reinforcement layer is formed by reinforcing 
bars of the same direction, cross-section and material. The number of reinforcement layers is not limited. 
The axes of the reinforcement layers s1 – s4 can be rotated by any angle with respect to the axes of the local 
coordinate system OX1Y1Z1, which allows us to consider structures of complex geometric shape for any 
configuration of the finite element mesh. Longitudinal reinforcement is taken into account discretely in bar 
finite elements (Figure 2). 

Constitutive relations are based both on the plastic flow theory and on the deformation theory of 
plasticity. The test problems considered in [32–34] have shown that the application of the deformation theory 
of plasticity in the case of non-cyclic loading leads to results closer to the experimental ones than the 
application of the plastic flow theory. We attribute this to the fact that the deformation theory of plasticity 
takes into account the nonlinear behavior of concrete from the very beginning of loading, while the plastic 
flow theory assumes the material behavior to be elastic and linear until the image point reaches the yield 
surface in the space of principal stresses. Another argument for using the deformation theory of plasticity in 
the progressive collapse analysis is the fact that most design standards, including the Eurocode, are based 
on this theory, since they govern the form of the σ – ε diagram, but do not provide any information about the 
shape of the yield surface. Therefore, in this paper we will consider only the constitutive relations derived 
from the deformation theory of plasticity. 
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Figure 1. Quadrilateral finite element. 

 

Figure 2. Two-node finite element of a spatial frame. 

 

Figure 3. σ – ε diagram for concrete. 

We use the σ – ε diagram for concrete proposed in [16] (Figure 3). The stress and strain values in the 
points C and U (σc, εc and σu, εu, respectively), as well as the initial elastic modulus of concrete E define the 
configuration of the σ – ε curve in the tension area. Here σc is the ultimate compressive strength of concrete. 
A trilinear diagram is used in the tension area, and the descending branch describes the degradation of 
concrete during cracking. Here σt is the ultimate tensile strength of concrete, εt = σt/E, parameter α´ defines 
the residual tensile strength of concrete and is usually equal to zero, and the parameter ξ defines the length 
of the descending branch and the softening modulus of concrete Et = – E/( ξ – 1). A distinctive feature of 
this approach is the fact that the relations of the deformation theory of plasticity are formulated in terms of 
residual strains [32–34], which allows the transition from the compression area to the tension area and vice 
versa (Figure 3). 
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As an example, suppose that from the very beginning there is an active loading in the tension area of 
the unit volume of concrete – the OP path. Elastic unloading occurs at the point P (the PA path), which then 
transfers into an active loading in the compression area (the AC´P´ path). The residual strains are calculated 

at the point A, the origin of the σ – ε diagram is transferred to the point A, and the analysis of the active 
loading in the compression area begins (the AC´P´ path). The current strain is determined as ε – εA, where 
εA is the residual strain in the point A. It is assumed that concrete with cracks caused by tension can take 
compressive loads without any damage. Therefore we assume that σC' = σC. Elastic unloading begins at the 
point P´ (the P´A´ path), the residual strains are determined again at the point A´, the origin of the σ – ε 
diagram is transferred to this point, and the active loading in the tension area begins. The strains are 
determined as  
ε – εA´. There are cracks in the tension area of concrete, which formed during the loading stage OP, 
therefore the stress level is limited by the residual concrete strength α´σt.  

The behavior of the reinforcement is also described by the relations of the deformation theory of 
plasticity formulated in terms of residual strains, and a symmetric bilinear diagram σ – ε with a small 
hardening is assumed. We denote as Es the elastic modulus for steel. 

2.2. Integration of the Nonlinear Equations of Motion 

The problem is solved in three stages. First, a nonlinear static problem is solved for the entire original 
structure  

 0 statN   u f ,                                                                        (1) 

where 0u  is a displacement vector corresponding to the solution of the static problem,  0N u  is a 

nonlinear operator that returns the vector of internal forces of the system, statf  is the static load, which 

includes dead and constant live load for the original system. 

Second, one of the columns of the first floor is removed, and its action is replaced by the reaction 
vector fdyn , which is determined by solving the problem (1): 

 0 stat dynN  u f f .                                                                 (2) 

All the loads here are applied statically, varying in proportion to the same parameter. Removing the 
column changes the design model, therefore, at the first stage, the values in the equation (1) are written with 
a prime. As a result, we obtain the stress-strain state of the considered structure equivalent to that obtained 
in the first stage before removing the column. 

Third, the column is suddenly removed (fdyn = 0 when t ≥ t*, t is a current time and t* is a moment 
when given column is removed) and we obtain a Cauchy problem with inhomogeneous initial conditions 
defined in the second stage: 

 

   00 0 0

stat dynN

,

    


 

Mu Cu u f f

u u u
 ,                                                    (3) 

where M and C are mass and dissipation matrices respectively. Proportional damping is used in this paper  
C = αM + βKt(u), where Kt(u) = 𝜕N(u)/𝜕u is the tangent stiffness matrix. The problem (3) is solved by 
the method presented in [32, 36]. Thus, the problem of progressive collapse is reduced to the integration of 
nonlinear equations of motion (3) with inhomogeneous initial conditions. 

The presented approach is a special case of a more general method [37], which is used for seismic 
analysis of structures. 

3. Numerical Results and Discussion 
Two design models of the structure are considered. The first model (model A) corresponds to a 

traditional design of a multistorey building which is widely used. The second design model (model B) entails 
the introduction of a special outrigger storey with elements of high stiffness into the load-bearing system of 
the building (is shown in red in Figure 4) which must stop the propagation of destructions. After the failure of 
a vertical load-bearing structure (column) in the lower floor of the building, the outrigger storey structures 
provide suspension of the entire system of vertical load-bearing elements located above the failed column. 
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The principle of using outrigger structures as elements ensuring the stability of load-bearing systems in the 
event of failure of structures in the lower floors was proposed at the beginning of the 21st century and is 
used in the Russian Federation, Ukraine, Belarus and others countries. 

However, even with the widespread use of outrigger structures in the design and construction of 
reinforced concrete buildings, there is currently no detailed reliability substantiation of such structures, taking 
into account the nonlinear behavior of reinforced concrete under dynamic loading caused by the sudden 
failure of a local load-bearing structure. 

The design model A is obtained from the design model B by removing the reinforcement of the 
outrigger storey shown in red. The accidental situation is simulated by removing a corner column of the first 
floor. 

The pitch between the columns in the direction OX and OY is 6 m, and the height of the storey is 3 m. 

 

Figure 4. Design model B of a multistorey building with an outrigger storey. 

Figure 5 shows the middle column cross-section, and Figure 6 shows the edge column cross-section, 
the parameter μ denotes the reinforcement ratio. They also show the triangulation mesh necessary for the 
numerical integration over the volume of the bar finite element to track zones of plasticity, and to calculate 
the stress and strain tensor components at the centers of gravity of the triangles [32, 35]. 200 mm thick walls 
are reinforced with Ø22 mm rebar with a spacing of 100 mm, zs1 = zs3 = 84 mm (vertical reinforcement) and 
zs2 = zs4 = 62 mm (horizontal reinforcement) – see Figure 1. The reinforcement ratio both in the vertical and 
horizontal direction is 2.0%. 200 mm thick floor slabs are reinforced with Ø10 mm rebar with a spacing of 
100 mm, zs1 = zs3 = 90 mm (reinforcement in the direction of the OX axis), zs2 = zs4 = 80 mm (reinforcement 
in the direction of the OY axis). The reinforcement ratio is μx = μy = 0.3%. 

The following properties are assumed for concrete: E = 30 018 MPa, ν = 0.2, σc = 18.5 MPa, 
σt = 1.55 MPa, ξ = 20 (see Section 2 and Figure 3), and for steel – Es = 200 000 MPa, ν = 0.3, σy = 400 
MPa. Here ν is the Poisson's ratio and σy is yield stress for steel. 

Dissipation parameters α = 0.34 and β = 0.0038 correspond to the modal damping ξ1 = 0.05 and 
ξ2 = 0.1 from the critical value for the frequencies ω1 = 4 sec–1 and ω2 = 50 sec–1.  

 

Figure 5. The middle column  
50×50 cm, 6Ø32 mm, μ = 1.93 % 

 
Figure 6. The edge column  

100×50 cm, 8Ø40mm, μ = 2.01 % 

Figure 7 shows the deformation patterns of models A (left) and B (right), obtained as a result of  
elasto-plastic (a, b) and elastic (c, d) analysis. Since the displacements of the structural fragment over 
removed column resulting from the use of nonlinear analysis increase indefinitely in time, and the 
displacements in linear analysis remain limited in time (Figure 8), displacement scale in Figure 7.c is much 
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more than displacement scale in Figure 7.a. The deformation schemes of both model A and model B 
obtained using both linear and nonlinear analysis are generally similar. However, the elasto-plastic analysis 
of model A shows that the displacements of the structural fragment above the remote column increase 
unlimitedly (Figure 8, b), which indicates collapse. The analysis was interrupted at a time of 2.4 seconds 
when the vertical displacement of the node above the remote column reached 9 m. Unlike nonlinear 
analysis, linear analysis cannot naturally establish the fact of destruction – Figure 8, a. When performing 
linear analysis, hereinafter, the same approach is used as for nonlinear analysis, but a linear diagram σ – ε 
is set for both concrete and reinforcement. The exception is the classical linear analysis, which uses finite 
elements that do not take into account the presence of reinforcement, and concrete is considered as a linear 
elastic material. 

An analysis of the displacements of Model B (Figure 9) confirms the effectiveness of using outrigger 
structures. The results of the linear analysis do not allow to fully confirm the effectiveness of the 
reinforcement of the supporting system using the outrigger storey, since the stresses in concrete and 
reinforcement reach such high values that linear methods of strength analysis become inapplicable. 
Moreover, the classical linear analysis does not take into account the presence of reinforcement in the finite 
element, which does not provide even a conservative result of the calculation analysis, which, with the 
necessary restrictions, could be considered acceptable. Therefore, it is of undoubted interest to compare the 
results of direct dynamic calculations of model B with the outrigger, performed in a linear and physically 
nonlinear formulation. The removal of the corner column occurs at time t* = 0.05 s. If the initial conditions 
obtained from the solution of the static problem (2) correspond to the given load of the Cauchy problem (3), 
then the sudden application of all the forces of the problem (2) should not cause oscillations until the column 
is removed, which is confirmed by the results shown in Figures 9, 10. 

 

a – nonlinear analysis, model A 

 

b – nonlinear analysis, model B 

 

c – linear analysis, model A 

 

 

 

d – linear analysis, model B 

Figure 7. The deformed shape after removing of corner column  
(a – nonlinear analysis, model A; b – nonlinear analysis, model B;  

c – linear analysis, model A; d – linear analysis, model B). 
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A comparison of the linear and nonlinear analysis of model B shows: 

 the deformation pattern at the initial stage is almost identical, but the magnitude of the extreme 
displacements is significantly different (Figure 9) 0.0216 m (elasto-plastic analysis) and 0.0123 m 
(linear analysis); 

 the peak value of the longitudinal force in the nearest surviving column (finite element 7620), 
obtained as a result of nonlinear dynamic analysis, is 24 % less than the corresponding value 
obtained as a result of linear analysis (Figure 10). 

 bearing system behavior after removal of the corner column is oscillatory (Figure 9, 10); 

 the displacements obtained with using elasto-plastic analysis turned out to be much larger than the 
displacements of the elastic analysis, and the period of the fundamental mode for the nonlinear 
design model is also significantly longer than for elastic; 

 the damping of the elasto-plastic design model due to its dissipative nature with the same viscous 
friction parameters turned out to be much larger than the damping of the elastic model; 

 the w 7100 linear static and N 7620 linear static curves (Figure 9, 10) are given to show how much 
the displacements and efforts of the linear solution of the static problem with the classical approach 
that does not take into account the presence of reinforcement in concrete differ from the solution of 
the elasto-plastic dynamic problem in the proposed formulation since traditional methods based on 
dynamic amplification factors rely on the solution of the linear static problem; 

 the dependence of the longitudinal force on time in the finite element 7700 (Figure 4) over the 
remote column for linear and nonlinear analysis turned out to be close (Figure 11) – the 
longitudinal force reaches its maximum for a short time interval (0.01 ÷ 0.015 sec), after which its 
value stabilizes. 

Thus, the presented method of elasto-plastic analysis is an effective numerical approach that allows 
one to identify the features of stress-strain states of reinforced concrete bearing systems, taking into account 
dynamic effects. 

A detailed design analysis using the direct integration of the equations of motion based on the 
nonlinear behaviour of reinforced concrete structures allowed us to confirm the effectiveness of outrigger 
storeys as special structures that prevent the progressive collapse of the load-bearing system. The 
developed method allows performing the analysis of other types of structures designed to protect the load-
bearing system in the event of instantaneous failures of vertical load-bearing elements. 

 
a – linear analysis 

 
b – nonlinear analysis 

Figure 8. Model A. The vertical displacement in node 7100  
(a – linear analysis; b – nonlinear analysis) 

 

Figure 9. Model B. The vertical displacement in 
node 7100. Comparison of linear and nonlinear 

solutions. 

 

Figure 10. Model B. The longitudinal force in 
finite element 7620. Comparison of linear and 

nonlinear solutions. 
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Figure 11. Model B. The longitudinal force in finite element 7700.  
Comparison of linear and nonlinear solutions. 

Discussion. This article presents the results of elasto-plastic dynamic analysis of spatial structure, 
performed in the accepted formulation of the task of progressive destruction. We have not been able to find 
any literary source in which, in such a formulation, a large-scale problem for the entire design model would 
be solved. We know of a few works (for example, [9]), where, in a different formulation (a contact explosion 
was considered), the dynamic behavior of the entire structure was simulated taking into account the elasto-
plastic deformation of its elements. Unfortunately, in the above-mentioned works, data on the impact models 
or on other parameters of the computational model are not fully presented, which makes it impossible to 
directly compare our results with the results presented in them. Therefore, the validation of the reliability of 
the results obtained in this research is based on the solution of individual test problems (benchmarks), 
producing a comparison of the numerical results obtained by the proposed method with the results of 
qualitatively performed experiments or high-precision numerical solutions that we trust [32–35, 37].  

In a number of works, for individual structural elements, experimental studies on the deformation and 
destruction of reinforced concrete structures under conditions of support failure have been carried out. 
However, we are not aware of the publication of the results of experimental studies devoted to the behavior 
of the supporting system as a whole under conditions of local failure of the supporting structures. Thus, the 
assessment of the consistency of the results obtained in this work is based on comparison with the results of 
the general engineering assessment of the consequences of emergency situations associated with structural 
failures. Analysis of these materials – photographs, descriptions of accidents, etc. - show that the result 
obtained by us corresponds, in general, to the actual scheme of deformation and damage of reinforced 
concrete structures under conditions of failure of the supporting elements. 

4. Conclusions 
Accounting for the dynamic nature of the removal of structural elements allows to perform numerical 

modeling without using artificially introduced dynamic amplification factors. Taking into account the  
elasto-plastic properties of the material and the degradation of concrete during cracking leads to a significant 
increase in displacements and a slight decrease in forces in the structural elements compared to the linear 
dynamic analysis. 

The results of the performed studies demonstrate the effectiveness of the analysis of an entire  
load-bearing system using the direct integration of the equations of motion taking into account the nonlinear 
behavior of reinforced concrete. The obtained results also allow to formulate approaches to the justification 
of deformation criteria for their further use in developing simplified calculation methods for mass application. 
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Abstract. In the current research project, an effort is made so as to investigate the capability of the innovative 
Modal Incremental Dynamic Analysis (MIDA) method considering 3D structural models, the effect of plan 
irregularities and near-field earthquake records. Therefore, to fulfil this goal, 10 near-field earthquake records 
in one principal direction of structures as well as 10 far-field earthquake records in two principal directions of 
structures are applied to 12 structures with 6, 12 and 18-storeys, and 10 %, 20 %, 30 % and 40 % plan 
irregularities. The study of these parameters reveals that in geometrically regular 3D structures, this innovative 
method meets all seismic demands parameters just as the IDA method does. Furthermore, it concludes that 
MIDA method is not capable of obtaining the exact IDA curves in low-rise and medium-rise structures located 
in near-field regions since it results in noticeable errors. Finally, it is essential to improve the MIDA approach 
for near-field earthquake records by replacing the drift criterion utilized in this method with a more accurate 
drift criterion. 

1. Introduction 
Owing to severe earthquakes, analytical methods for evaluating the capacity of structures have 

dramatically changed over the years. As a result of exposure to severe earthquakes, structural elements 
exceed the yield point and enter into the plastic region. To better understand the dynamic behavior of 
structures, researchers need to evaluate the demand and capacity parameters accurately. For a long time, 
the behavior of structures had been studied through linear analysis, but this method has its own drawbacks 
such as overlooking the effect of higher modes and not being dynamic, to name but a few, which results in the 
structures being overdesigned. Due to special patterns of pushing such as uniform and mode shape based 
patterns, this method is not capable of meeting the exact demands of structures, when subjected to 
earthquakes. This problem caused all researchers to accept that nonlinear dynamic “Time-History” analysis 
can show the realistic behavior of structures. The merit of pushover analysis is that all stages from elastic to 
plastic behavior of the elements, which leads to instability of structure in the final stage, are monitored. 
On the other hand, nonlinear time-history dynamic analysis has showed the realistic behavior of structures. 
As a result, Incremental Dynamic Analysis, which was built based on the clusters of a large number of “Time 
History” analyses, was invented by Bertero [1]. This method simultaneously combined the advantages of both 
pushover and nonlinear time-history dynamic analyses. The structures were exposed to different scaled levels 
of Time-History earthquake records to observe elastic and plastic behavior as well as instability of all structural 
elements. Therefore, the structure’s capacity is determined in different scaled levels. After Bertero, 
researchers, including Nassar and Krawinkler [2], Bazzurro and Cornell [3], Sameh Samir Mehanny and 
Gregory G. Deierlein [4], Gutpa and Kunnath [5] followed him; and in 2002, Vamvatsikos and Cornell [6] 
carried out invaluable survey on IDA method. 

IDA is one of the most accurate methods for evaluating the dynamic behavior of structures. This method 
has been used by many researchers [7–9]. However, one of the worst drawbacks of this method is that it is 
time-consuming. For years, this has been a huge problem for researchers. From 1970 to 2000’s there was a 
dire need for developing a new method to tackle this problem. Therefore, a numerical method named Modal 

https://creativecommons.org/licenses/by-nc/4.0/
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Incremental Dynamic Analysis (MIDA) capable of obtaining capacity and demand curves in less time than IDA 
emerged.  

First attempt for solving problems was carried out by Vamvatsikos and Cornell in 2005 [6]. Zarfam and 
Mofid and Raiesi Fard in 2005 [10] proposed an approximate method named modal incremental nonlinear 
dynamic analysis. Han and Chopra in 2006 [11], offered a method, which was working on modal pushover 
based on IDA method. An innovative idea for estimating pushover curves based on error distribution was 
introduced by Mofid and Zarfam in 2008 [12]. Furthermore, the total input energy applied to SDOF oscillator 
was used as intensity measure to impose different levels of scaled earthquakes [12]. In another attempt in 
2011, Zarfam and Mofid modified this method for those structures in which the elements’ materials do not 
comply with bilinear behavior [13]. In the mentioned field, according to the study done by Jalilkhani and 
Manafpour, the method proposed by Shafei et al. [14] can confidently be employed as an efficient analysis 
tool for estimating the median seismic collapse capacity of RC frames [15]. As a last attempt, Mofid et al. 
modified MIDA in 2017 to investigate the seismic behavior of structures equipped with self-centering 
viscoelastic damper [16]. In 2017, Incremental Modal Pushover Analysis (IMPA) was proposed by Bergami et 
al. [17]. They concluded that IMPA approach cannot be considered as an alternative for IDA [17].  In all studies 
carried out by Mofid et al., they believed that MIDA results were accurate enough [10]. It should be mentioned 
that all the aforementioned researchers performed their survey on 2D frame using far-field earthquake records 
[10, 12, 13, 16]. Since real structures are mostly 3D with some irregularities in plan, there is a crucial need to 
investigate the accuracy of this method on these structures. Since near-field earthquake records feature pulse 
shape behavior and the frequency content has dramatic impact on the results, it is indispensable to study 
them. 

In this article, the object of research is investigating of MIDA method on 3D models with irregularities in 
plan. The Subject of this research is dynamic response of these models located in near-field and far-field 
regions using MIDA Method. 

The goal of present work is to investigate the accuracy of MIDA method in comparison to IDA. 

2. Methods 
Firstly, MIDA method will be reviewed. After that, the modeling and verifications of models will be 

described. Finally, the procedure of records selection and the way of performing the analysis will be explained. 

2.1. Review on MIDA method 

In the previous part, it was mentioned that the basic procedure of all surveys was based on the 
flowcharts presented in 2005 [10] and 2011 [12] by Zarfam and Mofid. This procedure is presented once again 
herein: 

1. Modeling and designing of the structure. 

2. Calculating the modes period and participation factor. 

3. Performing pushover analysis, and obtaining pushover curve of ith mode. 

4. Is there negative hardening in pushover curve? If the answer is negative, construct the bi-linear behavior 
from obtained pushover curve according to Mofid et al. (2005) [10]; If the answer is positive, construct 
the trilinear behavior from obtained pushover curve according to Mofid et al. (2011) [12]. 

5. Modeling a SDOF system as below [10]: 

a. The period of ith mode in multi degree of freedom (MDOF) and SDOF must be even. 

b. The damping of ith mode in MDOF and SDOF must be even.  

c. The yielding strength of ith mode in MDOF and SDOF must have a relation.  

( ) ( ) / ( / )yi SDF yi MDF iF F L M  (1) 

The yielding displacement of ith mode in MDOF and SDOF must have a relation.  

( ) ( ) / [( / ) ]yi SDF yi MDF i riD D L M   (2) 

The strain hardening angle ( ) of ith mode in MDOF and SDOF must be even. 

SDF MDF   (3) 

where yiF  is yielding strength of the ith mode of vibration; 
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yriD  is yielding displacement of the roof of the ith mode of vibration; 

  is the strain-hardening angle of the material; 

ri  is the ith roof mode shape; 

And also, 

i j jiL m   (4) 

2
i j jiM m   

(5) 

6. Exert nth scaled level of earthquake to SDOF system to obtain maximum displacement. 

7. Convert the maximum displacement of SDOF to MDOF as mentioned in the work by Zarfam and 
Mofid (2005) [10]. 

8. Push MDOF structure to converted maximum displacement and calculate the maximum drift in ith 
mode 

9. If the structure is stable, increase one level to scaled level of earthquake, if not, should another mode 
be considered? If the answer is yes, go to step 1 , If not, go to step 10. 

10. Compute the final maximum displacement and maximum drift of applied mode with SRSS method. 

11. The MIDA curve is obtained. 

2.2. Modeling and the assumptions of the models 

In the 2nd type of irregularity mentioned in the table 12.3-1 of ASCE7-10, it is stated that “Reentrant 
corner irregularity” is defined to exist where both plan projections of the structure beyond a reentrant corner 
are greater than 15 % of the plan dimension of the structure in the given direction [18]. It means that when 

0.15X L   and 0.15Y L   occurred simultaneously, the structure is referred to as irregular. In this article 
10 % projection simultaneously in both directions is considered as regular; on the other hand, 20 %, 30 % and 
40 % projection in both directions are defined as irregular. In each of the principal directions, three spans with 
a length of 5 meters were considered. Three types of height, including 6, 12 and 18 stories were considered 
for the structures. As depicted in Fig. 1, plan of all structures is the same. Moreover, the height of each storey 
is assumed to be 3 meters, the construction location is in California, USA and the type of soil classification is 
assumed to be “C”. Dead, live, and seismic loading applied to the structures comply with ASCE7.  

 

Figure 1. All structure plan. 

All 12 structures were designed according to AISC 360-10 [19]. Weak beam-strong column criterion is 
observed in every single element of structures. All allowable drifts were satisfied in all structures. 

Implementing IDA method, all structures need to be modeled in ETABS software and OpenSees. For 
this purpose, all elements were modeled as nonlinear-beam-column in OpenSees. All cross-sections were 
constructed by “patch quad” syntax. ST37 in OpenSees were modeled by “Steel02” material behavior. P  
effect was applied in OpenSees by local to global transformation order. All diaphragms and gravity loading 
were constructed similar to ETABS. 
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2.3. Verification 

In this survey in order to verify the obtained results, two types of verifications were implemented as 
mentioned below: 

2.3.1. Verification with regard to calculated periods 
Periods obtained from ETABS and OpenSees must have rational exactness to assure that these two 

modelings represent the same model. Due to the large number of models, only a few of models have been 
included in this article. Here, EPeriod is the period obtained from ETABs; and OPeriod is the period obtained 
from OpenSees. 

Table 1. Period verification in 12-story structures. 

 Irregularity 

percent 
10% 20% 

Mode EPeriod (s) OPeriod (s) Diff (s) Ratio (%) EPeriod (s) OPeriod (s) Diff(s) Ratio (%) 

1st 1.470 1.383 0.087 5.94 1.292 1.278 0.013 1.04 

2nd 1.455 1.339 0.116 7.99 1.254 1.230 0.024 1.88 

4th 0.549 0.528 0.021 3.86 0.489 0.495 0.007 1.38 

5th 0.545 0.515 0.030 5.51 0.474 0.462 0.011 2.42 

7th 0.315 0.309 0.006 1.79 0.276 0.288 0.012 4.33 

8th 0.309 0.292 0.017 5.61 0.267 0.264 0.003 1.14 

 Irregularity 

percent 
30% 40% 

Mode EPeriod (s) OPeriod (s) Diff(s) Ratio (%) EPeriod (s) OPeriod (s) Diff(s) Ratio (%) 

1st 1.277 1.249 0.027 2.15 1.155 1.127 0.028 2.44 

2nd 1.269 1.241 0.028 2.18 1.127 1.111 0.015 1.35 

4th 0.487 0.492 0.005 0.94 0.440 0.440 0.000 0.05 

5th 0.483 0.483 0.000 0.10 0.434 0.428 0.005 1.19 

7th 0.279 0.287 0.007 2.66 0.259 0.265 0.006 2.20 

8th 0.278 0.281 0.003 1.12 0.257 0.253 0.003 1.29 
 
Table 2. Period verification in 18-story structures. 

 Irregularity  

percent 
10% 20% 

Mode EPeriod (s) OPeriod (s) Diff (s) Ratio (%) EPeriod (s) OPeriod (s) Diff (s) Ratio (%) 

1st 2.181 2.074 0.106 4.88 1.770 1.725 0.045 2.56 

2nd 2.164 2.009 0.156 7.20 1.720 1.668 0.052 3.02 

4th 0.817 0.834 0.017 2.10 0.637 0.625 0.012 1.91 

5th 0.802 0.773 0.029 3.59 0.630 0.603 0.027 4.27 

7th 0.478 0.490 0.012 2.40 0.379 0.386 0.007 1.77 

8th 0.471 0.460 0.011 2.35 0.372 0.362 0.010 2.71 

 Irregularity  

percent 
30% 40% 

Mode EPeriod (s) OPeriod (s) Diff (s) Ratio (%) EPeriod (s) OPeriod (s) Diff(s) Ratio (%) 

1st 1.845 1.839 0.006 0.30 1.752 1.798 0.047 2.65 

2nd 1.828 1.815 0.013 0.69 1.695 1.759 0.064 3.79 

4th 0.680 0.685 0.004 0.62 0.615 0.620 0.006 0.92 

5th 0.678 0.680 0.002 0.33 0.599 0.608 0.009 1.59 

7th 0.411 0.417 0.006 1.47 0.363 0.365 0.002 0.65 

8th 0.409 0.415 0.006 1.44 0.357 0.356 0.002 0.42 
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2.3.2. Mode shape verification 
To make sure that all the aforementioned 12 structures are accurately built in ETABS, there was a 

crucial need to verify that all elements were correctly assigned. In period verification, accidental errors may 
offset each other and make all periods correct, but in essence these structures are different from each other. 
For this reason, it is essential to implement shape mode verification. By doing this, any mismatches in stiffness 
or mass in each individual storey would be tackled. 

  

a. Mode shape verification of 6 storey structure 
with 40% irregularity on the first mode in Y 

direction 

b. Mode shape verification of 12 storey structure 
with 10% irregularity on the first mode in X 

direction 

 

c. Mode shape verification of 18 storey structure with 20% irregularity on the first mode  
in Y direction 

Figure 2. Three samples of mode shapes verifications of structures for better understanding. 

Fig. 2(a), (b) and (c) represent overlapping of first mode shape in X direction in 6 storey structure, first 
mode shape in Y direction in 12 storey structure and first mode shape in Y direction in 18 storey structure, all 
obtained by ETABS and OpenSees, respectively. 

2.4. Record selection 

While selecting appropriate records for this study, some recommendations in near-field and far-field 
region need to be followed. 

2.4.1. Selecting near-field records 

For selecting near-field records, there are some recommendations provided by FEMA P695, 2009, 
which is obligatory to comply [20]. These recommendations are outlined below: 

1. Soil classification of the records must be the same as the one on which the structures have been 
modeled. 

2. The focal fault mechanism of records must be the same as the one on which the structures have 
been modeled. 

3. The magnitude of records must be equal or higher than 6 Richter to avoid mistakenly selecting an 
aftershock. 

4. Peak ground acceleration must be higher than 0.6g. 

5. To select the certifiably near-field records, jbR and rupR must be less than 10 km. jbR  is the 

Joyner-Boore distance which is defined as the closest horizontal distance to the surface projection of the fault 
plane. Also, rupR is the closest distance to the coseismic rupture plane (km). 

6. Pulse behavior should be perceived in velocity versus time graph. 
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According to the aforementioned recommendations, strike-slip was chosen for focal mechanism and 
“C” soil type was assumed for selecting records. It should be mentioned that regarding these 
recommendations, some records were selected from FEMA P695 and the others were obtained from PEER 
website. The roster of selected records is listed in the following table. 

Table 3. Near-field records list. 

No. 
Earthquake 

name Year Station Name Mag Mechanism jbR  

(km) 
rupR  

(km) 

Vs 30 
(m/sec) 

1 Morgan Hill 1984 "Coyote Lake Dam - 
Southwest Abutment" 

6.19 strike slip 0.18 0.53 561.43 

2 Bam_ Iran 2003 "Bam" 6.6 strike slip 0.05 1.7 487.4 

3 Parkfield 1966 Temblor pre-1969 6.19 strike slip 15.96 15.96 527.92 

4 San 
Salvador 

1986 "Geotech Investig 
Center" 

5.8 strike slip 2.14 6.3 489.34 

5 Mammoth 
Lakes-06 

1980 Long Valley Dam 
(Upr L Abut) 

5.94 strike slip 9.65 16.03 537.16 

6 
"Chi-Chi_ 

Taiwan-04" 1999 "CHY074" 6.2 strike slip 6.02 6.2 553.43 

7 Coyote Lake 1979 Gilroy Array #6 5.7 strike slip 0.42 3.11 663.31 

8 "Parkfield-
02_ CA" 

2004 "Parkfield - Cholame 
3E" 

6 strike slip 4.95 5.55 397.36 

9 
Kocaeli, 
Turkey 1999 Arcelik 7.51 strike slip 10.56 13.49 523 

10 
"Darfield_ 

New 
Zealand" 

2010 "LPCC" 7 strike slip 25.21 25.67 649.67 

 

Records number 1, 4, 5 and 7 are selected from the article of Dimakopoulo et al. (2013) [21]. Record 
number 3 is selected from Davoodi and Jafari [22]. The other records are selected with the help of 
recommendation obligated in FEMA P695 [20]. 

2.4.2. Selecting far-field records 

There are also some recommendations for selecting far-field records [20] which are listed below: 

1. Soil type of the records must be the same as the one on which structures have been modeled. 

2. The focal fault mechanism of records must be the same as the one on which structures have been 
modeled. 

3. To appropriately select the near-field records jbR and rupR must be more than 15 km. 

Based on the FEMA P695 recommendations, the far-field records roster is presented in the following 
table: 

Table 4. Far-field records list. 

No. 
Earthquake 

Name 
Year Station Name Mag. Mechanism jbR

 
(km) 

rupR
 

(km) 

Vs30 
(m/s) 

1 
"Big Bear-

01" 
1992 "Snow Creek" 6.46 strike slip 37.04 38.07 523.59 

2 
"Tottori_ 

Japan" 
2000 "OKY004" 6.61 strike slip 19.72 19.72 475.8 

3 
"Darfield_ 

New 
Zealand" 

2010 
"Heathcote 

Valley Primary 
School” 

7 strike slip 24.36 24.47 422 

4 
"Victoria_ 
Mexico" 

1980 "Cerro Prieto" 6.33 strike slip 13.8 14.37 471.53 

5 "Landers" 1992 
"Morongo Valley 

Fire Station" 
7.28 strike slip 17.36 17.36 396.41 

6 
"Chi-Chi_ 

Taiwan-04" 
1999 "CHY028" 6.2 strike slip 17.63 17.7 542.61 
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No. 
Earthquake 

Name 
Year Station Name Mag. Mechanism jbR

 
(km) 

rupR
 

(km) 

Vs30 
(m/s) 

7 
"Chalfant 

Valley-02" 
1986 "Benton" 6.19 strike slip 21.55 21.92 370.94 

8 
"Joshua 

Tree_ CA    
" 

1992 
"Whitewater 
Trout Farm" 

6.1 strike slip 28.97 29.4 425.02 

9 
"Imperial 

Valley-06" 
1979 "Cerro Prieto" 6.53 strike slip 15.19 15.19 471.53 

10 
"Basso 

Tirreno_ 
Italy" 

1978 "Naso" 6 strike slip 17.15 19.59 620.56 

2.5. Performing analysis and obtaining curves 

Achieving the purposes of this survey, firstly bilinear curves must be built according to recommendations 
in part 2. In order to obtain these curves, plastic hinges for performing pushover analysis based on FEMA365 
[23] must be assigned to all elements. Then, structures are pushed to the maximum calculated displacement. 
Subsequently, plastic hinges are formed in beams at first stage; then, plastic hinges at the end of columns, 
which are rigidly connected to the base, were forged; these two steps of procedure cause structures to be 
unstable. In all three steps, by monitoring the displacements versus forces, pushover curves were obtained 
and bilinear curves were built using the procedure discussed in part 2. In this survey, these bilinear curves are 
specified using the rules of equality of areas above and below the capacity curve of pushover. To solve this 
problem with good precision, trapezoidal elements were implemented so as to get even areas. 

  

a. 6-storey structure with 20% irregularity b. 12-storey structure with 10% irregularity 

  

c. 18-storey structure with 20% irregularity d. 18-storey structure with 40% irregularity 

Figure 3. Matching the idealized pushover curve with actual one. 

As Fig. 3 illustrates, there is a good conformity between the obtained capacity curves from ETABS and 
the idealized bilinear graphs revealing that all steps have been correctly employed. Consequently, by utilizing 
the modal information, these bilinear specifications are converted to the stress-strain diagram for SDOF 
systems. In the next steps of MIDA, these specifications are exerted for each individual mode of all 
12 structures. In addition, all SDOF systems are modeled with complete requirements in OpenSees to perform 
analysis using near-field and far-field earthquake records. All SDOF systems include one mass and a 
massless spring, which need to comply with idealized stress-strain diagram specified for individual modes. 
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Due to the burden of extremely heavy numbers of analyses that need to be performed, the first two transitional 
modes in each direction for 6 and 12 storey structures are considered. For 18-storey structures, in order to 
see the effect of higher modes, the first three transitional modes in each direction were considered. All 
12 structures are analyzed and subjected to 10 near-field earthquake records in one principal direction and 10 
far-field earthquake records in two principal directions. In this survey, maximum displacement should be one 
of the damage indexes; and the other one, as the procedure dictates, needs to be the maximum roof drift. For 
better understanding, PGA was selected as intensity index so as to follow the procedure of the pioneers of 
this method. Then, after performing the analyses, maximum displacement for SDOF system obtained is turned 
into the maximum displacement of MDOF system to conduct pushover analysis on 3D models by the formulae 
presented in Zarfam and Mofid article [10]. Then, maximum drifts are obtained as per the procedure presented 
by Mofid et al. articles [10]; all drifts and displacements obtained from each response to the individual record 
excitation are gotten SRSS for plotting curves. For IDA and MIDA, 360 analyses were performed individually 
and respectively. 

Due to extremely large number of graphs produced in this survey, the authors have decided to include 
some of them as well as a few comparison graphs, including graphs of “Morgan Hill” record for near-field 
region. 

3. Results and Discussions 
In part 3.1 results with comparison graphs have been presented. In addition, in part 3.2 authors 

discussed the results. 

3.1. Results 

Here, the comparison of MIDA and IDA graphs will be presented for far-filed and near field records. In 
addition, graphs, which demonstrate the effect of structures’ height on MIDA method, will be illustrated at last 
part. 

3.1.1. Comparison of maximum roof displacement and drift versus PGA under near-field 
records 

Because of the extremely large number of graphs that were produced in this survey, the authors have 
decided to include some of them as well as a few comparison graphs, including graphs of “Morgan Hill” record 
for near-field region. 

3.1.1.1. Comparison of maximum roof displacement and drift versus PGA in “Morgan Hill” record for 6-story 
structures 

Comparison of maximum roof displacement and roof drift versus PGA in “Morgan Hill” record for 6-
storey structures with irregularities from 10 % to 40 %. 

  

a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 4. Comparison of roof displacement from IDA and MIDA methods in 6-storey structures for 
record No.1 in near-field records. 



Magazine of Civil Engineering, 102(2), 2021 

Mehdipanah, H.R., Fanaie, N. 

  

a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 5. Comparison of roof drift from IDA and MIDA methods in 6-storey structures for record 
No.1 in near filed records. 

Comparing the roof displacements obtained from these two methods, it is observed that MIDA is not 
precise enough in the analysis of low-rise buildings located in near field regions. From the comparison of roof 
drift in these two methods, it can be concluded that MIDA is not accurate enough in low-rise buildings located 
in near- field regions neither in elastic region nor in plastic one. 

3.1.1.2. Comparison of maximum roof displacement and drift versus PGA in “Morgan Hill” record for 12-storey 
structures 

Comparison of maximum roof displacement and drift versus PGA in “Morgan Hill” record for 12- storey 
structures with irregularities from 10 % to 40 %. 

  

a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 6. Comparison of roof displacement from IDA and MIDA methods in 12-storey structures for 
record No.1 in near field records. 
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a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 7. Comparison of roof drift from IDA and MIDA methods in 12-storey structures  
for record No.1 in near field records. 

Comparing the roof displacements in these two methods, it can be seen that MIDA is not precise enough 
in near-field records on medium-rise buildings. From the comparison of roof drift in these two methods, it can 
be seen that MIDA method is not precise enough in near- field records on medium-rise buildings neither in 
elastic region nor in plastic one. It can be concluded that the increase in height of structures increases the 
errors by keeping fixed the number of modes for performing analysis. 

3.1.1.3. Comparison of maximum roof displacement and drift versus PGA in “Morgan Hill” record for 18- story 
structures 

Comparison of maximum roof displacement and drift versus PGA in “Morgan Hill” record for 18- storey 
structures with irregularities from 10% to 40%. 

  

a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 8. Comparison of roof displacement from IDA and MIDA methods in 18-storey structures for 
record No.1 in near field records. 
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a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 9. Comparison of roof drift from IDA and MIDA methods in 12-storey structures for record 
No.1 in near field records. 

By comparing maximum roof displacement as well as maximum drift in these two methods as shown in 
Fig. 8 and 9, it can be concluded that the linear region of IDA method in 18-storey structures can be obtained 
by MIDA method. The reasoning lies in two things. Firstly, according to the survey carried out by Krawinkler 
et al. in 1999, spectra response of SDOF systems cannot satisfy seismic demands for near-field fault [24]. 
Secondly, MIDA method was based on SDOF system. Consequently, displacement and drift graph in low-rise 
and medium- rise structures cannot be obtained correctly and precisely. On the other hand, near-field 
earthquake records have a huge impact on low-rise and medium-rise structures; but 18-storey structures, as 
high-rise structures, are less affected by near-field earthquakes; accordingly, IDA and MIDA results match 
better to each other. 

By passing the border of linear region in structural elements, they become plastic elements. Therefore, 
their stiffness changes result in changes in periods of structure. The validation of SRSS method is up to the 
point where modes do not interfere with each other. However, when structural elements become plastic and 
the period changes significantly, SRSS method is not valid anymore. Hence, this is one of the factors creating 
some errors in this method in inelastic region. In addition, figures illustrate that if the extent of irregularity 
increases, errors of this method dramatically increase because of the intense torsion of structure. 
Accumulation of plastic hinges in the reentrant corner of irregularity is the leading cause of this effect. 
Therefore, applicability of this method narrows down. 

3.1.2. Comparison of maximum roof displacement and drift versus PGA in far- field records 

Due to the extremely large numbers of graphs produced in this survey, the authors have decided to 
present comparison graphs of “Darfield _New Zealand” and “Chi- Chi_Tiwan-04” earthquake records for X 
direction and Y direction respectively in far-field records. 

3.1.2.1. Comparison of maximum roof displacement and drift versus PGA for 6-story structures 

Comparison of maximum roof displacement and drift versus PGA in “Chi-Chi_Tiwan-04” earthquake 
record for Y direction in far-field records for 6-storey structures with irregularities from 10 % to 40 %. 
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a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 10. Comparison of roof displacement from IDA and MIDA methods in 6-storey structures 
under record No.3 in far field records Y-Direction. 

  
a. with 10% irregularity of plan b. with 20% irregularity of plan 

  
c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 11. Comparison of roof drift from IDA and MIDA methods in 6-storey structures  
under record No.3 in far field records Y-Direction. 

As Fig. 10 to Fig. 11 depict, MIDA method in both maximum roof displacement and maximum roof drift, 
is capable of extracting the accurate answer in linear region in far-field records. However, in nonlinear region, 
if the extent of intensity increases, errors of this method slightly increase in 6-storey structures. If the extent of 
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irregularity increases, errors of this method significantly increase because of the intense torsion of structure. 
Accumulation of plastic hinges in the reentrant corner of irregularity is the main cause of this effect. Therefore, 
applicability of this method decreases. 

3.1.2.2. Comparison of maximum roof displacement and drift versus PGA 12-storey structures 

Comparison of maximum roof displacement and drift versus PGA in “Darfield _New Zealand” 
earthquake record for X direction in far-field records for 12-storey structures with irregularities from 10 % to 
40 %. 

  

a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 12. Comparison of roof displacement from IDA and MIDA methods in 12-storey structures 
under record No.3 in far field records X-Direction. 

  

a. with 10% irregularity of plan b. with 20% irregularity of plan 

  
c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 13. Comparison of roof drift from IDA and MIDA methods in 12-storey structures under 
record No.3 in far field records X-Direction. 
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As Fig. 12 to Fig. 13 depict, MIDA method, in both maximum roof displacement and maximum roof drift, 
is capable of extracting the precise answer in linear region in far-field records. However, in nonlinear region, 
if the extent of intensity increases, errors of this method slightly increase in 12-storey structures. By passing 
the border of linear region in structural elements, they become plastic elements. Therefore, their stiffness 
changes; consequently, the periods of structures change as well. The validation of SRSS method is when 
modes do not have interference with each other. However, when structural elements become plastic and 
period changes, SRSS method is not feasible anymore. Therefore, this is one of the factors, which brings 
about some errors in this method in inelastic region.  In addition, figures illustrate that if the extent of irregularity 
increases, errors of this method significantly increase because of the intense torsion of structure. Accumulation 
of plastic hinges in the reentrant corner of irregularity is the main reason of this effect. Therefore, applicability 
of this method decreases. In addition, these errors are larger than those calculated in 6-storey structures. It is 
also mentioned that in 6, 12-storey structures, the number of modes considered for MIDA is the same. 
Therefore, it can be deduced that when the height of structures increases, the considered modes should 
increase by at least one more mode in order to decrease the errors in MIDA method. 

3.1.2.3. Comparison of maximum roof displacement and drift versus PGA 18-storey structures 

Comparison of maximum roof displacement and drift versus PGA in “Chi-Chi_Tiwan-04” earthquake 
record for Y direction in far-field records for 18-storey structures with irregularities from 10 % to 40 % 

  

a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 14. Comparison of roof displacement from IDA and MIDA methods in 18-storey structures 
under record No.3 in far field records Y-Direction.  
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a. with 10% irregularity of plan b. with 20% irregularity of plan 

  

c. with 30% irregularity of plan d. with 40% irregularity of plan 

Figure 15. Comparison of roof drift from IDA and MIDA methods in 18-storey structures  
under record No.3 in far field records Y-Direction. 

As Fig. 14 to Fig. 15 illustrate, MIDA method, in both maximum roof displacement and maximum roof 
drift, is capable of extracting the precise answer in linear region in far-field records. However, in nonlinear 
region, if the extent of intensity increases, errors of this method gradually increase in 18-storey structures. By 
passing the border of linear region in structural elements, they become plastic elements. Therefore, their 
stiffness changes; the periods of structures change accordingly. The validation of SRSS method is when 
modes do not have interference with each other. However, when structural elements become plastic and 
period changes, SRSS method is not valid anymore. Therefore, this is one of the factors creating some errors 
in this method in inelastic region.  In addition, figures illustrate that if the extent of irregularity increases, errors 
of this method significantly increase because of the intense torsion of structure. Accumulation of plastic hinges 
in the reentrant corner of irregularity is the main reason of this effect. Therefore, applicability of this method 
narrows down.  

These errors are larger than those calculated in 6, 12-storey structures. Therefore, it can be deduced 
that when the height of structures increases, the considered modes should be increased by at least one more 
modes in order to decrease the errors in MIDA method. 

3.1.3. Comparison of the effect of height and modes on maximum roof displacements’ error 

as well as drifts’ errors in fixed irregularities 
Comparison of the effect of height and modes on maximum roof displacements’ error as well as drifts’ 

error Versus PGA for average of structures’ responses to 10 near-field records and 10 far-field records in fixed 
irregularities ranging from 10 % to 40 %. 
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a. In structures with 10% irregularity  
on X-Direction 

b. In structures with 10% irregularity  
on X-Direction 

  

c. In structures with 20% irregularity  
on Y-Direction 

d. In structures with 20% irregularity  
on Y-Direction 

Figure 16. Comparison of the effect of height on roof displacement error and drift error between 
IDA and MIDA methods under average responses to far field records in structures with 10% and 

20% irregularity. 

  

a. In structures with 30% irregularity which 
were recorded on X-Direction 

b. In structures with 30% irregularity which 
were recorded on X-Direction 

  

c. In structures with 40% irregularity which 
were recorded on Y- Direction 

d. In structures with 40% irregularity which 
were recorded on Y- Direction 

Figure 17. Comparison of the effect of height on roof displacement error and drift error between 
IDA and MIDA methods under average responses to far field records in structures with 30% and 

40% irregularity. 
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Fig. 16(a) illustrates that 18-storey structures with irregularities of 10%, have the most errors in 
displacement despite considering one more modes in the 6 and 12-storey structures with irregularities of 10 %. 
However, 6-storey structures with irregularities of 10% have the most errors in drift and 18-storey structures 
have the least errors, as shown in Fig. 16(b). 

Fig. 16(c) illustrates that 18-storey structures with irregularities of 20 %, have the most errors in 
displacement despite considering one more mode in the 6 and 12-storey structures with irregularities of 20 %. 
Nevertheless, as depicted in Fig. 16(d), 6-storey structures with irregularities of 10 % have the most errors in 
drift and 18-storey structures have the least. 

3.2. Discussion 

In this part, some discussions on results are explained in two main parts. 

3.2.1. Discussion of near-field records 

Special moment frames should satisfy allowable maximum drifts according to what exactly has been 
stated on the codes. In these frames, this criterion is dominant in designing structures and determining the 
dimensions of beams and columns. Therefore, this leads to an increase in beams and columns’ cross-sections 
and consequently an increase in the stiffness of structures. In this type of frame, increasing the stiffness brings 
about a decrease in ductility; therefore, a decrease in the structures’ periods. On the other hand, because 
these systems are used for their high ductility, they have higher period compared to the other lateral resisting 
systems. Krawinkler et al. (1999) [24] investigated the effect of specific pulses with the period of pT  on the 

responses of structures with a fundamental period of T at various performance levels. They found that SDOF 
spectra are adequate to represent multi-degree-of-freedom system ductility demands in stiff structures with 

/ 1.0pT T  , but are poor in representing the demands in flexible structures with / 1.0pT T  [24]. It was 

concluded that SDOF spectra alone are inadequate to represent seismic demands for near field earthquake 
ground motion [24]. As it is obvious, MIDA is a method based on the analysis of SDOF systems; hence MIDA 
method complies with what Krawinkler et al. stated in 1999 [24]. Hence, MIDA method is not valid in near-field 
earthquake records since this phenomenon is intensified in low-rise as well as medium rise structures. In 
addition, in near-field records movements, both PGA and PGV are very high. Their velocity somehow reaches 
about 100 cm s  to 200 cm s . One of their characteristics is that they can dissipate huge quantities of energy 
in a very short period. Near-field records have a huge impact on low-rise structures. It can be inferred that 
MIDA method is not valid in the linear and nonlinear deformation as well as in low and mid-rise structures; but 
the results are much better in high-rise building because they get very little effect from near-field records 
compared to the others. 

The pioneers of MIDA hypothesized modes operating separately from each other; but when structural 
elements pass the yielding point and become plastic, their stiffness decreases causing the interference of 
modes; therefore, SRSS method is not valid anymore. This is by far the most important factor that produces 
exceedingly large errors in nonlinear region. 

As the extent of irregularity increases, errors of MIDA method dramatically increase owing to the intense 
torsion of structure. Accumulation of plastic hinges in the reentrant corner of irregularity is the main reason of 
this effect. Therefore, applicability of this method narrows down. 

3.2.2. Discussion of far-field records 

In these 12 structures, it is figuratively seen that the first mode has a dramatic direct effect on creation 
of the structures’ displacement and the higher modes have a minor effect on creation of the structures’ 
displacement. On the other hand, the higher modes have an immense direct effect on the creation of the drift 
and the first mode has a subtle effect on it. Therefore, the increase in considered modes in MIDA method, 
brings about a decrease in the errors of this method. Because 12-storey structures are higher than 6-storey 
structures, it is seen that the effect of higher modes on displacements and drifts of 2 stories below the roof are 
bigger than what is seen in 6-storey structures.  Therefore, the errors in drift decrease. In 18-storey structures, 
by considering one more mode than 6 and 12-storey structures, the errors do not decrease to the expected 
level. Hence, for the 18-storey structures, it is perhaps better to consider at least two more modes. 

3.2.3. Discussion on errors 

1. Approximating the roof displacement versus base shear curve with bilinear curves brings about some 
errors in calculating drift and displacement. 

2. The most important factor creating huge errors in nonlinear region is the modes interfering with each 
other. When structural elements pass the yielding point and become plastic, their stiffness decreases and this 
results in the interference of modes; therefore, SRSS method is not justifiable anymore. Therefore, the 
assumption of considering modes operating separately from each other is wrong. 
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3. Considering just the first two modes in each individual direction is one of the main causes of errors 
in 6 and 12-storey structures. A better alternative would be to consider more modes. 

4. Regarding the errors of MIDA method, it is concluded in general: 

 Eigenvector ( ji ) is not unique inherently. Therefore, i j jiL m   used in 

     / /yi yi iSDOF MDOF
F F L M  can cause this equation to have different answers and this 

would lead to wrong bilinear curve. Consequently, this can be the cause of errors in MIDA method.  

 As the extent of irregularity increases, displacement errors of this method significantly increase 
because of the intense torsion of structure. Accumulation of plastic hinges in the reentrant corner of 
irregularity is the main reason of this effect. 

 As the extent of irregularity increases, drifts’ errors of this method significantly increase because of 
the intense torsion of structure. Therefore, in order to improve this method, there is a crucial need to 
introduce new damage index rather than drift in the procedure of MIDA. 

 There is no individual rule to figure out how many modes are enough and what optimum is to be 
considered in the procedure of MIDA. 

 In near-field records, low-rise structures are exposed to the effect of these earthquakes more than 
the others. SDOF spectra alone are inadequate to represent seismic demands for near field 
earthquake ground motion according to Krawinkler et al. (1999) [24]. It is evident that MIDA is a 
method based on the analysis of SDOF systems. Hence, MIDA method is not justifiable in near-field 
records as this phenomenon would cause too many errors in near-field records. 

4. Conclusion 
The obtained results of this research project are outlined below: 

1. MIDA method is capable of calculating the damage indexes just as IDA method is. 

2. As the extent of irregularity increases, applicability of this method narrows down. 

3. In plan irregularity of structures, drift as damage index is not viable; therefore, there is a crucial need 
to improve this method through selecting new damage indexes. 

4. Considering more modes for calculations in this method causes errors to decrease. 

 There is no individual rule to figure out how many modes are enough to be considered as optimum 
in the procedure of MIDA. 

 The speed of calculation in this method on 3D structures was amazing. There is a promising future 
ahead for future investigation of this method. 

 About the MIDA method, it can be said in general: 

 Transformation of 3D MDOF to an equivalent SDOF system reduces the time of calculation 
as well as CPU usage of computers. 

 Using the concept of pushover analysis in MIDA, all plastic hinges can be traced and the weak 
point of the structures can be detected in less time than IDA method. 

 Using the MIDA method in far-field records presents no difficulties. Therefore, it is highly 
recommended to employ this method. 

Future researchers can carry out new surveys to consider other irregularities mentioned in ASCE7. 
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