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Abstract. The necessity to study the thermophysical properties of porous inorganic materials is due to the 
wide use of thin-walled structures, the fire protective coating of which is performed when use porous 
materials. One of the most dangerous physical influence, leading to the destruction of thin-walled 
constructions in a fire, is a rapid increase in the temperatures of the combustion products in the fire zone. 
For a fire fencing, just 20÷30 minutes after its start, the temperature of the products in the combustion zone 
can reach 800÷900 °C, while the temperature can increase under more favorable conditions for the 
combustion process of air exchange. For open fires, when the air exchange conditions are not limited, the 
temperature of the combustion products can quickly reach 1100 °C of more. In the article, analyzing the 
effect on the porous materials of high-temperature combustion products, high humidity, direct exposure to 
water, as well as the process of phase of phase transitions of moisture contained in capillaries and its 
possible consequences. Presented and analyzing the influence of the process of thermal radiation inside 
gas-filled cellular structures on the heat-conducting properties of porous material based on perlite and 
expanded vermiculite. The results of an experiment to study the dependence of the thermal conductivity 
coefficient of expanded vermiculite on the specific particle size density and pressure suggest that with an 
increase in the temperature of the combustion products a thin-walled fire protection layer made of fibrous 
materials (for example, perlite and expanded vermiculite) with a decrease in the size of the solid fraction, 
the thermal conductivity coefficient of expanded vermiculite increases to a greater extent than of perlite, 
nab a certain tendency is observed to increase the share of the convective component in the thermal 
conductivity of expanded fire-protective materials as the particle sizes of their solid fraction decrease. 

1. Introduction 
The object of the present research is the heat and physical properties of porous inorganic materials 

used for fire protection of building structures. This article used the analysis data of M.V. Gravit et al. On the 
possible use of components of external substances in improving the fire safety of buildings [1–5], fire 
protection of high-rise buildings [6, 7, 8, 9], as well as options for increasing strength properties of concrete 
under fire conditions, which were considered in [10–13] by V.I. Korsun et.al., and concrete protection 
methods studied in the works [14, 15, 16, 17] of N.I. Vatin et.al. 

The relevance of research is due to the fact that the current state of development of modern 
industrial technologies suggest supporting the required level of fire safety of building and structures since 
the consequences of their collapse as a result of a fire can lead to significant material losses, personal 
injury and even death [18]. 

In the construction of industrial facilities, there is a wide use of reinforced concrete reinforced 
concrete reinforced cement fiber-reinforced concrete and metal constructions, the value of the fire 
resistance limit of which usually did not exceed the values of 30-40 minutes [19, 20]. To slow down the 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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heating of such structures allows the use of various fire-retardant coating based on the use of relatively 
inexpensive materials, primary perlite and expanded vermiculite [21–28]. 

The aim of the research is to assess the possibility of using porous inorganic materials to increase 
the level of fire protection of building structures, the achievement of which involves solving the following 
tasks. 

− analysis of the process of heating porous inorganic materials in a fire and assessment of the 
ratio between different types of heat exchange; 

− dependence identification between heat-conducting properties of porous inorganic materials and 
grain sizes; 

− studying of the effect on the heat-conducting properties of porous inorganic materials of moisture, 
accumulated during fire fighting. 

2. Methods 
For scientific research, experimental data were collected and analyzed from domestic and foreign 

literary sources, as well as experimental studies of the thermal conductivity of composite materials made 
on the basis of expanded vermiculite in a temperature range of 50-400 °C. The temperature dependences 
of the thermal conductivity of these materials were obtained by using the IT-λ-400 meter, which is based 
on the method of monotonous heating. The thermal circuit of the applied method is shown in Fig. 1. 

 
Figure 1. Thermal circuit: 1 – base; 2 – plate; 3 – contact plate; 4 – sample; 5 – core. 

The heat flux Q coming from the base 1 passes through the cross section of the plate 2, is partially 
absorbed by it, and then goes on the monotonous heating of the plate 3, sample 4 Q and rod 5. The lateral 
surfaces of the rod, sample, and plates 2 and 3 also are thermally insulated. 

The rod and contact plate are made of a material with a high thermal conductivity, so the temperature 
differences on them are insignificant. 

The geometric parameters of the system are chosen so that the flows accumulated by the sample 
and plate are an order of magnitude smaller than those absorbed by the rod. In this case, the temperature 
field of sample 4 and plate 2 are close to linear and stationary. The theoretical justification of the applied 
method for measuring thermal conductivity is described in detail in the literature [29]. 

3. Results and Discussion 
The initial stage of the process of passing through the mass of fire during the fire is characterized by 

its non-stationary nature, while the characteristics of the temperature field of the thin-walled structure are a 
function of not only spatial coordinates but also time. 

The magnitude of the heating rate of such a structure is determined by the ability of its material to 
conduct heat, which is characterized by the coefficient of thermal conductivity of the material λ (W/(M°C)) 
and its temperature coefficient of thermal conductivity β (W/(M°C2)), the effect of which is significant at a 
fire temperatures. In addition, the heating rate of a thin-walled structure will depend on the ability of the 
material to accumulate thermal energy, which can be characterized by the heat capacity of the entire 
material of the structure C (kJ/°C), which is numerically equal to the product of the material ρ (kg/m3) by 
the specific (mass) heat capacity of c (kJ/(kg°C)).Thus, effective fire protection of thin-walled structures in 
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a fire is possible when using materials with a relatively small coefficient of thermal conductivity, the value 
of which is determined by a large number of factors, such as the average density of the material, its true 
porosity, size and shape of these pores, moisture content of the material. In addition, the composition and 
radiative ability of the grains of the material, and of course the average temperature of heating the material, 
are significant factors. 

In the process of heat transfer in an array of porous materials used for fire protection of thin-walled 
structures in a fire, several components are involved: 

− The process of thermal conductivity with direct contact of the structural particles of the solid 
phase of the porous material. 

− The process of free (natural) convention when moving gas molecules in the free space between 
the structural particles of the solid phase of a porous material. 

− The process of radiant heat exchange between the internal surfaces of the structural particles of 
the solid phase of a porous material [20, 26]. 

The intensity of heat transfer processes in an array of porous material for fire protection of thin-walled 
structures is largely determined by the presence of moisture located in the pores of the material, which is 
caused by both atmospheric conditions (to less extent) and water ingress during the supply of trunks during 
fire fighting (to greater extent). If the temperature reaches the boiling point of water under the given 
atmospheric conditions on the heated surface of the fire-retardant layer, then in the capillaries of the array 
of porous material a phase transition from a liquid to a vapor begins to occur. 

Part of the heat of fire heat is used for this, proportional to the specific heat of vaporization of water, 
equal to 2200 kJ/kg. As the fireproof layer of the porous material warms up, moisture diffuses in the direction 
of the heated surface, while moisture drops in the depth of the material array, and a dry surface zone forms 
near the heated surface. Considering that the steam flow during the movement in the opposite direction of 
heat as it warms up will absorb part of the energy, fire, the heating process of a thin-walled structure can 
slow down [23, 28]. In this case, the vapor formed in the array of the fire-retardant layer can cause 
delamination of this layer from the surface of the protected thin-walled structure, which can be identified as 
a destructive effect. 

However, for flame retardant materials such as perlite and expanded vermiculite, the high porosity 
provides them with good heat-insulating ability. The dependence of the thermal conductivity coefficient of 
various types of expanded vermiculite on the composition of the fraction is shown in Fig. 2 [19]. 

The dependence of the coefficient of thermal conductivity of expanded vermiculite on the fractional 
composition: 

 
Figure 2. Dependence of expanded vermiculite heat conductivity coefficient  

from fractional composition: 1. Kovdor hydrophlogopite , sample 1;  
2. Kovdor hydrophlogopite , sample 2; 3. Inaglinsky vermiculite. 

For the provided samples of fireproof porous materials, the values of the thermal conductivity 
coefficient fluctuate in the range of 4÷8 %, which follows their analysis of the graphic dependences in Fig. 2 
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and Fig. 3. A slight increase in the coefficient of thermal conductivity with an increase in the size of structural 
particles can be explained by the intensification of the process of convective heat transfer in the free space 
between the structural particles of the solid phase of the porous material associated with the transaction 
from a free convention in thin layers to a free convention in a large volume. With linear particle sizes less 
than 0.6 mm, the proportion of gangue decreases, the density of the porous fire-retardant material 
increases, and the proportion of heat transfer increases due to the process of heat conduction in a solid 
body. 

The shape of the particles making up the porous fire retardant material is also important. 

The measurements give reason to argue that the heat-conducting properties of porous materials 
formed on the basis of lamellar particles are slightly less than those properties of materials whose properties 
of materials whose particles are closer to the circulations may be the one-sided orientation of lamellar 
particles, which determines the nature of their contact and the heat flux propagates in vermiculite backfill 
perpendicular to the sintering plane of lamellar particles. 

 
Figure 3. The dependence of the coefficient of thermal conductivity (1) and density  

and expanded vermiculite (2) and perlite (3) on the particle size. 
Graphical Content Analysis the thermal conductivity coefficient and the density and density of 

expanded vermiculite and perlite on the particle size shown in Fig. 3 make it possible to conclude that the 
particle size of the solid formation affects the value of the thermal conductivity of perlite. 

The experimental data on the thermal conductivity coefficients of porous fire-retardant materials 
given in [19, 21, 25, 28] are not unambiguous, since the measurements were carried out by different 
methods, as well as under different atmospheric conditions, for different sizes of solid grains and different 
characteristics of porosity. This is due to the different nature of heat transfer in the space between the 
structural particles of the solid phase of the porous material. 

It is generally considered that for a porous material its heat-conducting properties of air, since for the 
solid components of porous materials their thermal conductivity coefficients usually exceed such values for 
gases, including air. 

This statement follows from then proposal that the linear pore sizes of flame retardant materials 
significantly exceed the mean free path of air molecules under normal conditions. However, in a fire, the 
thermodynamic parameters in the space between the structural particles of the solid phase of the porous 
material differ significantly from normal conditions. In this case, for a finely dispersed porous material, the 
value of its thermal conductivity coefficient can be even less than the thermal conductivity coefficient of air 
at the same temperature. 

Table 1 shows the experimental date obtained for the thermal conductivity of a foreign material, which 
is silicic acids reduced to a porous state with linear pore sizes of 18·10-8 mm and solid grain sizes of  
2.5·10-8 mm.  
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The values of the thermal conductivity of the domestic material “White Soot BS-280” measured at 
various temperatures are also given, with the average free path of air molecules for normal atmospheric 
conditions being assumed to be 10000·10-8 mm. 

Table 1. Heat conductivity coefficients of finely dispersed materials depending on 
temperature. 

Material 
Heat conductivity coefficient, W/(mоC) 

At temperature 0 оC At temperature 50 оC 
Santosel 0.0209 0.0239 

White soot BS-280 0.01 0.02 
Air at normal pressure 0.0237 0.0270 
 

The experiments with silica aerogel with different dispersion characteristics made it possible to prove 
that the value of the thermal conductivity can decrease to 0.0032 W/(m°C), which is about 10 times less 
than the thermal conductivity of air measured for normal atmospheric pressure [8]. 

Increased porosity of flame retardant materials can be achieved by using some features of the shape 
and structural particles. From the number of thin-walled structure of porous materials is a conglomerate of 
relatively small ball formation with a diameter of 5÷20 nm. Such materials include silicic acid airgel, white 
carbon black, “Aerosila” material. 

Perlite and expanded vermiculite, the structure of which is cellular in nature, can be attributed to 
another group, and an empirical equation (1) is proposed to determine the value of the thermal conductivity 
of such materials: 

( ) ( )43 11 1 11 1
2 2 69 0 31

v
т

v

P P
. .

λ λ λ
λ

 
  = + − + − −    + 
 

,                           (1) 

P is the fraction of the volume of voids between particles of solid reck. 

λv is air conductivity coefficient 

λm is thermal conductivity of solid particles. 

One of the most important indicators of the fire-retardant properties of porous materials such as 
perlite and expanded vermiculite is the thermal conductivity coefficient, so when choosing the right material 
for fire protection of thin-walled structures, it is necessary to take into account the dependence of the 
thermal conductivity coefficient of the average heating temperature. 

Such experiments were carried out in the work for a temperature range of 200÷600 °C. 

Measurements showed that the greatest dependence of the thermal conductivity on temperature is 
observed in the foam asbestos M-25, which is an ultra-light heat-insulating material: the value of the 
coefficient of thermal conductivity during heating increased 6 times. For expanded M-150 vermiculite, this 
dependence is not so pronounced: the values of the thermal conductivity coefficient only doubled [27]. 

As applied to the properties of foam asbestos, such a significant increase in the coefficient of thermal 
conductivity can be explained by the presence of significant number of large communicative gaps, in which 
there are conditions for the development of convective flows of the air. Almost all fibrous heat-insulating 
materials have a similar structure, therefore, as the temperature of the combustion products increases, 
which is typical for the initial stage of a fire, therefore, fire protection made of foam asbestos is less effective 
than fire protection made of perlite and expanded vermiculite. The surface of the expanded vermiculite has 
a characteristic golden color, which reduces the emissivity of this fire protection material to approximately 
C ≈ 0.6 Wt/(m2K4), which is significantly less than the emissivity of the AHT C0 = 5.67/ Wt/(m2K4), which 
can explain the relatively weaker dependence of the thermal conductivity of this material from temperature 
[20]. 

A relatively small fraction of the radiation component in the effective heat conductivity of fire retardant 
thin-walled structures expanding coatings is due to the presence of many tiny thermal screens that formed 
by porous structure of the substance. They weaken the radiation component of the heat flux aimed at thin-
walled structure heating. Therefore, it is desirable to use materials with a small emitting and high reflectivity 
for fire protection. 
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They measured reflection coefficients of the surfaces of perlite and expanded vermiculite by a 
spectrophotometer to evaluate emission factors, and then calculated emissivity value assuming that there 
is no transmittance.  

In case of open fires combustion products temperature can quickly reach 1100 °C and higher, so the 
fire protection material surface reflectance should be measured for the visible spectrum of the heat fire 
radiation (λ = 400÷700 nm). 

The measuring results of the reflection coefficients of the surfaces of clean and painted black 
expanded perlite and expanded vermiculite for the visible range of heat radiation of fire are shown on Fig. 4 
[23]. 

 
Figure 4. Dependence of reflection coefficient of vermiculite (perlite) from wavelength:  

1 – expanded vermiculite, 2 – expanded perlite, 3 – “black” expanded vermiculite,  
4 – “black” expanded perlite. 

On the basis of measurements results of expanded vermiculite heat conductivity coefficient in 
Table 2 it is possible to conclude that there is an unambiguous dependence between color of material, 
condition of its external surface relief (value of reflection coefficient) and value of heat conductivity 
coefficient of the studied material [20].  

Table 2. Coefficients of heat conductivity of black and golden expanded vermiculite. 

Color of vermiculite Fraction size, 
mm Density, kg/m3 

Coefficient of heat conductivity, W/(m°C) 
Probe method Bicalorimeter 

golden 
2.5÷5.0 145 

0.073 0.080 
black 0.085 0.086 

golden 
1.25÷2.5 175 

0.066 0.080 
black 0.076 0.085 

golden 
0.63÷1.25 200 

0.072 0.079 
black 0.080 0.088 

 
The procedure for detecting the convective component in the thermal conductivity of a porous 

material is based on determining the difference in values at normal pressure and in vacuum, however, if 
this deforms the structure of the material cells, this can significantly affect the error, and in the case of 
significant deformations, such measurements are useless. The fraction of the convective component in the 
coefficient of the thermal conductivity of the porous materials in % can be calculated using equation (2). 

100vac- ,λ λ∆λ
λ

= ×          (2) 

where λ is heat conductivity coefficients of material at atmospheric pressure, W/(m°C); 

λvac is heat conductivity of material in vacuum, W/(m°C), 

Table 3 presents the dependences of the thermal conductivity of the expanded aggregates on the 
bulk density, grain size and color, and air pressure [27]. 
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Table 3. Dependence of the coefficient of thermal conductivity of expanded perlite on the bulk 
density of particle size and air pressure. 

Parameters Size of solid fraction, mm 
1.25÷2.5 0.63÷1.25 0.315÷0.63 0.16÷0.315 

Poured density, kg/m3 87 70 65 125 
Heat conductivity coefficient at 
atmospheric pressure, W/(m°C) 0.058 0.054 0.049 0.072 

Heat conductivity coefficient in vacuum, 
W/(m°C) 0.043 0.033 0.025 0.029 

 
The proportion of the convective component of the heat transfer process in the body of expanded 

fire-retardant materials having a porosity in the body of expanded fire-retardant materials having a porosity 
in the range 82÷97.5 % can vary in a significant range of perlite: 25.9÷63.5 % and 6.7÷37.1 % of vermiculite, 
Table 4 [25]. 

Table 4. The proportion of convective component in the heat transfer of expanded fire-
retardant materials. 

Material 
Particle size of solid fraction, mm 

1.25÷2.5 0.63÷1.25 6.315÷0.63 0.14÷0.315 

Expanded vermiculite 6.7 16.8 16.2 37.1 

Expanded perlite 25.9 39.4 40.9 63.5 
 
Increasing of fire resistance of LSTC elements can be carried out not only by using additional fire 

protection, but also by selecting products that are already part of this construction. As a study of the 
temperature dependence of the thermal conductivity of composite materials made on the basis of expanded 
vermiculite, the samples presented in Table 5 were considered and are demonstrated in Table 5. 

Table 5. Test samples. 
No. sample's Structure Density, kg/m3 

1 Vermiculite, 
wollastonite,  

liquid glass 

360 
2 540 
3 700 

 
When researching the temperature dependence of thermal conductivity, an IT-λ-400 thermal 

conductivity gauge was used in the monotonous heating mode. 

It was suggested that the oxides in the composition of vermiculite in the temperature range from 0 °C 
to 400 °C have a decreasing dependence, then it is possible that the thermal conductivity of the material 
will decrease with increasing temperature. Table 6 and Fig. 5 show the results of studies of the temperature 
dependence of the thermal conductivity of composite materials, made on the basis of expanded vermiculite, 
obtained using a thermal conductivity meter. IT-λ-400, in monotonous mode. 

Table 6. The dependence of the thermal conductivity of the composite material on 
temperature and density. 

t,°C λ, W/(m°С) 
Material No.1 Material No.2 Material No.3 

50 0.291 0.304 0.352 
75 0.289 0.302 0.349 

100 0.288 0.301 0.346 
125 0.287 0.300 0.346 
150 0.288 0.301 0.346 
175 0.290 0.303 0.347 
200 0.293 0.308 0.348 
225 0.296 0.312 0.352 
250 0.300 0.316 0.356 
275 0.304 0.327 0.362 
300 0.310 0.335 0.368 
325 0.316 0.346 0.375 
350 0.322 0.353 0.384 
375 0.328 0.366 0.394 
400 0.331 0.379 0.404 
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Figure 5 The dependence of the thermal conductivity  
of vermiculite products on temperature and density. 

The experiment showed that the expected results coincide with those expected in the temperature 
range from 50 °С to 170 °С. Then the thermal conductivity increases monotonically. The distortion of the 
results can be explained by the radiant component of the thermal conductivity, which begins to increase 
sharply from 170 °С. With an increase in the density of materials, the thermal conductivity increases. 

4. Conclusions 
The problem of the working out and research of flame retardants with increased heat-protective 

properties, as you know, is very relevant. In the light of this problem, the low density and thermal 
conductivity of intumescent and fire-retardant compositions allow them to be classified as promising 
materials in the manufacture of heat-resistant and fire-retardant insulation. 

In the framework of the presented work, a study was made of the temperature dependence of the 
thermal conductivity of a composer based on vermiculite, and the studies of domestic and foreign experts 
in this field were analyzed. 

The results of the study confirm the legitimacy of the use of fire-retardant intumescent coating, since 
with an increase in the temperature of the combustion products the thin-walled fire protection layer made 
of fibrous materials does not work as effectively as fire protection from porous materials (for example, perlite 
or expanded vermiculite), as well as, that: 

− With a decrease in the size of the solid fraction, the thermal conductivity coefficient of expanded 
vermiculite increases to a greater extent than that of perlite. 

− There is a certain tendency towards an increase in the share of the convective component in the 
thermal conductivity of expanded fire-retardant materials as the particle sizes of their solid 
fraction decrease. 
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Abstract. The effect of a complex additive consisting of silica fume and enrichment waste from the 
Karagailinsky mining and processing plant on the hydration and structure formation processes of cement 
systems is investigated. It was established that the introduction of a complex modifying additive consisting of 
silica fume and enrichment waste from the Karagailinsky mining and processing plant into the cement 
composition CEM I 42.5 N SR increases the compressive strength at the age of 28 days by 15.7–28 %. It was 
revealed that the studied complex additives contribute to an increase in the amount of chemically bound water. 
The processes of hydration and hardening of multicomponent modified binders were investigated. It is shown 
that the high strength of cement stone on a modified binder is due to the formation of stable low-base hydro 
silicates. The source of the formation of low-base calcium hydro silicates is the pozzolanic reaction, which 
proceeds with the binding of the clinker minerals released during hydration, portlandite silica complex additive. 
It is shown that purposefully changing the composition of the binder and hydration conditions, it is possible to 
improve the phase composition, morphology of hydrates and influence its final properties. 

1. Introduction 
Objective: to study the effect of a complex additive consisting of silica fume and enrichment waste from 

the Karagaila mining and processing plant on the hydration and structure formation of cement systems. 

To achieve this goal, the following scientific problems are formulated and solved in this work: 

− analysis of scientific research on the effects of various active mineral and finely dispersed additives on 
the properties of concrete; 

− substantiation of scientific and practical aspects of the use of complex modifiers and fine industrial 
wastes in concrete technology; 

− study of the effect of a complex additive consisting of silica fume and enrichment waste from the 
Karagailinsky mining and processing plant on the composition and morphology of hydrated neoplasms, 
as well as the hardening processes of cement systems. 

The production of high-performance binders of the new generation today is accompanied by the use of 
complex compositions of components in order to obtain high-strength concrete of different functional purposes 
with high construction and operational properties [1–3]. It is known [4] that the addition of tripoli dolomite, 
limestone, slag, and calcined marl during grinding of Portland cement clinker accelerates cement hydration. 

V.V. Timashev developed a quick-hardening binder containing 3–7 % alumina cement and 25–30 % 
active mineral additives (tripoli or diatomite). The reason for hardening acceleration is the formation of calcium 
hydrosulfoaluminate [5]. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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As an active mineral additive to cement, W.A. Ayapov used the flask of the Aisar deposit. Cement with 
an active mineral additive was activated by complex catalysts – gypsum and ROH, where R-Na, K. According 
to the authors, the presence of an active mineral additive containing amorphous silica in the cement 
contributes to an equal increase in the rate of catalytic reactions [7]. 

Vlasov V.K. investigated the role of active mineral additives in ultra-hardening cements. These cements, 
including the rapidly hydrating С11А7СОХ (where X is fluorine or chlorine) and C3S, are characterized in some 
cases by strength drops caused by internal stresses, especially at the boundaries of hydro aluminates, which 
crystallize completely in 6–10 hours of hydration. To reduce the level of internal stresses of ultra-hardening 
cement, pozzolan type materials (ground volcanic ashes, tuffs, slopes, soot, diatomite, tripoli, calcined clay or 
slate, blast furnace slag) were introduced into its composition [8]. 

V.V. Timashev and V.M. Kolbasov established that the introduction of 5–10 % of active mineral additives 
favors the formation of a strong structure of cement stone by 28 days. The stabilizing role of active mineral 
additives for ettringite in cement stone and for moisture redistribution presses during cement hydration was 
confirmed. 

The basis for the creation of modified low-linker binders is based on the principle of purposeful 
management of the technology at all its stages: the use of active components, the development of optimal 
compositions, the use of chemical modifiers and some other techniques [5, 6]. 

The introduction of active mineral additives into the cement composition reduces the likelihood of false 
setting, due to a reduction in the excess of Ca(OH)2 in the liquid phase of the test and the adsorption of R2O 
from it, and also hindering the formation of continuous aluminate aggregates with cement grains in the first 
minutes of hydration. In addition, active additives accelerate the movement of material through the mill, reduce 
the likelihood of grinding and “steaming” the mixture, disaggregate cement and prevent undesirable surface 
reactions. 

The most important tasks of science in the field of construction: simplification of structures, acceleration 
and reduction in cost of technological processes, in particular, reducing the duration of heat and moisture 
treatment of products, increasing the corrosion resistance of concrete can be solved only by giving special 
properties to cements [8–10]. The way to solve this problem is through the expansion of the nomenclature of 
hardening modifiers [11–13]. The use of non-ferrous metallurgy waste as additives to cement will significantly 
expand the raw material base of the cement industry and meets modern requirements to ensure an increase 
in the demand for raw materials and materials due to their economy and more complete use of secondary raw 
materials, slags and other wastes [14, 15]. 

The basis for the creation of modified low-clinker binders is the principle of targeted technology 
management at all its stages: the use of active components, the development of optimal compositions, the 
use of chemical modifiers and some other techniques [16, 17]. 

According to this principle, a multicomponent binder containing up to 45 % of non-ferrous metallurgy 
waste and chemical additives was obtained [18]. At the same time, the improvement of the submicroscopic 
structure with a slight increase in the size of the effective radius of micropores from 10.5 to 10.8 nm was 
determined, which may be associated with the filling of large pores (more than 100 nm) with calcium hydro 
silicates [19]. 

As shown in [20], the applied complex additives based on enrichment waste do not increase the normal 
density of the dough, does not slow down as usual, but accelerate the rate of hydration of the binder. In 
combination with the use of plasticizing additives, these low-linker binders can be used for the manufacture of 
concrete and reinforced concrete products under optimal hardening conditions.  

2. Research methods 
An X-ray diffraction study of the materials was carried out on an URS-50I X-ray diffractometer. 

Radiographs were taken from flat powdered samples rotating in the plane of the axis of the goniometer at a 
speed of 25 rev/m, in the range of angles from 20º to 61º. X-ray mode: X-ray radiation ScKo – filter Ni; 14 
microns thick, anode current of the X-ray tube 11.5 mA, counter slit 0.25×8 mm, slit limiting the primary beam 
1×5 mm, recording constant Rº – IV, recording range of intensities D-1000 imp /c, speed movement of the 
chart tape 360 mm/hour. 

Differential thermal studies were carried out on a MOM-1000 derivatograph system F. Poulik, I. Powlik 
and L. Erdey (Germany) in the temperature range 25–1000 ºС in an air stream. The rate of temperature rise 
is 7.5 deg/min. Thermal transformations were determined from the curves of mass loss (TG), differential mass 
loss (DTA) and the change in differential temperature (DTA). 

1. Spectral analysis of cement stone was carried out on a Spekord two-channel spectrophotometer. 
Using electron microscopes REM-200 and EVM-100 BR, the shapes, sizes, arrangement, and type of crystals 
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were investigated, volumetric images were obtained, and the composition of individual sections of cement 
stone was determined.  

2. The studies were carried out by the powder method. Samples prepared for REM-200 and EVM-100 
BR studies were dried to constant weight and crushed to a specific surface of 480.0 m2/kg [21, 22]. 

The optimal content of complex modifying additives was determined based on the greatest compressive 
strength of cement stone by testing 4×4×16 cm (mortar) after normal hardening according to Russian State 
Standard GOST 310.4-81 “Cements. Methods for determining the tensile strength in bending and 
compression" [23]. For a comparative analysis of the effect of complex additives on the compressive strength 
(Table 1), concrete samples based on cement CEM I 42.5 N SR without additives and with complex modifying 
additives were prepared with W/C = 0.4. 

Heat and moisture treatment of prototypes is carried out according to the mode 2 + 4 + 1 h at a maximum 
temperature of 65 °C. In this case, the maximum processing temperature is reduced by 20 °C against the 
usual, and the duration of the isothermal exposure is reduced by 3 hours. Heat treatment was also carried out 
using solar energy at a maximum temperature of 65 °C during daylight hours in translucent chambers [24, 25]. 

3. Results and Discussion 
The composition of the binder includes (in % by weight): cement CEM I 42.5 N SR – 70-80; silica 

fume – 5–10; enrichment waste – 10–20. The binder is prepared by joint dry grinding of the components to a 
specific surface of 320–350 m2/kg. 

Sulfate-resistant Portland cement CEM I 42.5N SR GOST 22266-2013 Standard-Cement LLP (Republic 
of Kazakhstan, Shymkent) was used as a binder without additives [26]. 

The enrichment waste of the Karagailinsky mining and processing plant (Kazakhstan) with a specific 
surface area of 160–205 m2/kg consists mainly of quartz (76-85 %); there are minerals: montmorillonite  
(5–8 %), dolomite (5–10 %), repidomite (3–5 %), pyrite (1–6 %), albite (2–4 %), leuchtenbergite (3–10 %). 
Chemical composition of enrichment waste (% by weight): SiO2 – 84.19; Fe2O3 1.18; Al2O3 – 1.58; CaO – 2.58; 
MgO – 0.60; C – 1.52; Stotal – 0.54. 

Silica fume, a nanomaterial, is a waste product of the production of silicon-containing alloys: ferrosilicon, 
crystalline silicon, etc. During melting of the charge and reduction of quartz at temperatures above 1800 °C, 
gel-like silicon is formed, when cooled and in contact with air, it oxidizes to SiO2 and condenses in the form of 
ultrafine silica particles. The particle size of silica fume is 0.1–0.5 micrometers. 

Table 1. Properties of modified low-linker binder. 
Composition of the binder, mass % Tensile strength at 

compression, MPa cement microsilica enrichment waste 
100 
84,5 
74,2 
64,0 

- 
5 

7.5 
10 

- 
10 
15 
20 

44.5 
51.5 
57.0 
54.0 

 

The compositions and strength properties of the developed modified low-clinker binder are given in 
Table. 1. The test results show that the compressive strength of the modified small clinker binder at the age 
of 28 days hardening under normal conditions is 51.5–57.0 MPa. The introduction of a complex modifying 
additive to the cement composition CEM I 42.5 N SR increases the compressive strength at the age of 28 days 
by 15.7–28 %. 

On roentgenograms of the modified low-clinker binder, there are also lines with d = 0.422; 0.390; 0.180; 
0.260; 0.241 nm, indicating the presence of a C2SH (A) type hydro silicate (Fig. 1), as well as the formation of 
two types of CSH (II) hydro silicates and gyrolite. They correspond to diffraction maxima with d = 0.304; 0.280; 
0.182; 0.167 nm – CSH (II) and d = 0.424; 0.336; 0.384; 0.285; 0.265; 0.225 nm – gyrolite (Fig. 1). The 
formation in the stone of a modified low-clinker binder mineral gyrolite is explained by the high reactivity of 
silica fume and is associated with the presence in the latter of the predominant amount of amorphous finely 
divided silica. The results of X-ray phase analysis are confirmed by differential thermal analysis (DTA) (Fig. 
2). 

Analysis of thermograms showed that all thermograms in the low-temperature region have endo-effects 
associated with the primary dehydration of calcium hydro silicates. Moreover, as is known from the literature, 
the endo-effect at T = 120–150 ºС corresponds to a gyrolite, and the exo-effect at T = 200–250 ºС corresponds 
to CSH (II). 
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For C2SH (A), dehydration is characteristic at a temperature of 420–480 ºС. Such endo effects were 
found only in steamed samples. This corresponds to a change in the stoichiometric ratio of CaO and SiO2 
oxides in raw mixtures. 

Differential thermal studies (DTG curves and the results of moisture loss during heating) of a cement 
stone indicate a close correlation between the heating temperature and the ability of the hydrated phases to 
retain water when heated (Table 2). 

 
Figure 1. Radiograph of a modified low-clinker binder at 28 days of hardening. 

Analysis of the mass loss during the heating of cement stone (Table 2) shows that complex additives 
contribute to an increase in the amount of chemically bound water. 

 

Figure 2. Thermogram of binders at the 28-day age of hardening:  
1 – modified low-clinker binder; 2 – cement without additives. 

Differential thermal studies confirm the data of x-ray analyzes. DTG curves and the results of cement 
stone moisture loss (Table 2) upon heating indicates a close correlation between the heating temperature and 
the ability of the hydrated phases to retain water when heated. Complex additives contribute to the increase 
in the amount of chemically bound water. 

Table 2. Mass Loss during heating of cement stone from modified low-linker binder (MMV) 
according to DTA data. 

Type of binder 
Mass loss in % in the temperature interval, ºC Relative mass loss, 

% 20–200 20–600 20–1000 

CEM I 42.5 H SR 
IIM 

4.9 
5.2 

13.5 
12.3 

23 
22 

36 
41 

 

It can be assumed that these additives are enrichment waste, increasing the centers of crystallization 
and favor the growth of inter-crystalline cavities inside, which arise during the formation of a supramolecular 
layered structure. Such cavities are able to keep water molecules in a particularly oriented state, in which the 
rotational degrees of freedom of the molecule are inhibited and the translational ones are partially limited [27]. 
Within the monolayer, such water molecules have significant mobility and create conditions for easy sliding of 
the cement gel, which in turn facilitates the appearance of irreversible plastic deformations. 

In the IR spectrum of cement stone, after 1 day in the wave number range of 700–1200 cm-1, a wide 
band is distinguished, split into parts characteristic of calcium silicates. Absorption maxima at 930, 885, 
840 cm-1 indicate the presence of dehydrated С3S (Fig. 3). 
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The infrared spectrum of the cement stone of modified low-clinker cement (Fig. 3) after 3 days shows 
absorption bands at 730, 780, 820, 860 and 880 cm-1, which indicates the presence of a large degree of 
distortion in the structure of the mineral [AlO4]. 

In the cement stone of modified low-clinker cement, [AlO4] tetrahedra are severely deformed, which 
explains the high hydration activity in the initial stages of hardening. The absorption bands at 890, 860, 820, 
780 cm-1 are due to the stretching vibrations of the bound [AlO4] groups, and the band at 730 cm-1 are due to 
the stretching vibrations of the isolated [AlO4] tetrahedra. 

 
Figure 3. The infrared spectrum of cement stone  

a – cement CEM I 42.5 N SR, b – modified low-clinker cement stone.  
1, 2 and 3 after 1,3 and 28 days of normal hardening. 

At the 28-day hardening age, the absorption band at 940 cm-1 observed in cement CEM I 42.5 N SR 
with the introduction of complex additives in it shifts toward large wavenumbers and is absorbed at 970 cm-1. 
Such a shift of the bands shows the process of polycondensation of [SiO4] – tetrahedra; due to the modified 
binder, the basicity of hydro silicates decreases [28]. 

Using electron microscopes, the shapes, sizes, arrangement, and appearance of crystals were studied, 
volumetric images were obtained, and the compositions of individual sections of cement stone were 
determined. The processes of germination of the phases CH and С-S-Н, as well as changes in the morphology 
of hydrates, were studied. 

With an increase of 2500 times, micropores with a size of 2–3 microns are observed. Recrystallization 
and growth of hexagonal portlandite crystals obey the laws of collective growth and proceed metasomatically 
[29]. With an increase in the hardening time, crystallization of portlandite occurs by topochemical hydration 
processes inside anhydrous silicate crystals [30, 31]. The resulting calcium hydroxide can be almost 
amorphous due to the lack of space for diffusion, as well as due to disturbances created by inclusions of 
silicon-containing groups. 

 

 
a) 

 

 
b) 

Figure 4. Microstructure of a modified low clinker binder, x2500 
а – micropores of cement stone are compacted with thin sheets with CSH foil (1)  

(at 180 days of hardening age); b – Intergrowth of portlandite blocks with gel-like CSН. 
Amorphous portlandite is very difficult to distinguish from poorly crystallized gel phases of CSH during 

X-ray phase and electron microscopy studies. However, the authors of [5] proved the existence of amorphous 
portlandite in the hydration products of C3S and β-C2S. 

During hardening, Portlandite binds to active silica complex additives. If portlandite is in an amorphous 
form, the pozzolanic reaction (the binding process) is faster. In this case, the most typical form of CSH (1) is 
formed, which is large, but very thin sheets or foil with a thickness equal to the thickness of the main layer 
(Fig. 4, a). These sheets or foil stick together easily, forming loose folded aggregates up to 2 micrometers in 
size. The leaves of CSH (1) foil are so thin and transparent that only folds are observed, giving the impression 
of a fine-fiber structure. 
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Unlike the control one, in a cement stone with complex additives in portlandite blocks they are tightly 
fused with the cement gel, forming a monolith of gel and CH or areas of their mutual germination (Fig. 4, b). 
The structure of the external rhythm consists of embryos and growing crystals, obeying the laws of collective 
growth. 

With an increase in the hardening time, crystals grow in the structures of the external rhythm and crystals 
arise in the structures of the internal rhythm, which leads to the recrystallization of crystals and their nuclei. 
Complex additives, affecting the nature of crystallization, can change the composition of the crystal, forming 
solid solutions. 

In the process of cement stone hardening, portlandite layers are the matrix for the incorporation of 
various elements and ions into it with the subsequent formation of hydrated compounds. This explains the 
presence of structural elements of calcium hydroxide in many hydrated compounds of cement stone. 

4. Сonclusion 
1. It was established that the introduction of a complex modifying additive to the composition of cement 

CEM I 42.5 N SR consisting of silica fume and enrichment waste from the Karagailinsky mining and processing 
plant increases compressive strength at the age of 28 days by 15.7–28 %. 

2. DTG curves and the results of cement stone moisture loss upon heating indicates a close correlation 
between the heating temperature and the ability of the hydrated phases to retain water when heated. Complex 
additives contribute to the increase in the amount of chemically bound water. 

3. To ensure the formation of the structure of a cement stone with minimal porosity and increased 
strength, it is necessary to stabilize the composition of hydrated neoplasms, prevent their phase transitions, 
regulate the hydration process, the optimal ratio of crystalline gel-like masses in hydration products by 
selecting the composition of mineral additives and micro-fillers. 

4. An additional source of the formation of stable calcium hydro silicates is the pozzolanic reaction, 
which takes place with the absorption of portlandite released by hydration of clinker minerals with amorphous 
silica of a complex modifying additive. 
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Abstract. The article is devoted to the problem of assessing and predicting the strength of normal sections 
of bended reinforced concrete elements, which are exposed during operation to long-term force and 
environmental influences. It is noted that together with the accumulation of concrete and steel reinforcement 
corrosion damages, the load bearing capacity of reinforced concrete structures can be significantly 
reduced. At the same time, the existing methods for strength calculating are still applied and do not allow 
from a single point of view to reflect sufficiently strictly and in detail the stress-strain state of normal sections 
of bended reinforced concrete elements, taking into account the influence of all operational factors on it. 
Thereby, based on the nonlinear deformation model of reinforced concrete, a universal calculation 
procedure was developed. To approve it, the experimental studies of reinforced concrete beams samples 
that were under static load in sulfate- and chloride-containing aggressive environments for a long time were 
carried out. New features of corrosion damages accumulation in concrete and steel reinforcement in these 
aggressive environments were determined. After comparing the experimental and calculated data of normal 
sections strength, it was concluded that the proposed method has sufficient accuracy and can be used for 
practical calculations of operated bended reinforced concrete elements with defects and damages. 

1. Introduction 
In many cases, during long-term operation, bended reinforced concrete elements, in addition to 

power loading, also perceive various aggressive environmental influences, which lead to corrosion initiation 
and, as a result, to concrete and reinforcement damages. Over time, together with corrosion damages 
accumulation, a significant decrease in bearing capacity of reinforced concrete structures can occur. In this 
regard, to ensure bended reinforced concrete elements durability and reliability during operation under load 
in aggressive environments, in our opinion, the valuation and prediction researches of their normal sections 
strength are relevant. 

Despite the broad theoretical and experimental researches of bended reinforced concrete elements 
under various operating conditions, presented in publications [1–8], far from all the features of the stress-
strain state of their normal sections are studied with the long-term joint force and environmental influences. 

Based on scientific literature general analysis of corrosion damages development in reinforced 
concrete structures [9–17], it can be noted that among a wide range of environmental influences, the effects 
of sulfates are most aggressive with respect to concrete with a cement binder, and chloride effects with 
respect to steel reinforcement. As a result of corrosion damages, the sections geometric dimensions 
decrease and the deformation-strength characteristics of concrete and steel reinforcement decrease. In 
addition, breaking adhesion between concrete and reinforcement is possible [18, 19]. 

It was determined that corrosion damages accumulation of concrete and reinforcement in reinforced 
concrete structures often proceeds jointly and depends on the sign and level of stresses acting in the 
materials [20, 21]. But taking into account such temporary factors as strength set and concrete creep in 
bended concrete elements researches, these processes are considered superficially. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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The most methods and approaches to solving problems of determining the normal sections strength 
of bended reinforced concrete elements with damages were developed before the computer technology 
existed. The lack of powerful computing tools forced scientists to go through the development of the so-
called engineering methods of calculation [22–25]. However, such a path led to fragmented decisions, 
dividing the definition domain into a number of sections with different models and solutions, loading with 
empirical coefficients, and the need to correct them when expanding the types of materials and 
accumulating information about their work. 

It was determined in [26] that structural materials degradation properties as a result of long-term 
force impacts can be calculated in reinforced concrete model deformation by adjusting the corresponding 
deformation diagrams and section sizes. At the same time, the existing calculation methods based on the 
deformation model make it possible to determine the normal sections strength of bended reinforced 
concrete elements with only corrosion damages of longitudinal reinforcement and concrete of the 
compressed zone [27–29, 33]. Concrete damages in the stretched zone and at the section side faces are 
outside of consideration. In addition, a linear, and even uniform damage plot is allowed for all sections, 
which cannot be linked in any way with a different level of stress distribution in different sections of the 
element, or with cases of uneven concentration of an aggressive medium over the span. Thus, these 
techniques do not allow, from a single point of view, to reflect in sufficient detail and objectively the stress-
strain state of normal sections of bended reinforced concrete elements under prolonged force and 
environmental influences. 

The purpose of this article is the development and experimental approval of a universal method for 
calculating the strength of normal sections of bended concrete elements subjected to prolonged force and 
environmental influences. 

To achieve this goal, a number of tasks are solved: 

• calculating method development for normal sections strength of bended reinforced concrete 
elements under long-term force and environmental influences, taking into account non-linear 
diagrams of concrete deformation and various schemes of corrosion damages development at 
the section boundaries, as well as various sections damage degrees within the span; 

• conducting experimental researches of normal sections strength of bended reinforced concrete 
elements which were under load in aggressive environments for a long time; 

• developed methodology verification by comparing theoretical and experimental data on normal 
sections strength of bended reinforced concrete elements with corrosion damage. 

2. Method 
2.1. Calculation method 

The calculation method is based on a deformation model of reinforced concrete taking into account 
the following premises, working hypotheses and assumptions: 

• The normal section is taken for calculation, the stress-strain state of which corresponds to the 
average state of the block between cracks; 

• At all levels of element loading, the compatibility conditions of structural materials deformations 
and the hypothesis of flat sections remain valid for the section under consideration; 

• The magnitude of the external load on the element and aggressive medium concentration near 
the section are considered constant throughout the entire observation period; environmental 
influences begin to appear with a relatively stable stress-strain state of the cross section; 

• The kinetic stability of nonequilibrium processes of corrosion damage promoting and creep 
deformations development is accepted; 

• Only concrete decaying corrosion damages with a kinetics parameter m = 1 [30, 31] is considered, 
the measure of which in the calculation is the damage depth, determined according to the 
expression V.M. Bondarenko: 

( ) ( )( )0( )
0 0 0, 1 , ( )t t

crt t t t e tαδ δ δ− −= − ∆ ⋅ ,    (1) 

and nonlinear function of the damage coefficient K*(z), determined from the boundary conditions according 
to Fig. 1. For the concrete surface layer (z = 0), the damage coefficient K*=min is found in accordance with 
Russian State Standard GOST 25881. Hereinafter, designations with the symbol "*" refer to materials 
damaged by corrosion. 
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Figure 1. Concrete corrosion damages. 

The following notation is introduced in formula (1) and in Fig. 1: δкр(t0) and α are the kinetics 
parameters of concrete corrosion damages, determined from experimental data; ∆δ(t,t0) is the relative 
deficit of the current value of corrosion damage depth δ(t,t0); t and t0 are current and initial observation 
period, respectively; Rb is a characteristic of concrete mechanical properties, in this case is prism strength; 

• Steel reinforcement corrosion damages is taken into account by a decrease in the calculated 
cross-sectional area according to the formula 

* cor
s s sA A A= − ,      (2) 

where As
cor is lost area, determined by the Table 1 depending on the reinforcing bars wear model; 

reinforcement damage depth is determined by the formula 
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where: tinc is reinforcement corrosion initiation time, found from the expression (1) with concrete damage 
depth equal to the thickness of the protective layer; δs,0 and T are the parameters of the kinetics of corrosion 
damages of steel reinforcement, determined from experimental data. 

Table 1 shows the main models of corrosion damage development along the cross section of a steel 
reinforcing bar. The model "continuous uniform corrosion" assumes that the aggressive conditions on the 
entire surface of the cross section of the rod are the same and its damages along the perimeter will be 
uniform with the depth δs. The models of "uneven corrosion" suggest that on one of the surfaces of the rod 
cross-section (in this case, on the bottom) the conditions are much more aggressive than on others, while 
its damage will be uneven with a maximum depth of δs. So, in the "pitting corrosion" model, the damage 
boundary is described by a circle curve with a radius δs and a with a center located in the corrosion area. 
In the "flat front" model, the damage boundary is described by a straight line outlying to distance δs from 
the corrosion area. In the "sickle-shaped front" model, the damage boundary is described by an arc with 
three parametric points, which are determined using the sector angle α and ordinate δs from the corrosion 
area; 

• Diagrams of concrete deformation under short-term and long-term loading (Fig. 2) are described 
by a power polynomial of the form 

1

k
b k b

n

k
aσ ε

=
= ∑ ,      (4) 

where: ak is polynomial coefficients determined experimentally or by calculation, depending on the loading 
mode; k is an exponent equal to positive integers 1, 2 ... n. In this case, the value of n is taken based on 
the type of design diagram of concrete deformation, for example, for a nonlinear diagram with a descending 
branch n = 5. 

The parameters of concrete deformation graphs under tension are determined experimentally or 
based on the corresponding parameters in compression using empirical dependence between them. 
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Table 1. Models of reinforcement bar corrosion wear. 

Bar corrosion wear model 
Reinforcement bar cross section 

Design model Calculated area of corrosion damage As
cor 
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Figure 2. Concrete deformation diagrams under short-term (1, 3) and long-term (2) loadings. 

Changes in concrete deformation diagrams parameters due to corrosion are taken into account using 
the damage coefficient К*. 

• After the concrete stretching deformations reach their limit values εbtu, the stress diagram obtains 
a rectangular shape with the ordinate ψbtRbt, where the coefficient ψbt takes into account the 
gradual decrease in the strength resistance of concrete of the stretched zone after crack formation 
and is determined based on studies [32] depending on the magnitude of the stresses acting in 
the tensile reinforcement according to the formula 



Magazine of Civil Engineering, 103(3), 2021 

Frolov, N.V., Smolyago, G.A. 

11 2 0

1

,1
(

,2 ,1

,
,3

)

,2

, at

const, at

, at

m j jbt

sy

u bt

jbtu j
sy

sy

n d
k k h

bt s

bt bt sbt

bt
bt bt s

s

s
t

y
b

y

e

ε
ε

σ

σ

ε

ψ σ

ψ ψ ψ

σ

σ
ε

ψ ψ σ
ε

σ

σ

=

−
∑× 

 = 
 = = = = 
 
 = =
 



<

,      (5) 

where: k1 is the number of armature rows; k2 is the coefficient taking into account the armature profile; εbtu 
is concrete stretching ultimate strains; εbt, εbt, σsy is the most stretched concrete fiber deformations, 
respectively, at the current value of stresses in the armature and at the moment of its transition to 
strengthening; nj is the number of bars of the same diameter; dj, h0j is respectively the diameter of the j-th 
bar and the distance from its center of gravity to the most compressed concrete fiber. 

• Steel reinforcement deformation diagrams under tension and compression, both for short-term 
and for long-term loading are piecewise linear. 

Stress-strain determination state and normal section strength of flexural element is carried out 
according to Fig. 3. 

 
Figure 3. The stress-strain state of the normal section: 1 is the number of the characteristic 
undamaged area; 2, 3, 4, 5 are the numbers of characteristic damaged areas; δtop, δlow, δsid  

is the depth of concrete damage at the upper, lower and side faces, respectively; yi, ysj  
is the distance from the lower face of the section, respectively, to the elementary concrete ground 

dAi and to the center of gravity of the section of steel reinforcement A*sj. 

The calculated cross section is represented as the sum of elementary layers with a thickness of dy. 
For each characteristic section, the area of this layer, which has an even distribution of stresses along the 
width bn, is dAb = bn dy, where n is parcel number. The designation of the relative section height to the 
elementary layer is introduced ξi = yi / h. With this in mind, for a section without cracks, the equations of 
equilibrium of longitudinal forces and moments have the form 
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The integrands σb,n(ε), are functions of stress diagrams at characteristic parts of the section,  
equal to 
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After substituting (8) into (6-7) and transformations, equations are obtained which describe the 
stress-strain state of the cross section of a bended reinforced concrete element without cracks. Further, 
similar equations are obtained for the cases when cracks are formed and developed in height in damaged 
and healthy concrete of the stretched section zone. In general view, these equations are as follows 
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here with the stresses in the reinforcement are determined according to the expression 
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Members of equation (9–10) are found for each characteristic part of section from the expressions 
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The parameters values χ1 and χ2 in (12-19) are determined based on the conditions: 

− if ε2 ˂ εbtu, there are no cracks in the concrete and χ1 = εlow, χ2 = ε2; 
− if ε2 ≥ εbtu, but εlow ˂ εbtu, cracks are formed and developed only in corrosion-damaged concrete 

at the lower boundary of the cross section, and χ1 = εlow, χ2 = εbtu. In this case 
σ*b,low(χ2) = ψbtRbtK*low(εbtu); 

− if εlow ≥ εbtu, the cracks form and exit into the healthy concrete zone, and χ1 = εbtu, χ2 = εlow. 
After the deformations representing of the concrete of the upper face through the curvature in the 

section ε1 = א h + ε2 in equation (9), א and ε2 remain unknown. Determining the parameters of the cross 
section stress-strain state according to the given curvature values, the half-value method is used to find the 
value ε2 and, accordingly, ε1. Further, from the equation (10), the bending moment М acting in the section 
is determined, the limiting value of which is equal to the normal section strength Мult. 

It should be noted that changing in Fig. 3 damaged areas to healthy ones, and changing the 
corresponding terms of equations (12–19), one can describe particular schemes of the approach of an 
aggressive environment with respect to a rectangular section. 

2.2. Experimental research methods 
The purpose of the experimental researches was to obtain the necessary data on the accumulation 

of concrete and steel reinforcement damage over time and their effect on the normal sections strength of 
bended reinforced concrete elements under prolonged power and environmental influences, allowing us to 
evaluate the proposed calculation method reliability. 

Experimental researches were carried out in accordance with the developed program, which 
provides for testing reinforced concrete beams samples in an amount of 27 pcs. The samples were made 
of a rectangular cross-section of 60×100 (h) mm with a calculated span of l0 = 1400 mm. 

After manufacturing, all samples were stored for 28 days in one laboratory with normal temperature 
and humidity conditions, after which they were divided into one control (11 pcs.) and two main (8 pcs.) 
groups of twin beams. Then, the first series of tests of reinforced concrete beams with a short-term load on 
static bending before failure was carried out, which included three samples from control group, the results 
of which determined the actual value of the design breaking load Pu

BK-0. The remaining 24 samples were 
loaded and placed for a certain period of time in various environmental conditions. 

The samples of the control group were in the same laboratory as during strength gain. Samples of 
the first and second main groups were respectively in sulfate and chloride containing aggressive media, 
artificially created in the room to accumulate corrosion damages of concrete and steel reinforcement. 
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The subsequent series of tests of reinforced concrete beams with a static bending load before failure 
included two samples from each group. Thus, four more test series of six samples of reinforced concrete 
beams were formed. In these experimental studies, the main variable parameter was the duration of power 
and environmental impacts on the samples, equal to 180, 360, 720 and 1080 days from the moment they 
gained design strength. The accepted samples marking of reinforced concrete beams and series numbers 
of their tests with load before failure are given in Table 2. 

Table 2. Beams samples marking and the series numbers of tests with load before failure. 

Sample group Type of 
environment 

Reinforced concrete beams samples marking, taking into account  
the impact duration and the number of the test series of the load  

before failure 
0 days, 
series  
no. 1 

180 days, 
series no. 2 

360 days, 
series no. 3 

720 days, 
series no. 4 

1080 days, 
series no. 5 

Control 
(BK)  

Non-aggressive 
environment 

BK-0-1 
BK-0-2 
BK-0-3 

BK-180-1 
BK-180-2 

BK-360-1 
BK-360-2 

BK-720-1 
BK-720-2 

BK-1080-1 
BK-1080-2 

Main no. 1 
(BOS) 

Sulphate 
aggressive 

environment 
– 

BOS-180-1 
BOS-180-2 

BOS-360-1 
BOS-360-2 

BOS-720-1 
BOS-720-2 

BOS-1080-1 
БОS-1080-2 

Main no. 2 
(BOH) 

Chloride 
aggressive 

environment 
– 

BOH-180-1 
BOH-180-2 

BOH-360-1 
BOH-360-2 

BOH-720-1 
BOH-720-2 

BOH-1080-1 
BOH-1080-2 

The number of samples  
in a test series 3 6 6 6 6 

 

Reinforced concrete beams reinforcement was performed by flat single frames with working 
stretched reinforcement in the form of rods Ø8 mm of A240 class. To ensure anchorage, the ends of the 
rods are brought out beyond the supporting section of the beams by 90 mm with a bend length of 70 mm. 
As compressed reinforcement, Ø4 mm rods made of class B500 wire are structurally installed. The concrete 
protective layer for stretched and compressed reinforcement was adopted 10 mm. The transverse 
reinforcement is made in the form of clamps from rods Ø3 mm of class A240, installed with a constant pitch 
of 40 mm. The reinforcement scheme of laboratory beams samples is shown in Fig. 4. 

 
Figure 4. Reinforcement scheme for samples of reinforced concrete beams. 

For all samples manufacture, concrete of class compressive strength B20 is used. At the same time, 
fine grinding sodium chloride (NaCl) in a ratio up to 5 % from cement weight was introduced into the 
concrete mixture intended for beams samples of the main group no. 2 (BOH). This did not lead to a 
significant decrease in the strength of concrete, but under wet conditions it contributed to steel 
reinforcement corrosion initiation. 

After the first series of tests, based on the condition of the same rigidity, the remaining beams with 
the help of a hydraulic jack and a steel frame were pulled together in pairs by a force equal to 0.6Pu

BK-0 

(Fig. 5, a), which was further supported by ties. Force control was carried out using an exemplary 
compression dynamometer. The force transfer from the jack to the ties and, therefore, to the beams was 
carried out by uniformly nuts tightening at the ends of the ties with a torque spanner until the readings on 
the dynamometer decreased by 1 % or the total deflection of the beams increased by 0.01 mm, fixed by 
the dial indicator. The decrease in the ties force due to the corrosion damage development and the creep 
deformations growth was periodically replenished to the initial value. For this, two beams were again 
installed in a steel frame and reloaded with a jack with control of the force by a dynamometer. In this case, 
the force at which there was an increase in the total beams deflection by 0.01 mm was considered the total 
force acting at the moment in the ties. The real decrease in the load level of the beams during the tests did 
not exceed 5 %. 
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The design models for reinforced concrete beams during long-term tests and short-term load tests 
before failure are assumed to be the same: a single-span hinged-supported beam, loaded with two 
concentrated forces with the formation in clean bending zone of 0.164l0 a span (Fig. 5, b). 

 

 

Figure 5. The principal (a) and calculated (b) loading scheme  
for reinforced concrete beams for long-time tests. 

In order to initiate the development of corrosion processes in concrete and steel reinforcement, a 
special stand for long-term testing was made (Fig. 6). Its basic element was corrosion-resistant polymer 
baths with liquid electrolyte. A 2 % aqueous solution of sulphuric acid (H2SO4) was in one bath. It was 
intended to simulate a sulfate aggressive medium effect on the samples of BOS group, the other bath with 
distilled water was intended to simulate the effect of a chloride aggressive environment on the samples of 
BOH group containing an additive of sodium chloride (NaCl) in concrete. Using an electric telpher and 
rigging equipment, the samples were sink every day and at the same time for 15-20 minutes into the 
electrolyte baths for moistening, after which they were lifted and allowed to dry using conditions under which 
the control group samples were stored. The densities of electrolytes during the experiment were constant 
and were monitored by a hydrometer. All metal elements on reinforced concrete beams, ensuring the 
constancy of the design model and the power load magnitude, were coated with anticorrosive compounds. 
The number of damping-drying cycles was determined by the number of days from the long-time tests 
beginning to the reinforced concrete beams removal for destruction by a short-time load. 

 
Figure 6. Stand for long-time samples tests. 

At the end of long-time tests and samples unloading, the residual values of the deformation 
characteristics, mass, section sizes were measured, concrete strength was determined by non-destructive 
methods on all faces. 
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For reinforced concrete beams tests with a short-time bending load before failure, a test bench was 
made, the spatial rigidity and stability of which is many times higher than the prototypes rigidity. From the 
possible types of loading, gravitational piece loads using was adopted. The general tests view is shown in 
Fig. 7. 

 
Figure 7. General view of reinforced concrete beams test before failure. 

The tests were carried out in accordance with Russian State Standard regulations GOST 8829 step 
loading. At the loading stages preceding the cracks formation and samples fracture, the step size was up 
to 5 % of the expected breaking load, and at all the other stages was about 10 %. The retention interval at 
each stage of loading, taking into account the readout from the instruments, was 10-20 minutes. The 
readings from the measuring instruments were taken twice at each stage – at the end of loading and after 
loading. 

After bringing the beams to failure, various parameters of structural materials corrosion damages 
were determined. Using the indicator method, by cross section color saturation with a 1 % phenolphthalein 
solution, the depth at which the concrete properties changes was determined at all its faces. Further, 
reinforcing bars were removed from the beams, which determined the corrosion depth, weight loss, and 
the change in the deformation-strength characteristics of steel reinforcement used in the experiment. 

3. Results and Discussion 
Long-time state of steel reinforcement in concrete. During long-time tests, under influence of 

aggressive sulfate environment, steel reinforcement in concrete reinforced beams was in a passive state. 
The absence of corrosion damages of reinforcement can be explained by the limited oxygen access to 
surface rods due to fracture plugging with concrete corrosion products [11, 31]. 

During prolonged exposure of a corrosive chloride environment, steel reinforcement corrosion in 
reinforced concrete beams was initiated. It was determined that with the complete concrete protective 
properties neutralization, corrosion damages (pittings) in the reinforcement of the greatest depth can be 
formed on the rod surface that is inverse with respect to the nearest face of the cross section element  
(Fig. 8). 

 
Figure 8. Steel reinforcement corrosion type damages of reinforced concrete beams. 
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The biggest steel reinforcement damages during chloride aggression were found in sections with 
operational cracks in concrete. These damages are the closest to the calculated model of uneven corrosion 
development by the type of "flat front" according to Table. 1. 

A graph-based mapping of development rate of corrosion damages to the accepted steel 
reinforcement during chloride aggression, taking into account the existing stresses, is presented in Fig. 9. 

 
Figure 9. The development rate of steel reinforcement corrosion damages  

during chloride aggression in depth (left) and in area (right) of the rods cross-section. 
Note: in Fig. 9 markers indicate the points, obtained during experimental studies, and the solid lines 

– calculated curves obtained by the formula (3). 

The change nature in deformation diagrams of steel reinforcement obtained by tests of rod samples 
on axial tension is shown in Fig. 10. After a long-time influence to reinforced concrete beams of an external 
loading and a chloride aggressive environment, the deformation-strength characteristics of steel 
reinforcement remained within the limits of variations of the corresponding characteristics of control 
samples. In this case, like in works [13, 14] a decrease in the length of the yield area is observed. 

 
Figure 10. The change nature in the deformation diagrams  

of steel reinforcement during prolonged power and environmental influences. 
Concrete prolonged condition. The concrete corrosion, related with the aggressive effect modeling 

of chloride on steel reinforcement, proceeded according to the first type, in which salt spots of dissolved 
cement stone components appeared on the samples surface [7]. Damages accumulation according to the 
scheme without complete concrete destruction and during the long-time tests was insignificant. 
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Under the influence of a sulfate-containing aggressive environment, concrete corrosion took place in 
according to the third form, in which the resulting chemical reaction products settled in the concrete 
structure, which eventually led to its complete destruction [11]. The corrosion damage accumulation 
corresponded to the design scheme, which has three zones with different destruction degree. At the same 
time, in the course of experimental studies it was found that for this scheme the function of the concrete 
damage coefficient K*(z) in the transition zone, where the composite resistance is partially preserved, 
does not take values equal to zero. 

The experimental studies results of the concrete state in reinforced concrete beams and unloaded 
auxiliary samples during various operating environments are presented in Table 3 and Table 4. 

Table 3. The concrete strength and deformation characteristics in various operating 
environments. 

Concrete 
characteristics Operating environment 

Duration of power and environmental influences t, 
days 

0 180 360 720 1080 

Cube compressive 
strength R, МPа 

Non-aggressive 
31.0 

39.2 39.6 39.9 40.1 
Sulfate 29.6 28.4 26.9 25.8 

Chloride 38.4 38.9 39.1 38.9 

Prism compressive 
strength Rb, МPа 

Non-aggressive 
23.8 

30.4 30.7 30.9 31.0 
Sulfate 23.7 22.7 21.5 20.6 

Chloride 29.6 29.9 30.0 29.7 

Tensile strength  
Rbt, МPа 

Non-aggressive 
2.3 

2.9 2.9 3.0 3.0 
Sulfate 2.4 2.3 2.2 2.2 

Chloride 2.9 2.9 3.0 2.9 
Initial modulus  

of elasticity  
Eb, MPа 

Non-aggressive 
30000 

35500 35500 36000 36000 
Sulfate 30500 30000 29500 29000 

Chloride 34000 34000 34500 34100 

Deformations εbR 
Non-aggressive 

0.00180 
0.00190 0.00193 0.00195 0.00195 

Sulfate 0.00190 0.00195 0.00200 0.00205 
Chloride 0.00195 0.00200 0.00205 0.00210 

 
Table 4. Kinetics characteristics of concrete corrosion damages in various operating 

environments. 

Concrete damages 
characteristics 

Aggressive 
environment 

Concrete 
stress 

Duration of power and environmental influences t, 
days 

0 180 360 720 1080 

Corrosion damage 
depth δ, mm 

(including completely 
destroyed concrete 

layer thickness) 

Sulfate 

σbt ≈ Rbt 

0 

6.5 (1.8) 10.5 
(2.4) 

12.5 
(2.8) 13 (3.1) 

σb = 0 5 (1.6) 7.5 (2.1) 9 (2.4) 9.5 (2.6) 

σb = 0.55Rb 3.5 (1.4) 5 (1.9) 5.5 (2.2) 5.5 (2.4) 

Chloride 

σbt ≈ Rbt 

0 

17 21 22 22.5 

σb = 0 14 17.5 19 19 

σb = 0.55Rb 10 13 14 14 
Damage coefficient 

К*
min 

Sulfate - 
1 

0.78 0.74 0.70 0.67 
Chloride - 0.97 0.97 0.97 0.96 

 
According to the data obtained, the change in the strength and deformation characteristics of 

concrete and corrosion damage development in it with time depends on the operating environment type, 
the sign and level of acting stresses. The concrete properties greatest degradation is observed under the 
sulfate aggressive environment influence. The maximum and minimum depth of concrete corrosion damage 
is determined respectively in the stretched and compressed zones of the sections of reinforced concrete 
beams. The concrete damages in unloaded auxiliary samples and in beams at the neutral axis level was 
approximately equal (Fig. 11, a, b). The corrosion frontal advance to the deep into the concrete was uniform 
at all faces, with the exception of cross sections side faces of the bent elements, where the sign and level 
of stress changes in height. 
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Figure 11. The nature of corrosion damages development in concrete  
of reinforced concrete beams (a) and unloaded auxiliary samples (b). 

A graphic representation of the corrosion damages development rate in concrete under various 
operating environments is shown in Fig. 12. It should be noted that concrete damages accumulated under 
sulfate-containing environment influence at a lower development depth have a higher destruction degree 
than damages received in a chloride-containing environment. Herewith, both types of concrete damages 
have a damping in time character. 

 
Figure 12. The corrosion damages development rate in concrete of class B20  

with liquid sulfate (left) and chloride (right) aggression. 
Note: in Fig. 12, the markers indicate the points obtained during the experimental studies, and the 

solid lines – calculated curves obtained by the formula (1). 

Adhesion condition of reinforcement with concrete. The deformations development in concrete and 
tensile reinforcement in the area between cracks at different levels of beam loading is shown as an example 
in Fig. 13, from which it can be seen that until the ratio P/Pu ≈ 0.85, it proceeded at approximately the same 
rate (deviations do not exceed 25 %). At the stage preceding the samples destruction, a partial breaking in 
the concrete and reinforcement deformation can be neglected due to many factors affecting the readings 
of tensiometers, and structural materials deformation as a whole can be considered the same with an 
acceptable error. 

 
Figure 13. Deformations in tensile concrete and reinforcement. 
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Bendable reinforced concrete elements. The destruction of all reinforced concrete beams samples 
during load tests in the form of two concentrated forces occurred in the zone of pure bending along normal 
sections. The values of breaking loads are given in Table 5. 

Table 5. The breaking loads values during reinforced concrete beams testing. 

Duration of 
power and 

environmental 
influences 

before failure 
testing t, days 

Control group 
(Non-aggressive environment) 

Main group no. 1 
(Sulphate-aggressive 

environment)) 

Main group no. 2 
(Chloride-aggressive 

environment) 
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m
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e 

m
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ng
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ng
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kN
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m
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m
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ng
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, 
kN

 

0 
BК-0-1 6.273 - - - - 
BК-0-2 6.292 - - - - 
BК-0-3 6.281 - - - - 

180 
BК-180-1 6.383 BOS-180-1 6.222 BOH-180-1 6.229 
BК-180-2 6.360 BOS-180-2 6.191 BOH-180-2 6.203 

360 
BК-360-1 6.371 BOS-360-1 6.099 BOH-360-1 6.046 
BК-360-2 6.391 BOS-360-2 6.140 BOH-360-2 6.012 

720 
BК-720-1 6.381 BOS-720-1 6.024 BOH-720-1 5.846 
BК-720-2 6.402 BOS-720-2 6.068 BOH-720-2 5.868 

1080 
BК-1080-1 6.390 BOS-1080-1 6.038 BOH-1080-1 5.701 
BК-1080-2 6.414 BOS-1080-2 5.968 BOH-1080-2 5.609 

 
For control group samples, an increase in the breaking load with time up approximately 2 % was 

observed, which is associated with concrete strength increasing by 30 %. 

All samples of the main groups are characterized by a decrease in bearing capacity with an increase 
in the period of environmental impacts and corrosion damages accumulation in structural materials. After 
1080 days, for beams that were in sulfate and chloride-containing aggressive environment, when compared 
with control beams of the same time, the breaking load decreased on average by 6.6 % and 13.2 %, 
respectively. Thus, with the same structural features, the beams strength with steel reinforcement corrosion 
damage decreases more than with concrete damage. This effect is coordinated with research results [5, 8, 
12, 16, 17]. 

The general diagram of reinforced concrete beams destructive loads changes with the time is shown 
in Fig. 14. 

 
Figure 14. The change in the beams breaking load with the time. 

In order to numerical realization of the developed design procedure, a calculation algorithm was 
formulated and computer program was written. Using them, the theoretical values of normal sections 
strength adopted for samples experimental studies of reinforced concrete beams are determined. 

To compare with the theoretical values of the normal sections strength determined by the developed 
design procedure, the actual ultimate breaking loads values for each series of reinforced concrete beams 
samples tests were averaged and, in accordance with the design scheme, are presented as experimental 
values of the normal sections strength (Table 6). The average deviation between the corresponding 
experimental and calculated values of strength is about 1.5 %, the maximum deviation does not exceed 
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3 %. The root-mean-square deviation range does not exceed 1 %. Herewith, all calculated values do not 
exceed the experimental ones. 

Table 6. Experimental and calculated values comparison of normal sections strength of 
reinforced concrete beams samples. 

Samples series 

Normal section strength Mu, кN·m 

Observation value obs
uM  Calculated value cal

uM  
cal

obs
u

u

M
M

 

Non-aggressive operating environment (the control group samples) 
BK-0 1.837 1.800 0.980 

BK-180 1.864 1.844 0.989 
BK-360 1.866 1.845 0.989 
BK-720 1.870 1.848 0.988 

BK-1080 1.873 1.849 0.987 
Samples group average 0.987 

Samples group root-mean-square deviation 0.0038 
Sulphate-containing aggressive environment (samples of main group no. 1) 

BOS-180 1.816 1.772 0.976 
BOS-360 1.790 1.754 0.980 
BOS-720 1.769 1.745 0.986 
BOS-1080 1.756 1.739 0.990 

Samples group average 0.983 
Samples group root-mean-square deviation 0.0062 

Chloride-containing aggressive environment (samples of main group no. 2) 
BOH-180 1.818 1.796 0.988 
BOH-360 1.764 1.730 0.981 
BOH-720 1.713 1.679 0.980 
BOH-1080 1.655 1.632 0.986 

Samples group average 0.984 
Samples group root-mean-square deviation 0.0039 

Average of all samples 0.985 
Root-mean-square deviation of all samples 0.0046 

4. Conclusions 
Based on the study results, taking into account the tasks, the following conclusions can be made: 

1. Based on reinforced concrete deformation model, a universal method has been developed for 
strength calculating of normal sections of flexible reinforced concrete elements subject to prolonged force 
and environmental influences. It allows to take into account the concrete nonlinear deformation, various 
schemes of corrosion damage forming within the rectangular cross section, as well as various degrees of 
sections damage within the span. 

2. New experimental data of normal sections strength of reinforced concrete beams samples that 
have been under stress in sulfate- and chloride-containing aggressive environments for a long time were 
obtained. For samples with corrosion damage of concrete and reinforcement compared to control samples, 
a decrease in the bearing capacity with an increase in the exposure time of an aggressive environment is 
characteristic. For samples with concrete and reinforcement corrosion damages as compared to control 
samples, a decrease in the bearing capacity with an increase in the exposure time of aggressive 
environment is characteristic. It was found that during sulfate aggression, the concrete damage coefficient 
function in the transition zone does not take values equal to zero. With chloride aggression and complete 
neutralization of concrete protective properties, pittings of the maximum depth can be formed on the 
reinforcement bar surface that is inverse to the nearest face of the element section. 

3. A comparison of the experimental and calculated data on the strength of normal sections was 
carried out, which showed that the calculation method proposed in the work has sufficient accuracy and 
can be used for practical calculations of operated and newly designed flexible concrete elements taking 
into account manufacturing defects and corrosion damages accumulation to structural materials over time. 
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Abstract. The developed countries have adopted the use of modifiers for assessment of asphalt binder 
long term performance. Asphalt contributes 90 to 95 % in cost estimation of Flexible pavement while 
compared to all other major material components. Since Ethiopia is one of the landlocked country without 
any fossils fuel source for the production of Asphalt, moreover Ethiopian importer depends on neighbour 
country Djibouti. This research analyzes the effect of modifiers on the rheological characteristics and also 
considers fatigue resistance with the main aim of preventing rutting in asphalt pavement due to different 
temperatures. Hence a seminal effort is assessed in evaluation of Portland cement and Waste Animal Bone 
as cost effective modifying agents. The conventional bitumen penetration grade (80/100) is used in this 
research. The control specimen four binders were obtained by mixing the asphalt binder with four different 
percentages (0 %, 1 %, 3 % and 5 %) of PCWAB by weight of asphalt binder. Rheological characteristics 
were evaluated with Dynamic Shear Rheometer test (DSR) such as Amplitude sweep test (AST), 
Frequency sweep Test (FST) and Multiple-stress creep and recovery test (MSCR). AST and FST were 
adopted for determining linear visco-elastic range, Master curve were developed for same temperature 
(21.1 °C, 37.8 °C, and 54.4 °C) respectively while MSCR and Performance Grade (PG) were determined 
for four different temperatures (52 °C, 58 °C, 64 °C, and 70 °C). Finally, the master curve shows that 3% 
and more addition of PCWAB on asphalt binder increases the stiffening property of asphalt binder at high 
temperatures and low loading frequencies (susceptible for rutting). On the other hand, from the test result 
obtained from MSCR test the smallest total strain value was 5 % for PCWAB followed by the 3 % and 1 %. 
Thus, up to 3 % addition of PCWAB significantly improves the resistance of asphalt binder to rutting. In 
addition, using PCWAB as asphalt binder modifier has a positive impact on environmental preservation. 
The performance grade determination also depicted the improvement in PG as content of modifier 
increases. Therefore, the evaluation showed that the 3 % modified binder is better in its rutting performance 
with improved performance grade. 

1. Introduction 
Road infrastructures have a huge contribution for rapidly economic growth of a country and a world 

as a whole. Thus rapidly economic growth increases number traffic volume per citizen and heavy axle load 
[1]. Bitumen binder are organic materials whose binding and hardening properties are caused by the 
temperature related change of adhesion and cohesion of their molecule [2]. Bitumen is often characterized 
by composition and the colloidal structure determine its physical and rheological properties [3, 4]. These 
binders are commonly used in the pavement construction to meet the raising requirements for durability of 
the road surface. In the road construction industry, asphalt binder used as an intermediate and surface 
layers of flexible pavement to provide tensile strength which resisting distortion, protect the asphalt binder 
pavement structure [5, 6]. Rutting in asphalt binder pavements leads to a serious problem that reduction in 
both structural and also reduce service life of the asphalt pavement [7–10]. Therefore the asphalt pavement 
roads are used to increases its ability to carry the traffic load under different condition without causing 
distress [11, 12]. From this perspective significant amount of work has been done using different additives 
and modifiers. Such as: crumb rubber, Styrene-butadiene-styrene, synthetic resins, metal-organic 
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compounds, polyvinyl chloride, ethyl-vinyl-acetate, bone glue, lime, Portland cement, fly ash and paraffin 
Which improves the physical and rheological properties of asphalt binder [13–15]. Among them, Portland 
cement and waste animal bone a wide range of viscoelasticity to achieve long-lasting road surface, as it 
ensures consistency of bitumen rheological state in extreme service temperatures. 

Several polymers have been tested as modifier for improving bitumen’s performance involving filler, 
fiber, elastomers and plastomers [16, 17]. The most used modifiers for bitumen performance improvement 
are polymers. The physical and chemical properties of the polymers modified bitumen are dominated by 
the properties of the base bitumen [18, 19]. Moreover elastomers (Crumb rubber, styrene-butadiene-
styrene and styrene-butadiene rubber) Increase stiffness at higher temperatures, decrease stiffness at 
lower temperatures to resist thermal cracking and Increase elasticity at medium range temperatures to 
resist any cracking [16, 20]. And plastomers (polyvinyl chloride, ethyl-vinyl-acetate and ethylene propylene) 
which increase high temperature performance, structural strength and increase resistance to rutting [19, 
21]. As well as filler (lime, Portland cement and fly ash) improves fill voids, increase stability, improve bond 
between aggregate and binder [22–24] and also researchers investigated on different additives such as 
nano silica, nano clay as well as fibers and nano charcoal coconut-shell ash as a bitumen modifiers. The 
study improved the physical and rheological properties of asphalt binder for rutting and fatigue resistance 
[25, 26]. Additionally; crumb rubber also improve the performance grade of bitumen from PG64 to PG76 
for permanent deformation of asphalt at high temperature [27]. 0.75 % soybean- derived biomaterial by 
weight of bitumen on neat bitumen binder and also polymer modified bitumen showed a significant effect 
on fatigue properties [28, 29]. 

Currently the most several researchers have been conducted on bone and cement modification, 
waste animal bone (WAB) mineral is composed of calcium, phosphate as well as hydroxyl ions, especially 
cattle bone has ultimate compressive strength and shear strength of more than 140 MPa and 85 MPa 
respectively. It is viscoelastic materials, with a density of 1810 kg/m3 and melting point of 1670 °C [30, 31]. 
Moreover, former researchers conducted on bone glue for modification for enhancing pavement 
performance without significantly changing the asphalt binder’s compaction and mixing temperatures of 
HMA and viscosity. The results showed that bone glue modification improved complex shear modulus. A 
modified binders with bone glue showed great improvements on shear fatigue, creep compliance, and 
complex shear modulus than control asphalt [31]. Furthermore, studies which have been conducted on 
partial replacement of cement with animal bone in concrete. For instance, a maximum of 10 % bone powder 
ash was incorporated into cement [32]. The results showed that the replacement of cement with 10 % bone 
powder ash showed an increase in the compressive strength of concrete. Up to 5 % bone powder 
replacement of cement increases both compressive and tensile strengths of concrete [33].This is because 
bone powder is acting as nucleation agent which increases the hydration ability of cement. 

Portland cement and waste animal bone the major benefit of this particular combination is synergetic 
effect. It has been observed for binder elasticity and resistance to permanent deformation [23]. Moreover, 
Portland cement and waste animal bone improves bitumen stiffness, viscoelastic, to prevent stripping of 
binder from dried aggregate, increases dry resilient modulus of mixes and Reduce environmental problem. 
In addition, the stability of binder during long-time storage at elevated temperatures is increased [23, 24] 
and increases dry resilient modulus of mixes. 

Therefore, this study aims to evaluate rheological characteristics and the performance of bitumen 
modified with Portland cement and Waste Animal Bone at high temperature for rutting resistance. The 
following binder properties were carried with conventional and Dynamic Shear Rheometer test (DSR) such 
as penetration, softening point, ductility, Amplitude Sweep Test (AST), Frequency Sweep Test (FST), 
Performance grade Determination (PG) test and Multiple-Stress Creep and Recovery test (MSCR) for both 
unaged and aged Rolling thin Film oven (RTFO) Test, as well as for both modified and unmodified bitumen.  
In developed countries performance-based asphalt binder specifications, super pave binder grading system 
is in use. Recently the more advanced asphalt binder specification method using MSCR has been 
conducted. This MSCR test method is becoming popular since it best predicts rutting and convenient to 
consider different levels of traffic were examined. 

2. Material and Methods  
This methodology and experimental work focus on identifying the linear viscoelastic (LVE) limit of 

different unmodified and modified bitumen as a function of different loading times and temperatures. 
Additionally, upon establishing the LVE limit, the viscoelastic behavior of bitumen in their linear region are 
evaluated. Understanding the properties of bitumen material is important to quantify its engineering 
performance. Materials such as bitumen which exhibit aspects of both elastic and viscous behavior, must 
be characterized with test methods and analytical techniques that account for the time (or rate) of loading 
and temperature.  
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The effect of rheological behavior of bitumen improved by modification of bitumen with Portland 
cement and waste animal bone. As well as every test approaches, equipment and conditioning machines 
used to investigate asphalt’s both conventional and fundamental test Conventional test method such as 
penetration, ductility and softening test also RTFO (Rolling Thin Film Oven) test has conducted. 
Fundamental properties are assessed using MARVEL BOHILN Dynamic Shear Rheometer test. The test 
conducted under dynamic shear rheometer such as AST, FST, MSCR and PG determination. Generally, in 
this research a comprehensive literature review made to understand the previous efforts, which include the, 
academic journals, research papers and review of textbooks are conducted in this research. 

2.1. Materials 
Bitumen binder grade 80/100 penetration was used for the preparation of modified binders blend in 

this study this bitumen obtaining from chain road construction company and its physical properties 
penetration softening point, ductility and conditioning test [34–37] Were studied to qualify the bitumen 
before modification see Table 1. Two different filler additives namely waste animal bone and Portland 
cement was used for the binder modification. The waste Animal Bone and Portland cement both obtained 
from local source. According to express on Ethiopian pavement design Manual [10] three different 
penetration grades of bitumen 40/50, 60/70 and 80/100. For this study selected penetration grade 80/100 
which is less stiff and the softer when compared to the others listed in above, the objective of the study, the 
softer bitumen is selected to evaluate stiffness and resistance against rutting when modified with PC 
(Portland cement) and WAB (waste Animal bone). 

2.2. Sample Preparation in laboratory for modifiers 
The first step to clean the Bone samples, can, sun-dried and oven dried to reduce its oil content 

before Powder bone and screening into the desired sizes. As well as Portland cement is used in this study, 
the required size of both modifiers to prepare bituminous mastic is (< 75 µm) and their chemical properties 
also studied and tabulated in Table 2. 

 
Figure 1. Sample preparation for Portland cement and Waste Animal Bone. 

2.3. Dynamic shear rheometer DSR test 
Dynamic shear Rheometer (DSR) test Used to characterize the rheological behavior of bitumen and 

rutting resistance at high, intermediate and low Temperature. This was done by measuring the viscous and 
elastic characteristics of asphalt cement with Standard test for determined the viscoelastic characteristics 
of asphalt cement using DSR test is described in AASHTO T315-10. First the asphalt binder is heated until 
sufficient fluid to pour and to prepare the test specimens. Then a small sample of asphalt binder is sandwich 
between two plates. But before placing the sample the DSR is set to a particular temperature. DSR test 
utilized to measure different properties of bitumen before modification and after using modification. 

The test can be done when the bitumen's sample is sandwiched between two parallel metal plates. 
The bottom (surface) plate is fixed (constant) and the upper plate oscillate forth and back across the sample 
to create a shearing action. Depending upon the type of bitumen being tested the test temperature, 
specimen size and plate diameter varies. Test temperatures greater than 46 °C use a sample 0.04 inches 
(1 mm) thick and 1 inch (25 mm) in diameter), Test temperatures between 4 °C and 40 °C use a sample 
0.08 inches (2 mm) thick and 0.315 (8 mm) in diameter. DSR tests are conducted on BRTFO (Before 
Rolling Thin Film Oven), ARTFO (After Rolling Thin Film Oven) aged and then the rheological parameter 
is recorded such as complex shear modulus (G*), dynamic viscosity, frequency, phase angle (δ) and 
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accumulated strain, etc. The complex modulus is a determined the resistance of asphalt cement to rutting 
(deformation) when exposed to a sinusoidal shear stress load and consists both visco-elastics when elastic 
(recoverable) and viscous (non-recoverable) component of material.  

- 
Figure 2. Working principle of dynamic shear rheometer test [2]. 

Phase angle (δ) is an indicator or represent of relative amounts of viscous and elastic components 
as well as the lag (difference) between the applied (load) shear stress and the resulting get shear strain. 
The values of complex modules G* and the value of phase angle (δ) for asphalt binder are dependent on 
the frequency of loading and test temperature. The operation principle of the DSR is when generalized on 
the figure as follows. An asphalt sample is sandwiched between an oscillating spindle and the fixed base. 
As shown in Fig. 2 below the oscillating plate (often called a "spindle") starts at point A and moves to point 
B. From point B the oscillating plate moves back, passing point A on the way to point C. From point C the 
plate moves back to point A. This movement, from A to B to C and back to A comprises one cycle [38–40]. 

There are four main types of tests conducted under DSR test in this research to determine the 
rheological behavior of bitumen. These are: Amplitude Sweep test, Frequency Sweep Test, Performance 
grade test and Multiple Stress Creep and Recovery test (MSCR). 

2.3.1. Amplitude Sweep Test 
The Amplitude sweep test is used to determine the Linear Viscoelastic Range (LVR) of a visco-elastic 

material. The AST test shear stress is different while frequency kept constant at 1.59 Hz until the sample 
flow and breaks down and rheological material functions are not independent of the set parameter anymore 
LVE part is the region where the applied oscillation is nondestructive. In most cases log-log graph on the 
same scale is plotted as strain in the graph of x-axis and complex modulus G* in the graph of y-axis. The 
complex shear modulus (G*) versus x-axis with strain plot used to determine the (LVE) region.  

The amplitude sweep test was carried out following the test standard AASHTO T 315 at a constant 
frequency of 10 rad/sec at specific test temperatures (21.1 °C, 37.8 °C & 54.4 °C). The test was in shear 
stress control mode with minimum shear stress 100 pa and maximum shear stress 90000 pa. 

Prior to mounting the asphalt binder specimen between the plates, the “zero gap” setting must be 
established at the test temperature because the frame and fixtures in the DSR change dimension with 
temperature. So, for every 12 °C temperature variation on the test, zero gap was maintained. in order to 
calculate the strain which is used as an input parameter for frequency sweep test using 8 mm plates and 
2 mm gap for low and intermediate temperature (21.1 °C, 37.8 °C) as well as for high temperature 25 mm 
plate with 1 mm gap are conducted. 

2.3.2. Frequency Sweep Test 
Frequency sweep test is very important test to evaluate the rheological characteristics of asphalt 

binder oscillatory test with variable frequency and constant amplitude values. Using this test time dependent 
shear behavior can be examined. Short-term behavior is simulated by rapid movements (at high 
frequencies) and long-term behaviors by slow movements (at low frequencies). Parallel plates with 
diameters of 8 mm and 25 mm were used in the temperature ranges of 21.1 °C, 37.8 °C and 54.4 °C 
respectively with a frequency range of 0.1 Hz to 25 Hz. The final gap was adjusted to 1 mm for a 25 mm 
plate and 2 mm gap for the 8 mm spindle. Frequency sweep test helps to evaluate the rheological property 
of visco-elastic material in the form of complex modulus (G*) and also phase angle (δ) parameters have 
been presented as isothermal plots and master curves for each type of bitumen. Because of the large 
amount of data (result) generated in these tests, these plots were very useful in presenting and interpreting 
the results. Master curves allow the rheological data to be presented over a wide (high) range of frequencies 
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and temperatures in one plot. Therefore, to avoid presenting a large (huge) number of graphs, the results 
are mainly presented and analyzed as master curves. 

2.3.3. Performance grade determination (PG) test 
Performance grade (PG) is a binder specification and mix design procedure developed by Strategic 

Highway Research Program (SHRP). This asphalt binder specification system works based on climate at 
which the pavement life is expected to serve by evaluating the contribution or role of the asphalt binder in 
resistance to permanent deformation (Rutting) at low temperature cracking and also fatigue cracking in 
asphalt pavements. According to the explanation of super pave, to carry out performance grade 
determination new set of tests of physical properties at a range of temperatures must be carried out. The 
performance grade (PG) of the asphalt binder is designated as PGxx-yy, where xx represents the average 
seven days maximum temperature and yy represents the minimum temperature. Super pave Asphalt 
Binder Specification the grading system is based on Climate [10]. Performance grade test (PG-test). This 
test was conducted at high temperature to categorize the tested bitumen binder sample in different 
temperatures, ± 6 °C increments [21, 41]. For the purpose of this study from the above indicated high 
temperatures 52 °C, 58 °C, 64 °C, 70 °C and 76 °C are used for performance grade determination and for 
MSCR test (e.g. PG70 No rutting until 70 °C). 

2.3.4. Multiple stress creep and recovery (MSCR) test 
MSCR is the latest indicate improvement on Superpave Performance Graded bitumen Binder 

specifications and addresses or measure at high temperature rutting (permanent deformation) both for 
unmodified and modified binders. This new test and specification provide that more accurately indicates 
the rutting performance of the binder and recovery measurement can Identify and quantify how the polymer 
is working in the binder MSCR is conducted after PG determination test because it relate rutting depth with 
both the environmental temperature and traffic loading [3, 42]. Sample preparation and the plate are the 
same as PG test but it require a little software adjustment. A major benefit of the new MSCR test is that it 
eradicate the need to run tests like as elastic recovery and also phase angle procedures designing in 
specific to indicate or measure polymers modification of bitumen binder.  

Several studies have shown that the G*/sin(δ) based specification does not correlate well with field 
performance. The test protocol (AASHTO T350) requires that a 25 mm diameter and 1 mm thick asphalt 
specimen is subjected to 10 cycles of one second creep loading followed by 9 seconds rest period at stress 
levels of 100 Pa and 3200 Pa at the high PG temperature using a DSR. In this way 20 cycles at the 0.1 kPa 
stress level followed by 10 cycles at the 3.2 kPa stress level for a total of 30 cycles will be done. The first 
sample 10 cycle at 0.1 kPa was used for conditioning the specimen. There are no rest periods between 
creep and recovery cycles or changes in stress level. The total time required for completing the two-step 
creep and recovery test is 300 s. The sample has to be residue from T 240 (Rolling Thin-Film Oven Test). 
Generally, in MSCR test a constant stress is assigned and the time-related strain is measured and it is 
called shear compliance J (t). It defines how complian the specimen is the higher the compliance the easier 
the sample can be deformed [38, 43]. From the MSCR test we can determine the following main 
parameters: 

i. Non-recoverable creep compliance; 
ii. Percent difference between non-recoverable creep compliance; 
iii.  Average percent recovery; 
iv.  Percent difference in recovery. 

3. Result and Discussion 
The test results and analysis have been organized under result and discussion. The result and 

discussion divide into two main parts: (I) Analysis of conventional characteristic of asphalt binder and (II) 
Analysis of rheological characteristic of asphalt binder. It starts with test parameter setup and trial tests. 
This part helped to acquire adequate experience on how to conduct the tests in a better way. The test 
procedure, specifications and methodology were described before. Generally, this result and discussion 
covers every test approaches, equipment and conditioning machines used to investigate binder containing 
different proportion of Portland cement and waste animal bone powder for both conventional and 
rheological properties. Rheological properties are assessed using MARVEL BOHILN Dynamic Shear 
Rheometer test. A summary of the test results is presented in Fig. 1–11 and Tables 1–4 have been 
organized to evaluate the binder characteristics in the following sections. 

3.1. Elementary Analysis of Portland cement and waste Animal bone 
As a result of the other researchers conducted original bitumen is mostly affected by chemical, 

physical and rheological characteristics of bitumen [39]. Rheological properties of asphalts with different 
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contents of nano-silica and rock asphalt were analyzed by univariate analysis and variance analysis [26]. 
The results of DSR test revealed that Qingcheng (QC) rock asphalt had a remarkable impact on the 
complex shear modulus (G) and phase angle, while the effects of nano-silica were relatively small, which 
mainly improved complex modules (G) [25]. As well as filler (lime, Portland cement and fly ash) improves 
fill voids, increase stability, improve bond between aggregate and binder [23–25], the result obtained from 
chemical component of Portland cement and waste animal bone test are displayed in Table 1. The result 
was conducted in Ethiopian central geological survey laboratory. Chemical component of Portland cement 
and waste animal bone varies depend on type of cement and bone. The raw materials found in the 
manufacture of Portland cement and waste animal bone consist mainly of lime, silicon, alumina and iron 
oxide (CaO, SiO2, Al2O3, and Fe2O3) [24]. Table 1 below shows the chemical analysis of Portland cement 
and waste animal bone. 

Table 1. Chemical analysis of Portland cement and waste animal bone. 
Chemical  Animal bone (%) Cement (%)  

Sio2 5.28 43.62 
Al2O3 0.01 3.92 
Fe2O3 0.40 2.92 
Cao 42.92 43.80 
MgO 0.94 1.00 
Na2o 1.34 0.32 
K2O 0.30 0.20 
MnO 0.02 0.12 
P2O5 26.94 0.14 
TiO2 0.01 0.25 
H2O 2.24 0.80 
LOI 18.80 3.212 

 
From the Table 1 above it is observed high percent of chemical component found in the manufacture 

of Portland cement and waste animal bone consist of calcium oxide (Cao). High percent of calcium oxide 
(Cao) implies high resilience modules, high softening point, High resist of moisture damage and hardest 
material [24] as well as silicon dioxide (Sio2) and alumina oxide Al2O3 high role to improved pavement 
performance in Road construction [12]. 

3.2. Conventional test method results 
The bitumen has a limited range of rheological properties and durability that are not sufficient to resist 

pavement distress [15]. Penetration grade 80/100 neat bitumen selected for modification since it is softer, 
low stiffness and not used for high temperature and became more viscous at high temperature [34–37]. 
Therefore, depend on above reason the quality of original bitumen was checked for its conformity by 
conducting conventional tests. And summary of convention test results with specification requirement are 
presented in Table 2 below.  

Table 2. Summary of Convention Test Results with specification requirement. 

 
The conventional test result of the original bitumen was checked for its conformity with its 

specification requirement. As shown in Table 2 above the binder qualifies to be modified and to be 
evaluated with further fundamental tests as a control material. 

3.3. Amplitude sweep test Result 
Stiffness of asphalt binder and testing temperature had a significant effect on linear viscoelastic 

range [44]. The result obtained from amplitude sweep test, linear viscoelastic range, used for as an input 
for frequency sweep test. Thus, asphalt binder is viscoelastic material which expressed as a function of 
time and temperature. The linear viscoelastic range (LVR) illustrated in Fig. 3 and 4 by the relationship 

Test type Unaged aged Spec.(unaged) Spec.(aged) 

Penetration 97 77 80-100 50 (Min) 

Ductility 100+ 100+ 100 (Min) 75 (Min) 

Softening point 46  42-51 75 (Min) 

RTFO  0.05%  0.8 (Max) 
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between the complex shear modulus G* versus with shear strain. In SHRP study it is reported the linear 
viscoelastic range (LVR) was defined as the point where complex modulus decrease to 95 % of its initial 
value [17]. As a result of the other researchers conducted a modified binder with bone glue showed great 
improvements on shear fatigue, creep compliance, and complex shear modulus than control asphalt [31]. 
Based on this amplitude sweep test result from Fig. 3 and 4 indicated Portland cement and waste animal 
bone improves complex modules and linear viscoelastic behavior at high, intermediate and low 
temperature. limits, fundamental tests used the DSR test was performed at stress level well inside the linear 
region and the linear fundamental characters for modified and original bitumen. AST provide LVE-range by 
limiting strain value [7]. So that asphalt binder for which the stress-strain behavior is linear and independent 
of rate of loading and temperature Table 3 below illustrate linear viscoelastic range limiting strain value. 
Fig. 3 and 4 show (G*) and (δ) versus temperature, obtained from DSR test of base and PCWAB modified 
asphalt binder before and after RTFO aging respectively. As shown in the Fig. 3 modification of Portland 
cement and waste animal bone improves linear viscoelastic also has shown in the Fig. 4 that the stiffness 
of asphalt binder decrease as the test temperature increases and the LVE-range becoming wider than 
lower test temperature at 3 % PCWAB addition. Fig. 3 expresses linear visco-elastic range for 3 % modified 
binder after aged. 

 
Figure 3. Linear visco-elastic range for 3% modified binder after aged. 

Generally, in this study the required output from amplitude sweep test is determining the linear 
viscoelastic range of all binder containing different proportion of PCWAB at each temperature and in both 
unaged and RTFO aged conditions. Moreover, Portland cement and waste animal bone improves bitumen 
stiffness, viscoelastic, to prevent stripping of binder from dried aggregate, increases dry resilient modulus 
of mixes and reduce environmental problem. 

Based on the results shown below in Table 3 and Fig. 4, the temperature, percent proportion of 
PCWAB and aging have a significant effect on the LVE-region. So, highest content of PCWAB lower linear 
visco-elastic range and higher stiffness. Fig. 4. below shows linear visco-elastic range for 3 % modified 
binder before aged. 

 
Figure 1. Linear visco-elastic Range  
for 3% modified binder before aged. 
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Based on the test result represented graphically the limiting strain values were analyzed considering 
the plateau strain values of each sample. The plateau modulus values are almost a constant value of G* 
is observed for different values of shear stress and shear strain before the graph declines [19]. In this study 
the LVE strain limit can be calculated as the point beyond which the measured value of G* decreased to 
95 % of its zero-strain as shown on above Fig. 3 and 4. Finally for each and every curves of amplitude 
sweep results, a horizontal line along 0.95G* will be constructed to intersect the curve at a point. Then the 
corresponding strain value of that intersection point will be considered to be the limiting stain value (γL). 
Table 3. Shows below Summary of linear viscoelastic limiting strain range value. 

Table 3. Summary of linear viscoelastic range value. 

 

The results obtained by other authors the response of LVE affected due to temperature, content of 
modifier and aging [27]. Depend on the summary Table 3 above the stiffness of asphalt binder increases 
with addition of PC and WAB. Binder with 5 % PCWAB have highest stiffness and lowest LVE-range at 
constant temperature. Conversely the lower stiffness shows a larger LVE-range; indicating it is more flexible 
and has better performance for the lower temperature regions. At 21.1 °C temperature the linear  
visco-elastic value for each sample is minimum and the effect of the modifier is not significant. At 54.4 °C 
temperature higher linear visco-elastic values are observed as the material gets softer or less stiff. 

3.4. Frequency Sweep Test Result 
Frequency sweep test (FST) data results are manipulated mainly used for constructing Master curve. 

Isothermal plots with log-log scale for complex shear modulus. The frequency varies from 25 Hz to 0.1 Hz 
to represent the damaging effect of the traffic load. The major rheological parameters determined from the 
FST plots to make some rheological discussions, but it is essential to make the observation and discussion 
after developing of master curves [45]. 

Isothermal plots -this plots the complex shear modulus as a function of frequency for all binders were 
represented Fig. 5 below shows Isothermal plots for 3 % binder Modified before aged isothermal graphs 
considering temperature, complex shear modulus, frequency, ageing and content of modifiers [21]. 
Isothermal Plots as shows on above Fig. 5 and 6 that by simply looking as the temperature increases the 
shear stiffness decreases for all the binders. The increase in content of modifier increases with complex 
modulus and also aging improves shear stiffness of the binder (complex modulus). 

 
 
 

Temperature Modified (%) 0.95G* Limiting strain  ARTFO 

21.1°C 0 8.43E+05 3.10 2.44 
 1 2.42E+06 2.58 1.10 
 3 3.75E+06 2.05  1.06 
 5 7.38E+05 1.02 1.01 

54.4°C 0 3.04E+03 74.08 53.01 
 1 3.83E+03 58.94 48.19 
 3 3.54E+03 49.90 36 
 5 3.81E+03 31.00 32.85 

Figure 2. Isothermal plots 3% Modified binder before aged. 
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3.5. Master Curves of Complex Shear Modulus 

The construction of master curves is a powerful tool to understand the rheological properties of 
asphalt binder. The data at any other temperatures were shifted with respect to time until various curves 
overlap almost perfectly to form a single master curve using time-temperature superposition principles. 
Binder master curve graph extrapolate the test result up to very high frequency and very low frequency 
[46]. Also at high temperatures the modified bitumen binder has high complex shear modulus which is taken 
as indicate stiffness that helps for resisting rutting [16, 41]. It can be possible to seen that the addition of 
modifiers leads to a bitumen binder which performs good or better under high temperatures and also low 
frequencies (lower values of phase angle in pascal) which compared with neat bitumen shows Fig. 8  
and 9. 

At higher frequency values or low temperatures the ratio of increment of phase angle values due to 
modification becomes small, modulus master curves were developed using microsoft excel solver to best 
fit the sigmoid function for all asphalt binders [44]. The sigmoid function to best fit the obtained G* data 
from the DSR is carried out with trial and error by changing the sigmoid constants and the shift factor. The 
sigmoid function to calculate the complex shear modulus is represented as. Different scholars use different 
models for shifting to single reference temperatures. But a research developed at the University of Maryland 
showed that the master curve for binders which represented by a sigmoidal function defined by equation. 

1 frd log
blog G a

r γ+= +
+

 (1) 

where a, b, c and d are sigmoid function constants. 

fr is reduced frequency. 

|G*| is complex shear modulus 

In this research the master curves is constructed fitting a sigmoidal function to the measured the 
complex modulus test data which can be done by solver function in the excel spreadsheet and minimizing 
the error between the predicted value and the obtained value of the complex modulus at reference 
temperature 21.1 °C. William-Landel-Ferry (WLF) empirical relationship shown below was proposed by 
Williams to link the shift factor for each flow curve to the master curve, based on the time-temperature 
superposition to obtain the shift factor (aT) [47].  

1

2

ref

ref

c (T T )
log aT

c (T T )
− −

=
+ −
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where T is temperature, Tref is the reference temperature c1 and c2 are taken as constants. From DSR data 
result three test temperatures (21.1 °C, 37.8 °C, and 54.4 °C) were used to construct the master curves for 
complex modules and the shift factors have been developed to construct the master curves for aged and 
unaged binder. All of these values vary for each aged and unaged binder. As for the temperature shift 
factors, a21.1 is zero for all the binder types because all the parameters are shifted to 21.1 °C. Whereas 
for a37.8 and a54.4 the values are all negative because the stiffness parameters are shifted to reduced 
temperature which is 21.1 °C. 

Figure 3. Isothermal plots (3 % binder Modified After aged. 
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Before developed final master curve, complex modules as a function of reduced frequency is plotted 
to illustrate how the temperature shift factors were used see in Fig. 7 below. 

Reduced frequency is determined as; 

flog fr log p aT= +  (3) 

where fr is reduced frequency, f is frequency and aT is temperature shift factor.  

 
Figure 7. Temperature Shift @21.1°C Ref. Temperature for 0 % modified after RTFO. 
Finally, modulus master curves were developed for both after modified and before modified binder 

Fig. 8 and 9 below shows Complex modulus master curve before aged and after aged respectively. 

 
Figure 8. Complex modulus master curve before aged. 

Furthermore, studies which have been conducted on partial replacement of cement with animal bone 
in concrete. For instance, a maximum of 10 % bone powder ash was incorporated into cement [32]. The 
results showed that the replacement of cement with 10 % bone powder ash showed an increase in the 
compressive strength of concrete. Up to 5 % bone powder replacement of cement increases both 
compressive and tensile strengths of concrete [33].This is because bone powder is acting as nucleation 
agent which increases the hydration ability of cement. As shown on the above Fig. 8 and below Fig. 9, it 
can be seen that stiffness of PCWAB increases from 1 % to 5% for unaged and aged bitumen at high 
temperature and low loading frequency this indicate modifier has great role for resist permanent 
deformation (rutting) at high Temperature. Addition of Portland cement and waste animal bone (PCWAB) 
has a positive effect on asphalt binder thereby increasing its stiffness and when temperature increasing 
also shear stiffness decreases. This implies that at high temperature and low frequency the smaller value 
of shear modulus is pronounced. Fig. 9 shows Complex modulus master curve after aged. 
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Figure 4. Complex modulus master curve after aged. 

Permanent deformation (rutting) is a serious problem at high temperature due to slow moving traffic 
and as observed the as addition of modifier improves the pavement performance and decreasing the 
problem of distress by increasing the stiffness of the binder [41]. According to show on the above Fig. 9 
addition of PCWAB has an advantage thereby improving the stiffness of asphalt binder for all loading 
frequencies and temperature conditions. But addition of 3 percent (%) proportion of PCWAB has no effect 
at low, intermediate and high temperature. At low frequency and high temperature, the modulus increases 
appreciably as modifier increases finally when we can summarize that the modifier appreciably improves 
the complex shear modulus of the original bitumen at low, intermediate and higher temperatures. 

3.6. Performance Grade (PG) Determination 
PG determination test is conducted at high temperature. As result shows crumb rubber also improve 

the performance grade of bitumen from PG64 to PG76 for permanent deformation of asphalt at high 
temperature [48]. As well as PG-temperature grade of base asphalt was shifted from PG58-xx to PG76-xx 
for PMN binders with concentrations of 7 % by weight. The PG76-xx binder can be successfully 
implemented into pavement construction in hot climates, owing to its good high-temperature performance 
[49]. The final rheological parameter G*/sinδ, was believed to indicate the rutting resistance at high 
temperature of asphalt binder before MSCR test was discovered [27]. Performance grade of Portland 
cement and waste animal bone improve PG 58 to PG 70. The increment in PG clearly shows that modifying 
bitumen with this PCWAB material increases the stiffness of the asphalt binder. This study uses the 
parameter G*/sinδ to identify the maximum temperature that the asphalt binder could meet the minimum 
criteria of AASHTO M-320. The high temperature test result (output from the software) were organized in 
Tables 4 below illustrated for both before aged and after RTFO (Rolling Thin Film Oven) respectively. 

Table 4. Determined High Temperature Performance Grade (AASHTO M 320). 

 
From the Table 4 above it is observed that there is a PG grade improvement from PG 58 to PG 64 

when the neat bitumen is modified with 3 % PCWAB. When the content of the modifier is increased to 5 % 
then again, the PG will be further improved to PG70. Finally; from above we can summarize that the modifier 
appreciably improves the complex shear modulus of the virgin binder at higher temperatures and PG 
asphalt binder rutting resistance parameter G*/sinδ is based on complex modulus and phase angle. As 
mentioned above it has its own shortcomings to properly simulate field rutting performance. Based on this 
it is possible to guess that the improvement in rutting performance was pronounced due to the modifier. 
But recently it is proven that the current performance grade stiffness parameter (G*/sinδ) is weak in 
predicting rutting potential [8]. Therefore; it is better to further evaluate the modified binder by MSCR tests 
since the parameter from this test termed as non-recoverable creep compliance best relates with rutting 
than any other parameter from binder test. 

Description PG (brtfo) PG (artfo) PG(HT) 
0% modified 58 58 58 
1% modified 58 58 58 
3% modified 64 70 64 
5% modified 64 70 64 
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3.7. Multiple Stress Creep and Recovery (MCSR) Test Results 
Fig. 10 displays the accumulated strain of PCWAB modified asphalt. This test is performed using the 

Dynamic Shear Rheometer test (DSR) by applying a controlled shear stress (100 and 3200 Pa) using a 
load for 1 second followed with 9-second rest period. During each cycle time the bitumen binder reaches a 
maximum or peak strain and also recovers before the next cycle stress is also applied again. The 
permanent strain is then accumulated for 10 cycle’s totals of 100 seconds. This implies it is good information 
regarding the rheological characteristic of asphalt binder [3, 6]. Comparing Fig. 10 and 11 below it can be 
realized that a higher creep stress level was associated with a higher accumulated creep strain levels; it 
means that the stress level has a serious effect on the accumulated strain and the growth rate of strain 
direct proportion with stress level. 

 
Figure 10. MSCR result of 0 % modified bitumen at 0.1 kPa and 3.2 kPa respectively. 

Furthermore, Multiple Stress Creep Recovery (MSCR) tests conducted at a pre-determined 
temperature increasing the bitumen viscosity by blending in a micro-sized calcium carbonate filler or a 
nano-sized organo-clay filler were shown to affect the stress sensitivity but not the actual magnitude of 
failure stress which remained in line with the base bitumen. On the other hand, the SBS-modified bitumen 
had completely altered shear stress failure criterion. When considering non-polymer-modified bitumen’s, 
simple high temperature strain sweeps have also been shown to be a potentially rapid and very useful 
creep performance ranking tool [9]. 

The MSCR test result (software output) contains huge data to represent in tables here. The Multiple 
stress creep and recovery test demonstrate that the PCWAB dramatically increases the resistance of binder 
to permanent deformation. In order to evaluate the strain response by asphalt binder to stress, the non-
recoverable compliance (Jnr) is presented in Fig. 11 and Table 5 below. The Jnr is generally used as 
indicating to resistance against deformation of the binder at high temperature and repeated loading [50]. 
From above Fig. 10 Jnr values at both stress level (0.1 kPa and 3.2 kPa) of unmodified asphalt are greater 
than that of PCWAB modified asphalt at all temperature range. The Jnr decreased from 3.88 to  
2.28 kPa-1 for as the dosage of PCWAB increased from 0 % to 5 %. This implies, the addition of PCWAB 
decreased the non-recoverable deformation of binder and can contribute to the rutting resistance of 
associated asphalt mixtures. 

Table 5. MSCR test Summaries of Analyzed Jnr and % Recovery for Modified Binder. 

 
Based on above result it is possible to evaluate all the binders by contrasting the calculated basic 

MSCR parameters with respect to the limits of those parameters described under standard specification for 
PG asphalt binder using MSCR test, AASHTO M 322. Percent difference in non-recoverable creep 

Modified, % 0% 1% 3% 5% 

Temperature °С 58 58 70 70 

% Recovery @0.1kpa 5.32 26.33 16.82 10.03 

% Recovery @3.2kpa 0.84 4.38 2.67 1.69 

% Recovery difference 84.28 83.34 84.14 83.13 

Jnr@0.1kpa 3.38 2.35 2.56 2.72 

Jnr@3.2kpa 3.88 3.76 2.67 2.28 

Jnr difference, % 14.76 60.15 31.01 20.66 
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compliance between 0.1 kPa and 3.2 kPa is also a requirement with maximum value 75 and Jnr indicated 
the Rutting resistance at high temperature and repeated load [3, 42, 51]. Therefore, MSCR test Result 
concluded as follows. 

 
Figure 11. Effect of Portland cement and waste animal bone content on MSCR. 

− The Jnr at 3.2 kPa is the fundamental parameter to evaluate rutting potential. The neat bitumen 
(0% modified) and the 1 % PCWAB modified binder have similar test temperature but different 
Jnr results. These two binders with test temperature 52, 58 & 64 °C will not be used for heavy 
and extremely heavy traffic in all cases of their test temperatures.  

− The 3 % modified binder with test temperatures 58, 64 & 70 °C can be used for simply heavy 
traffic at 64 and for standard traffic at 70 °C. This binder shows a significant improvement than 
the previous two binders in rutting resistance by enhancing up the neat bitumen by one PG grade 
as per MSCR test also.  

− A very good Jnr result is observed for 5 % modified binder this implies as content of modifier 
increasing Jnr give best result.  

− To prove the improvement in rut performance, it is possible to make a clear comparison of Jnr 
values at the same test temperature (58 and 70). At this temperature the Jnr values are 3.88 and 
2.28 for 0 % and 5 % modified binders respectively, which is a difference in rut resistance as per 
AASHTO M 332. 

4. Conclusion 
The main objectives of this research were to assessing the rheological characterize of locally 

available material with asphalt binders and the performance of bitumen modified with PC and WAB at high 
temperature in rutting resistance and at intermediate temperature in fatigue cracking resistance Using DSR 
test, this modifier is a new material mixed with a content of 1 %, 3 %, and 5 % percent by weight of binder 
was mixed with 80/100 penetration grade bitumen. Also, several laboratory tests are conducted in this 
research. After conducting laboratory tests on asphalt binder and analyzing the data, the results shows that 
the addition of modifier to the pure bitumen change the rheological characteristic of bitumen and its 
improved rheological behavior of the bitumen. 

Depend on the laboratory results obtained from this study following conclusions have been drawn 

1. Dynamic shear rheometer test rheological analysis shows that addition of PCWAB improves the 
viscoelastic rheological properties of the modified binders at high, intermediate and low intermediate. 

2. Estimations of aging and rutting deformation indicates that, the modified binders will have 
significantly higher resistance to rutting (permanent deformation and aging has less effect on the modified 
binders as compared to control unmodified binder. 

3. From test result obtained from FST, the master curve shows an improving behavior for asphalt 
binder up on addition 3 % and more percent addition of PCWAB on asphalt binder increases the stiffness 
property of asphalt binder at low loading frequencies and high temperature (rutting is susceptible). For all 
binders in almost similar pattern shear stiffness decreases as temperature increases. 

4. At low frequency (such as from 0.01 up to 0.0001 Hz or below) and high temperature the effect 
of content of modifier is observed with difference in larger values of modulus. From this we can summarize 
that the modifier appreciably improves the modulus of the original bitumen at higher temperature and low 
frequency.  
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5. PG grade improvement from PG 58 °C to PG 64 °C. Was observed when the original bitumen is 
modified with 3 % PCWAB and when modified conducted with 5 % it was increased to PG 70 °C. This 
indicated as percent content of PCWAB increases also complex shear modulus (G*) is increasing. 

6. From the test result obtained from MSCR, the smallest total strain value was obtained for PCWAB 
of 5 %, followed by the 3 %, and 1 % PCWAB therefore addition of PCWAB improves the resistance of 
asphalt pavements to rutting. 
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Abstract. The hydraulic calculation of pump-hose system was carried out, taking into account the influence 
of its elements on the performance of fire barrels. Corresponding dependences for mixed pump-hose 
systems consisting of one and three fire barrels are presented. Based on the hydraulic calculation of the 
pump-hose system, it was found that an increase in the number of hoses to 12 in the main and up to 3 in 
the working line leads to a decrease in barrel consumption by 1.5 %, which does not affect fire fighting 
process. As a result of the analysis of the pump-hose system with three fire barrels when changing the 
main parameters in one of them, we can conclude that a significant effect on the flow rate is exerted by a 
change in the position of the dispenser, the height of the barrel and the number of hoses in the working line 
(total line resistance). It was also established that the flow rate of the other two system trunks varies slightly 
(1.5 %), which in practice can be ignored. Based on the data obtained, recommendations are given to the 
operator working on the pump of a fire truck when feeding fire extinguishing substances to a height. The 
presented research results are obtained in the field of fire extinguishing agents and methods of their 
application and can be used in fire fighting and emergency response. 

1. Introduction 
According to the State Statistical Reporting, in the period from 2014 to 2019, more than 30000 fires 

occurred in the Republic of Belarus, in which 2856 people died (including 47 children) and 1668 were 
injured. At the same time, 91 % of the total number of fires falls on the housing stock [1–2]. A similar problem 
is encountered in many countries of the world, which is confirmed by studies by scientists from Russia [3], 
Japan [4], Spain [5], Sweden [6], USA [7], Netherlands [8], United Kingdom [9]. 

When extinguishing fires in residential buildings, a number of technical means are used: a car for 
water delivery, fire hoses, fire barrels. In this work, we studied the mutual influence of the elements of the 
pump-hose system (fire hoses in conjunction with one or more fire barrels) on its tactical and technical 
characteristics. 

Currently, to extinguish such fires fire barrels with variable flow rate are used around the world. Unlike 
previously used, all of these barrels allow supplying water and aqueous solutions of extinguishing agents 
in a wide range of flow rates and head (form a spectrum of different types of jets and their combinations, 
while ensuring high quality spray with different torch angles), and if there is a nozzle, they generate air-
mechanical foam of low multiplicity. TFT (USA) [10], POK (France) [11], Akron Brass Company (USA) [12], 
Yone Corporation (Japan) [13], R.PONS (France) [14], Delta Fire Ltd (England) [15], Rosenbauer (Austria) 
[16], Protek (Taiwan) [17]. In 2013, the Ministry of Emergency Situations of the Republic of Belarus began 
an import substitution of these foreign trunks with domestic counterparts SPRU-50/0.7 and SPRUK-50/0.7 
“Viking” (Fig. 1) [18–19], manufactured by the Optron instrument-making plant. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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a b 

Figure 1. The appearance of the barrel: 
a is the diagram; b is the photo of the barrel while water supplying 

1 is the connecting head HZ 50; 2 is the fixing element; 3 is the rotating adapter;  
4 is the overlapping device; 5 is the control handle; 6 is the mechanism for controlling  

the flow of extinguishing agent; 7 is the dispenser (5 positions); 8 is the holding handle;  
9 is the nozzles; 10 is the deflector. 

The main purpose of fire barrels is the remote effective supply of extinguishing agent to the fire, 
which allows for fire extinguishing at a distance from the fire front within the radius of the jet. Obviously, 
they have certain tactical and technical characteristics: operating head, flow rate and range of extinguishing 
agent. In this regard, the problems arising from the supply of extinguishing agent for extinguishing buildings 
can be divided into two categories. The first concerns issues related to the localization of fires in high-rise 
buildings and buildings with increased number of storeys, and the second concerns the localization of fires 
in several places at the same time when apartments on different floors or in neighboring entrances are 
burning in parallel. While questions of the first category are considered enough, for example, in [20–25], 
the questions of the second category need to be studied additionally. This is due to the fact that the 
performance characteristics directly depend on the head on the pump of the fire truck, therefore, it is 
important for the operator working on it to know what optimal head value must be maintained during 
firefighting. Since the fire departments are currently using domestic barrels with variable flow rates for 
emergency situations, for which the dependence of the performance characteristics on required head, 
taking into account the composition of the pump-hose system in unknown, is necessary to conduct 
experimental studies. 

Thus, the calculation of the pump-hose system is reduced to determining the required head at the 
pump at a given flow rate, as well as the actual head and flow rates at barrels at a given head on the pump. 
To achieve this goal in the work it is necessary to solve the following tasks: 

1. To get the formula for calculating the head at the fire truck pump, taking into account the influence 
of the characteristics of all elements of the pump-hose system when using fire barrels with a variable flow 
rate. 

2. To carry out a hydraulic calculation of the pump-hose system with one fire barrel with a variable 
flow rate. 

3. To study the effect of a fire barrel with a variable flow rate on a pump-hose system with several 
barrels. 

All calculations in this research were carried out for the fire barrel SPRUK 50/0.7 Viking at the 
University of Civil Protection of the Ministry of Emergencies of Belarus. Moreover, all the obtained 
dependencies will be valid for other modern barrels with variable flow rate. The difference will only be in 
the resistance of the barrels, due to various geometric parameters and material of manufacture. 

2. Methods 
In general terms, the pump and hose system (Fig. 2) is a combined fire pump, hose line and fire 

barrel (extinguishing agent supply device). 
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Figure 2. Scheme (general) of the pump-hose system 

1 is the fire truck; 2 is the main hose line; 3 is the hose branching (dictating point);  
4 is the working hose line; 5 is the fire barrel. 

Depending on the method of connecting these elements, parallel, serial and mixed pump-hose 
systems are distinguished (Fig. 3). 

 
  

a b c 
Figure 3. Types of pump-hoses systems: a is the parallel; b is the sequential; c is the mixed. 

The basis for any hydraulic calculation of pump-hoses systems is the determination of flow head 
losses at a given flow rate. It is known that the total flow rate of the system in parallel connection of elements 
is equal to the sum of the flow rate in each of them, while in series – all flow rates are equal to each other. 
Moreover, the head losses in the parallel system are the same in all its elements, while in the serial system 
the losses on the elements are added up. Based on these rules, for a mixed pump-hose system, it can be 
written: 

. . .p m wH H H= + , (1) 

where Hp. is head at the pump of the fire truck, m; Hm. is head loss in the main hose line, m; Hw. is head 
losses in the working hose lines or head in the dictating point, m. 

In this case, the working hose lines are parallel, therefore the head losses in them are equal to each 
other. 

Head loss are due to the presence of hydraulic resistance: linear and local. Linear resistances are 
caused by the friction of the fluid layers against each other, on the inner surface of the pipe (hose) and in 
practice causes head losses in the hose lines. Since the hose lines are cylindrical pipelines, and the fluid 
flow is turbulent [19], for calculating the head loss in them, one can use the Darcy-Weisbach formula: 

2

. 2l
lh
d g

υλ= ⋅ , (2) 

where λ is the coefficient of hydraulic friction; l is the length of the plot, m; d is the diameter of the pipeline 
(hose), m; υ is the average flow velocity, m/s; g is acceleration of gravity, m/s2. 

Expressing from the condition of continuity 

Q =υω , (3) 

where Q is the fluid flow rate, m3/s; ω is area of water section, m2, 

the average flow velocity υ and, substituting in (2), we obtain: 
2 2

2 2
. 2 2 2 2 4

16 8
2 2l р

l Q l Q lh Q S Q
d dg g d g d

λ λ λ
ω π π

= ⋅ = ⋅ = ⋅ = , 

(4) 
6

2 4
8 10 .р
lS

g d
λ

π
−= ⋅  

where Sp is the hose resistance, m s2/l2. 
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Hose resistance was established experimentally as part of research work at the University of Civil 
Protection of the Ministry of Emergencies of Belarus and the Scientific Research Institute of Fire Safety and 
Emergencies (Table 1). 

Table 1. Resistance of fire hoses. 

Hose type Resistance of fire hoses, m∙s2/l2, for a hose with a diameter, mm 
38 51 66 77 89 110 150 

Latexed 0.53 0.12 0.023 0.0117 – – – 
Rubberized – 0.15 0.035 0.0150 0.0046 0.002 0.0005 
 

Local resistances are caused by a local change in flow velocity in magnitude and direction and cause 
head loss in the branches and fire barrels. The magnitude of such losses can be calculated by the empirical 
formula of Weisbach: 

2 2
2 2.

. . .2 2 4
8

.2 2
loc

loc loc loc
Qh Q S Qlocg g g d

ξυξ ξ
ω π

= ⋅ = ⋅ = ⋅ = , 

(5) 
6.

. 2 4
8 10loc

locS
g d
ξ
π

−= ⋅ , 

where ξloc. is the coefficient of hydraulic resistance; d is the input diameter of local resistance, m; Sloc. is 
local resistance, m s2/l2. 

We calculate the value of local resistance for branching and fire barrel. 

According to [26], the coefficient of local resistance for hose branches of sizes RT-70 and RT-80 is 
2 and 1.5, respectively. Knowing the input diameter of the branches (conditional passage of the inlet pipe), 
we can determine the local resistance value by the formula (5). The calculation results are presented in 
Table 2. 

Table 2. Hose branch resistance. 
Branch sizes Conditional pass of an entrance branch pipe, m Local resistance, m∙s2/l2 

RT-70 0.07 0.0052 
RT-80 0.08 0.0030 

 

The local resistance coefficient for the fire barrel SPRUK 50/0.7 Viking is not known. However, in 
[27], the flow rates for various positions of the dispenser are given for working heads at the entrance to the 
barrel. Since the resistance of the barrel does not depend on the head at the inlet and for each position of 
the flow controller remains constant regardless of the flow, then, knowing the head and flow, we can 
determine the resistance value for each position of the flow controller by the formula: 

.
. 2 ,barr

loc
НS

Q
=  (6) 

where Hbarr. is head on the barrel, m. 

The calculation results are presented in Table 3. 

Table 3. Resistance of a fire barrel SPRUK 50/0.7 “Viking”. 

Dispenser 
position Parameter 

Head, m Average value of local 
resistance, m∙s2/l2 40 50 60 70 

1 
The value of flow, l/s 0.53 0.58 0.67 0.69 

142.93 
Resistance, m∙s2/l2 142.40 148.63 133.66 147.03 

2 
The value of flow, l/s 0.97 1.06 1.17 1.28 

43.39 
Resistance, m∙s2/l2 42.51 44.50 43.83 42.72 

3 
The value of flow, l/s 1.83 2.06 2.28 2.42 

11.81 
Resistance, m∙s2/l2 11.94 11.78 11.54 11.95 

4 
The value of flow, l/s 2.61 2.97 3.25 3.61 

5.65 
Resistance, m∙s2/l2 5.87 5.67 5.68 5.37 

5 
The value of flow, l/s 3.15 3.45 3.73 4.17 

4.14 
Resistance, m∙s2/l2 4.03 4.20 4.31 4.03 

6 
The value of flow, l/s 3.67 4.03 4.36 5 

3.00 
Resistance, m∙s2/l2 0.53 0.58 0.67 0.69 
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Thus, the head loss in the main hose line add up to the head loss in the main fire hoses and hose 
branching, and the head loss in the working hose lines – from the loss of head in the working fire hoses, 
the fire barrel and the difference in elevation of the location of the pump and the fire barrel. With this in 
mind, we write formula (1) in the form: 

2 2 2 2
. . . . . . .p m h br w h barrH n S Q S Q n S Q S Q Z= ⋅ ⋅ + ⋅ + ⋅ ⋅ + ⋅ + , (7) 

where n is the number of sleeves; Sm.h. is resistance of one main hose, m s2/l2; Sbr. is resistance of hose 
branching, m s2/l2; Sw.h. is resistance of one working hose, m s2/l2; Z is the difference between the elevation 
marks of the pump and the fire barrel, m. 

3. Results and Discussion 
The research results presented in this section were obtained for the first time and were not covered 

in the works of other authors. 

The pump-hose system with one barrel is sequential (Fig. 2, a) and formula (7) is applicable for its 
calculation. It is important for the operator working on the pump to know what head is needed on the pump 
to ensure the required flow rate on the fire barrel. From the formula (7) it is seen that the head is influenced 
by the resistance (diameter) and the number of hoses, as well as the difference between the elevation 
marks of the pump and the fire barrel. 

Let us consider the case when the height difference is constant and equal to zero. At the same time, 
we change the number of hoses in the main line from 1 to 12 and in the working line from 1 to 3, as well as 
the head on the pump from 10 to 100 meters. Calculations are carried out for the 3rd position of the dispenser 
(Fig. 1, position 7) of one fire barrel SPRUK 50/0.7 "Viking", since in practice when extinguishing a fire this 
position allows creating the most optimal flow rate of extinguishing agent. As a result, we obtain the 
dependence of the flow rate of the extinguishing agent on the head at the pump for a different number of 
hoses (Fig. 4). 

 
Figure 4. Dependence of the flow rate of extinguishing agent on the head  

at the pump when changing the number of hoses. 
From the obtained dependencies it is seen that the flow rate of a fire barrel operating in a system 

consisting of a 1st trunk and 1st working hose is on average by 1.5 % higher than the flow rate of a barrel 
operating in a system of 12 trunks and 3 workers hoses. Such a difference is not noticeable during practical 
work, therefore it can be concluded that a change in the number of hoses has a slight effect on the flow 
rate of the extinguishing agent and may not be taken into account in further calculations. 

Let us consider the effect of the difference in elevation of the pump and the fire barrel on the flow 
rate of the extinguishing agent. To do this, the dependence for various head on the pump is constructed 
(Fig. 5). The method “from pump to pump” is used to supply extinguishing agent to a considerable height: 
one tank truck is installed on a water source, a main line is laid to the pump of the second truck, installed 
at the entrance to the building, then a fire extinguishing substance is supplied to extinguish the fire. With 
this method, the total head is the sum of the head on the pumps of tank trucks, therefore, in the nomogram 
shown on Fig. 4, the head range varies from 10 to 200 meters. Calculations are also carried out for the 3rd 
position of the dispenser of the fire barrel SPRUK 50/0.7 "Viking" according to the formula (7). 
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Figure 5. Dependence of the flow of extinguishing agent on the difference  
in elevation of the pump and the fire barrel for various heads on the pump. 

Let us analyze the procedure for using the nomogram shown in Fig. 5. Suppose that we need to 
determine what head is required to be created at the pump of fire truck for the uninterrupted supply of 
extinguishing agent with a flow rate of 2 l/s to the 10th floor of an apartment building. Since the standard 
height of the floor is 3 m, the barrel must be fed to a height of 30 m. On the abscissa axis, we fix the required 
flow rate, and on the ordinate axis, the required height difference between the pump and the fire barrel. 
Then, from the point with these coordinates, we put the segment on the right to the intersection with the 
nearest chart. The head described by this graph is 80 m and it must be created on the pump. At the same 
time, we note that the actual consumption will be slightly higher than required, which is correct in the 
calculations of fire extinguishing tactics. 

Let us consider the most common case is a mixed pump-hose system (Fig. 3c), consisting of one 
main and three working lines, branching and three barrels SPRUK 50/0.7 "Viking". The head losses in such 
a pump-hose system consist of the sum of the head losses in the main and one of the working hose lines. 
Moreover, the head losses in parallel working hose lines are equal to each other. Based on the expression 
(7) and taking into account that the head at the entrance to all working lines are equal, we can write the 
system of equations: 

( )( )
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. . .3 .3 3 3

,

,

,

,

w p m h br

w w h barr

w w h barr

w w h barr

H H n S S Q Q Q

H n S S Q Z

H n S S Q Z

H n S S Q Z

 = − ⋅ + + +

 = ⋅ + ⋅ +


= ⋅ + ⋅ +


= ⋅ + ⋅ +

 (8) 

where Sw.h.1, Sw.h.2, Sw.h.3 is resistance of one working hose of the first, second and third hose line, 
respectively, m∙s2/l2; Z1, Z2, Z3 is the difference between the elevation marks of the pump and the first, 
second and third fire barrel, respectively, m. In this system of equations, the unknowns are Hw., Q1, Q2, 
Q3. 

Obviously, a change in the parameters of one of the working hose lines entails a change in the flow 
rate of fire barrels in the other two. The parameters considered in this case include: resistance of the 
working hose line, position of the dispenser of the fire barrel, and also the difference in the heights of the 
location of the pump and the fire barrel. Thus, the problem is reduced to solving the system of equations 
(8) to determine the relationship between the flow rates of fire barrels. As a result of calculations by 
expressing unknowns Q1, Q2, Q3 in terms of Hw. from the system (8), we obtain the equation 

4 3 2
1 . 2 . 3 . 4 . 1 0w w w wС Н С Н С Н С Н С+ + + + = , (9) 

where 
2

1 1 1 2 364С B AA A A= + , 
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Let us determine the dependence of the flow rate on the resistance of the working hose line, the 
position of the dispenser of the fire barrel, as well as the difference in the heights of the location of the pump 
and the fire barrel when changing them on one of the three working barrels in the system. Equation (9) was 
solved numerically in Microsoft Excel. The results obtained for the head at the pump of 100 m are presented 
in Fig. 6. 

a b 
c 

Figure 6. Dependence of the flow of three barrels when changing in one of them:  
a is the position of the dispenser; b is the location of height relative to the fire tank pump;  

c is the resistance of the working line 1 is the dependence for the first barrel;  
2 is the dependence for the second barrel; 3 is the dependence for the third barrel. 

From the graphs presented, it can be seen that the flow rates of two trunks are the same and change 
by no more than 1.5 % when changing these parameters on the third barrel. At the same time, analyzing 
Fig. 6a, we can conclude that when the position of the dispenser of the fire barrel changes, the flow rate 
increases by more than 5 times, which is due to an increase in the barrel cross live section of the barrel 
and, as a result, a significant decrease in local resistance. From Graph 3 in Fig. 6b, it follows that when the 
height difference between the barrel and the fire tank pump increases by more than 10 times, the barrel 
flow rate decreases by 20 %, which can affect firefighting, especially if the water is delivered to a 
considerable height. At the same time, the flow rate on the first and second trunks are almost the same. 
Fig. 6c shows that with a 10-fold increase in the total resistance of the working line of one of the trunks, the 
flow rate decreases by more than 15 %. Therefore, when fighting fires, the number of hoses in the working 
line is minimal and, as a rule, no more than three. 

4. Conclusions 
1. A formula has been obtained for calculating the head at the fire truck pump, taking into account 

the influence of the characteristics of all elements of the pump-hose system when using fire barrels with a 
variable flow rate. 

2. The hydraulic calculation of the pump-hose system with one fire barrel with a variable flow rate 
has been done. It has been established that an increase in the number of hoses to 12 in the main and up 
to 3 in the working line leads to a decrease in barrel consumption by 1.5 %, which does not affect the 
firefighting process. Also the graphs have been compiled of the dependencies of the flow rate of the barrel 
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on the height of its location for various heads on the fire truck pump. The nomogram compiled from these 
graphs is applicable in practice to determine the actual flow rate on the barrel when feeding it to a 
considerable height. 

3. The influence of a fire barrel with a variable flow rate on a pump-hose system with several barrels 
was studied. Based on the calculations, it can be concluded that a significant effect on the flow rate is 
exerted by a change in the position of the dispenser, the height of the barrel and the number of hoses in 
the working line (total line resistance). It was also established that the flow rate of the other two system 
barrels varies slightly (up to 1.5 %), which in practice can be ignored. 

The listed results of the work are aimed at increasing the efficiency of the use of pump-hose systems 
by fire departments for extinguishing in multi-storey buildings. 
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Abstract. An approach to the calculation of the frame reinforced concrete structures taking into account 
the potential risk of financial losses in an emergency is proposed. The simplified conditions for the strength 
of structural components considering the potential relative risk of the financial losses for the structure during 
emergency failure of these components is formulated. The strain-stress state analysis using the finite 
element method based on bar models can be performed in dynamics. The reinforced concrete structural 
component in the form of a package of concrete and reinforcement layers that can be deformed according 
to actual diagrams approximated by piecewise linear functions. The calculations were considered by 
accounting geometric, structural and physical nonlinearity. As an example, illustrating the operability of the 
presented approach, were considered the frame of the building with several scenarios for emergency 
actions. This is a complete or partial exclusion of one column from the calculation model, accompanied by 
a horizontal impact. The exclusion of 0.75 and 0.5 parts of the cross section of the column as well as its 
complete exclusion, accompanied by a horizontal impact pulse were examined. A collision of a damaged 
structure with a rigid barrier and with a deformable base were simulated. The proposed approaches to 
modeling the stress-strain state and strength conditions of the bar reinforced concrete systems have 
prospects for using in algorithms of optimum parametric synthesis of structures based on metaheuristic 
approaches. 

1. Introduction 
The safety of frame reinforced concrete structures of civil buildings and structures under mechanical 

emergency actions is investigated. To assess the stress-strain state, structural dynamics analysis is used 
taking into account physical, geometric and structural nonlinearities. In addition, the risk of local damage is 
taken into account. 

In relation to the safety issue, many studies are devoted to the design of structures taking into 
account resistance to progressive collapse [1–3]. Many researchers considered the objective of ensuring 
the mechanical safety of building structures, in this case they studied the stability of the load-bearing 
structure to damages, including as a result of the impacts [4–10]. They examined the processes of 
deformation of a damaged system as well as the preservation of its geometrical invariability. At the same 
time, the sustainability (survivability) of the system should be ensured for the time necessary for the 
evacuation of people or equipment, and the shape of the deformed system should allow performing the 
evacuation. The most frequent local damage was the rapid removal of one of the column supports or pillars 
of the structure [11–14, 45]. One of the important objectives to be solved when assessing both the safety 
and the economic efficiency of the structural system is to take into account the nature of local damage that 
occurs during man-made actions and natural-climatic effects on operating buildings [15–17]. In most 
studies, in case of structural damage support bracing or columns is completely removed [18–20]. The force 
effect that caused the damage is also practically not considered. In fact, during structure failures, a case of 
collision of a damaged structure with a barrier often occurs. However, some of these barriers may collapse, 
and some may not. A characteristic case is a partial putting out of operation of the supporting component. 
Some illustrations of such failures are shown in Fig. 1. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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Figure 1. Emergency actions on structures: a) impact with preservation of static force after action; 

b) local damage with partial exclusion of the pillar from work; c) the complete exclusion  
of the column, followed by the interaction of the structure with the deformable barrier;  

d) local damage without removing of the element. 
In a number of works, experimental and theoretical studies were carried out in which a single local 

damage was considered in different parts of the structure. However, depending on the required level of 
structural safety, it may be necessary to take into account two, and three or more local damages [21–23]. 
Moreover, their occurrence may be dependent or independent of each other. Consideration of all these 
factors can significantly adjust the design results. As a rule, local structural damage that causes localized 
or progressive destruction is associated with socio-economic losses. At the same time, when calculating 
and optimizing structures, it is necessary to take into account reasonable safety factors [24, 25]. As a result 
of excessive resource saving, a less reliable and safe design can be obtained, the failure of which will cause 
large losses, that, in our opinion, is unacceptable. Therefore, along with the assessment of the conditions 
of strength, stiffness and stability for structures with a higher level of safety, it is necessary to apply criteria 
related to the risk assessment of such systems [26–30] and optimization of their parameters [31, 32]. One 
of the common types of load-bearing structures affected by loads not provided for normal operation are 
reinforced concrete frames and floor and roof slabs [33–35]. These structures in case of mechanical, high 
temperature and corrosion damage were studied. 

Modern methods for calculating the load-bearing structures of buildings involve checking the 
requirements for the ultimate limit states. These requirements comprise satisfying inequalities such as 
F<Fult, f<fult, etc. [36–40], where F, f are the calculated values of the force, deflection, etc., and Fult, f are 
the limit values these variables, corresponding to the normal operation of the facility. Such an approach is 
described in regulatory documents; however, current socio-economic conditions show that this approach 
to design does not always ensure mechanical safety of structures. Therefore, improving methods for 
analyzing the stress-strain state and methods for assessing risks in the design of reinforced concrete 
structures is now especially important. The issue of modeling deformations of reinforced concrete frame 
structures during emergency under complex design conditions is also relevant. The proposed calculation 
models can be used both for optimum [41] and for traditional design of load-bearing structures for civil 
buildings [42, 43]. 

The purpose of research is to ensure the mechanical safety of reinforced concrete frame structures 
in complex emergency actions. This involves solving the following main tasks: 

− the development of an approach to modeling deformations of structural systems with incomplete 
removal from load scheme of a damaged element, as well as taking into account the presence of 
barriers and interaction with them; 

− taking into account local damage in the presence of a horizontal shock load, as well as in the 
presence of a foundation on deformable soil; 

− the proposal to take into account the risks of the socio-economic consequences of an emergency. 
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2. Methods 
2.1. Operation conditions for the load-bearing structures  
of buildings with an increased level of social responsibility 

2.1.1. Strength conditions 
The constraints of strength to ensure the mechanical safety of buildings and structures is formulated, 

accidents in which can lead to serious social consequences as well as for facilities that are strategically 
important for the development of the state. Analysis of numerous accidents and disasters associated with 
the destruction of buildings and structures has showed that progressive collapse is unacceptable for the 
facilities under consideration. According to this, we introduce the assumption that destruction in such 
facilities can lead to financial loss equal to n-times cost of the destroyed structure. Then the condition for 
ensuring the strength of structural systems can be written as follows: 

1;  .
ult

pUr r
C

 Ω 
− ≤ = Ω 

 (1) 

Where Ω  is the internal force factor characterizing the mechanical stresses of the structure material; 

ultΩ  is the calculated (limit) value of Ω , r  is the relative risk associated with the emergency, provided 

that it has occurred with probability p ; C  is the cost of the damaged structure, U  is the amount of financial 
loss (cost) associated with damage to the other structures within the localization area of destruction. 

In the formula (1) in a particular case, for example, for calculating steel structures, the value of the 
equivalent stress according to Mises maximum-strain-energy of failure can be taken as Ω , and the value 
of the design steel resistance can be taken as ultΩ . Similarly, to calculate reinforced concrete structures, 
for example, according to normal sections under bending or sloping sections under the action of a 
transverse force, we can write: 

1;   1;
ult b sw

М Q
r r

М Q Q
   

− ≤ − ≤   +   
 (2) 

where ,М Q  are the internal forces in cross section; ultМ  is the ultimate moment perceived by reinforced 

concrete section; ,b swQ Q  are transverse (shear) forces perceived by concrete and reinforcement. 

2.1.2. Deflection conditions 

When assessing the stiffness of structures, first of all it means their ability not to show unacceptably 
large changes in geometry, determined by deflection [ ]f . In this case, even with local affecting adversely 
the strength of individual components, the condition of resistance to structural failure must be fulfilled. These 
changes in geometry should provide the ability to evacuate people and equipment from the building. As an 
example, we write the deflection condition for a multistoried building having floor-to-floor heights of 3 m and 
4.2 m as follows: 

[ ]
0.3 ,  (2.5 Н 3.2)

,0.5 ,  (3.2<Н 4.6)
/ 30,  12

H
f f H

l l

≤ ≤
≤ = ≤
 ≥

 (3) 

where , ,f Н l (m) is the deflection of the structure the height of the floor and the span of the damages 
structure, respectively. 

2.1.3. Buckling condition 

The stability condition is formulated, similar to the strength condition, as an inequation into which the 
relative risk value is introduced to increase the structural stability margin: 

1;  
ult

n r
n

 
− ≤ 

 
 (4) 

where , ultn n  are the actual and limiting factors of buckling margin, respectively. 
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The probability of failure p during action associated with the occurrence of an emergency for facilities 
of industrial and civil construction is recommended to be taken in the range of 0.01–0.05. If the object 
belongs to the strategic military infrastructure facilities, then this probability can be increased to 0.5. It 
should be noted that for buildings not related to objects of strategic and social importance, the risk r  cannot 
be taken into account, since the probability of failure for the structure, considering only its normal operation 
in such buildings, is (10-5–10-7), then 0r → . 

2.2. Finite-element modeling of local damage for engineering calculations  
and optimization algorithms in accidental situation 

2.2.1. Formulation of structural analysis problems 

In course of many studies of structural resistance to the progressive collapse during accidental 
exposures we have considered the quick removal of support bracing for one of the columns from the 
calculation model. In this case, the reason for this removal and the further interaction of the damaged and 
undamaged structure are hardly considered. Local damage is often examined without regard to the 
presence of a deformable ground. Let us consider the following simplified techniques for modeling the 
interaction of a damaged structure within the finite-element method: 

− the complete exclusion of the element from the calculation model with a horizontal impact; 
− the partial exclusion of the element from the calculation model with a horizontal impact; 
− contact interaction of a damaged structure with an indestructible barrier; 
− contact interaction of a damaged structure with a destructible barrier. 
The modeling is performed for indicated types of local damages with finite element models using the 

bar elements with the possibility of taking into account structural-nonlinear behavior. We will perform the 
stress-strain analysis of the structure in dynamics based on numerical integration of the differential equation 
system for displacements of the damaged system, taking into account the simplified Rayleigh damping 
calculation model: 

[ ]( ) [ ]( ) 0

0

0,
( ) ( ) ( ) ( ) ( ) ( );  ( ) ,

1,
t t

M y t y t K y t y t F t G t t
t t

α β χ χ
<

+ + + = + =  ≥
    (5) 

where [ ]M ,[ ]K  are the global matrices of mass and stiffness of the finite element model, respectively; 

( )y t , ( )y t , ( )y t  are the vectors of accelerations, velocities and nodal displacements, respectively;  
( )F t  is the vector of the external load reduced to the nodes, G  is the vector of impactor gravity forces, 
( )tχ  is the Heaviside function, 0t  is the time moment after which the gravity should be taken into account, 

G ; α , β  are inertial and structural damping ratios. The case is considered when 0,=α  the coefficient
0.04 0.07.= −β  The Newmark recurrence scheme is used. 

2.2.2. The model of deformations with the complete exclusion of an element with a horizontal 
impact 

The support model is shown in Fig. 2. 

 
Figure 2. Modeling the support exclusion during emergency exposure: contact element (а); 

column support modelling (b); static equilibrium before emergency action (c);  
horizontal impact modelling (d). 
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Here, the elements 1 4L L−  are rigid beams that define the eccentricities of the longitudinal axes of 

the bar elements B  relative to the nodes U . Time moment t′  is the point in time after which the the static 
equivalents of internal forces removing and applying the shock effect to the structure. 

Let us introduce a spatial bar finite element supB  having a length supl , between nodes nU , 1nU + , 

while one of the nodes must be fixed against displacements, and the other connected to the spatial rod  
B , modeling the structure (Fig. 2, a). It is provided for possibility to set the gap ∆ , modeled by low stiffness. 
The value of this gap should be calculated based on the accepted height of the column section, which is 
removed from operation. When the formal task is started, deformation by the size of the gap occurs, and 
then deformation begins on the fragment of the bar RB , which may have stiffness, simulating a solid object 
or an elastic-plastic deformable soil base. Modeling the complete exclusion of the support is performed in 
the following sequence: 

− the static equivalents attached of internal forces to the node nU , in the general case , ,M Q N , 
of equal to the support reactions. When calculating in dynamics, these forces are considered 
suddenly applied; 

− the dynamic calculation begins in the time interval [ ]0;t′ , where t′  is the time moment of dynamic 
relaxation, that is, the time during which the oscillations of the system with applied static 
equivalents , ,M Q N  are completely damped (Fig. 2, c); 

− at the next moment of time t t′ + ∆  the forces , ,M Q N  are assumed to be zero, and in the same 
node a horizontal impact force appears, which is defined as P mkG= , where m  is the mass of 
the impactor, kG  is the mass acceleration, m , k  is the specified coefficient, G  is the gravity 
acceleration. Formalization of the presence and absence of these forces is carried out by 
determining the functions shown in Fig. 3. 

 

Figure 3. Functions for force P  (a) and forces , ,M Q N (b). 

The dotted line in Fig. 3 shows a possible graph form for an impact pulse, a part of which is preserved 
after the maximum impact. Modeling of such a process corresponds to the action shown in Fig. 1, а. 

2.2.3. Deformation model with partial exclusion of an element cross-section with a horizontal 
impact 

To exclude support partially in case of local damage between nodes nU , 1nU +  it is introduced several 

elements on rigid consoles. In Fig. 2, four elements with consoles 1 4L L−  are shown. For example, with 
the introduction of four elements of the same rigidity, it is possible to simulate the exclusion of 0.25 part of 
the section, if three elements B  and one extreme element supB  are introduced between the nodes under 

consideration. Accordingly, by increasing the number of elements supB , it is possible to simulate the 

exclusion of 0.5 and 0.75 parts of the section. 

2.2.4. Contact interaction of a damaged structure with an indestructible barrier 
The deformation model is described by the diagram shown in Fig. 4, c. This diagram is set for the final 

element supB , while the structural element “column” has a damaged section of length 0 sup ,daml lε=  

(Fig. 4 а, с). 
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Figure 4. Modeling interaction with an indestructible barrier:  

the column exists before contact interaction with the barrier (a);  
the column is present after this interaction (b) the contact modeling diagram (c). 

The segment of the diagram, limited by points 0 0( ; )Nε and max max( ; )l lNε  determines the 

presence of a barrier 1Т , which at large values maxlN  can be approximately considered rigid. The 
deformations of the bar in this section correspond to the situation shown in Fig. 4, b. The parameter α  in 
the diagram is a small number that ensures the stability of the numerical integration procedure; this 
parameter is the angle in radians varies between 0.01–0.1 depending on the type of chart. 

At the point 0 0( ; )Nε , the diagram has a rounding, which is also necessary to ensure the stability of 

the dynamic analysis procedure, where 0ε  is fictitious relative deformations of the contact element 

corresponding to the size of the damaged part of the rod that is loss. The Value 0N  is a fictitious small 
value of the longitudinal force, set equal to 10-100 N, which can be interpreted as the conditional resistance 
of the environment during deformation from the moment of local damage to contact interaction with the 
barrier. 

Values max max;l lNε  are relative deformation and longitudinal force arising from contact with an 
infinitely rigid barrier. In each computing process, these parameters are selected individually, but as the 
initial approximation for calculating frame structures, you can specify 

3 4
max 0 max max1.02 ; 10 10l lN Rε ε≈ ≈ − , where maxR is the module of the maximum vertical support 

reaction for the calculated system. 

2.2.5. Contact interaction of a damaged structure with a destructible barrier 
The deformation process consists of the following stages: 

− collision with a deformable barrier 2Т . In this case, the final element has absolute shortening 

01l∆  (Fig. 5, а) at the value 0N  of the longitudinal force (segment 0;0 – 01 0( ; )Nε  in the diagram 
of Fig. 5, d), which corresponds to the position of the structure in Fig. 5, b; 

− deformation of the barrier 2Т . The segment with the projection of its relative deformation 

determines the load-bearing capacity of this barrier brε . In this case, the ultimate longitudinal 

force that the barrier can withstand is equal brN . 

− destruction of the barrier and displacement before contact with the barrier 1Т . In this case, the 

bar has relative shortening 02l∆ , which corresponds to a length segment 02ε . Distances δ  are 
fictitious small relative deformations that ensure the stability of the process of numerical 
integration. The last linear section of the diagram simulates the stiffness of the barrier 1Т , 
considered rigid. The final position of the bar corresponds to Fig. 5, c.  
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Figure 5. Modeling the interaction with destructible and indestructible barriers: structure after 

their part removing (a), T1, T2 – marks of the barriers; stages of interaction (b), (c); chart of 
modelling the barrier T2 destruction; D2 – diagram labeling. 

The α  parameter is the same as in Fig. 4. The maximum deformations maxε  of the contact element 

(Fig. 5) are the sum of: max 01 02 22 br brε δ ε ε ε ε= + + + + . The value 2brε  is the infinitesimal deformation 

of the barrier 1Т . The value of the force 0N  is close to zero, it is approximately equal to the resistance of 

the environment on the segments 01l∆  and 02l∆ . 

2.3. Finite-element modeling of reinforced concrete structures  
with local damage 

2.3.1. Modeling damage that does not progress after local action 

The deformation modeling the reinforced concrete beams is represented as a package of concrete 
layers bС  and reinforcing layers rС  (Fig. 6, a). In general, for the cross section, the Bernoulli hypothesis 
and the assumption that the layers do not exert pressure on each other are fulfilled. The implementation of 
such a model can be carried out by constructing a stiffness matrix for the element, taking into account the 
fact that each layer can have tension-compression strains. To modeling the deformations of reinforced 
concrete columns, parts of which can be excluded in the calculation process, another model is used  
(Fig. 6, b). 

The cross-section is divided into parts 1-4, presented in the form of separate bars with common 
nodes. The position of these bars is determined by the length of the consoles defined by the projections 

by , bz , ry , rz  in the local axes of the element. For those elements that will be partially or fully susceptible 

to local damage, it may be possible to be operated according to the diagram 1D  (Fig. 4, c).  

 
Figure 6. Modeling of deformation of reinforced concrete beams (a),  

columns (b) and soil foundation (c). 
A simplified diagram of the deformation of the soil base (Fig. 6, c) can be described using the 

following sections. The first is determined by the point 01( ; )lgRε , 01ε  where are the relative elastic 

deformations of the soil, lgR  is the calculated resistance to compression of the soil base. Further, the soil 

is deformed plastically and receives deformations grε . The site corresponding to the level lfR  of stresses 

in the soil and deformations 02ε  models the fail of the soil base associated with the loss of bearing capacity. 

This can happen if there are fluid lenses, karst cavities, etc. in the ground. Deformation maxε  here simulate 

the presence of incompressible soil, max 01 02 24 gr grε δ ε ε ε ε= + + + + . 
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For the remaining elements, deformation diagrams are set that correspond to the operation of 
concrete and reinforcement under load. These diagrams for reinforcement and concrete, respectively, are 
presented in Fig. 7, a,b. The lines shown in black on these diagrams are introduced to ensure the stability 
of the process of numerical integration of equations (5). The magnitude of the forces and deformations 

0 0 1 1 1 2, , , , , , ,s s s b b b bt btN N Nε ε ε ε ε  are determined depending on the class of concrete and reinforcement 
approved in the design of the structure. Fig. 7, c-f shows the model of the supporting part of the reinforced 
concrete column when considering the possibility of destruction 0.25, 0.5 and 0.75 parts of the concrete 
section. In each of these cases, an operation diagram 1D  is introduced for the one element or several 
elements to be excluded (Fig. 4). 

 
Figure 7. Diagrams of deformation of steel (a) and concrete (b) and a model  

of partial damage to the column: without damages (c), damage of a quarter (d),  
half (e) and three quarters (f) of column segment. 

2.3.2. Progressive local damages 

The structure of concrete makes it possible for propagating local damages to occur both during and 
after emergency action. These effects can be approximately modeled by dynamic calculations of damaged 
systems, taking into account structural nonlinearity in the operation of a part of the cross-section exposed 
to local effects. One of the common cases of such effects is mechanical damage to the column, for example, 
in a collision with a car or other moving deformable object. In the case of an angular collision (Fig. 8, a) or 
a frontal impact (Fig. 8, b), it is possible to approximately model the progressive collapse of the parts of the 
column that are shaded in gray. In a more general case, for example, with accumulated defects as a result 
of long-term operation, a local impact can initiate the exclusion of the outer layers of the column while 
maintaining the operability of the inner core (Fig. 8, c, Fig. 1, b). Modeling the exclusion of a cross section 
quarter from a concrete column in time will be shown using the example of Fig. 8, d, e. The cross section 
of the column is modeled by seven beam elements. Three of them, the cross sections of which are shown 
by squares without filling, are modeled by ordinary spatial bars, for which the operation diagram 4D  is 
provided. Bars with cross-sections 1-4 (Fig. 8, d) are contact elements that operate according to the 
diagram 1D . Initially, these elements are balanced by the static equivalents of the reactions 1 4N N− , 

perceived by the quarter section. All these forces act during the relaxation time[0; ]t′ . Then the force 1N , 

acting over time 1[ ; ]t t′ ′  is permanently equal to zero and does not act within the time interval 1 1( ; ]t t′   

(Fig. 8, e). The remaining forces 2 4N N−  continue to operate. The time 1 2[ ; ]t t′ ′  can be short, which 

approximately corresponds to the propagation time of local damage in the material. Further, the force 2N  

at time moment 2t′  is removed similarly to the force 1N . The process is repeated until the exclusion of 
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force 4N . By the same scheme, it is possible to simulate the exclusion of any parts of the cross sections 
under various influences, for example, during impacts shown in Fig. 8, а, b. 

 
Figure 8. Modeling the exclusion of part of the cross sections of bar elements:  

(а)-(с) variants of emergency actions and damages volumes; sequence of emergency  
destruction the cross section material (d); time history of emergency action process (e). 
The process of deformations propagation after local damage for reinforced concrete sections is a 

very difficult phenomenon for modeling, which depends on the type of emergency action, on the pre-
emergency loading of the section, on the structure and percent of concrete reinforcement. According to 
many studies, the rate of deformations during impacts for concrete structures of columns varies within wide 

limits 6 210 10ε −= ÷ 1/sec, and the time of destruction of sections 0.5 14dt = −  ms. Initially, on the basis 

of experimental data or numerical simulation, the time dt  of complete exclusion of a part of the section 

from work is determined. With an equal area of the excluded elements, the intervals 1 4t t−  are 
approximately equal: 

1 1 2 2 1 3 3 2 4 4 3[ ; ] [ ; ] [ ; ] [ ; ] / 4dt t t t t t t t t t t t t′ ′ ′ ′ ′ ′ ′ ′= = = =  (6) 

With an unequal area, the size of the intervals is determined by the formula: 

31 2 4
1 1 2 2 1 3 3 2 4 4 3[ ; ] [ ; ] [ ; ] [ ; ]d

d d d d

ss s st t t t t t t t t t t t t
s s s s

′ ′ ′ ′ ′ ′ ′ ′= + + + , (7) 

where 1 4s s−  are the areas of elements 1-4 on Fig. 8., ds  is the area of the entire part of the excluded 
section. 

3. Results and Discussion 
3.1. Description of the object calculation model  

The reinforced concrete frame of the building is considered, shown in Fig. 9. Three design cases are 
considered: 

− Case 1. “Calculation of a plane frame on a foundation slab (interaction with an indestructible 
barrier)”. We performed the support exclusion modeling using the diagram B1 on Fig. 9. At the 
same time, the parameters of the GAP element provided a gap of 15 cm, after which the system 
interacted with the element having stiffness exceeding 1,000 times stiffness of the column. The 
gap is assigned on the condition that it should be less than the length of the contact element, that 
is, 0.5 m. Some results of dynamic analysis are presented in Fig. 11 а, с, d. The abscissa axis 
shows the calculation numbers corresponding to the integration step. 
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− Case 2. “Calculation when excluding the support without contact interaction”. This calculation was 
performed according to the well-known scheme described in many papers, but taking into account 
the horizontal impact interaction. Some data on system displacements are shown in Fig. 11. b, d. 
Obviously, these oscillations of the system are abstract in nature. Fig. 11, d shows that the 
deflection of the crossbars during contact interaction (with the exception of a fragment of a 
structure measuring 15 cm) is less than during oscillations without contact constraints. 

− Case 3. “Calculation of the frame on an inelastic soil, taking into account the partial exclusion of 
the middle pillar”. The exclusion of 0.75 and 0.5 parts of the column section is modeled. We 
denote these scenarios as S1 and S2. Soil was taken in the form of clay with porosity ratio of 0.5 
and index of liquidity as IL = 1. It was supposed that under each support there is a square 
foundation of 2.5 m wide with a depth of 2 m. Soil deformations are described by a diagram 3D  
in Fig. 6, с at Rlf = Rlg = 430 kPa. In case of removal of 0.75 part of the cross section, the 
remaining part of the section quickly collapsed. The time for excluding parts of the cross sections 
was taken equal: td,075 = 7.5 ms, td,05 = 5 ms. Fig. 13 shows some calculation results. With the 
exclusion of part of the column, significant displacements from the plane of the frame are 
observed, which is a sign of the need to take into account the survivability of the structure as a 
whole, considering its spatial deformation. 

  
a)                                                                  b) 

Figure 9. An example of the calculation of a reinforced concrete frame: load scheme (a) and 
stress-strain state modelling (b); Bbeam, Bcol – finite element packages for rigel and column 
modelling shown in Fig. 6, a, b; Bsup, BGr – same packages for support and soil modelling. 

The calculation was performed using the Femap software package with the NX Nastran solver. 
Module «Nonlinear Transient Response» is used. The integration step was selected automatically. It was 
assumed q1 = 18 kN/m, q2 = 24 kN/m, P(t) = Pf1(t), see Fig. 9, 10, a. The constraint force in the removed 
element changes R(t) = Rstf2(t), see Fig. 10, b. P = 80 kN, Rst is the reaction (axial forces, bending 
moments, shear forces) selected taking into account the static calculation. Concrete has design 
compression resistance of 25 MPa, tensile strength of 1.45 MPa. The reinforcement has design resistance 
of 450 MPa. Physically nonlinear operation on 4 5,  D D  diagrams was taken into account for these 
materials. The transient nonlinear dynamic process had duration of 5 sec, after 2 sec, in event of the 
structure with the barrier interaction, the oscillations completely damped. If there was no contact interaction, 
the oscillations were observed for 4 sec. Therefore, the abscissa axis in Fig. 10 are limited to 4.1. The 
dynamic relaxation time after application of the load was taken to be 1 s. Overall structural damping with a 
ratio equal 0.05 was taken into account. 
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a)  b)  
Figure 10. The form of the functions f1(t) (a) and f2(t) (b). 

a)  b)  

c)  d)  
Figure 11. Dependence on the displacements in the time: a) vertical displacements of the 

damaged end part of the column upon impact with a barrier; b) the same without considering the 
contact interaction; c) horizontal movements when exposed to horizontal impact, taking into 

account contact interaction; d) the same, without contact interaction. 

a)  b)  

с)  
Figure 12. The calculation results: a) vertical displacements of the first floor beam at 3 m distance 

from the leftmost support (point A) without contact interaction (left) and with it (right); 
b) compression stress in concrete (in modulus) at point A; c) deformed frame layout after 

horizontal impact and taking into account contact interaction. 
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3.2. Example of calculating a structural component taking into account  
the risks of financial losses 

As financial loss U in the formula (1), we take into account components in which deformations occur 
equal or close to ultimate fracture deformations. It is assumed that the probability of emergency action to 
be p = 0.8, which means that it will happen rather than not. Designing an intact middle column were 
performed. As a complete structure, only the frame in question were considered. During normal operation, 
the cross-sectional area is determined primarily by structural requirements, and the operational 
compression stresses in concrete are in modulus about 6 MPa, 6MPaΩ = , 25ult MPaΩ = . In case of 
local destruction, including the Case 1 scenario, while ensuring survivability, beams of the 1st and 2nd floors 
in 2 spans and the middle column on each floor can fail. Then conditionally the damage can be calculated 
as the ratio of the lengths of the components 0.8 30 / 60 0.4r = ⋅ = , / ultΩ Ω = 6/25=0.24. Then, 
according to the formula (1): 0.24+0.4=0.64≤1, the condition is satisfied. That is, the approved structural 
solution for the column contains the necessary margin of safety to ensure survivability with an emergency 
action the probability of occurrence of which is 0.8. It should be noted that if the actual margin of safety for 
the column is less than 36 %: / 0.64ultΩ Ω ≥ , the column would lose strength or stability if the emergency 
scenario under consideration occurs. 

a)  b)  

c)  d)  

Figure 13. Results of the calculation with partial local damage: a) contact stresses during 
the interaction of the damaged column with the foundation; b) change in time of the compression 

stresses in the soil of the middle support (S1); c) the same, but under scenario (S2); d) total 
translations of the system (view from the plane of the frame) 

3.3. Discussion 
The proposed deformation modeling methods are simplified, but have an acceptable amount of 

computation for use in optimization algorithms, for example, [18, 26, 44]. It seems promising to use these 
models for an approximate assessment of the deformations of reinforced concrete structures under high-
temperature effects [25] and a combination of mechanical damage and the action of temperature. Existing 
approaches to the rapid exclusion of column supports from the calculation model, which do not include 
consideration of the reasons for this exclusion (for example, horizontal impact, modeling a structure collision 
with barriers), can significantly distort the picture of the stress-strain state of these structures. In turn, this 
can affect the provision of mechanical safety in an emergency. 
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4. Conclusion 
1. The methodology for the approximate calculation of the frame reinforced concrete load-bearing 

structures, which takes into account on equal terms the limiting conditions and risks of financial losses 
associated with the possible occurrence of an emergency were proposed. This approach can be used to 
optimize design solutions under constraints associated with the mechanical safety of facilities. 

2. For calculation of the stress-strain state of reinforced concrete structures based on the finite 
element method the alternative simplified approaches were proposed which allow modeling a horizontal 
impact with the subsequent complete or partial exclusion of part of the concrete cross-section from 
operation, collision of the damaged structure with a destructible or non-destructible barrier, simplified 
interaction of the damaged structure with a soil foundation. 
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Abstract. The experience of operating livestock farms shows that periodic reorganization does not prevent 
biological corrosion of building structures. In this work, the possibility of using glutaraldehyde as a fungicide 
for volumetric administration in the preparation of biostable concrete was investigated. The study aims to 
minimize the adverse effects of the components of commercial biocidal products on the physical and 
mechanical characteristics of products. For research, we used an aqueous solution of glutaraldehyde with 
an active substance concentration of 0.5 and 1 %, which was introduced into Portland cement CEM I 42.5 N 
as mixing water. The degree of influence of the active substance on the properties of cement paste and 
mortar was estimated according to data on heat release during hydration, strength, and phase composition. 
The fungicidal activity evaluation of glutaraldehyde in cement systems and the degree of their growth with 
the Aspergillus niger test culture were evaluated. It was established by isothermal calorimetry that, in 
mixtures with glutaraldehyde, a delay in the achievement of the main hydration peak is observed – by 30 
minutes for 0.5 %, by 1 hour for 1 %. After 72 hours of hydration, a lower total amount of released heat of 
hydration is observed – for 0.5 and 1% solutions by 6.8 and 5.8 %, respectively. According to X-ray phase 
and differential thermal analyzes, the phase composition of the initial and aldehyde-modified cement stone 
on day 28 does not differ and consists of the following phases: ettringite, portlandite, calcite and clinker 
minerals. Varying the phase composition leads to a change in strength: when using a 0.5 % solution of 
aldehyde, the power of the cement-sand mortar increases by 6.5 %, and a 1 % solution decreases by 
6.7 %. The use of a 0.5 % solution of glutaraldehyde provides a decrease in the intensity of fungal 
development and the formation of a fungistatic effect. Based on the results, a 0.5 % solution of 
glutaraldehyde can be recommended for the development of cement composites with prolonged bio-
resistance. 

1. Introduction 
The construction of new agricultural construction objects is becoming more and more in demand, 

which is due to an increase in the consumption of livestock products and crop production. The ability to 
achieve a high level of environmental safety of food products and technologies for their production depends, 
among other things, on the conditions of keeping animals, birds, or plants [1–3]. Therefore, regular sanitary 
and preventive maintenance is essential, as well as costly, part of the general technological process of 
agricultural enterprises. The experience of the operation of farms shows that periodic cleaning and 
sanitation of premises does not allow preventing the "biological fatigue" of building materials and structures 
[4−8]. In particular, biological corrosion, which is the result of many interrelated chemicals, physical, and 
(micro-) biological processes, affects elements of building structures, which is a problem with social and 
economic consequences [3, 9–13]. 

The most used method of protecting building cement materials of already constructed structures 
against biological corrosion is the use of coatings based on polyurethane, acrylic and epoxy resins, silanes, 
siloxanes [14, 15]. The disadvantages of using surfaces include a decrease in the breathability of structures, 
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poor adhesion, and low durability, which leads to the need for periodic updating of the protective layer. As 
volumetric methods to increase the natural resistance of cement materials, structure compaction is used 
by reducing the water-cement ratio, using active mineral additives or polymer fillers [16]. The disadvantage 
of introducing polymer fillers is the slowdown of cement hydration and their low affinity for concrete 
components. 

It is assumed that the most appropriate solution for the construction of agricultural facilities is the use 
of building materials with initial resistance to biological corrosion agents. The biological strength of the 
building material will impede the formation, growth, and development of microorganisms in the inter-
recovery period, both on the surface and in volume [2, 17, 18]. 

Previous studies have justified the need to use biocides as components of building materials that 
ensure the resistance of finished products to corrosion agents. For example, the volumetric introduction of 
bactericidal and fungicidal additives, such as nickel powder, calcium tungstate, calcium formate, silver-
containing zeolite is well known [16]. 

The main problem of using this approach is the negative effect on the processes of phase and 
structure formation, physicomechanical characteristics of the cement system [19−21]. 

In this regard, when choosing an additive to increase the biological resistance of concrete in the 
conditions of farms, it is necessary to evaluate both its biocidal activity and the effect on cement paste and 
mortar, as a factor of durability and safety of the designed composite [3, 20, 22–26]. 

This work is aimed at studying the possibilities of minimizing the adverse effects of the components 
of commercial sanitation products on the phase and structure formation of cement. Based on this goal, 
glutaraldehyde (HA) was selected as a biocide for volumetric administration as a part of a significant amount 
of commercial biocides as the primary substance active against micromycetes. Glutaraldehyde interacts 
with the amino group of the cell wall to form an amine bridging bond. It thereby stops cell division, which 
slows down or stops the growth and development of microorganisms. In an acidic environment, 
glutaraldehyde can penetrate the cell; in an alkaline environment, it quickly reacts with the outer layers of 
cells [27]. A study of its effect on cement systems has not been previously conducted, that was the purpose 
of this study. 

2. Materials and Methods 
In this work, glutaraldehyde as a biocidal additive; Portland cement CEM I 42.5 N according to 

Russian State Standard GOST 31108-2016 "Cement for general construction. Special conditions" 
produced by Belgorodsky Cement CJSC (Belgorod, Belgorod Oblast, RF); reference multifunctional sand 
according to Russian State Standard GOST 6139−2003 "Sand for cement testing Technical conditions" 
were used. 

Glutaraldehyde CH2(CH2CHO)2 is a water-soluble oily liquid containing two aldehyde groups, used 
as a disinfectant. The biocidal activity of glutaraldehyde is due to the alkylation of sulfhydryl, hydroxyl, 
carboxyl, and amino groups of the proteins of microorganisms, which violates their vital functions and leads 
to their death. Glutaraldehyde is actively used for disinfecting livestock and poultry facilities, subject to the 
recommended concentrations. In this case, the optimal dosage of the active substance in the preparation 
of its aqueous solution for prophylactic disinfection of premises is a concentration in the range 0.1–0.3 %. 
With this concentration, degradation of pathogenic microflora is ensured in the absence of toxic effects on 
animals in farms. 

To assess the effect of glutaraldehyde on the properties of the cement system, we used an aqueous 
solution with an active substance concentration of 0.5 and 1 %, which was introduced into the cement as 
mixing water. In the volume of the composite, this concentration does not exceed the recommended 
dosages for the preventive disinfection of rooms. 

The following physicochemical and physicomechanical characteristics of cement paste and mortar 
were studied: heat release during hydration, mineral composition, compressive strength, and also 
mushroom resistance. 

For the manufacture of cement paste and mortar samples, the ratio of glutaraldehyde/cement 
solution was 0.4. In the manufacture of control samples, the cement was closed with water at a water-
cement ratio of 0.4. Hardening of cement was carried out under standard conditions at a temperature of  
20±2 °C and relative humidity of 90±5 % until the test age was reached. 

For the study, the kinetics of the set of strength, cement-sand mortar samples prepared by EN  
196-1 were used. The cement-sand ratio was 3:1. The water-cement ratio of cement-sand mortar and the 
ratio "glutaraldehyde solution / cement" ratio was 0.55. The increase of water-cement ratio is justified by 
the need to obtain materials with a higher predetermined porosity in order to create conditions for more 
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complete unhindered development of the fungus on their surface and / or in volume. The compressive 
strength of cement-sand mortars was determined per the requirements of Russian State Standard GOST 
30744–2001 "Cement. Test Methods Using Polyfractional Sand". To determine the strength, beam samples 
with size 40×40×160 mm were prepared. For the compressive strength, the arithmetic mean value of the 
test results of six halves of the beam samples for each composition was taken. 

To determine the heat release during portland cement hydration, we used a ToniCAL model 7338 
differential heat flow calorimeter (Toni Technik Baust off prüf Systeme GmbH, Germany). Differential 
thermal analysis with thermogravimetry of cement stone samples at the age of 28 days was performed on 
an STA 449 F5 thermal analysis device (NETZSCH-Geräte Bau GmbH, Germany); X-ray phase analysis – 
on a D8 Advance X-ray diffractometer (BRUKER Corporation, USA) (Cu Kα, λ = 1.54 Å). 

The fungus resistance of cement stone was assessed by the growth of samples (the ability to grow 
and propagate on them) by mold fungi. The test was conducted according to Russian State Standard 
GOST 9.049–91 "Unified system of corrosion and ageing protection. Polymer materials and their 
components. Methods of laboratory tests for mould resistance"(Method 3). 

The evaluation of the fouling of the cement material by microscopic fungi was carried out using an 
AXIOSCOPEA1 biological microscope. The degree of development of fungi was evaluated on a 6-point 
scale, according to GOST 9.048–89. Material has fungicidal properties if no fungi are found on its surface 
or the intensity of their development is estimated with less than 1 point. 

After 28 days of hardening, mortars placed under ultraviolet light in a laminar cabinet for 6 hours with 
a calculation of 3 hours on one side in order to remove possible organic contaminants from other microflora 
on the surface and in the volume of the sample. 

For the glutaraldehyde fungicidal activity evaluation of in cement systems (pastes and mortars), the 
Aspergillus niger test culture was used. This fungus is one of the most aggressive types of molds. The 
development of this fungus on the surface of construction sites due to its high survival rate causes the 
maximum degree of degradation effect [19]. 

As a nutrient medium for the test culture, Chapek's prepared medium was used, having the 
composition: 1000 ml of distilled water (pH = 6.7): monosubstituted potassium phosphate – 0.7 g; 
potassium phosphate disubstituted 3-water – 0.3 g; magnesium sulfate 7-water – 0.5 g; sodium nitrate – 
2.0 g; potassium chloride – 0.5 g; iron (II) sulfate 7-water – 0.01 g; sucrose – 9 g; distilled water – 1000 ml, 
agar – 20 g. The finished mixture was poured into 15 ml tubes and placed vertically in an MLS-2420U 
Sanyo autoclave for heat treatment for 15 minutes at 122 °C. At the end of the process, the tubes were 
placed in a laminar cabinet, and the nutrient medium was uniformly poured on the bottom of the Petri 
dishes, followed by sterilization of the latter. 

The infection of the nutrient medium was carried out by spraying a solution containing the spores of 
the control fungus with a spray gun. After sowing, samples of mortars were placed in the center of the Petri 
dishes. Then, closed Petri dishes were placed in a RI 115 thermostat with natural ventilation red LINE by 
Binder for 14 days at t = 30 °C, W = 90 %. 

3. Results and Discussion 
3.1. Effect of the biocide at early age 

A study of the heat release of a cement paste with glutaraldehyde (Fig. 1) showed that its introduction 
does not lead to significant changes in the hydration process in the first 72 hours. The similar nature of the 
heat release of all the compositions under consideration, which corresponds to a typical Portland cement 
test, is noted. The peak in the first five minutes of the study refers to the process of exothermic wetting and 
reactions of the early stage of hydration. The second (central) peak mainly corresponds to the reactions of 
the middle stage of hydration with the formation of phases C-S-H and CH. Then, the heat release rate 
gradually decreases, while slow reactions of the late stage of hydration also occur with the formation of  
C-S-H and CH. An unclear third peak (about 13 hours for the materials understudy) is associated with the 
formation of AFm phase from C3A and ettringite [28–30]. 

In mixtures with glutaraldehyde, there is a slight delay in reaching the main hydration peak – 
by 30 minutes for 0.5 %, by 1 hour for 1 %. Its intensity (Fig. 1a) also decreases slightly. As a result, after 
72 hours of hydration, a lower total amount of released heat of hydration is observed in comparison with 
the control composition. 
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a 

 
b 

Figure 1. Rate of heat evolution (a) and total heat of hydration (b) 
for different glutardialdehyde content. 

According to the data obtained, it can be said that glutaraldehyde in the early stages slightly slows 
down the hydration of Portland cement. Most likely, this process may occur due to adsorption. In this 
process, one or both of its functional groups are capable of reacting with hydroxyl groups on the surface of 
Portland cement particles. 

3.2. Effect of the biocide at 28 days 
The results of differential thermal analysis with thermogravimetry show the presence of an equal 

endo effect at 100–120 °C for all three samples, which is attributed to dehydration of C-S-H and ettringite 
(Fig. 2). Mass losses at temperatures of 430-470 °C correspond to the decomposition of portlandite. The 
end effect attributable to portlandite is most intense for the composition with 0.5 % glutaraldehyde. The 
subsequent end effect at higher temperatures corresponds to the decarbonization of calcite present in the 
anhydrous cement. 

 
Figure 2. TGA/DTG of cement paste with different 
glutardialdehyde content after 28 days hydration. 

As reported in [31, 32], A CO2 weight loss peak is observed at around 720 °C because of the 
presence of relatively coarse calcite in the anhydrous cement and a second weight loss peak may be 
present at 600 to 650 °C because of the presence of mono- or hemicarbonates and due to the carbonation 
of portlandite and possibly C-S-H. The peak above 800°C may be due to the decomposition of C-S-H to 
wollastonite [31]. 

The absence of a significant effect of glutaraldehyde on the phase formation processes of Portland 
cement is also confirmed by the results of x-ray phase analysis of hardened cement at the age of 28 days 
(Fig. 3). 
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Figure 3. X-ray diffraction patterns of hardened cement paste with different  

glutardialdehyde content after 28 days hydration (Standard cement chemistry notation  
is used. As per this simplified notation: C = CaO, A = Al2O3, F = Fe2O3 and S = SiO2). 

In all the studied samples, both control and glutaraldehyde, the following were noted: the remains of 
unreacted clinker minerals (alite, belite, calcium aluminate C3A and calcium aluminoferrite C4AF phases) 
and crystalline hydration products (ettringite, portlandite).  

When studying the kinetics of the set of compressive strength of a cement-sand mortar with 
glutaraldehyde, its significant influence is also not observed (Fig. 4). 

 
Figure 4. Compressive strength of hardened cement-sand mortar 

with different glutardialdehyde content. 
The use of an aldehyde solution at a concentration of 0.5 % leads to a slight increase in the strength 

of the system on the 28th day of hydration hardening compared with the control sample, and in a 
concentration of 1 % to a decrease.  

3.3. Effect of the biocide at antifungal effect 
After 14 days from the start of the experiment, the active growth of Aspergillusniger fungus on the 

surface of the nutrient medium in all Petri dishes can be noted. Moreover, spores, conidia, and mycelium 
are absent on the surface of the studied samples of Portland cement stone (Fig. 5). 
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I II 

  
а) 

  
b) 

Figure 5. Development of the Aspergillus niger test culture on a growth 
medium in the presence of a Portland cement stone sample: a – control,  

b – with glutaraldehyde (0.5 %): I – general view;  
II – shooting with a biological microscope (× 60 times). 

The cement system has a porous structure, which contributes to the growth of the microorganisms 
on the surface and in the volume of the material, and a high alkalinity in the early stages of hardening. 
Terms can reach several months before the onset of a high degree of carbonation during operation. 
However, despite these features of cement, the composition of cement impedes the growth of living 
organisms [26]. In this regard, a small zone of fungicidal activity is noted even around the control sample 
(Fig. 5 a). However, it can be noted that the use of glutaraldehyde increases the fungicidal zone around 
cement stone samples (Fig. 5, b). The data are confirmed by surveying the surface of the samples under a 
biological microscope (Fig. 5, II). 

On the surface of the control sample of cement-sand mortar based on Portland cement (Fig. 6, a), 
the significant development of Aspergillus niger fungus is noted. On a sample with glutaraldehyde  
(Fig. 6, b), only individual elements of the mycelium are present. This is probably due to a decrease in the 
total alkalinity of the samples due to a decrease in the mass percentage of the active component – cement 
– when adding a filler. The result is a decrease in the resistance of the material to the action of filamentous 
fungi [33]. 

When assessing the fouling of samples in points (Table 1), we can quantitatively note an increase in 
the fungal resistance of a sample with glutaraldehyde. In the case of the original cement stone and with the 
addition of glutaraldehyde, a fungistatic effect to Aspergillus niger fungus is observed: the inhibition zone 
increases significantly. In the case of a cement-sand mortar without additives, there is no fungicidal effect. 
The aldehyde-modified mortar retains fungicidal properties with a slight decrease in the zone of inhibition. 
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Figure 6. Antifungal effect of hardened cement-sand mortar (diameter 5 cm)  
with different glutardialdehyde content I – general view;  
II – shooting with a biological microscope (× 60 times). 

Table1. Biostability of cement stone and cement-sand mortar samples to Aspergillus niger. 

Sample Evaluation of fungi 
growth, points 

Inhibition zone, 
mm Material evaluation 

Сement stone 

Control sample 0 4 Fungicidal 

0.5 % 0 10 Fungicidal 

Сement-sand mortar 

Control sample 3 – 
Fungus-proof 

(no fungicidal effect) 

0.5 % 0 7 Fungicidal 

4. Conclusions 
A comprehensive analysis of the glutaraldehyde effect as a fungicidal additive on the composition 

and properties of the cement system was carried out. 

1. The effect of fungicidal additives on the heat release of cement paste during hydration in the first 
72 hours is established. In mixtures with glutaraldehyde, a delay in the achievement of main hydration peak 
is observed – by 30 minutes for 0.5 %, by 1 hour for 1 %. After 72 hours of hydration, a lower total amount 
of released heat of hydration is observed – for 0.5 and 1 % solutions by 6.8 and 5.8 %, respectively. 

2. Composition change leads to varying in strength: when using a 0.5 % aldehyde solution, the 
strength of the cement-sand mortar increases by 6.6% and 1% decreases by 14.5 %. 

3. An increase in the resistance of samples for Aspergillus niger fungus is shown. The use of a 
solution of glutaraldehyde (0.5 %) in the case of cement stone leads to an increase in the fungicidal zone. 
The introduction of the biocide into the composition of the cement-sand mortar provides a fungistatic effect: 
the development of the fungus on the surface of modified samples is not observed. 

Thus, the main effect of glutaraldehyde is to slow down hydration of the hydrating system by possible 
adsorption on the surface of cement particles and hydrated formations without a subsequent critical 
negative effect on the compressive strength of cement at early age. At the same time, a significant change 
in the mineral composition of cement stone is not observed, and the fungal resistance increases. On this 
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basis, a recommendation is proposed for the use of a 0.5 % solution of glutaraldehyde for the development 
of cement composite materials with bio-resistance. If it is necessary to use a 1 % solution (in environments 
with increased bioaggression), it is recommended to take into account a negative effect on the rate of 
increase in compressive strength and its final value. 
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Abstract. A mathematical model of dynamic stress-strain state of a multilayer half-space, and a method 
for constructing and adjusting the design bowl of dynamic deflections under shock loading were developed 
to solve the problem of determining the elastic moduli of layers of non-rigid road pavement at the stage of 
its operation. Using this method, the actual dynamic elastic moduli of pavement layer materials were 
determined for a test section of road. In conclusion, the development prospects of the presented method 
are discussed as a result of analysis of amplitude-time characteristics of displacements recorded on road 
pavement surface under shock loading. 

1. Introduction 
Diagnostics of roads is one of the most technologically advanced and rapidly developing sectors of 

the road industry. An important task to be solved at the stage of road operation is adoption of rational repair 
measures to ensure the estimated service life of non-rigid road pavements. To solve this problem, one 
needs information on the actual state of both the pavement as a whole, and its individual layers. 

In-depth experimental studies of stress-strain states of non-rigid road pavements and their 
temperature and moisture operation modes were carried out in the works of B.B. Teltayev [1, 2]. The results 
of these works made it possible to directly determine the actual values of stresses and strains at critical 
points of pavement structure. 

In [3–6], the theoretical foundations of backcalculation method for elastic moduli of non-rigid road 
pavement layers are presented. It combines instrumental measurements for recording elastic deflection 
bowls on surfaces of road structures and mathematical modeling for construction of design deflection bowls 
on surfaces of non-rigid roads pavements. 

The works [7–11] consider the advantages and disadvantages of mathematical models, which are 
basis of software systems for construction of deflection bowls. It is noted that for the most part, they all 
solve the problem of determining the stress-strain state (SSS) in a multilayer half-space under a load 
uniformly distributed over a circular plate. Solutions for determining the dynamic SSS of road pavements 
are rarely implemented despite their obvious advantages, in particular, the possibility of taking into account 
the different time of dynamic load impact and the nature of dynamic impact pulse from various shock loading 
installations. 

In [12–20], the authors analyze software systems for backcalculation of elastic moduli of structural 
layers of non-rigid road pavements. They consider the Evercalc, Wesdef, Julea software which are 
universal systems (not associated with specific installations), and Elmod, Primax software, which are 
specialized systems, i.e. supplied with shock loading systems FWD (falling weight deflectometer) Dynatest 
and PRIMAX. However, all software systems are mainly based on static models of stress-strain state of the 
multilayer half-space, which does not correspond to the actual test conditions. Moreover, the shock loading 
installations are of great diversity, they vary significantly in the impulse time of impact on the pavement, 

https://creativecommons.org/licenses/by-nc/4.0/
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and in the parameters of the fall height and the load mass. Another point is perspectivity of the approach, 
which takes into account the viscoelastic behavior of materials when determining the elastic moduli of the 
road structure layers. So, development of a method for determining the elastic moduli of layers of non-rigid 
road pavements, based on application of SSS dynamic model of a multilayer half-space, is of current 
interest. 

To achieve this goal, it is necessary to solve the following tasks: 

− To develop an algorithm for constructing and adjusting the design deflection bowls relative to the 
experimental ones recorded by shock loading installations in the field conditions; 

− To test the proposed method for determining the elastic moduli of layers of non-rigid road 
pavements for the operated section of road; 

− To recommend additional indicators characterizing the structural properties of layers of road 
pavements. 

2. Methods 
The methods considered in this work are solutions and algorithms obtained by the authors and 

embedded in the AEM software package. The process of determining the elastic moduli of structural layers 
of non-rigid road pavements can be represented in the form of a diagram (Fig. 1). The FWD shock loading 
unit used at the first stage is a semi-trailer with a shock loading mechanism mounted on it with  
5–10 geophone sensors, as a rule. The geophones placement scheme has various configurations. The 
most common scheme is when geophone sensors are spaced at intervals of 30 cm at a distance from the 
shock loading point. Under the shock impact at the FWD unit, the impact of the calculated load from the 
vehicle wheel on the pavement surface is simulated. At the same time the deflection bowl on the pavement 
surface is recorded by geophone sensors. 

Stage I – Experimental registration of dynamic 
deflection bowl of a road structure 

Stage II – Calculation of dynamic deflection 
bowl of a road structure 

  
Stage III – Determination of elastic moduli of layers of road structure  

at the current operation stage 

 
Figure 1. Method for calculation the elastic moduli of structural layers  

of non-rigid road pavements at the operational stage. 
The mathematical model is based on the solution of problem of determining the dynamic SSS of a 

multilayer half-space under a shock load. The proposed algorithm for solving this problem is based on the 

https://www.google.ru/url?sa=i&url=https://www.sciencedirect.com/science/article/pii/S095006181731365X&psig=AOvVaw34z8VxfrpZxZJG4E6Hj3oq&ust=1597255028937000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCOjLt_Pck-sCFQAAAAAdAAAAABAp
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works of I.I. Vorovich, V.A. Babeshko, A.N. Belokon, E.V. Glushkov, M.G. Seleznev, S.K. Iliopolov,  
H. Grundmann, J. Prozzi, M. Schanz et al. [21–27]. The statement of the problem is written as follows. 

Road pavements is a N -layer elastic half-space NDDDD ∪∪∪= ...21 , described in cylindrical 

coordinate system ( , , )R zθ  as (Fig. 2): 

( ) ( ){ }1 0, , 0, 2 , 0D R z= ∈ +∞ θ∈ π <  

is a half-space; ( ) ( ){ }1 1
1

0, , 0, 2 , ( , ) , ); ( 0j j j j i

j

i
D R z z z z h h−

=
= ∈ +∞ θ∈ π ∈ = =∑  is the j-th 

layer (j = 2,...,N).  

The elastic properties of media in , 0,1,...,jD j N=  are determined by density jρ  elastic modulus
 
 

jE  Poisson’s ratio jν  expressed in terms of Lame parameters j j,λ µ .
 

 

Figure 2. Multilayer half-space in a cylindrical coordinate system. 
The displacement of medium under the action of an impact load is described by dynamic Lame 

equations. The viscous properties of layers are taken into account by introducing the tangents of loss angles 
of longitudinal and transverse waves, when determining the reduced vibration frequencies. 

2
1( ) ( ) 2 ( )

12
2

( ) ( ) ( ) 0,jj j j
j

j

θ
∇∇⋅ − ∇×∇× + θ =

θ
u r u r u r  (1)

 

2 2 2 2 2 2
1 2/ , /j Pj j SjV Vθ = ω θ = ω  

are the reduced vibration frequencies, 

( )2 ,Pj j j j Sj j jV V= λ + µ ρ = µ ρ  are the velocities of longitudinal and transverse waves 

propagations in the j -th medium.  

The solution to this system of equations is the Hankel integral transformation in the form: 

( , )( , )( , )
2

1
( , ) ( ) ( , ) ( )

j nj nj N
k

nГ

J uR u z u udu

+
=

ω = ⋅∑∫U R P X  (2) 

where kJ  is Bessel function; 

( , )j nP  is the core of the integral representation for a multilayer half-space; 

( , )j n
X  are the Hankel transforms for voltage at the boundaries of layers (n = 1,2), determined from 

the boundary conditions. 
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Figure 3. Frequency response of displacement of surface points of a road structure. 

A solution is constructed for each characteristic frequency kω  (Fig. 3) calculated as: 

 / ( )k k Tω = π + τ  (3) 

where T is the time of observation over the deformation of the road structure surface under shock loading, 
selected from the damping conditions of the previous pulse, s. 

τ  is the duration of the loading pulse, s; 

k is the amount of decomposition harmonics, determined from conditions of accuracy for shock 
loading pulse approximation P(t). 

The multiple layers of medium are taken into account via the superposition principle. It implies the 
replacement of variables for a homogeneous half-space by variables of the j-th layer in the equation, and 
the components of displacement vectors at the boundaries of the road pavement layers are set equal. 

The amplitude-time characteristics (ATC) of displacements (Fig. 4) at given points on the pavement 
surface are calculated using the formula 

{ }( )

1
( , ) cos Im ( , ) exp( ) sin Re ( , ) exp( )N N N

k k k k k kk
M

k
t p i t i t

=
   = − η ω − ω + η ω − ω   ∑U R U R U R  (4) 

for all observation points on the surface of a multilayer half-space. Here pk are the coefficients of the shock 
loading pulse P(t) expansion into the Fourier series, calculated by the formula: 

0
sin( ) ( )k k kp t P t dt

τ
= ω +η∫  (5) 

0.5 / ( ),k T Tkη = ⋅ ⋅π ⋅ + τ  
 

(6) 

and ( )Re( ( , )N
kωU R , ( )Im( ( , )N

kωU R are the real and imaginary parts of the vertical displacement 

vector at given frequencies kω .  

 
Figure 4. The amplitude-time characteristics of displacements. 



Magazine of Civil Engineering, 103(3), 2021 

Tiraturyan, A.N., Uglova, E.V., Nikolenko, D.A., Nikolenko, M.A. 

The final stage of construction the calculated bowl of maximum dynamic deflections is to select the 

maximum amplitudes of vertical displacements of the medium surface points max )(N)U (R,tzt
. It is selected 

within the studied time interval for each of the observation points set on the road structure surface. Further 
these values are put on the final plot of dynamic deflection bowl (Fig. 5). 

 
Figure 5. The calculated bowl of dynamic deflections of road pavement. 

The resulting calculated bowl of maximum dynamic deflections is constructed for the design values 
of the elastic moduli of the structural layers of the road pavement. Further it is corrected taking into account 
the experimental bowl of dynamic deflections recorded in field conditions. The inflection points on the graph 
show the locations of geophone sensors, in accordance with the setup configuration selected for testing. 

To integrate the software package with FWD impact loading installations, a batch mode was 
developed. It allows exporting data on the actual deflection bowls recorded during impact loading from the 
output file of the installation software in *.fwd format.  

The method of adjusting the calculated deflection bowl relatively to the experimental one is 
implemented in the form of a first-order method for an iterative process that includes the following sequence 
of actions: 

1. One numerically finds 

( ) ( ) ( ) ( )( )0 0 0 0
1 2 3, , ,

, 1, 2,3
y k

j

U x E E E
j

E

∂
=

∂
, according to the calculated bowl 

of maximum dynamic deflections for the design values ( )0
j jE E= . 

2. These values are compared with those obtained from processing of experimental data. Based on 

this comparison, one identifies the points ( )0
kx x=  at which their maximum divergence takes place. The 

number of points should coincide with the number of defined parameters (in this case 1,2,3k = ). 

3. The main terms of expansion of the left side of equation (1) – the calculated bowl of maximum 
dynamic deflections – are determined in increments of unknown parameters. 

 
( ) ( ) ( )( )

( ) ( ) ( )( )
( )

0 0 0
1 2 30 0 0

1 2 3 0

3

1

, , ,
,

y
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∂
+ ∆

∂
∑  (7) 

This expression in nodes kx x=  must be equal to the experimentally obtained maximum dynamic 
deflections in the corresponding points. As a result one gets the following system of linear algebraic 
equations for jE∆  determination. 

 ( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( ) ( ) ( )( )

0 0 0 0
1 2 3 0 0 0 0

1 2 30

3

1

, , ,
, , , , 1, 2,3.

y k
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U x E E E
E x U x E E E k

E=

∂
∆ = ϕ − =

∂
∑  (8) 
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Using values jE∆  
obtained as a result of solving the system, one obtains the first approximation of 

the desired elasticity models 

 ( ) ( )1 0
jj jE E E= + ∆ , (9) 

4. The bowl of maximum dynamic deflections is calculated for the obtained values of ( )1
jE , and the 

procedures 1-3 are repeated until the required accuracy is achieved. 

To compare the results obtained by the presented mathematical model using the software package 
that implements it, we used the engineering approach presented in the draft of the Belarusian normative 
document TKP 140 “Roads. Diagnostic procedure”. This document makes it possible to calculate the elastic 
moduli of layers of road pavements based on deflection bowls recorded in the field conditions. The elastic 
modulus of the asphalt-concrete (a-c) layer is defined as: 

 ( )
0.3

total base
a c

D E EE
h−
−

= , (9) 

where h is the thickness of an assembly of asphalt-concrete layers, cm; 

totalE  is the total elastic modulus of the surface of road pavements, MPa; 

baseE  is the total elastic modulus of the base layer surface, MPa; 

D is the diameter of the calculated wheel print, cm. 

The elastic modulus of the base layer surface is: 

 
base totalE K E= ⋅ , (10) 

К is the coefficient considering the thickness of asphalt-concrete layers and the ratio of deflections 
under geophones 2-4. 

The elastic modulus of subgrade soil is calculated using deflections recorded by the sensors 4-9 of 
the shock loading installation  

 2 2

. .(4 9)
st(4-9)

(1 )
4s s

p DE
r l−

⋅ ⋅ −µ
=

⋅ ⋅
, (11) 

(4-9)stl  are the static deflections recorded by the sensors 4-9; 

D-diameter of load circle; 

r  is the distance from the center of load application to geophones 4-9, 

P is the pressure on the surface, kPa. 

3. Results and Discussion  
To assess the adequacy of results obtained by this method, the elastic moduli of road pavement 

layers calculated using the AEM software package were compared with that calculated by the Belarusian 
technique described in Belarusian normative document TKP 140 “Roads. Diagnostic procedure”. The 
comparison was carried out for a section of the 3rd category road in the Rostov region. This road section 
was completed by major repairs in 2017. The construction of road pavements on this site includes two 
layers of asphalt-concrete with a total thickness of 12 cm, and an incoherent base layer with a thickness of 
35 cm. The surface temperature during testing was 8 °C. The FWD PRIMAX 1500 impact loading apparatus 
was used to register experimental elastic deflection bowls [20]. 

The determined actual elastic moduli using both methods are presented in Fig. 6. 
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The determined actual elastic moduli of road pavement layers 
in forward direction in backward direction 

  

  

  
Figure 6. The actual elastic moduli of road pavement layers calculated using  

the AEM software package and according to the TKP-140 technique. 
The plots show that elastic moduli of road pavement layers calculated using the AEM software 

package and using the technique described in TKP 140, are generally described by a common pattern of 
changes along the length of the examined section of road. We believe it confirms the adequacy of the used 
bowl processing algorithms. 

At the same time, differences in the absolute values of actual elastic moduli of individual layers of 
road pavements are obvious. The dynamic elastic moduli of the asphalt-concrete layer calculated in the 
software package significantly exceed that obtained using the TKP 140 method [28]. The latter is based on 
reduction of the calculated elastic moduli of pavement layers to static values at the design temperature of 
10 °C. The character of this phenomenon is known and is associated with the fact that the modulus of 
elasticity of asphalt concrete depends on temperature and frequency, which was noted in many works [29, 
30]. The elastic moduli of layers of the unreinforced base and subgrade soil, determined both by the  
TKP-140 methodology and calculated using the AEM software package, are quite close to each other. 
Nevertheless, it should be emphasized that layers of non-cohesive materials operate in conditions of all-
side compression, and the layer elastic modulus is essentially non-linear along their depth. Currently, there 
exist methods for taking into account the nonlinearity of elastic modulus of a granular material. However, 
they all imply the division of one layer of a non-cohesive material into a number of sublayers, and the elastic 
modulus is calculated within each of them taking into account octahedral stresses. This problem is relatively 
easy to solve at the stage of designing road pavement, but it is quite complex in terms of configuration of 
these sublayers at the stage of pavement operation. Now the authors are working to improve the proposed 
algorithm. 
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The field results should be refined from the standpoint of assessing the structural properties of 
individual layers of road pavements. It can be made based on analysis of the amplitude-time characteristics 
(ATC) of displacements recorded under shock loading. To confirm this conclusion, we examined the ATC 
displacements on the surface of road pavements. As test systems we used a new section of road without 
defects, and a road section with critical defects on the asphalt-concrete pavement, which has been in 
operation for 6 years (Fig. 7, 8). 

 
Figure 7. The amplitude-time characteristic of displacements recorded under  

a shock impact on the pavement surface without defects. 

 
Figure 8. The amplitude-time characteristic of displacements recorded under  

a shock impact on the pavement surface with defects. 
As it can be seen from the plots, the time delay between the extrema of amplitude-time characteristics 

of displacements on a road section with defects significantly exceeds the time delay between peaks of ATC 
displacements recorded on pavements without defects. 

It is possible to quantitatively characterize the obtained results by calculating the damping 
coefficients of individual layers of road pavements using formulas: 

 

2 2(2 )

δ
ζ =

π + δ
, 

 

 11

2
ln A t

A
−δ = ⋅∆ , 

 

where δ  is the damping logarithmic decrement; 

1A , 2A  are the extrema of amplitude-time characteristics of displacements recorded in field 
conditions; 

t∆  is the delay time between the extrema of amplitude-time characteristic recorded by individual 
sensors.  

We presented the results of numerical modeling in [31]. It showed that the greatest influence on 
change in time delay in the zone closest to the impact point (0–0.25 m) is associated with a change in 
mechanical parameters of the asphalt-concrete layers. The changes in time delay in the middle and in the 
far zones relative to the impact point are mainly associated with mechanical characteristics of layers of 
base and subgrade soil, respectively. Thus, the data recording and determination of mechanical 
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characteristics, taking into account analysis of the amplitude-time characteristics of displacements recorded 
under shock loading, are an urgent task requiring further detailed study. 

4. Conclusion 
1. A mathematical model of dynamic stress-strain state of a multilayer half-space in an axisymmetric 

setting has been developed. It allows constructing design bowls of elastic deflections on the surface of non-
rigid road pavements, for installations with various parameters of impact loading; 

2. The developed method was tested in the field conditions on a section of the M-4 DON highway. 
The developed mathematical model was used as a base for AEM software package creating. The elastic 
moduli of road pavement layers were calculated using the AEM software package created by the authors 
and they were compared with that calculated by the Belarusian technique described in normative document 
TKP 140. It was established that the obtained results are generally described by a common pattern of 
changes along the length of the examined section of road. We believe it confirms the adequacy of the used 
bowl processing algorithms.  

3. The damping coefficient is proposed to use as an additional indicator characterizing the structural 
state of road pavement layers. It is calculated based on the ratio of amplitudes between the extrema of the 
amplitude-time characteristics and the time delay between them. For the asphalt concrete layers it is 
calculated in the zone near to the impact point (0–0.25 m), for the base layers (0.25–1.25 m.) it is calculated 
in the middle zone, for the soil subgrade it is calculated in the far zone (1.25–2.25 m). These results were 
obtained using mechanical and mathematical modeling, the results of which are presented in [31]. Within 
the framework of the presented task, the obtained results can be used to further improve the presented 
approach with regard to determine the actual elastic moduli of the road pavement layers, as well as the 
actual damping coefficients. 
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Abstract. Carbon Fiber Reinforced Polymer (CFRP) sheets have been widely used in strengthening 
different concrete elements such as beams, slabs, and columns. This sparked the interest of many 
researchers to conduct research on CFRP sheets; to have a better understanding for their behavior. This 
paper studied numerically the effect of using CFRP as a strengthening technique for Reinforced Concrete 
(RC) beams subjected to blast loading. A previous experimental investigation done by a Chinese 
researchers was considered in this study as a reference, and was modeled numerically (using ABAQUS) 
for this study. The model was then calibrated in order to conduct the numerical analysis on the effect of 
CFRP. Three different configurations of CFRP were considered: bottom CFRP strips for flexural 
strengthening, diagonal side strips for shear strengthening, and U-shaped strips for both shear and flexural 
strengthening. The variables considered in this study were; the mid-span deflection, strain in steel 
reinforcement and structural damage in both beams and CFRP sheets. Results showed that using CFRP 
in the bottom tensile face of RC beams helps in absorbing blast energy. In addition, using CFRP has shown 
a reduction in the tensile strain of the beam reinforcements. 

1. Introduction 
Temsah [1, 2] and Jahami [3] have studied numerically the effect of impact loads due to close 

explosions on the behavior of reinforced concrete beams. The effect of impact loading condition on both 
concrete and steel reinforcement material properties was considered. It was found that reinforced concrete 
beams failed locally due to plastic hinge formation. A spalling of concrete was realized at the tension zone 
in addition to the crushing of concrete at the compression zone. In addition, Iso – damage curves were 
derived for all beams considered in the study. Other researchers studied numerically the behavior of 
structural element when subjected to direct impact due to falling objects. These studies included impact of 
falling object on reinforced concrete beams [4, 5], and on post-tensioned slabs [6–8]. The behavior of these 
structural elements and its modes of failure were presented. It was shown that a local failure occurred in 
both studies: a plastic hinge occurred in the reinforced concrete beam, and a punching shear failure 
occurred in the posttensioned slab at the position of the falling object.  

Many researchers [9–13] studied the usage of Carbon fiber Reinforced Polymers (CFRP) sheets in 
strengthening reinforced concrete beams. Kishore [14] investigated the effect of using CFRP sheets on the 
flexural and shear capacity of RC beams. The main variables considered in this study were the 
reinforcement ratio (flexural and shear) and the position of CFRP sheets. Results indicated that beams 
strengthened by CFRP laminates were structurally efficient. It was concluded that using CFRP sheets 
increases the flexural and shear capacity of RC beams by 40 % and 45 % respectively.  

Other researchers investigated the behavior of RC beams strengthened with CFRP under impact 
loading conditions [15–19]. Fujikake [20] examined the impact responses of CFRP strengthened reinforced 
concrete (RC) beams experimentally. The studied parameters were; the height of the falling object, the 
number of blows, and the CFRP scheme. Four different types of CFRP strengthening schemes were 
applied to RC beams. This experimental study proved that RC beams strengthened with CFRP have better 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/


Magazine of Civil Engineering, 103(3), 2021 

Jahami, A., Temsah, Y., Khatib, J., Baalbaki, O., Kenai, S. 

resistance to impact loadings. In addition, by strengthening RC beams with CFRP in flexure, crack width 
was decreased compared to unstrengthen RC beams. 

Some studies regarding strengthening techniques for posttensioned slabs subjected to punching 
shear failure due to direct impact load from a falling object were done. One of them studied the efficiency 
of using Carbon fiber reinforced polymers “CFRP” to reduce punching shear damage in posttensioned slabs 
due to impact loads [21]. It was found that using CFRP reduced the mid-span displacement of reinforced 
concrete slabs when subjected to impact loads. A drop between 15% to 30% was obtained when using this 
strengthening technique. In addition, more energy was dissipated using CFRP as internal energy. The 
CFRP sheets proved to be good in absorbing impacts and energy from different loads. It reduced the tensile 
damage occurred in concrete due to the increase in energy absorption. Similar studies were performed for 
the same strengthening technique and reached the same conclusions [22, 23]. 

This work demonstrates the efficiency of using different CFRP sheet configurations on the structural 
behavior of reinforced concrete beams subjected to blast loading. Both flexural and shear stresses and 
strains were checked due to different configurations. Also the damage at both top and bottom faces were 
checked too. 

2. Methods 
2.1. Experimental data 

The input data used in this numerical study were obtained from the experimental work done by Zhang 
[24] at National University of Defense Technology. The beams studied in this work had dimensions of 
85 cm×7.5 cm×7.5 cm, 110 cm×10 cm×10 cm, and 135 cm×12.5 cm×12.5 cm. However, in this numerical 
study, the beams with dimensions 110 cm×10 cm×10 cm were considered. All steel reinforcements have 
diameter of 6 mm as shown in Fig. 1. Four different explosive weights were considered, each was placed 
over the center of the reinforced concrete (RC) beam. A steel frame was used to support the reinforced 
concrete beam. The experimental setup and details are shown in Fig. 1, while the experimental program is 
summarized in Table 1. As for material strength, the concrete compressive strength was 40 MPa, while the 
steel yield and ultimate strength were 395 MPa and 501 MPa respectively. 

 
Figure 1. Experimental setup [24]. 

Table 1. Number and Dimensions of beams. 

Beam Dimensions (mm) TNT (Kg) Standoff distance (m) 

B2-1 

100×100×1100 

0.36 0.4 

B2-2 0.45 0.4 

B2-3 0.51 0.4 

B2-4 0.75 0.4 
 

2.2. Numerical Modeling 
As indicated earlier that the data used in the computer simulation were those of Zhang’s experiment 

[24]. The software used for this purpose was "ABAQUS”. The concrete body and steel supports were 
modelled as solid elements (C3D8R), whereas steel rebars were modelled as wire elements (T3D2) as 
shown in Fig. 2 and 3 [25]. As for blast loading, ABAQUS built-in model "CONWEP" was used to simulate 
the explosion, and that was achieved easily by assigning an equivalent TNT explosive to a reference point 
set at a distance from the target. 
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Figure 2. 3D view of beam modelled in ABAQUS. 

 
Figure 3. Flexural and Shear reinforcement modelling. 

The Concrete Damage Plasticity (CDP) model was used to define the mechanical properties of 
concrete. This model was derived by Lubliner [26] and developed by Lee [27]. CDP model represents the 
nonlinear behaviour of concrete using different input parameters like inelastic strain, cracking strain, 
stiffness degradation and recovery, and other parameters. In addition, the effect of dynamic load conditions 
on concrete properties was included as per the study done by Jahami [3]. Equations 1 to 5 show the 
formulas used to determine the dynamic properties of concrete: 
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Where “ cε ′ ” is the compressive strain rate in concrete, “fcm” is the static compressive strength of 

concrete, “fcd” is the dynamic compressive strength of concrete, “ ctε ′ ” is the tensile strain rate in concrete, 
“fctm” is the static tensile strength of concrete, “fctd” is the dynamic tensile strength of concrete, “Ecm” is the 
static elastic modulus of concrete in compression, “Ecd” is the dynamic elastic modulus of concrete in 
compression, “Ectm” is the static elastic modulus of concrete in tension, “Ectd” is the dynamic elastic modulus 
of concrete in tension, “ cmε ” is the static compressive strain at maximum compressive stress, and “ cdε ” 
is the dynamic strain at maximum compressive stress. Concrete mechanical properties for both static and 
dynamic load conditions are shown below in Table 2: 
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Table 2. Mechanical Properties of Concrete. 
Parameter Notation Static Condition Dynamic condition 

Elastic Modulus (MPa) E 29725 46341 

Poisson's ratio υ 0.2 0.2 

Density (Kg/m3) ρ 2400 2400 

Compressive strength (MPa) f'c 40 56.8 

Peak Compressive strain (mm/m) έc 2.3 3.2 

Tensile Strength (MPa) ft 3.86 5.48 

Dilation angle (⁰) ψ 36 36 

Eccentricity ɛ 0.1 0.1 

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

Second stress invariant ratio K 0.67 0.67 

Viscosity parameter μ 0 0 
 
As for the reinforcing steel, the Elasto-Plastic behaviour was implemented in this study [3], and a 

perfect bond was considered between the rebars and the surrounding concrete. Regarding the contact 
between the steel supports and the concrete slab, a frictional coefficient of 0.7 was considered. Equations 
6 and 7 were used to determine the dynamic yield and ultimate strength of steel rebars.  
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Where “ sε ′ ” is the strain rate in steel, “fy” is the static yield strength of steel, and “fyd” is the dynamic 
yield strength of steel. “fu” is the static ultimate strength of steel, and “fud” is the dynamic ultimate strength 
of steel. The steel material property details used in this study are illustrated in Table 3. 

Table 3. Mechanical Properties of Steel reinforcement. 
Parameter Notation Static Condition Dynamic condition 

Elastic Modulus (MPa) E 200000 200000 

Poisson's ratio υ 0.3 0.3 

Density (Kg/m3) ρ 7850 7850 

Yield strength (MPa) fy 395 590 

Ultimate strength (MPa) fu 501 620 

2.3. Model Calibration 
The numerical model was successfully validated and matched with the experimental work. Table 4 

represents the mid-span deflection results. All cases were validated with an average error of 6 %. Mid-span 
deflection curves due to numerical modeling for all beams are shown in Fig. 4. The peak deflection was 
increased as the blast intensity increased. 

Table 4. Mid-Span Deflection for experimental, SDOF, and Finite element modeling analysis. 

Beam 
TNT 
(Kg) 

Standoff distance 
(m) 

Mid-Span Deflection (mm) 
Error (%) 

Experimental ABAQUS 
B2-1 0.36 0.4 9 8.8 2.22 
B2-2 0.45 0.4 25 23.5 6 
B2-3 0.51 0.4 35 32.1 8.29 
B2-4 0.75 0.4 40 36.3 9.25 
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Figure 4. Mid-Span Deflection (ABAQUS Results). 

The width of both tensile and compressive damage zones was also considered in the validation 
process. Table 5 shows the damage zone width for both experimental and numerical modeling. Fig. 5 to 8 
show the damage extent for beams B2-2 and B2-4 due to blast loading, both at bottom (tension) and top 
(compression) face. For both beams, the damaged area in compression is larger than that in tension. 

Table 5. Top and Bottom Damage. 

Beam Sample 

Compression Fracture Zone 
Width (cm) 

Tensile Fracture Zone 
Width (cm) 

Experiment ABAQUS Error % Experiment ABAQUS Error % 

B2-1 0 0 0 0 0 0 

B2-2 8 6 25 7 5.9 15.8 

B2-3 10 9 10 12 10.8 10.4 

B2-4 12 10.3 14.6 15 13.8 8.3 

 

 
Figure 5. Compression Damage (B2-2). 

 
Figure 6. Tensile Damage (B2-2). 

 
Figure 7. Compression Damage (B2-4). 

 
Figure 8. Tensile Damage (B2-4). 

2.4. Strengthening Plan 
After calibration, beam (B2-2) was studied numerically in order to check the efficiency of deferent 

applications of CFRP sheets on the mentioned beam. Four cases were considered. The first case was the 
beam (B0) which represent the beam (B2-2) without any strengthening. The second case was the beam 
(B1) which was strengthened by 2 bottom strips of CFRP each with 3.5 cm width and 90 cm length. Both 
strips were placed in a symmetric way as shown in Figure 9. The third case was the beam (B2) which was 
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strengthened with U-shape strips each with a width of 5 cm as shown in Fig. 10. Finally, the fourth case 
was the beam (B3) that was strengthened by diagonal strips each with 5 cm width as can be seen from 
Fig. 11. The properties of the used CFRP are illustrated in Table 6: 

Table 6. Mechanical properties of CFRP sheets used strengthening. 
Parameter Notation Value 

Modulus of Elasticity E 74.7 GPa 

Tensile strength Ft 933 MPa 

Maximum strain ∈𝑡𝑡 1.25% 

 

 
Figure 9. The bottom face of beam (B1) strengthened with bottom strips. 

 
Figure 10. Beam (B2) strengthened with U-Strip. 

 
Figure 11. Beam (B3) strengthened with diagonal strip. 

3. Results and Discussion 
3.1. Mid-Span deflection 

It can be shown from Figure 12 that the beam strengthened with bottom strip “B1” had a less mid-
span deflection than the unstrengthen beam “B0”, with a reduction percentage of 23 %. Similarly, the beam 
strengthened with U shape strip had a similar mid-span deflection value as beam B1, but with a less 
reduction percentage (around 21 %). These reductions are due to the high tensile strength of the CFRP 
sheets that helps in dissipating the energy from blast loading. These are similar to the findings reached by 
previous studies [17, 19]. On the other side, the beam strengthened with diagonal strips near supports (B3) 
experienced an increasing in the mid-span deflection as shown in Fig. 12. This is logical since diagonal 
strips will not affect the flexural behavior of RC beams; it is expected to affect the shear response of the 
beam. More details about mid-span deflection results are presented in Table 7. 

 
Figure 12. Mid-Span deflection for all beams. 
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3.2. Reinforcement strain 
Using CFRP as strengthening techniques affects the strain in steel reinforcement depending on its 

position. For the beam strengthened with bottom strip “B1”, it can be clearly seen from Fig. 13 that the strain 
in steel reinforcement was reduced. The reduction was about 16.6 % as shown in Table 7. Also for the 
beams strengthened with U-shape strip and diagonal strip a similar behavior realized (around 16.1 % 
reduction for “B2” and 18.2 % for “B3”). This is similar to the bottom rebar strain findings by [16, 23]. This 
is from the high tensile strength of the CFRP sheets that resist a part of the tensile stresses resulted from 
the blast load. 

As for strain at compression steel the behavior is different. According to Fig. 14, the strain at 
compression reinforcement for the beam strengthened with bottom strips “B1” was increased by 65.8 %. 
This is because the strengthened section is resisting the blast load without failing, and that requires from it 
more resistance, which mean on other words more stresses at tension and compression. A similar behavior 
was realized for the beam strengthened with diagonal strips “B3”, where the strain at compression 
reinforcement was increased by 30.5 %. The reason for this reduction is the same as for beam “B1” (the 
increasing in section strength). On the other side, beam “B2” that was strengthened with U-shape strips 
experienced a reduction in strain at compression reinforcement (around 60 %). This is due to the high 
confinement from the U-shape that makes the CFRP works at compression zone and drag some of the 
compression stresses from the compression reinforcement. More strain results are shown in Table 7. 

Regarding strain at shear reinforcement, it can be concluded from Fig. 15 that both beams (B2) 
strengthened with U-shape strips and (B3) strengthened with diagonal strip experienced a reduction in 
strain at shear reinforcement stirrups near supports. This is due to the contribution of the U-shape and the 
diagonal CFRP sheets that have great contribution in resisting shear stress near supports. As for the beam 
strengthened with bottom strips (B1), the strain in shear reinforcement remains similar to that for the 
unstrengthen beam; since it works only in bottom tensile zone and had no contribution at shear zone near 
supports. Shear strain results for all beams are shown in Table 7. 

 
Figure 13. Tensile reinforcement strain. 

 
Figure 14. Compressive reinforcement strain. 

Negative sign=compression 
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Figure 15. Shear reinforcement strain.  

Table 7. Mid-span deflection, tensile strain, compressive strain, and shear strain results for 
all beams. 

Beam 
Mid-Span 
deflection 
“d” (mm) 

Ratio  

(d1,2,3 /d0) 

Tensile 
reinforcement 

strain “ԑt” 

Ratio 

(ԑt1,2,3 / 
ԑt0) 

Compressive 
reinforcement 

strain “ԑc” 

Ratio 

(ԑc1,2,3 / 
ԑc0) 

Shear 
reinforcement 

strain “ԑs” 

Ratio 

(ԑs1,2,3 / 
ԑs0) 

B0 23.5 - 0.00230 - 0.014 - 0.00017 - 
B1 18.0 0.77 0.00192 0.83 0.023 1.66 0.00020 1.18 
B2 18.5 0.79 0.00193 0.84 0.006 0.40 0.00011 0.65 
B3 26.0 1.10 0.00188 0.82 0.019 1.35 0.00009 0.53 

 

3.3. Structural damage 
The tensile damage at bottom face for each beam is shown in Fig. 16 to 19. The un-strengthened 

beam experienced a tensile damaged zone with a width of 5.9 cm according to Fig. 6 and Table 5. This 
damage is due to plastic hinge formation at the middle of the beam and that may lead at some point to a 
total collapse of the beam due to un-stability. Although using CFRP in the beam with bottom strip “B1” has 
reduced the deflection and the strain at bottom steel reinforcement, it has increased the tensile damage at 
the bottom zone due to the shear failure between the CFRP sheet and the concrete bottom surface. As for 
the beams with U-shape strips “B2” and diagonal strips “B3”, the tensile damage was not as concentrated 
as the beam “B1” since the CFRP surface was not fully attached to the concrete bottom surface. However, 
it still has less damage than the reference beam (two major cracks each has a width of nearly 1.5 cm). 

 
Figure 16. Bottom face damage for beam B0. 

 
Figure 17. Bottom face damage for beam B1. 
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Figure 18. Bottom face damage for beam B2. 

 
Figure 19. Bottom face damage for beam B3. 

Fig. 20 to 23 show the compression damage in all beams. It can be seen that using CFRF sheets in 
deferent forms increased the compression damage at the beam top face. This is due to the bending 
resistance provided by the CFRP sheets that leads to a stress concentration in both tension and 
compression and as a results a more damage occurred at the top face. Both damage results (top and 
bottom) were similar to many previous researches [16, 17, 19, 23]. 

 
Figure 20. Top face damage for beam B0. 

 
Figure 21. Top face damage for beam B1. 

 
Figure 22. Top face damage for beam B2. 

 
Figure 23. Top face damage for beam B3. 

Tensile stresses in CFRP sheets are represented in Fig. 24 to 29. Fig. 24 shows the tensile stress in 
the CFRP used in the beam strengthened with bottom strip. The maximum stress was at the middle of the 
strip since the maximum moment was at the beam mid-span. It can be concluded that the CFRP did not 
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reach its tensile capacity. Fig. 25 shows the position of the maximum axial stress in the CFRP sheet. 
Similarly, the stresses in CFRP sheets in the strengthened beams with U-shape didn’t reach the tensile 
capacity as shown in Figure 26 The critical strips lied at the mid-span of the strengthened beam as in 
Fig. 27. This also applies for the beam strengthened with diagonal strip where the critical strip lies near the 
support (Figure 28 and 29). 

 
Figure 24. Tension stress in CFRP for beam B1.  

 
Figure 25. Position of maximum CFRP tension stress for beam B1.  

 
Figure 26. Tension stress in CFRP for beam B2. 

 
Figure 27. Position of maximum CFRP tension stress for beam B2. 
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Figure 28. Tension stress in CFRP for beam B3. 

 
Figure 29. Position of maximum CFRP tensile stress for beam B3.  

4. Conclusion 
The following conclusions can be made: 

− Using CFRP in the bottom tensile face of RC beams helped in absorbing blast energy. This led 
to the reduction of the mid-span deflection for beams strengthened with bottom strips and  
U-shaped strips, with a better performance for the bottom strips (23 % reduction for bottom strips 
compared to 21 % for the U-shaped strips). As for the beam strengthened with diagonal strips 
this was not efficient as expected since the diagonal strips will act against shear stresses.  

− Regarding steel reinforcement in tensile zone, using CFRP led to a reduction in the tensile strain 
in flexural reinforcement in all cases. The reduction was similar in all cases. On the other side, 
using CFRP in U-shapes was proved to confine the beam, which leads into a reduction in the 
compression steel strain too. This was not the case for beams with other strengthening 
techniques. As for shear reinforcement the best system was both diagonal and the U-shaped 
strips; since they both have vertical layers that resist the shear stresses. In contrast, the beam 
strengthened with bottom strips had no effect nearly on the shear reinforcement, which is logic 
too. 

− Although using CFRP helped in dissipating blast energy, the beam strengthened with bottom 
strips (B1) has experienced more extensive tensile damage than the unstrengthen beam (B0). 
On the other side, both beams (B2) and (B3) that were strengthened with U-shaped and diagonal 
strips respectively had less tensile extensive damage than beams (B0) and (B1) due to the less 
contact area at the bottom face of the beam. As for compression damage at the top face of the 
beams, all strengthened beams (B1, B2, and B3) were damaged more than the reference beam 
(B0); since the CFRP laminates provide more confinement for the beam and hence more 
compression resistance were performed which led to the increased damage.  

− There is no damage in any of the CFRP sheets since the maximum stresses inside each sheet 
did not reach their tensile capacity. 
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Abstract. In engineering, the search for geometric configurations that lead to superior performance is 
always a design goal. Regarding structural components, such as plates, it is necessary to guarantee limits 
for its deflections, according to design standards. In this sense, methodologies devoted to reducing the out-
of-plane displacements by geometric analysis are a relevant to subject research. Therefore, the present 
work is addressed to study several arrangements of stiffened steel plates defined by the Constructal Design 
Method (CDM). These plates were analyzed and solved applying computational modeling based on the 
Finite Element Method (FEM), aiming through the Exhaustive Search (ES) technique to evaluate the 
influence of stiffeners orientation on to the maximum deflection. Taking a non-stiffened plate as reference 
and keeping the total material volume constant, portions of its volume were transformed into stiffeners 
through the volumetric fraction parameter, representing the ratio between the volumes of stiffeners and 
reference plate. Adopting volumetric fraction values of 0.1; 0.2; 0.3; 0.4 and 0.5, it were established for 
each one 25 geometric arrangements of stiffened plates, considering the stiffeners orientations in 0 ° and 
45 °, varying for each new arrangement the ratio between the height and thickness of the stiffeners hs/ts. 
The results showed that transforming a portion of material from a non-stiffened plate into stiffeners can 
decrease the maximum deflections by more than 95 %. Besides that, it has been demonstrated that 
stiffeners oriented at 45 ° can reduce maximum deflection by more than 60 % compared to stiffeners 
traditionally oriented at 0 °. 

1. Introduction 
Plates are flat and two-dimensional structural elements, whose main feature is the thickness much 

smaller than the width and length. Generally, the plates are subjected to loads that cause out-of-plane 
displacements. Those loads are transmitted in two directions, generating resistant bending, shearing and 
torsion efforts, allowing the plates to blend lightness and good load support capacity [1, 2]. 

Plates are broadly used in civil, aerospace and naval engineering. However, due to slenderness, it 
is usual to introduce reinforcements (stiffeners), in order to increase the flexural rigidity. The stiffeners can 
take on different cross section shapes and are traditionally welded to the plane of the plates in the 
longitudinal and/or transverse directions [3, 4]. 

In the analysis of non-stiffened thin plates, stresses and displacements can be obtained in a relatively 
simple way, using the classic Kirchhoff differential equation, applying for instance, Navier or Lévy solutions 
[3]. In its turn, regarding non-stiffened thick plates it is possible applying the Reisner's theory [5]. In addition, 
Ref. [6] indicates that the method based on the fundamental principles of the minimum of additional energy 
and possible displacements can be applied to solve both thin and thick non-stiffened plates. 

Concerning stiffened plates, analytical solutions are unusual. Among the existing studies it is possible 
to quote Powell and Ogden [7] that proposed to idealize the stiffened plate into an equivalent orthotropic 
plate in order to analyze bridge decks. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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However, analytical approaches for stiffened plates have limitations related to geometry, boundary 
conditions and loading, which can lead to inaccurate results. Thus, numerical methods become a good 
alternative that has been developed and applied by several researches over the past few years. 

Rossow and Ibrahimkhail [8] applying the Constraint Method, studied the behavior of stiffened plates 
under uniform transverse loading with stiffeners in eccentric and concentric conditions, verifying their results 
using the Finite Element Method (FEM) by the NASTRAN® and STRUDL® software. Mukhopadhyay and 
Satsangi [9] used the FEM and developed a numerical model using isoparametric elements to analyze 
stiffened plates under bending, which made possible to insert the transverse shear deformations and 
curvature limits. Based on the energy principle, Kukreti and Cheraghi [10] presented an approach for 
stiffened plates where the deflection was determined by the product of polynomial and trigonometric series. 
Bedair [11] used Sequential Quadratic Programming (SQP) to analyze stiffened plates subject to uniform 
transverse loading, where the proposed model considered the system plate-stiffener rigidly connected. The 
Boundary Element Method (BEM) was applied by Tanaka et al. [12] to study the behavior of stiffened plates 
under bending, so that the forces and moments that interact in the plate-stiffener connection were treated 
as unknown variables and implemented in the numerical solution, being approximated through interpolation 
functions. In turn, the study proposed by Sapountzakis and Katsikadelis [13] used continuity equations to 
determine the forces that cause deflection and deformation between the plate-stiffener interface. In its turn, 
some numerical studies have been carried out seeking a better structural performance of stiffened plates. 
Singh et al. [14] used the ANSYS® software to perform a parametric analysis on stiffened plates under 
bending, considering different loads and boundary conditions. Also using the ANSYS® software, Troina et 
al. [15] applied the Constructal Design Method (CDM) allied to the Exhaustive Search (ES) technique for 
the analysis of different plate arrangements with orthogonal stiffeners in order to minimize the central 
deflection of stiffened plates. 

More specifically, in structural engineering when it comes to the design of flat components subject to 
transverse loads, whether in metallic (present study) or reinforced concrete (e.g., slabs) structures, besides 
to ensure the safety, it is necessary to evaluate conditions of usability, for instance, to avoid deflections that 
are not in accordance with design standards. In this context, the development of methodologies related to 
the geometric evaluation dedicated to improving the mechanical performance of this kind of structure by 
means the minimization of its maximum deflection are relevant. 

Given the above, the present study consists in the application of the CDM in a structural engineering 
component (stiffened steel plate), since this geometric evaluation method is a consecrated approach largely 
applied for heat transfer and fluid mechanics problems, however its application in mechanic of materials 
area it has not yet been properly investigated by the scientific community. 

Therefore, as in Troina et al. [15], the present study applies CDM to define the geometric 
configurations of analyzed stiffened plates (search space), being the mechanical behavior of these plates 
numerically simulated through ANSYS® software. Finally, employing the ES technique, the geometric 
optimization of the stiffened plates was performed, aiming the minimization of the maximum deflection. It is 
important to highlight that there are three important differences in relation to the work of Troina et al. [15] 
which justify the research carried out here: i) the validation of proposed computational model by means of 
an experimental test; ii) the evaluation of the influence of stiffeners oriented at 45 °; and iii) the consideration 
of the maximum deflection as performance indicator. 

2. Methods 
2.1. Computational Modeling  

Nowadays, computational modeling is an indispensable tool for analysis of complex engineering 
problems, enabling to test and extrapolate hypotheses till extreme values with safety and accuracy. The 
numerical methods, that are the basis of CAD tools (Computer-Aided Design), such as Finite Difference 
Method (FDM) and Finite Element Method (FEM), are applied in a range of scientific and industrial solutions 
that deal with analysis, optimization and development of products and projects [16, 17]. 

In this study, the FEM was adopted by means of the ANSYS® software. The finite element used to 
discretize all analyzed computational domains was the SHELL281 in the triangular version. This is a two-
dimensional shell-type element, suitable for modeling thin plates, which has 6 nodes with 6 degrees of 
freedom per node: 3 rotations and 3 translations in relation to the x, y and z axes [18]. 

2.1.1. Computational Model Verification 

The case used for computational model verification, as shown in Fig. 1, it was previously solved by 
Troina et al. [19] through ANSYS®, using the three-dimensional finite element SOLID95 in the hexahedral 
version. 
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The stiffened plate with a boundary condition of simply supported edges was subjected to a uniform 
transverse loading of 68.95 kPa and has material with an elastic modulus of 206.8427 GPa and Poisson's 
ratio of 0.3. 

Here, the case was solved using the finite element SHELL281 in the triangular version, with a mesh 
that totaled 30,400 elements, defined according to the mesh convergence test presented in Fig. 2, where 
the result obtained by Troina et al. [19] is also presented. 

Observing Fig. 2, it is possible to infer that the difference between the central deflection results Uz 
obtained in the present study of 0.281 mm and by Troina et al. [19] of 0.278 mm is 1.08 %, verifying the 
proposed computational model. 

 
Figure 1. Rectangular plate with 2 orthogonal stiffeners. 

 
Figure 2. Computational model verification. 

2.1.2. Computational Model Validation 

The experimental test used for validation was presented by Carrijo et al. [20], as shown in Fig. 3. 
The square plate with eight stiffeners has an elastic modulus of 2.5 GPa and a Poisson's ratio of 0.36, 
being subjected to a uniform transverse load of 0.96 kPa. Concerning the boundary conditions, the plate is 
simply supported just on its four corners. 

The experiment was numerically simulated using the finite element SHELL281 in its triangular 
version, with a mesh that totaled 5,070 elements, defined after the mesh convergence test presented in 
Fig. 4, which also shows the result found by Carrijo et al. [20]. 

Observing Fig. 4 it is possible to perceive that the difference for the central deflection Uz between 
the present study (6.505 mm) and the experimental results (6.220 mm) is 4.58 %, validating the 
computational model. 
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Figure 3. Square plate with eight stiffeners. 

 
Figure 4. Computational model validation. 

2.2. Constructal Design Method (CDM) 
The physical phenomenon behind the vast geometric complexity of flow systems that occur in nature 

is called the Construct Law. These systems, whether animated or inanimate, tend to be imperfect, thus they 
evolve in time in order to distribute these imperfections in the best possible way, facilitating access to the 
currents that flow through them [21]. 

The performance of a flow system brings inherent restrictions, which can be, e.g., the space allocated 
for the development of the system, the material available and also limited rates of pressure, temperature 
or stress. The Constructal Design Method (CDM) is the practical application of the Constructal Law. 
Respecting the imposed restrictions, the degrees of freedom of the problem related to the geometric 
parameters are modified in order to assess its influence on a predefined performance indicator. Therefore, 
the CDM provides a guide for the designer to evaluate the flow system geometry, aiming to improve its 
performance, based on restrictions and objectives [22–24]. 

As earlier mentioned, the CDM is widely applied in problems of fluid mechanics and heat transfer, 
being possible to find several publications regarding these topics. However, in structural analysis, there are 
only a few studies employing the CDM, as in Bejan and Lorente [23], Lorente et al. [25] and Isoldi et al. 
[26], where the viability of its application in the analysis of structures was checked, analogously to 
applications in fluid mechanics and heat transfer. 

Recently, some studies have proven the effectiveness of the CDM in structural applications: in the 
buckling analysis of perforated plates (Helbig et al. [27]; and Da Silva et al. [28]); in the buckling analysis 
of stiffened plates (Lima et al. [29] and Lima et al. [30]); in the bending analysis of stiffened plates (De 
Queiroz et al. [31]; Pinto et al. [32]); and Troina et al. [15]); and in the analysis of aircraft structures 
(Mardanpour et al. [33] and Izadpanahi et al. [34]). 

To apply the CDM in this study, a non-stiffened steel plate with fixed dimensions was taken as 
reference: length a = 2000 mm, width b = 1000 mm and thickness t = 20 mm (thickness before transforming 
the volume portion into stiffeners). So, keeping the total material volume constant, as well as the dimensions 
a and b, different percentages of material deducted entirely from the thickness of this reference plate were 
converted into stiffeners through the volumetric fraction φ, which represents the ratio between the stiffeners 
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volume Vs and the reference plate volume Vr. So, five volumetric fractions values were adopted: φ = 0.1; 
0.2; 0.3; 0.4; and 0.5; generated, respectively, by the tp values of: 18 mm, 16 mm, 14 mm, 12 mm and 
10 mm. Emphasizing that tp is the thickness of the stiffened plates, i.e., after transforming the volume 
portion of the non-stiffened plate into stiffeners. 

Regarding the stiffeners, two orientations were considered: 0° (not inclined, being positioned in the 
longitudinal and transverse directions), and 45° (inclined in relation to the plate edges). Because of that, 
the volumetric fraction φ for the 0 ° and 45 ° orientations are defined, respectively, by: 

( ) ( )[ ]sx s s sy sx s s ss

r

n ah t n b n t h tV= =
V abt

φ
+ −
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( )[ ] ( )2
1 2 3 n s s int s ss

r

n
d=1 d +d +d +Ld h t - n h tV= =

V abt
φ

∑
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where hs and ts are, respectively, the height and thickness of the stiffeners. Exclusively for plate 
arrangements formed with stiffeners oriented at 45 °, the parameters d1, d2, d3, ...dn represent the length 
of the stiffeners, being n the total number and nint the number of intersections. Moreover, to identify the 
plates arrangements, it was adopted the following format: P(nsx,nsy) for plates with stiffeners oriented at 0° 
and P'(nsx',nsy') for plates with stiffeners oriented at 45 °, being nsx and nsy the number of stiffeners in the x 
and y directions, as well as, nsx' and nsy' representing the number of stiffeners in the x' and y' directions. All 
of these parameters are shown in Fig. 5. 

For each φ value, it were varied the degrees of freedom (stiffeners orientation, number of stiffeners 
and hs/ts ratio) defining the different geometric configurations which composes the search space. So, the 
plates were classified into groups according to the number of stiffeners, which varied from 2 to 6 in each 
direction (x, y and x', y'). The values of hs/ts ratio was consequence of the stiffeners heights hs, established 
by Eqs. (1) and (2) for the different φ values, respecting each orientation, when different stiffeners 
thicknesses ts were assigned (according to commercial plates thickness, in inches): 1

8 ; 3
16 ; 1

4 ;  5
16 ;  3

8 ;  1
2 ;  5

8 ;  
3
4 ;  7

8 ;  1;  1
41 ;  1

21 ;  5
81 ;  3

41 ;  2;  1
42 ;  1

22 ;  and 3.  The ranges of hs/ts variation can be identified in the graphs 
presented in the Figs. 11 to 35 and are exactly presented in Tables 1 to 5. 

 
Figure 5. Geometric parameters of stiffened plates: (a) P(3,3); (b) P'(3,2). 

Fig. 6 shows schematically the definition of the plate arrangements (search space) generated from 
the CDM application, which were numerically simulated in this study. 
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Table 1. Range of hs/ts for ϕ = 0.1. 

Groups 
P(nsx,nsy) 

P’(nsx’,nsy’) 

hs/ts Range 
Stiffeners Orientation 

0° 45° 

A 

(2,2) 1.051 ≤ hs/ts≤ 66.065 1.106 ≤ hs/ts≤ 70.003 
(2,3) 1.182 ≤ hs/ts≤ 56.662 1.293 ≤ hs/ts≤ 62.280 
(2,4) 1.037 ≤ hs/ts≤ 49.602 1.117 ≤ hs/ts≤ 53.881 
(2,5) 1.230 ≤ hs/ts≤ 44.106  1.295 ≤ hs/ts≤ 46.721 
(2,6) 1.109 ≤ hs/ts≤ 39.706 1.181 ≤ hs/ts≤ 42.650 

B 

(3,2) 1.031 ≤ hs/ts ≤ 49.562 1.293 ≤ hs/ts ≤ 62.280 
(3,3) 1.228 ≤ hs/ts ≤ 44.091 1.558 ≤ hs/ts ≤ 56.091 
(3,4) 1.110 ≤ hs/ts ≤ 39.707 1.364 ≤ hs/ts ≤ 49.186 
(3,5) 1.012 ≤ hs/ts ≤ 36.116 1.199 ≤ hs/ts ≤ 43.150 
(3,6) 1.351 ≤ hs/ts ≤ 33.121 1.603 ≤ hs/ts ≤ 39.654 

C 

(4,2) 1.101 ≤ hs/ts ≤ 39.656 1.490 ≤ hs/ts ≤ 53.881 
(4,3) 1.006 ≤ hs/ts ≤ 36.085 1.364 ≤ hs/ts ≤ 49.186 
(4,4) 1.347 ≤ hs/ts ≤ 33.103 1.773 ≤ hs/ts ≤ 43.826 
(4,5) 1.248 ≤ hs/ts ≤ 30.577 1.584 ≤ hs/ts ≤ 38.993 
(4,6) 1.162 ≤ hs/ts ≤ 28.409 1.465 ≤ hs/ts ≤ 36.116 

D 

(5,2) 1.336 ≤ hs/ts ≤ 33.050 1.886 ≤ hs/ts ≤ 46.721 
(5,3) 1.240 ≤ hs/ts ≤ 30.539 1.745 ≤ hs/ts ≤ 43.150 
(5,4) 1.156 ≤ hs/ts ≤ 28.383 1.584 ≤ hs/ts ≤ 38.993 
(5,5) 1.084 ≤ hs/ts ≤ 26.511 1.418 ≤ hs/ts ≤ 35.061 
(5,6) 1.019 ≤ hs/ts ≤ 24.870 1.326 ≤ hs/ts ≤ 32.735 

E 

(6,2) 1.146 ≤ hs/ts ≤ 28.331 1.720 ≤ hs/ts ≤ 42.650 
(6,3) 1.075 ≤ hs/ts ≤ 26.471  1.603 ≤ hs/ts ≤ 39.654 
(6,4) 1.013 ≤ hs/ts ≤ 24.841 1.465 ≤ hs/ts ≤ 36.116 
(6,5) 1.492 ≤ hs/ts ≤ 23.399 2.072 ≤ hs/ts ≤ 32.735 
(6,6) 1.414 ≤ hs/ts ≤ 22.116 1.949 ≤ hs/ts ≤ 30.713 

 

Table 2. Range of hs/ts for ϕ = 0.2. 

Groups P(nsx,nsy) 
P’(nsx’,nsy’)) 

hs/ts Range 
Stiffeners Orientation 

0° 45° 

A 

(2,2) 1.347 ≤ hs/ts ≤ 59.283 1.414 ≤ hs/ts ≤ 62.785 
(2,3) 1.162 ≤ hs/ts ≤ 50.860 1.268 ≤ hs/ts ≤ 55.882 
(2,4) 1.021 ≤ hs/ts ≤ 44.533 1.095 ≤ hs/ts ≤ 48.340 
(2,5) 1.418 ≤ hs/ts ≤ 88.213 1.488 ≤ hs/ts ≤ 93.443 
(2,6) 1.279 ≤ hs/ts ≤ 79.414 1.357 ≤ hs/ts ≤ 85.301 

B 

(3,2) 1.013 ≤ hs/ts ≤ 44.480 1.268 ≤ hs/ts ≤ 55.882 
(3,3) 1.414 ≤ hs/ts ≤ 39.585 1.792 ≤ hs/ts ≤ 50.347 
(3,4) 1.279 ≤ hs/ts ≤ 35.660 1.568 ≤ hs/ts ≤ 44.142 
(3,5) 1.168 ≤ hs/ts ≤ 72.232 1.379 ≤ hs/ts ≤ 86.300 
(3,6) 1.074 ≤ hs/ts ≤ 66.242 1.266 ≤ hs/ts ≤ 79.309 

C 

(4,2) 1.266 ≤ hs/ts ≤ 35.592 1.710 ≤ hs/ts ≤ 48.340 
(4,3) 1.159 ≤ hs/ts ≤ 32.402 1.568 ≤ hs/ts ≤ 44.142 
(4,4) 1.070 ≤ hs/ts ≤ 66.206 1.401 ≤ hs/ts ≤ 87.652 
(4,5) 1.293 ≤ hs/ts ≤ 61.154 1.637 ≤ hs/ts ≤ 77.986 
(4,6) 1.205 ≤ hs/ts ≤ 56.817 1.514 ≤ hs/ts ≤ 72.232 
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Groups P(nsx,nsy) 
P’(nsx’,nsy’)) 

hs/ts Range 
Stiffeners Orientation 

0° 45° 

D 

(5,2) 1.056 ≤ hs/ts ≤ 66.101 1.488 ≤ hs/ts ≤ 93.443 
(5,3) 1.281 ≤ hs/ts ≤ 61.079 1.801 ≤ hs/ts ≤ 86.300 
(5,4) 1.197 ≤ hs/ts ≤ 56.766 1.637 ≤ hs/ts ≤ 77.986 
(5,5) 1.124 ≤ hs/ts ≤ 53.022 1.463 ≤ hs/ts ≤ 70.122 
(5,6) 1.059 ≤ hs/ts ≤ 49.741 1.369 ≤ hs/ts ≤ 65.469 

E 

(6,2) 1.182 ≤ hs/ts ≤ 56.662 1.772 ≤ hs/ts ≤ 85.301 
(6,3) 1.112 ≤ hs/ts ≤ 52.943 1.653 ≤ hs/ts ≤ 79.309 
(6,4) 1.049 ≤ hs/ts ≤ 49.681 1.514 ≤ hs/ts ≤ 72.232 
(6,5) 1.320 ≤ hs/ts ≤ 46.798 1.823 ≤ hs/ts ≤ 65.469 
(6,6) 1.252 ≤ hs/ts ≤ 44.232 1.717 ≤ hs/ts ≤ 61.426 

 
Table 3. Range of hs/ts for ϕ = 0.3. 

Groups 
P(nsx,nsy) 

P’(nsx’,nsy’) 

hs/ts Range 
Stiffeners Orientation 

0° 45° 

A 

(2,2) 1.041 ≤ hs/ts ≤ 31.418 1.088 ≤ hs/ts ≤ 33.240 
(2,3) 1.042 ≤ hs/ts ≤ 42.747 1.135 ≤ hs/ts ≤ 46.951 
(2,4) 1.074 ≤ hs/ts ≤ 37.438 1.160 ≤ hs/ts ≤ 40.679 
(2,5) 1.367 ≤ hs/ts ≤ 59.409 1.431 ≤ hs/ts ≤ 62.891 
(2,6) 1.234 ≤ hs/ts ≤ 53.490 1.313 ≤ hs/ts ≤ 57.464 

B 

(3,2) 1.064 ≤ hs/ts ≤ 37.378 1.331 ≤ hs/ts ≤ 46.951 
(3,3) 1.362 ≤ hs/ts ≤ 33.278 1.733 ≤ hs/ts ≤ 42.353 
(3,4) 1.234 ≤ hs/ts ≤ 29.989 1.520 ≤ hs/ts ≤ 37.153 
(3,5) 1.128 ≤ hs/ts ≤ 48.666 1.332 ≤ hs/ts ≤ 58.129 
(3,6) 1.038 ≤ hs/ts ≤ 44.639 1.234 ≤ hs/ts ≤ 53.488  

C 

(4,2) 1.218 ≤ hs/ts ≤ 29.912 1.657 ≤ hs/ts ≤ 40.679 
(4,3) 1.118 ≤ hs/ts ≤ 27.243 1.520 ≤ hs/ts ≤ 37.153 
(4,4) 1.033 ≤ hs/ts ≤ 44.604 1.359 ≤ hs/ts ≤ 59.072 
(4,5) 1.489 ≤ hs/ts ≤ 41.213 1.893 ≤ hs/ts ≤ 52.577 
(4,6) 1.389 ≤ hs/ts ≤ 38.302 1.757 ≤ hs/ts ≤ 48.729 

D 

(5,2) 1.016 ≤ hs/ts ≤ 44.497 1.431 ≤ hs/ts ≤ 62.891 
(5,3) 1.474 ≤ hs/ts ≤ 41.137 2.075 ≤ hs/ts ≤ 58.129 
(5,4) 1.379 ≤ hs/ts ≤ 38.249 1.893 ≤ hs/ts ≤ 52.577 
(5,5) 1.295 ≤ hs/ts ≤ 35.740 1.686 ≤ hs/ts ≤ 47.228 
(5,6) 1.221 ≤ hs/ts ≤ 33.540 1.588 ≤ hs/ts ≤ 44.153 

E 

(6,2) 1.358 ≤ hs/ts s≤ 38.145 2.046 ≤ hs/ts ≤ 57.464 
(6,3) 1.279 ≤ hs/ts ≤ 35.660 1.918 ≤ hs/ts ≤ 53.488 
(6,4) 1.209 ≤ hs/ts ≤ 33.480 1.757 ≤ hs/ts ≤ 48.729 
(6,5) 1.145 ≤ hs/ts ≤ 31.550 1.588 ≤ hs/ts ≤ 44.153 
(6,6) 1.089 ≤ hs/ts ≤ 66.348 1.504 ≤ hs/ts ≤ 92.275 
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Table 4. Range of hs/ts for ϕ = 0.4. 

Groups 
P(nsx,nsy) 

P’(nsx’,nsy’) 

hs/ts Range 
Stiffeners Orientation 

0° 45° 

A 

(2,2) 1.070 ≤ hs/ts ≤ 29.550 1.116 ≤ hs/ts ≤ 31.248 
(2,3) 1.200 ≤ hs/ts ≤ 25.375 1.306 ≤ hs/ts ≤ 27.849 
(2,4) 1.057 ≤ hs/ts ≤ 31.502 1.126 ≤ hs/ts ≤ 34.144 
(2,5) 1.092 ≤ hs/ts ≤ 44.402 1.139 ≤ hs/ts ≤ 46.974 
(2,6) 1.155 ≤ hs/ts ≤ 39.985 1.216 ≤ hs/ts ≤ 42.873 

B 

(3,2) 1.045 ≤ hs/ts ≤ 22.180 1.306 ≤ hs/ts ≤ 27.849 
(3,3) 1.087 ≤ hs/ts ≤ 28.002 1.375 ≤ hs/ts ≤ 35.597 
(3,4) 1.155 ≤ hs/ts ≤ 25.242 1.407 ≤ hs/ts ≤ 31.199 
(3,5) 1.057 ≤ hs/ts ≤ 36.388 1.240 ≤ hs/ts ≤ 43.406 
(3,6) 1.385 ≤ hs/ts ≤ 33.385 1.623 ≤ hs/ts ≤ 39.881 

C 

(4,2) 1.137 ≤ hs/ts ≤ 25.161 1.531 ≤ hs/ts ≤ 34.144 
(4,3) 1.045 ≤ hs/ts ≤ 22.927 1.407 ≤ hs/ts ≤ 31.199 
(4,4) 1.377 ≤ hs/ts ≤ 33.349 1.799 ≤ hs/ts ≤ 44.088 
(4,5) 1.280 ≤ hs/ts ≤ 30.824 1.614 ≤ hs/ts ≤ 39.263 
(4,6) 1.195 ≤ hs/ts ≤ 28.655 1.491 ≤ hs/ts ≤ 36.356 

D 

(5,2) 1.354 ≤ hs/ts ≤ 33.243 1.908 ≤ hs/ts ≤ 46.974 
(5,3) 1.263 ≤ hs/ts ≤ 30.748 1.770 ≤ hs/ts ≤ 43.406 
(5,4) 1.184 ≤ hs/ts ≤ 28.602 1.614 ≤ hs/ts ≤ 39.263 
(5,5) 1.114 ≤ hs/ts ≤ 47.653 1.439 ≤ hs/ts ≤ 62.944 
(5,6) 1.052 ≤ hs/ts ≤ 44.720 1.348 ≤ hs/ts ≤ 58.778 

E 

(6,2) 1.162 ≤ hs/ts ≤ 28.498 1.738 ≤ hs/ts ≤42.873 
(6,3) 1.097 ≤ hs/ts ≤ 26.657 1.623 ≤ hs/ts ≤ 39.881 
(6,4) 1.038 ≤ hs/ts ≤ 25.039 1.491 ≤ hs/ts ≤ 36.356 
(6,5) 1.527 ≤ hs/ts ≤ 42.067 2.099 ≤ hs/ts ≤ 58.778 
(6,6) 1.452 ≤ hs/ts ≤39.775  1.980 ≤ hs/ts ≤ 55.169 

 

 

Table 5. Range of hs/ts for ϕ = 0.5. 

Groups P(nsx,nsy) 
P’(nsx’,nsy’) 

hs/ts Range 
Stiffeners Orientation 

0° 45° 

A 

(2,2) 1.059 ≤ hs/ts ≤ 20.843 1.103 ≤ hs/ts ≤ 22.019 
(2,3) 1.158 ≤ hs/ts ≤ 17.909 1.258 ≤ hs/ts ≤ 19.642 
(2,4) 1.021 ≤ hs/ts ≤ 27.792 1.084 ≤ hs/ts ≤ 30.101 
(2,5) 1.181 ≤ hs/ts ≤ 35.034 1.229 ≤ hs/ts ≤ 37.038 
(2,6) 1.067 ≤ hs/ts ≤ 31.553 1.119 ≤ hs/ts ≤ 33.801 

B 

(3,2) 1.007 ≤ hs/ts ≤ 15.649 1.258 ≤ hs/ts ≤ 19.642 
(3,3) 1.174 ≤ hs/ts ≤ 24.704 1.484 ≤ hs/ts ≤ 31.397 
(3,4) 1.067 ≤ hs/ts ≤ 22.276 1.296 ≤ hs/ts ≤ 27.514 
(3,5) 1.130 ≤ hs/ts ≤ 28.722 1.323 ≤ hs/ts ≤ 34.234 
(3,6) 1.042 ≤ hs/ts ≤ 26.358 1.213 ≤ hs/ts ≤ 31.450 

C 

(4,2) 1.047 ≤ hs/ts ≤ 22.191 1.407 ≤ hs/ts ≤ 30.101 
(4,3) 1.116 ≤ hs/ts ≤ 20.230 1.501 ≤ hs/ts ≤ 27.514 
(4,4) 1.034 ≤ hs/ts ≤ 26.322 1.345 ≤ hs/ts ≤ 34.773 
(4,5) 1.126 ≤ hs/ts ≤ 24.338 1.417 ≤ hs/ts ≤ 30.983 
(4,6) 1.053 ≤ hs/ts ≤ 35.819 1.308 ≤ hs/ts ≤ 45.445 
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Groups P(nsx,nsy) 
P’(nsx’,nsy’) 

hs/ts Range 
Stiffeners Orientation 

0° 45° 

D 

(5,2) 1.012 ≤ hs/ts ≤ 26.216 1.423 ≤ hs/ts ≤ 37.038 
(5,3) 1.109 ≤ hs/ts ≤ 24.262 1.550 ≤ hs/ts ≤ 34.234 
(5,4) 1.041 ≤ hs/ts ≤ 22.579 1.417 ≤ hs/ts ≤ 30.983 
(5,5) 1.392 ≤ hs/ts ≤ 33.420 1.799 ≤ hs/ts ≤ 44.088 
(5,6) 1.314 ≤ hs/ts ≤ 31.374 1.685 ≤ hs/ts ≤ 41.177 

E 

(6,2) 1.017 ≤ hs/ts ≤ 22.476 1.520 ≤ hs/ts ≤ 33.801 
(6,3) 1.371 ≤ hs/ts ≤ 21.035 2.029 ≤ hs/ts ≤ 31.450 
(6,4) 1.298 ≤ hs/ts ≤ 31.298 1.864 ≤ hs/ts ≤ 45.445 
(6,5) 1.233 ≤ hs/ts ≤ 29.507 1.685 ≤ hs/ts ≤ 41.177 
(6,6) 1.173 ≤ hs/ts ≤ 27.910 1.592 ≤ hs/ts ≤ 38.664 

 

Following the constraints indicated in Troina et al. [15], the heights of the stiffeners hs were limited to 
300 mm, avoiding excessive disproportion in relation to the dimensions of the plate; as well as, hs/ts ratios 
less than one were disregarded, preventing stiffeners thicknesses greater than heights. 

It is important to mention that all stiffened plates analyzed in this study were considered as simply 
supported and subjected to a uniformly distributed transverse load equal to 10 kPa, aiming to guarantee a 
linear-elastic material behavior and a geometric linear structural analysis. To apply this type of load in the 
ANSYS® software, a pressure in the positive z direction over the plate surface was imposed. The material 
was structural steel A-36 with an elastic modulus of 200 GPa and Poisson's ratio of 0.3. Taking as example 
the stiffened plate P'(3.3), Fig. 7 illustrates how the boundary conditions and loading were imposed, while 
Fig. 8 show the discretization of the computational domain. These aspects were considered in a similar 
way for all other studied geometric configurations. 

In addition, the simplifying hypothesis of ideal structures, i.e., the non-consideration of initial 
geometric imperfections was assumed for all simulated plates. This assumption ensures that the only 
difference among the studied plates is really its geometric configuration. 

 
Figure 6. Application of the CDM in the definition of the search space. 
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Figure 7. Plate P'(3,3): Boundary conditions and loading. 

 
Figure 8. Plate P'(3,3): Discretized model. 

2.3. Geometric Optimization 
From the definition of the search space (see Fig. 6), the Exhaustive Search (ES) technique was used 

to compare the mechanical behavior of all proposed geometric configurations. The optimum geometry is 
one that minimizes the maximum deflection of the stiffened plates. 

In summary, the methodology adopted in this work is showed in Fig. 9. 

 
Figure 9. Geometrical optimization methodology. 
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3. Results and Discussion 
Initially, a mesh convergence test was carried out in order to determine the appropriate size of finite 

elements that would compose the meshes of the cases to be numerically simulated. For this purpose, it 
was adopted the most complex geometry of the search space: the plate P'(6,6) with a volumetric fraction 
φ = 0.5 and higher ratio hs/ts = 38.664. The size of the finite elements has been reduced successively, 
taking as reference the width of the plate b = 1000 mm, following to the criterion established by Troina et 
al. [15]. The result can be observed in Fig. 10. 

As can be seen in Fig. 10, from the mesh M3 with finite element size of 16.67 mm, there was a 
convergence of values for the maximum deflection UzMax, so that this is the finite element size stated to 
discretize the meshes of all computational domains. 

The variation of the maximum deflection according to the variation of ratio hs/ts, for all proposed 
plates, is presented in Figs. 11 to 35. Observing these results, it was possible to attest that transforming a 
portion of material from the non-stiffened reference plate, maintaining the total material volume constant, 
as predetermined by the CDM, improvements of the mechanical behavior regarding the maximum 
deflection UzMax can be reached, since all maximum deflections found for the stiffened plates are smaller 
than the UzMax = 0.697 mm, obtained for the reference plate. This behavior is in agreement with Troina 
et al. [15] for plates with stiffeners oriented at 0°, being also observed for plates with stiffeners oriented at 
45°. For instance, comparing the plate P'(6,5) with hs/ts = 58.778 and UzMax = 0.0174 mm, referring to 
φ = 0.4, which presented the lowest maximum deflection among the places with stiffeners at 45°, with the 
reference plate, the reduction of maximum deflection was 97.50 %. In its turn, comparing the reference 
plate with the worst result for plates with stiffeners at 45 °, obtained by the plate P'(2,2) with hs/ts = 22.019 
and UzMax = 0.2134 mm for φ = 0.5, there was a reduction of 69.30 % in maximum deflection. 

 
Figure 10. Mesh convergence test. 

 

Figure 11. φ  = 0.1 - Group A: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 
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Figure 12. φ = 0.1 - Group B: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 13. φ  = 0.1 - Group C: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 14. φ  = 0.1 - Group D: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 15. φ  = 0.1 - Group E: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 
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Figure 16. φ  = 0.2 - Group A: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 17. φ  = 0.2 - Group B: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 
 

 

Figure 18. φ  = 0.2 - Group C: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 19. φ  = 0.2 - Group D: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 
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Figure 20. φ  = 0.2 - Group E: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 21. φ  = 0.3 -  Group A: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 22. φ  = 0.3 - Group B: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 23. φ  = 0.3 - Group C: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 
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Figure 24. φ  = 0.3 - Group D: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 25. φ  = 0.3 - Group A: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 26. φ = 0.4 Group A: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 27. φ  = 0.4 - Group B: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 
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Figure 28. φ  = 0.4 - Group C: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 29. φ  = 0.4 - Group D: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 30. φ  = 0.4 - Group E: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 31. φ  = 0.5 -  Group A: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 
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Figure 32. φ  = 0.5 - Group B: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 33. φ  = 0.5 - Group C: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 34. φ  = 0.5 - Group D: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

 

Figure 35. φ  = 0.5- Group E: (a) stiffeners at 0 °; (b) stiffeners at 45 °. 

Then, from the Figs. 11 to 35, the results for the stiffened plates that achieved the lowest maximum 
deflections are presented in bar graphs, considering the two stiffeners orientations (0 ° and 45 °), for each 
φ value (0.1 to 0.5), following the group division previously established (see Fig. 6). These results are shown 
in Figs. 36 to 40, respectively, for φ = 0.1 to 0.5. 
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It is worth to emphasize that the comparison of the results was performed between equivalent plates, 
i.e., with the same φ value, thickness and amounts of stiffeners in the x-x' and y-y' directions, being the 
stiffeners orientation the only differential. Thereby, it was possible to observe the direct influence of this 
degree of freedom on the stiffened plates behavior. 

 

Figure 36. Results for φ = 0.1. 

 

Figure 37. Results for φ = 0.2. 

 

Figure 38. Results for φ = 0.3. 
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Figure 39. Results for φ = 0.4. 

Observing the results of φ = 0.1 (Fig. 36), one can note that, excepting Group A, the plates with 
stiffeners oriented at 45 ° showed lower deflections than the plates with stiffeners oriented at 0 °. Taking 
the Group B as reference, the plate that reached the lowest maximum deflection was P'(3,3) with 
hs/ts = 56.091 and UzMax = 0.0811 mm, presents a reduction of 26.50 % in comparison to the plate P(3,3) 
with hs/ts = 44.090, which registered UzMax = 0.1103 mm. In turn, with respect to percentage differences, 
the largest one occurred between the plates P'(6,2) with hs/ts = 42.650 which presented UzMax = 0.1220 mm 
and P(6,2) with hs/ts = 28.331 and UzMax = 0.3113 mm, meaning a reduction of 60.81 % in favor of the 
plate with stiffeners oriented at 45 °. 

 

Figure 40. Results for φ = 0.5. 

Regarding to the volumetric fraction φ = 0.2 (Fig. 37), it was noted that in a general way the maximum 
deflections tend to be smaller compared to values of φ = 0.1 (see Fig. 36). This is justified by the fact that 
a greater amount of material was destined to design of the stiffeners. It was also noted that the plates with 
stiffeners oriented at 45 ° become more advantageous as from Group C; standing out the plate P'(4,4) with 
hs/ts = 87.652 that presented the lowest maximum deflection UzMax = 0.0297 mm, a minimization of 
22.98 % compared to the plate P(4,4) with hs/ts = 66.206, which showed UzMax = 0.0385 mm. However, 
the widest percentage reduction in maximum deflection favorable to the plate with stiffeners at 45 °, it was 
presented by the plate P'(6,2) and hs/ts = 85.301 with UzMax = 0.0316 mm, achieving a value 59.2 % lower 
than the UzMax = 0.0775 mm of the plate P(6,2) with hs/ts = 56.662. 

Concerning Fig. 38, which presents the results for φ = 0.3, it was perceptible a similar behavior to 
φ = 0.2 (see Fig. 37). In other words, from Group C all plates with stiffeners oriented at 45 ° have smaller 
maximum deflections in comparison to the plates with stiffeners oriented at 0 °. In relation to the best result 
for plates with stiffeners at 45 ° for φ = 0.3, the plate P'(6,6) with hs/ts = 92.275 achieved 
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UzMax = 0.0186 mm, i.e., a maximum deflection 33.84 % smaller than the plate P(6,6) with hs/ts = 66.348 
which reached UzMax = 0.0282 mm. For illustration purposes, this reduction in the maximum deflection 
can be seen in Fig. 41. However, the biggest percentage difference happened between the plates P'(6,2) 
with hs/ts = 57.464 which registered UzMax = 0.0245 mm and P(6,2) with hs/ts = 38.145 which presented 
UzMax = 0.0559 mm, reaching a minimization of 56.10 % favorable to the plate with stiffeners at 45 °. 

In its turn, for φ = 0.4 the Fig. 39 indicates that the mechanical behavior of the stiffened plates with 
stiffeners at 45 ° is majoritarily superior only in Groups D and E. The best result for the plate with stiffeners 
at 45 ° was to P'(6,5) with hs/ts = 58.778 and UzMax = 0.0174 mm, representing a minimization of 32.96 % 
in the maximum deflection comparing to the P(6,5) plate with hs/ts = 42.067 and UzMax = 0.0259 mm. 
Nevertheless, the larger achieved reduction in maximum deflection it was 47.78 % comparing the plate 
P'(6,2) with hs/ts = 42.873 and UzMax = 0.0229 mm with the plate P(6,2) with hs/ts = 28.498 which 
presented UzMax = 0.0454 mm. 

  
Figure 41. Deflection distribution: (a) P(4,5); (b) P'(4,5). 

Finally, dealing with the volumetric fraction φ = 0.5 (Fig. 40), it was observed that the plates with 
stiffeners oriented at 45 ° have a superior mechanical behavior predominant only in Group E. For instance, 
the plate P'(6,5) with hs/ts = 41.177 and UzMax = 0.0194 mm, that showed the lowest maximum deflection, 
achieved a reduction of 21.40 % in relation to the plate P(6,5) with hs/ts = 29.507 and UzMax = 0.0247 mm. 
In addition, the largest percentage difference occurred when comparing the plate P'(6,2) with hs/ts = 33.801 
and UzMax = 0.0256 mm, which presented a reduction in the maximum deflection of 36.12 %, and the 
plate P(6,2) with hs/ts = 22.476 and UzMax = 0.0401 mm. 

Still observing Fig. 40, it was possible to notice an accentuated maximum deflection presented by 
the plate with stiffeners oriented at 45° P'(2,2), being observed this same behavior for the other φ values. 
This is due to the equidistant distribution of the stiffeners, which for the plates with stiffeners at 45 ° it was 
performed as a relation of the diagonals; while for the plates with stiffeners at 0 ° it was generated as a 
relation of the orthogonal edges. Hence, the plate P'(2,2) has a non-stiffened central area larger than the 
central area of plate P(2,2), concentrating the deflection field in this region, as shown in Fig. 42. 
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Figure 42. Deflection distribution: (a) P(2,2); (b) P'(2,2). 

Analyzing Fig. 36 to 40, one can observe a tendency: as the volumetric fraction φ increases, the 
plates with stiffeners oriented at 45 ° began to show better mechanical behavior only for plates with larger 
amounts of stiffeners. When φ = 0.1 (Fig. 36) plates with stiffeners at 45 ° are the best for the Groups B, C, 
D and E; when φ = 0.2 (Fig. 37) and φ = 0.3 (Fig. 38) for the Groups C, D and E; when φ = 0.4 (Fig. 39) for 
the Groups D and E; and when φ = 0.5 (see Fig. 40) just for Group E. This trend can be better observed in 
Fig. 43, where the best results per group were plotted for each volumetric fraction φ. 

 

Figure 43. Best results per group: (a) φ = 0.1; (b) φ = 0.2; (c) φ = 0.3; (d) φ = 0.4; and (d) φ = 0.5. 
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Fig. 44 presents the optimized results for each volumetric fraction φ considering just the groups A 
and E, i.e., the groups with the smallest and largest quantities of stiffeners, respectively. That way it was 
possible to observe which was previously stated, that plates with stiffeners oriented at 45 ° are more 
advantageous for large amounts of stiffeners. 

 
Figure 44. Optimized results: (a) Group A; (b) Group E. 

Finally, Fig. 45 presents the maximum von Mises stress for the same stiffened plates of Fig. 44. The 
main purpose here is to show the stress level achieved by the studied structures through this representative 
sampling. 

 
Figure 45. Maximum von Misses stress for the stiffened plates of Fig. 44. 

From Fig. 45 one can note that the magnitude reached by the von Mises stress is considerably 
smaller than the steel yielding stress (250 MPa). For instance, the minimum factor of safety related to the 
steel yielding stress is around 4.5, obtained by the worst case, i.e., the one that achieved the maximum von 
Mises stress value (φ = 0.1, stiffeners oriented at 45 ° and Group E, in Fig. 45b). 

Therefore, due to the low load magnitude of 10 kPa adopted for all cases, it is possible to affirm that 
the linear-elastic behavior adopted for the steel is an adequate approach. From this, the optimum geometric 
configurations obtained for the minimization of the maximum deflection can be used with higher values for 
the uniform transverse load, since the stress limit be not reached. 

Another important aspect that emerged from Fig. 45 is that the optimized geometry defined when the 
maximum deflection is the performance parameter, as proposed in the present work, is not necessarily the 
same if the parameter performance is changed for the maximum von Mises stress. 

4. Conclusion 
Applying CDM, FEM and ES technique, it was possible to evaluate the behavior of different stiffened 

plate arrangements regarding the maximum deflection considering the stiffeners oriented at 0 ° and 45 °, 
aiming their geometric optimization. 

Firstly, it was concluded that keeping constant the total material volume of a non-stiffened steel plate 
and transforming a portion of its material (fully deducted from the thickness) into stiffeners, it was possible 
to significantly improve the mechanical behavior, achieving reductions in the maximum deflection around 
95 %. In addition, as already expected, it was observed that the variation of the hs/ts ratio causes a relevant 
influence on the rigidity of the plates, for both stiffeners oriented at 0° and stiffeners oriented at 45 °. 
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For most of the analyzed plate arrangements, orienting the stiffeners at 45 ° is more advantageous 
to reduce the maximum deflection compared to the plates with stiffeners oriented at 0 °, mainly for the 
values of φ = 0.1, 0.2 and 0.3, where it was possible to minimize the maximum deflection in the order of 
60 % in some arrangements with stiffeners at 45°. The results also showed that, for larger percentages of 
material transformed into stiffeners (φ = 0.4 and 0.5), orienting stiffeners at 45 ° becomes viable for larger 
amounts of stiffeners. 

It is important to emphasize that applying the ES technique on the search space, the optimal 
geometry that showed the lowest maximum deflection for plates with stiffeners at 45° was the plate P'(6,5) 
with hs/ts = 58.778 (having hs = 279.193 mm and ts = 4.75 mm) relative to φ = 0.4 (i.e. tp = 12 mm), which 
showed UzMax = 0.0174 mm. 

In future works, it would be interesting to investigate other values of φ, as well as, other stiffeners 
orientations concerning the minimization of the maximum deflections and/or the maximum von Mises 
stress. 
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Abstract. The paper presents the use of blast furnace slag as a fine aggregate in foam concrete. Besides, 
the paper also presents the research results of the effect of the water-cement ratio and Silica fume on the 
mechanical properties of foam concrete. The absolute volume method was used to calculate the ratio of 
foam concrete mixture. Besides, the mechanical properties of foam concrete were determined at the age 
of 28 days. The method of Box-Wilson central composite design for two factors was used to predict the 
effect of the water-cement ratio and Silica fume on foam concrete properties. The results showed that the 
proposed regression equations of this mathematical model achieved an adequate prediction accuracy. 
Using computer programs obtained surface images of equations (10) and (12). Besides, the maximum 
value of the objective function was determined with compressive strength = 8.52 MPa and flexural 
strength = 1.21 MPa. This research result is a premise for studying foam concrete bricks to replace clay 
bricks in construction works. 

1. Introduction 
In scientific research, numerical methods and computer models used to predict specific properties 

are of particular importance [1–3]. Besides that, in concrete technology often uses mathematical methods 
to find the optimal concrete components for technological processes [4, 5]. 

Experiment planning is a procedure for selecting the number and conditions of the experiments 
necessary and sufficient to obtain a mathematical model of the process [5–7]. 

The following should be kept in mind when planning experiments:  

− Note to minimize the number of experiments. 
− Assume that some factors remain unchanged. 
− Research a few important factors affecting the properties of materials to plan experiments. 
The studies [5, 8–10] shown that when planning an experiment. It is necessary to gather additional 

information about the input variables and object under study, employing the skills and knowledge obtained 
in previous studies. It is needed to collect additional information about the input variables and object under 
investigation, employing the skills and knowledge obtained in previous studies. 

As known, foamed concrete is a highly aerated mortar, typically containing 30 to 80 % air bubbles 
by volume. It comprises Portland cement, water, fine aggregate, additives and mechanically produced 
foam. It has high workability, which allows it to flow and compact under its weight [11, 14]. 

When using foam concrete in construction, there are advantages [3, 11, 13]. 

− Low thermal conductivity. 
− Little weight. 
− Easy to transport. 
− Ease of use. 

https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by/4.0/
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− Ease of processing. (Due to the low density, aerated concrete products are easily sawn with a 
conventional hacksaw if necessary, to shorten their size.) 

− Long service life. 
− Compressive strength and flexural strength decrease with increasing density. 
Besides that, silica fume is the most popular material used in concrete to increase its strength. For 

this study, silica fume is replaced in the range of 0.05÷0.15 % the weight of cement [15]. 

According to the research results [14–18], the use of clay bricks as a fine aggregate in foam concrete 
improves the mechanical properties of foam concrete and protects the environment. 

Besides, according to the previous research results, the author has studied foam concrete with a 
density of 900 kg/m3 using a silica-fume additive, superplasticizer. The result is compressive strength at 
the age of 28 days, from 7 MPa to 8 MPa. Besides, according to the Vietnamese standard of clay bricks 
used for construction works, compressive strength is > 7.5 MPa and density = 1600 kg/m3 [19]. 

Therefore, the overarching purpose of this study is to use the method of central composite design 
for two input factors to predict the effect of superplasticizer and silica-fume on compressive and flexural 
strength of foam concrete at 28 days of age with a density of 900 kg/m3. 

2. Materials and Methods 
2.1. Materials 

Portland cement (OPC) CEM I 42.5 N produced by the factory “But Son” (Vietnam) with 
ρ = 3.10 g/cm3. Its chemical properties are presented in Table 1. 

Quartz sand (QS) of the "Lo River" (Vietnam) was used as fine aggregate in concrete mixtures with 
ρ = 2.65 g/сm3 and particle size from 0.14 mm to 1.25 mm. 

Blast furnace slag (BFS) from the factory "Hoa Phat" (Vietnam) with ρ = 2.297 g/cm3. 

Table 1. Chemical composition of OPC, BFS and SF90. 

Chemical components (wt. %) Cement (OPC) 
Blast furnace slag 

(BFS) 
Silica fume 

(SF90) 
SiO2 22.42 36.02 90.78 
Al2O3 5.31 13.44 2.22 
Fe2O3 3.45 - 2.46 
SO3 - 0.15 - 
K2O 0.64 0.29 - 

Na2O 0.15 - 0.57 
MgO 2.03 7.66 - 
CaO 62.56 40.47 0.54 
TiO2 - 0.5 - 

Loss on ignition (%) 3.44 1.47 3.43 
Blaine fineness (сm2/g) 3665 4560 10120 

 
Silica fume SF-90 (SF90) (Vietnam) was used as a binder. The analysis results of the chemical 

compositions of both SF90 and BFS are presented in Table 1. Besides, the particle size distribution details 
of raw materials used are shown in Figure 1. 

Superplasticizer SR 5000F SilkRoad (SR5000) (Korea), which reduces water consumption, was 
used as a plasticizing additive. Its density at a temperature of 25±5°C was 1.1 g/cm3. The optimal dosage 
of the superplasticizer is 1.5 % of the mass of Portland cement, which makes it possible to reduce water 
consumption in concrete mixtures by 30 %. 

EABASSOC foaming agent manufactured at the factory EABSSOC in the United Kingdom. The 
foaming additives have the following specifications: 

+ Specific weight 1.02 g/сm3. 

+ Dosage rate 0.3-0.6 lit/m3. 

- Mixing water (W) conforming to standard requirements GOST 23732-2011 and TCVN 4506:2012 
[20, 21]. 
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Figure 1. The particle size distribution of OPC, BFS and SF90. 

The process of preparing test foam concrete samples is shown in Fig. 2. 

   

   

Figure 2. The process of preparing foam concrete samples (from left to right, top to bottom). 

2.2. Methods 
The compressive strength and flexural strength of foam concrete at 28 days of age have been 

determined according to the Russian state standard GOST 10180-2012 [22]. 

On the one hand, this paper will analyze the chemical composition and the grain composition of BA 
and OPC by laser granulometry method on the device BT-9300Z (China). On the other hand, the calculation 
method of concrete mixture composition is applied by the absolute volume method of the Australian 
Standard [23]. 

The effect of Silica fume SF90, water-cement ratio to compressive strength and flexural strength of 
foam concrete have been identified by using the rotationally variable central compositional planning method 
for two factors.  

3. Results and Discussion 
3.1. Preliminary Determination components 

In the present study, the mix proportions of foam concrete are given in Table 2. From the data of the 
study [15], the content of Portland cement is constant OPC of 350 kg/m3. Besides, SR5000 and SF90 have 
been used to increase strength and reduce water with ratio SR5000/OPC = 0.015, SF90/OPC = 0.1  
[14, 24–25]. 
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Table 2. Compositions of foam concrete mixtures. 

Mix number OPC (kg) QS (kg) BFS (kg) SR5000 (kg) SF90 (kg) W (kg) Foam (L) 
FC-1 350 356 - 5.25 35 154 579.8 
FC-2 350 - 356 5.25 35 154 558.5 
 
Fig. 3 shows that the compressive and flexural strength of FC-2 is higher than the FC-1. In addition, 

the compressive strength at 28 days of FC-2 = 8.11 MPa > 7.5 MPa. Therefore, the author has used FC-2 
to optimize the components by the experimental planning method. 

 
Figure 3. The compressive and flexural strength of foam concrete samples at 28 days.  

3.2. Determine the optimal components 
The factors that significantly affect the compressive and flexural strength are the W/OPC ratio, the 

amount of silica fume additive. According to research [15, 24, 26], the amount of silica fume additive in the 
range of 0.05÷0.15 is optimal. Additionally, based on the test results of this study, it is shown that the ratio 
of water-cement is in the range of 0.38÷0.42. The factors affecting the intensity of foam concrete were 
selected as below. 

− x1 – the rate of 
W

OPC
 from 0.372 to 0.428; 

− x2 – the ratio of 
90SF

OPC
 from 0.029 to 0.171. 

Table 3. Values and ranges of influencing factors. 

Factors Levels of variation 

Variable coding Real variable -1.414 -1 0 +1 +1.414 

x1 
W

OPC
 0.372 0.38 0.40 0.42 0.428 

x2 
90SF

OPC
 0.029 0.05 0.10 0.15 0.171 

 
Number of experiments needed N when second-order planning determined by the formula; 

2 2*kN k m= + +  (1) 

in which: k = 2 is number of input factors. 

• m is the number of repeated experiments in the center, m = 5. 
• ⇒ N = 22 +2×2 + 5 = 13. 
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The author used a second-order orthogonal central compositional plan to obtain a mathematical 
model. The results obtained during the experiment and the procedure for calculating the regression 
coefficients are given in Tables 4, 5, 6. 

Table 4. Compositions of foam concrete according to the method of quadratic orthogonal 
experiments. 

No 
Real variable Variable coding Compositions of foam concrete mixture, kg/m3 

W
OPC

 90SF
OPC

 x1 x2 OPC BFS SR5000 SF90 W Foam (L) 

1 0.42 0.15 +1 +1 350 354 3.5 47 144.90 564.56 
2 0.38 0.15 -1 +1 350 364 3.5 47 135.10 570.10 
3 0.42 0.05 +1 -1 350 379 3.5 23 144.90 565.29 
4 0.38 0.05 -1 -1 350 389 3.5 23 135.10 570.83 
5 0.428 0.1 +1.414 0 350 365 3.5 35 147.00 563.74 
6 0.372 0.1 -1.414 0 350 379 3.5 35 133.00 571.65 
7 0.4 0.171 0 +1.414 350 354 3.5 53 140.00 567.17 
8 0.4 0.029 0 -1.414 350 389 3.5 18 140.00 568.22 
9 0.4 0.1 0 0 350 372 3.5 35 140.00 567.70 
10 0.4 0.1 0 0 350 372 3.5 35 140.00 567.70 
11 0.4 0.1 0 0 350 372 3.5 35 140.00 567.70 
12 0.4 0.1 0 0 350 372 3.5 35 140.00 567.70 
13 0.4 0.1 0 0 350 372 3.5 35 140.00 567.70 

 
Table 5. Calculation of regression equations for flexural strength at 28 days. 

No 
Variable coding W

OPC
 90SF

OPC
 

R 
fs

28, MPa 

2
11( )jjY Y−  



2
0101( )jjY Y−  

x1 x2 x12 x1x2 x22 1 jY  

1 jY  
1 +1 +1 1 1 1 0.414 0.135 0.95 1.05 0.00938 - 
2 -1 +1 1 -1 1 0.386 0.135 0.92 0.97 0.00228 - 
3 +1 -1 1 -1 1 0.414 0.065 0.99 0.98 0.00007 - 
4 -1 -1 1 1 1 0.386 0.065 0.93 0.9 0.00075 - 
5 +1.414 0 2 0 0 0.42 0.1 1.1 1.05 0.00296 - 
6 -1.414 0 2 0 0 0.38 0.1 0.94 0.93 0.00004 - 
7 0 +1.414 0 0 2 0.4 0.15 1.1 1.01 0.00887 - 
8 0 -1.414 0 0 2 0.4 0.05 0.88 0.91 0.00113 - 
9 0 0 0 0 0 0.4 0.1 1.09 1.12 0.00078 0.0008 

10 0 0 0 0 0 0.4 0.1 1.14 1.12 0.00048 0.0005 
11 0 0 0 0 0 0.4 0.1 1.09 1.12 0.00078 0.0008 
12 0 0 0 0 0 0.4 0.1 1.14 1.12 0.00048 0.0005 
13 0 0 0 0 0 0.4 0.1 1.13 1.12 0.00014 0.0001 



2
11( ) 0.02816jjY Y− =∑  



2
0101( ) 0.0027jjY Y− =∑  

 
Table 6. Calculation of regression equations for compressive strength at 28 days. 

No 
Variable coding W

OPC
 90SF

OPC
 

Rсs28, MPa 

2
22( )jjY Y−  



2
0202( )jjY Y−  

x1 x2 x12 x1x2 x22 2 jY  

2 jY  
1 +1 +1 1 1 1 0.414 0.135 7.15 7.86 0.50803 - 
2 -1 +1 1 -1 1 0.386 0.135 7.36 7.62 0.07007 - 
3 +1 -1 1 -1 1 0.414 0.065 7.6 7.31 0.08622 - 
4 -1 -1 1 1 1 0.386 0.065 7.47 7.07 0.16135 - 
5 +1.414 0 2 0 0 0.42 0.1 7.98 7.69 0.08477 - 
6 -1.414 0 2 0 0 0.38 0.1 7.25 7.35 0.01045 - 
7 0 +1.414 0 0 2 0.4 0.15 8.49 7.8 0.47072 - 
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No 
Variable coding W

OPC
 90SF

OPC
 

Rсs28, MPa 

2
22( )jjY Y−  



2
0202( )jjY Y−  

x1 x2 x12 x1x2 x22 2 jY  

2 jY  
8 0 -1.414 0 0 2 0.4 0.05 6.52 7.02 0.24717 - 
9 0 0 0 0 0 0.4 0.1 8.37 8.48 0.01254 0.0125 
10 0 0 0 0 0 0.4 0.1 8.76 8.48 0.07728 0.0773 
11 0 0 0 0 0 0.4 0.1 8.21 8.48 0.07398 0.074 
12 0 0 0 0 0 0.4 0.1 8.49 8.48 0.00006 0.0001 
13 0 0 0 0 0 0.4 0.1 8.58 8.48 0.0096 0.0096 



2
22( ) 1.8127jjY Y− =∑  



2
0202( ) 0.173jjY Y− =∑  

3.2.1. The calculation of the estimates of the coefficients 

Base on the research [27], The coefficients of the regression equation, calculated by the formulas 
(2): The results are shown in Table 7. 

2

1

1

1... ;
ij j

j

ij

j

N

i
N

i

y
n

x
b

x

=

=

∀ ==
∑

∑
 ,

2
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1

1

1... ;
ui jij

ju

ij i

j u

u

N

i
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i

x x y
b

x x
n j u=

=

∀ ≠= =
∑

∑
  (2) 

Table 7. Coefficient of the quadratic regression equation. 

bj 

Yj 
b0 b1 b2 b12 b11 b22 

Y1 R 
fs

28, MPa 1.118 0.040 0.033 -0.008 -0.064 -0.079 

Y2 Rсs28, MPa 8.482 0.119 0.278 -0.085 -0.481 -0.536 
 
Based on the calculation results, the following regression equations were obtained: 

2 2
1 1 2 1 2 1 2    1.118  0.040  0.033 –  0.008 –  0.064 –  0.079Y x x x x x x= + +  (3) 

2 2
2 1 2 1 2 1 2   8.482  0.119  0.278 –  0.481 –  0.536 –  0.085Y x x x x x x= + +  (4) 

3.2.2. Check the coefficients of the regression equation (3) and (4) 

Critical values for Cochran's test Gc = GQ(tQ, n1) was found from Table 3.2 of the Cochran 
distribution [28] depending on the values: 

− Level of significance Q = 0.05. 
− Degrees of freedom of the numerator n1 = m – 1= 5 – 1= 4; 
− ⇒ t0,025(4) = 2.7764 
Regression equations were determined by the formula: 

j
bj

bj

b
t

s
=  (5) 

The variance estimate of the regression coefficients of the equation Sbj was determined by the 
formula: 

2

2

1

ll
bj

ij

N

i

sS
x

=

=

∑
 

(6) 
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in which: S2
ll is the estimating observation-error variance, determined by the formula: 

 2

2 1
( )

1

ooj

ll

m

j
Y Y

S
m

=
−

=
−

∑
 

(7) 



1

1 m

o oi
j

Y Y
m =

= ∑  (8) 

in which:  

m is the number of repeated experiments in the center, m = 5; 

oY


 is the average value of m experiments in the center; 

Yoj is the obtained value of the i-th experiment in the center. 

For the regression equation (3): 

 2 2
0101 1

5

1

0.0027( ) 0.0027 0.00067
5 1j ll

j
Y Y S

=
− = ⇒ = =

−
∑  (9) 

The values of the student criterion for the test are given in Table 8. 

Table 8. Student coefficients for checking the regression equation (3). 
j 0 1 3 4 5 6 

bj b0 b1 b2 b12 b11 b22 
1.118 0.040 0.033 -0.008 -0.064 -0.079 

|bj| 1.118 0.040 0.033 0.008 0.064 0.079 

Sbj 0.012 0.009 0.009 0.013 0.010 0.010 

tbj 96.580 4.320 3.566 -0.580 -6.532 -8.059 
 
After checking the coefficients, discarding negligible coefficients. We obtained the equation: 

2 2
1 1 2 1 2 1.118  0.040  0.033 0.064 –  0.079Y x x x x= + + −  (10) 

For the regression equation (4): 

 2 2
0202 2

5 0.173( ) 0.173 0.043
5 11

jj llY Y S
j

− = ⇒ = =∑
−=

       
(11) 

The values of the student criterion for the test are given in Table 9. 

Table 9. Student coefficients for checking the regression equation (4). 
j 0 1 3 4 5 6 

bj b0 b1 b2 b12 b11 b22 
8.482 0.119 0.278 -0.085 -0.481 -0.536 

|bj| 8.482 0.119 0.278 0.085 0.481 0.536 

Sbj 0.093 0.074 0.074 0.104 0.079 0.079 

tbj 91.073 1.617 3.778 -0.816 -6.083 -6.779 
 
After checking the coefficients, discarding negligible coefficients. We obtained the equation: 

2 2
2 2 1 2 8.482  0.278  0.481 –  0.536Y x x x= + −  (12) 
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3.2.3. Check the adequacy of the experimental model  

• Testing the Hypothesis of the Adequacy of the model is based on the calculations of the adequacy 
variance S2

d (14) and Fisher's Criterion Fрасс (13): 

2

2
d

pacc
ll

SF
S

=  (13) 

 2

2 1
( )jj

d

N

j
Y Y

S
N m

=
−

=
−

∑
 

(14) 

where S2
ll is the estimating observation-error variance; 

S2
d is variance; 

m is the number of repeated experiments in the center; m = 5. 

Yj is the observed value of the i-th experiment; 

jY


 is the values of a function obtained from an experiment following the i-th experiment; 

FQ, (v1, v2) from the Table 3.5 [28], at a significance level Q = 0.05; determined by the number of 
degrees of freedom v2 = N = m – 1 = 4 and v1 = N – m = 13 – 5 = 8. So, the value: FQ(8, 4) = 6.0410. 

For the regression equation (10): 

 2 2
1 1

13

1

0.02816( ) 0.02816 0.00352
13 5

jij d
j

Y Y S
=

− = ⇒ = =
−

∑ and 2
1 0.00067llS = . 

2
1

1 0.052
1

0.0352 5.254 (8,4) 6.0410
0.00067

d
pacc

ll

SF F
S

⇒ = = = < = . 

For the regression equation (12): 

 2 2
22 2

13 1.8127( ) 1.8127 0.226
13 51

jj dY Y S
j

− = ⇒ = =
−

∑
=

 and 2
2 0.043llS = . 

2
2

2 0.052
2

0.2266 5.286 (8,4) 6.0410
0.043

d
pacc

ll

SF F
S

⇒ = = = < =  

Therefore, equation (10) and (12) satisfy the condition Fрасс < Ftab. 
Response surfaces for the regression equations (10) and (12) are presented in Fig. 4 and 5. 

  

Figure 4. Second-order surface equation (10). 
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Figure 5. Second-order surface equation (12). 

3.2.4. Search for the maximum value of the second-order regression equation and selection of 
the optimal composition 

The first case: 

When x1 = 0.206, x2 = 0.307 and flexural strength Rfs = 1.128 MPa. 

Replacement: x1 = 0.206, x2 = 0.307 into the equation (10) ⇒ Rсs = 8.495 MPa. 

The second case: 

When x1 = 0.00503, x2 = 0.25628 and compressive strength Rcs = 8.52 MPa. 

Replacement: x1 = 0.00503, x2 = 0.25628 into the equation (12) ⇒ Rfs = 1.21 MPa. 

Thus, the most optimal value: x1 = 0.00503 and x2 = 0.25628. 

• ⇒
W

OPC
=(

W
OPC

)0 + 0.02*x1
оpt = 0.40 + 0.02*0.00503 = 0.4001; 

⇒
90SF

OPC
=(

90SF
OPC

)0 + 0.05*x2
оpt = 0.1 + 0.05*0.25628 = 0.1128. 

Thus, the optimal composition of the foam concrete is presented in Table 10. 

Table 10. The optimal composition of the foam concrete mixture to obtain maximum 
compressive strength and flexural strength. 

No 
The ratio of raw materials Foamed concrete mix compositions, kg/m3 

W
OPC

 90SF
OPC

 OPC BFS SR5000 SF90 W Foam (L) 

1 0.4001 0.1128 350 367 3.5 39 140.0 567.4 

4. Conclusions and future work 
Based on the analysis of the data obtained from the experiment, the following conclusions can be 

drawn: 

1. Based on test results, preliminary components have been identified to optimize components. 

2. Static processing of the results, performed by mathematical methods for planning experiments to 
optimize the composition of the designed foam concrete, with a certain probability and the number of 
retests. The foam concrete samples are then compared with the results obtained by various methods. 

3. The obtained second-order regression equations (10) and 12) describe the dependence of 
compressive strength and flexural strength of foam concrete at 28 days of standard hardness x1 = 0.00503 
and x2 = 0.25628. 
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4. Using computer programs obtained surface images of equations (10) and (12), as shown in Fig. 4, 
5. Besides, the maximum value of the objective function was determined. 

5. The optimal composition of the foam concrete mix with the highest compressive strength and 
flexural strength are presented in Table 10. 

6. The paper's result is the basis for designing foam concrete bricks to replace clay bricks in Vietnam. 
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Abstract. An air-conditioned room with automatic regulation of the climate systems serving it using complex 
control algorithms is one of the most difficult objects for calculating non-stationary thermal regime, so to 
date, this method is insufficiently studied. At the same time, such objects are typical when organizing the 
internal microclimate of civil buildings. In this paper, we consider the mathematical formulation and solution 
of the problem of changing the temperature of internal air in a room equipped with automated local cooling 
systems and a background supply ventilation system under variable thermal influences. The main 
equations connecting the most important components of the heat flow in the room are analyzed. The 
dependence on time for the deviation of the room air temperature from the setpoint is presented, and the 
expression for the moment of time at which the maximum temperature deviation is observed, with a jump-
like change in the heat flow from heat sources in the case of regulating the equipment of local cooling 
systems according to the integral law. Calculations were performed to confirm the analytical solution 
obtained using a finite-difference approximation of the differential equations of heat balance and heat 
transfer on the example of one of the currently existing residential buildings in the climatic conditions of 
Moscow, taking into account the structural characteristics of the building and the thermal properties of its 
enclosing structures. It is noted that the greatest deviation of the temperature from the setpoint (dynamic 
control error) in the first approximation is inversely proportional to the cubic root of the transmission 
coefficient of the regulator, as well as the moment of time for which this deviation is observed. The obtained 
relations are proposed to be used for an analytical assessment of the non-stationary thermal regime of an 
air-conditioned room served by local cooling systems equipped with an automation system with an integral 
law of regulation, to check the conditions of human comfort and safety, as well as to determine the required 
parameters of the regulator. 

1. Introduction 
The proposed publication studies the change in the indoor air temperature in a room equipped with 

automated local cooling systems and a background supply ventilation system under the conditions of 
variable thermal effects. 

The necessity to maintain a set of indoor microclimate parameters in the range determined by human 
comfort conditions or ensuring technological process is primarily associated with health and safety 
requirements. In practice, hygrothermal regime stabilization is carried out primarily through the automatic 
regulation and control by climate systems, taking into account the heat resistance of buildings themselves. 
At the same time, since the thermal effects on the premises and their heat loss are found to be variable in 
almost all cases, this task is of a significantly dynamic nature.  

The problem of calculating the temperature in air-conditioned rooms with the emergence of thermal 
disturbances has long been studied. Barring some simplified analytical solutions to this problem, given in 
the reference and educational literature and mainly related to insulated enclosure structures in the building 
cooling mode a during an emergency shutdown of heat supply or with periodic thermal disturbances without 
taking into account the overall heat equilibrium of the room, we can note more complex works recently 

https://creativecommons.org/licenses/by-nc/4.0/
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appeared, for example [1], however, their results often prove difficult to use in engineering calculations 
because of their considerable complexity. At the same time, using numerical methods for studying dynamic 
modes and their modeling is becoming increasingly widespread. In this regard, the following publications 
[2–3], are of particular interest and approaches of this kind are now especially incident to foreign studies, 
of which we can name such fairly distinctive works as [4–6]. However, various solution options are related 
to specific types of facilities used in limited areas and operating in special conditions, for example, for 
underground pipelines [7], in the presence of changes in phase [8] or for ventilated facades integrated with 
natural ventilation systems [9]. We should also mention one of the previous publications of the author [10], 
where a reasonably simple solution for the temperature-wave propagation in a thick-walled cylinder was 
obtained. In addition, the authors of certain works in this area are rather focused on solving the inverse 
problem – determining the thermal and physical characteristics of a material based on a study of 
temperature fluctuations [11–13], or using thermographic methods [14]. There are works [15–20] devoted 
to modeling processes in the room as a whole. A sufficiently accurate analytical solution for calculating 
temperature fluctuations is given in [15], however, it applies only to enclosure structures, and [16] considers 
a remarkably detailed simulation-type multiparameter numerical model, but it refers to the cold season with 
heating. Publications [17–20] also possess a certain integrity, in particular, [17–18] relate to the use of fuzzy 
logic principles in the organization of microclimate management, and [19–20] are more focused on the 
methods of automatic control theory, but their results are quite complicated for using them in engineering 
practice. Finally, there are also works related to the general principles of building engineering systems 
management and energy saving in these conditions, for example, [21–23], but due to their generality, they 
also do not contain specific dependencies of interest to us. 

The author in [24] managed to obtain an analytical solution to the problem of lowering the 
temperature in the room during an emergency shutdown of heat supply using the heat equilibrium 
differential equation for the room as a whole. However, it remains advisable to conduct studies for other 
cases where such an equation lends itself to integration, especially if regular air conditioning systems 
equipped with the necessary equipment for their automatic regulation are functioning in the room, which 
allows maintaining internal meteorological parameters in the required range. 

Although proportional control units are the most simply arranged, they are known to have a drawback, 
which may be significant under certain circumstances, namely, a non-zero steady-state error of maintaining 
the controlled parameter. Therefore, preference in a number of situations is given to control algorithms with 
an integral component, where the control action is proportional to the sum of the accumulated deviation 
from the onset of thermal disturbance and the control process is carried out until this deviation is completely 
eliminated. 

At the same time, a situation where stabilization of the indoor air and fences temperature occurs 
through the local cooling systems, for example, such as “chiller-fan coil” or split systems, employing 
complete recirculation of the air used and thus not participating in the general air balance of the room, or 
even with the help of panel-radiant cooling systems, the most common of which are cooled ceilings, is quite 
common. There, a mechanical supply system plays mainly a sanitary and hygienic role, providing the 
necessary cleanliness of the internal air, and in cases where it ensures cooling of the supply, it is done 
primarily so as not to increase the heat load on local cooling systems due to the inflow of high temperature 
air into the room. In this case, it will be shown that, if switching to the regulation of the inflow temperature 
and in the absence of local cooling systems, the corresponding solution will be a special case of a more 
general one, directly considered in this paper. 

Thus, the relevance of the proposed study lies in the need to search for sufficiently accurate and 
physically justified dependences on the time of the change in the temperature of the indoor air in a room 
cooled with local automated systems at the same time acceptable for engineering use, taking into account 
the amount of heat input, room heat resistance and control unit characteristics, as well as the relationship 
of these characteristics with the maximum temperature deviation from a given value. The results obtained 
may be applicable to a very wide range of facilities of this type. 

The aim of the paper is to develop methods for calculating the dynamic thermal regime of a room 
where local automated cooling systems are operated in the presence of a background unregulated inflow. 
The objectives of the study are: 

− compilation of the basic system of differential equations describing the heat equilibrium, heat 
transmission and heat exchange in a room air-conditioned with automated climate systems; 

− construction of an analytical solution of this equation with abrupt thermal disturbance and 
regulation of cooling systems according to the integral law; 

− obtaining analytical dependences for the maximum deviation of the room temperature from the 
set point and for the point in time when this deviation is observed, and their confirmation based 
on a comparison of theoretical results with the data of programmed generation. 
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2. Methods 
The equation of convective heat balance for indoor air within the framework of its single-are model 

can be shown here as follows: 

( ) 3 6 0
dtinQ G c t t . Q B τin s a s in c dτ

+ − − − = ,                                    (1) 

Where Qin is the sensible heat inflow in the room air from sources, W; τ is time interval, s, from the 
moment of the beginning of variable thermal effect; Gs is mass flow rate, kg/h, which is usually considered 
as equal to the value of the flow rate Gex due to the almost instantaneous stationary state of the air 
equilibrium of the room compared to the heat equilibrium; ca is specific heat of air equal to 1.005 kJ/(kg K); 
tin is indoor air temperature, °C; ts is inflow temperature, °C. Equation (1), compared with that presented in 
[24], contains an additional term of Qc, representing the value of the regulated heat flow, W, from local 
cooling systems, which is designed to compensate for heat input. For the same reason, it is now assumed 
in (1) that ts = const. 

As in [19], parameter B in expression (1) is calculated by the formula: 

B A λcρm = ∑   .                                                                       (2) 

Here λ, c and ρ are the thermal conductivity, W/(m K), specific heat, J/(kg K), and the density of the 
material of the layer of the i-th massive fence facing the inside of the room, respectively, for example, of 
external and internal walls and partitions, as well as floors; Am is area of each of the enclosure structures 
listed, m2. 

If the value of tin is automatically supported by a control unit implementing a continuous integral law 
with the necessary change in the value of Qc, the additional constraint equation the most conveniently 
written in this form: 

( )0
dQc K t tc in in.dτ

= − .                                                                 (3) 

Here, Kc is the equivalent transfer ratio of the automated system, W/(K s), over the channel  
tin → derivative of Qc”. Using the concept of excess temperature θin = tin – tin.0, where tin.0 is a controlled 
level of tin, or the so-called control point, and differentiating (1) term by term by τ for the possibility of 
substituting expressions (3) there, we can write (1) in the canonical form: 

2 1 0
2

d θ dθC Din in θin2 τ dττ τdτ

 + + + = 
 

.                                                   (4) 

The parameter of C, s–1/2, can be determined by the formula: 

3 6
G cs aC

. B
= .                                                                               (5) 

It is easy to see that differential equation (4) refers to linear homogeneous equations of the second 
order, albeit with variable coefficients, as a result of which the simplest solution methods like operation 
variants cannot be directly applied to it. However, if we use substitution z τ= , it is reduced to a somewhat 
simpler form in which one of the terms containing the first derivative is gone: 

2
2 4 0

d θ dθin inC zDθin2 dzdz
+ + = ,                                                         (6) 

where D = Kc/B, s-3/2.  

Generally speaking, this equation may be solved analytically, and it is the most easily found in the 
form of a series expansion in powers of z by the method of undetermined coefficients. Moreover, as initial 
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conditions at τ = 0, we have θ0 = 0 and, obviously, 2dθ dz Q Bin in= , since at the initial moment of time 

for a given law of control in (1), only the first and last terms will be non-zero. In this case, the desired 
function is recorded in the following form: 

( )
( ) ( )

( ) ( )

2 1 12 2 3 3 3 41 22 3 3 15
1 12 3 5 6 3 2 62 3 4 16 10
45 315

Cz C z C D z C C D zQ zinθ z
B C C D z C C D D z ...

 − + − + + + − 
=  

 − + + + + −  

.            (7) 

Note that the parameter of D, which directly includes the quantity Kc, appears only with members of 
the series, starting with z4, i.e. τ2. It is easy to verify that for not very large τ and z values, respectively, the 
series convergence is rather fast.  

At the same time, it can be obtained that in the limiting case of D = 0, i.e. if the automatic control 
system does not function, we have the following instead of (6):  

2
2 0

d θ dθin inC2 dzdz
+ = .                                                              (8) 

By substitution 
dθinX
dz

=  this equation is reduced to an equation of the first order with separable 

variables, from which we obtain the following taking into account the initial conditions and the expression 
for parameter of C: 

3 6 2
1

. Q G cin s aθ exp τin G c Bs a

  
= − −     

.                                                 (9) 

It is easy to verify that the first three terms in the decomposition of solution (9) into the Taylor series 
in in the vicinity of the point τ = 0 coincide with those for (7) therefore, (9) is indeed an asymptotic 
approximation for (7) at D → 0. Moreover, from the same decomposition it follows that for small τ, 
dependence (9) will be equivalent to the following: 

2Qinθ τin B
= .                                                                     (10) 

As in other cases considered earlier, this coincides with the formula for the natural change in 
temperature in the room with no automatic control. At the same time, at τ → ∞ the expression (9) gives us 

θin → 
3 6. Qin
G cs a

, which corresponds to the steady state during the operation of a mechanical ventilation 

system with a constant inflow temperature. 

When the automatic control system is in operation, the value of θin reaches its peak value, and then 
approaches zero again, as it should. The moment where θin = θmax, can be determined by calculating the 
derivative of dθ dzin  and equate it to zero. From (7) we obtain the following decomposition: 

( ) ( ) ( ) ( )2 4 1 22 2 3 3 3 4 2 3 51 2 2 2 2 3
3 3 15

Qdθ z in Cz C z C D z C C D z C C D z ...
dz B

 = − + − + + + − + +  
.(11) 

It is easy to see that this series also converges rather quickly. Since obviously 
2

0
Qin
B

≠ , for 

0dθ dzin =  expressions in brackets must be equal to zero. 
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3. Results and Discussion 
For clarity, we give an example of calculating the value of tin by formula (7) in the room with the 

parameters of B = 12000 W c1/2/K; C = 0.01 s–1/2 (corresponding to Gs = 430 kg/h) and Kc = 0.25 W/(K s), 
from which D = Kc/B = 2.083 10-5, s-3/2. When calculating, the initial level of tin.0 was taken equal to  
+20 °C, a jump in heat gain (design cooling load) Qin = 500 W, and the value of B was determined taking 
into account the actual thermal and technical characteristics of building materials in the building and the 
geometry of the room. The dimensions of the room and its layout with some of the symbols used are shown 
in Fig. 1. The area is 14 m2, inner structures made of reinforced concrete with density 1200 kg/m3 and a 
total area of 64 m2, which accounted for half, since it is assumed that the neighboring rooms are in similar 
conditions, and the influence of temperature is on both sides, the outer wall of lightweight concrete with a 
density of 500 kg/m3 and a 7 m2 with window with an area of 1.8 m2. 

 
Figure 1. The scheme design of the room. 

The corresponding graph is shown in Fig. 2 by a solid line. For comparison, the dotted line shows 
the results of numerical simulation for the same conditions using the computer program developed by the 
author and based on a direct solution of the system of differential equations of dynamic heat transmission 
in fences and heat exchange on their surfaces [24]. 

 

Figure 2. Dependence of θin Time dependence for the design room  
(solid line – according to the formula (7), dotted line – numerical calculation). 

It is easy to notice that the coincidence of the data of numerical calculation and expression (11) is 
quite satisfactory, especially at the initial moments of time, at least from the viewpoint of the maximum 
deviation tin and the time when it takes place. In the future, the calculation of (11) begins to give somewhat 
overestimated, and later, on the contrary, underestimated results, especially for bigger τ, when the curve 
under the conditions when using integral control should asymptotically tend to zero, which is reflected in 
the results of numerical calculation. It seems that the restrictions used in writing the original equation (1) 
are already beginning to affect here, namely, the assumption that the temperature wave does not have time 
to penetrate to the outer surface of the fence or to its axis of symmetry. However, since we are primarily 
interested in the value and moment of the greatest temperature deviation, the solution can be considered 
satisfactory. 
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The reliability of the obtained result was confirmed by a full-scale experiment for the same room for 
which the graphs in Fig. 2 were obtained. In this case, the jump in heat gain was simulated by switching on 
a convective electric heater of the appropriate power. It should only be borne in mind that in this case, in 
contrast to the comparison with the software calculation, which is focused on the simultaneous flow of 
similar processes in all neighboring areas, to construct the theoretical curve for (7), you need to take twice 
the value B = 24000 W c1/2/K, since the temperature wave in the fences will propagate only in one direction. 
To compensate for heat surpluses, an internal split-system unit was used, which is regulated positionally, 
but due to the high frequency of switching on and off, this regulation is close to integral. The value of Kc in 
this case was 0.5 W/(K s), so the parameter D remains equal to 2.083 10-5, s-3/2. Fig. 3 shows the solid line 
graph of the internal temperature deviation calculated from (7), the dotted line shows the experimental data. 
It is easy to see that given the measurement accuracy of 0.1 degrees, the match is quite good. 

 

Figure 3. Dependence of θin Time dependence for the design room  
(solid line – according to the formula (7), dotted line – experiment). 

It should be borne in mind that, based on the structure of equation (11), which includes two 
parameters of C and D, fairly simple formulas for θmax and the corresponding level of z in this mode, are 
not obtained so easily. However, if we hold only the first terms containing C and D in (11), we can find the 
approximate dependence for z in the following form following linearization: 

110 1 0
z z

Nz

 
= −  + 

,                                                             (12) 

where 
0 956

0 3
.z

D
=  is the value of z at θ = θmax and C = 0, obtained by dimensional analysis [25]; 

3 2
1 82 DN .

C
= is the correction related to the emergence of unregulated inflows. Let us note that when 

substituting z0 in (7) we can obtain that the value of θmax must also be inversely proportional to the 
parameter of D raised to the power of 1/3. In the conditions of our example, we find z0 = 34.7 s1/2 and  
N = 0.14, therefore, z = 28.7 s1/2, or τ = 824 s, which closely enough coincides with that shown in Fig. 2. 
Obviously, for Gs and, consequently non-zero C, the both values of θmax and z will be lower than in the 
absence of background air exchange. 

At the same time, it is easy to verify that, for C = 0, only terms with powers of z equal to 1, 4, 7, etc. 
remain in the decomposition (7) and thus, such a solution will be another limiting variant (7), being fair if 
there is no unregulated temperature inflow. In physical terms, this will mean replacing the regulated local 
cooling system with the direct maintenance of the internal microclimate by regulating the temperature of 
the influx of the central air conditioning system. From expression (12) it follows that in this case z0 and, 
evidently, θmax increase, i.e. the addition of unregulated flow increases the room's own heat resistance. It 
can also be noted that the general nature of dependence (7), shown in Fig. 2, is similar to the results 
obtained, in particular, by the authors of [16–17] under similar initial conditions, and the concept of the 
approach considered in the present paper as a whole, the obtained temperature deviations are of the same 



Magazine of Civil Engineering, 103(3), 2021 

Samarin, O.D. 

order as those given in publications [26–27] in similar modes, and a number of elements of the 
mathematical formulation and solution of the problem under study are close to the data contained in [3], 
[15], [18] and some other works, therefore, the results of this study may be considered fairly reliable and 
reasonable. 

4. Conclusions 
1. It is shown that the analytical solution obtained in the paper describing the change in the value of 

tin in a room employing a background unregulated inflow and automated local cooling systems, provided 
that they are regulated according to the integral law, describes quite well the real process of heating or 
cooling for an abrupt change in heat supply, in any case, at the values of τ which are not too large. 

2. It is noted that, as in other regulation modes, the dependence for tin has an asymptotically 
exponential character, however, unlike solutions showing the behavior of the indoor temperature for lengthy 
moments of time, the argument of the exponential function now contains the value √𝜏𝜏 in explicit form, but 
not that of τ. 

3. It is found that the largest deviation of tin from the set point (dynamic control error) is proportional 
to the magnitude of the thermal disturbance and, as a first approximation, inversely proportional to the 
regulator transfer ratio raised to the power of 1/3, as the point in time for which this deviation is observed. 

4. It is proved that, other factors being equal, this deviation while maintaining tin due to the regulation 
of local cooling systems, will be lower than with a direct change in the temperature of the inflow in the 
central air conditioning system, since unregulated inflow increases the room's own heat resistance. 

5. It is proposed to apply the ratios obtained in the paper for the analytical assessment of the 
dynamic thermal regime of an air-conditioned room employing local cooling systems equipped with an 
automation system with an integral law of control, in order to verify the conditions of human comfort and 
safety, as well as to determine the required parameters of the control unit. 

References 
1. Rafalskaya, T.A. Reliability and controllability of systems of centralized heat supply. Eastern Europe-an Scientific Journal. 2016. 

2. Pp. 228–235. DOI: 10.12851/EESJ201604C06ART10 
2. Malyavina, E.G. Rashchet tempa ostyvaniya pomeshcheniya posle otklyucheniya teplosnabzheniya [Calculation of the rate of 

cooling of a room after turning off the heat supply]. Promyshlennoe i grazhdanskoe stroitel 'stvo [Industrial and Civil Engineering]. 
2015. 2. Pp. 55–58. URL: http://pgs1923.ru/ru/index.php?m=4&y=2015&v=02&p=00&r=14 (date of treatment: 07.05.2020). (rus) 

3. Doroshenko, A.V. Imitacionnaya termodinamicheskaya model’ zdaniya [Simulation thermodynamic model of the building]. BST: 
Byulleten’ stroitel’noy tekhniki [Bulletin of construction equipment]. 2017. 12. Pp. 42–43. URL: https://elibrary.ru/item.as-
p?id=30598682 (date of treatment: 07.05.2020). (rus) 

4. De Rosa, M., Bianco, V., Scarpa, F., Tagliafico, L.A. Modelling of energy consumption in buildings: an assessment of static and 
dynamic models. Russian Journal of Construction Science and Technology. 2016. V. 2. 1. Pp. 12–24. 
DOI: 10.15826/rjcst.2016.1.002 

5. Liu, C.-S. An integral equation method to recover non-additive and non-separable heat source without initial temperature. 
International Journal of Heat and Mass Transfer. 2016. Vol. 97. Pp. 943–953. DOI: 10.1016/j.ijheatmasstransfer.2016.03.003 

6. Horikiri, K., Yao, Y., Yao, J. Modelling conjugate flow and heat transfer in a ventilated room for indoor thermal comfort assessment. 
Building and Environment. 2014. 77. Pp. 135–147. DOI: 10.1016/j.buildenv.2014.03.027 

7. Bouhacina, B., Saim, R., Oztop, H.F. Numerical investigation of a novel tube design for the geothermal borehole heat exchanger, 
Applied Thermal Engineering. 2015. 79. Pp. 153–162. DOI: 10.1016/j.applthermaleng.2015.01.027 

8. Vasilyev, G.P., Gornov, V.F., Peskov, N.V., Popov, M.P., Kolesova, M.V., Yurchenko, V.A. Ground moisture phase transitions: 
Accounting in BHE’S design. Magazine of Civil Engineering. 2017. 6. Pp. 102–117. DOI: 10.18720/MCE.74.9 

9. Petrichenko, M.R., Nemova, D.V., Kotov, E.V., Tarasova, D.S., Sergeev, V.V. Ventilated façade integrated with the HVAC system 
for cold climate. Magazine of Civil Engineering. 2018. 1 (77). Pp. 47–58. DOI: 10.18720/MCE.77.5 

10. Samarin, O.D. The periodic temperature oscillations in a cylindrical profile with a large thickness. Magazine of Civil Engineering. 
2019. 85(1). Pp. 51–58. DOI: 10.18720/MCE.85.5 

11. Sáez Blázquez, C., Farfán Martín, A., Martín Nieto, I., González–Aguilera, D. Measuring of thermal conductivities of soils and 
rocks to be used in the calculation of a geothermal installation. Energies. 2017. 10(6). Pp. 795. DOI: 10.3390/en10060795 

12. Ozturk, A. Overall heat transfer coefficient of functionally graded hollow cylinder. Solid State Phenomena. 2017. 267 SSP. 
Pp. 177–181. DOI: 10.4028/www.scientific.net/SSP.267.177 

13. Li, N., Chen, Q. Experimental study on heat transfer characteristics of interior walls under partial-space heating mode in hot 
summer and cold winter zone in China. Applied Thermal Engineering. 2019. Vol. 162. Pp. 114264. 
DOI: 10.1016/j.applthermaleng.2019.114264 

14. Marino, B.M., Muñoz, N., Thomas, L.P. Estimation of the surface thermal resistances and heat loss by conduction using 
thermography. Applied Thermal Engineering. 2017. Vol. 114. Pp. 1213–1221. DOI: 10.1016/j.applthermaleng.2016.12.033 

15. Tarasova (Andreeva), D.S., Petritchenko, M.R. Building quasi-stationary thermal behavior. Magazine of Civil Engineering. 2017. 
4 (72). Pp. 28–35. DOI: 10.18720/MCE.72.4 

16. Bilous, I.Yu., Deshko, V.I., Sukhodub, I.O. Building inside air temperature parametric study. Magazine of Civil Engineering. 2016. 
8 (68). Pp. 65–75. DOI: 10.5862/MCE.68.7 



Magazine of Civil Engineering, 103(3), 2021 

Samarin, O.D. 

17. Faouzi, D., Bibi-Triki, N., Draoui, B., Abène, A. Modeling a fuzzy logic controller to simulate and op-timize the greenhouse 
microclimate management using Mathlab Simulink. International Journal of Mathematical Sciences and Computing. 2017. Vol. 3. 
3. Pp. 12–27. DOI: 10.5815/ijmsc.2017.03.02 

18. Latif, M., Nasir, A. Decentralized stochastic control for building energy and comfort management. Journal of Building Engineering. 
2019. Vol. 24. Pp. 100739. DOI: 10.1016/j.jobe.2019.100739 

19. Ryzhov, A., Ouerdane, H., Gryazina, E., Bischi, A., Turitsyn, K. Model predictive control of indoor microclimate: existing building 
stock comfort improvement. Energy Conversion and Management. 2019. Vol. 179. Pp. 219–228. 
DOI: 10.1016/j.enconman.2018.10.046 

20. Serale, G., Capozzoli, A., Fiorentini, M., Bernardini, D., Bemporad, A. Model predictive control (MPC) for enhancing building and 
HVAC system energy efficiency: problem formulation, applications and opportunities. Energies. 2018. Vol. 11. 3. Pp. 631. 
DOI: 10.3390/en11030631 

21. Belussi, L., Barozzi, B., Bellazzi, A., Danza, L., Devitofrancesco, A., Ghellere, M., Guazzi, G., Meroni, I., Salamone, F., Scamoni, 
F., Scrosati, C., Fanciulli, C. A review of performance of zero energy buildings and energy efficiency solutions. Journal of Building 
Engineering. 2019. Vol. 25. Pp. 100772. DOI: 10.1016/j.jobe.2019.100772 

22. Sha, H., Xu, P., Yang, Z., Chen, Y., Tang J. Overview of computational intelligence for building energy system design. Renewable 
and Sustainable Energy Reviews. 2019. Vol. 108. Pp. 76–90. DOI: 10.1016/j.rser.2019.03.018 

23. Kharchenko, V., Boyarchuk, A., Brezhnev, E., Andrashov, A., Ponochovnyi, Y. Monte-Carlo simulation and availability assessment 
of the smart building automation systems considering component failures and attacks on vulnerabilities. Advances in Intelligent 
Systems and Computing. 2019. Vol. 761. Pp. 270–280. DOI: 10.1007/978-3-319-91446-6_26 

24. Samarin, O.D. Raschet ostyvaniya pomeshcheniy zdaniya v avariynykh rezhimakh dlya obespecheniya nadezhnosti ikh 
teplosnabzheniya [The calculation of cooling of building in emergency conditions to ensure reliability of their heating]. Vestnik 
MGSU [Papers of MSUCE]. 2019. Vol. 14. 4 (127). Pp. 496–501. DOI: 10.22227/1997-0935.2019.4.496-501. (rus) 

25. Samarin, O.D., Lushin, K.I. Primenenie metoda analiza razmernostey v zadachakh teploperenosa i teploperedachi [Application of 
method of dimensional analysis in problems of heat transfer]. Ener-gosberezheniye i vodopodgotovka [Energy saving and water 
treatment]. 2020. 1. Pp. 33–36. (rus). URL: www.energija.ru/archive/ (date of treatment: 07.05.2020) 

26. Gaujena, B., Borodinecs, A., Zemitis, J., Prozuments, A. Influence of building envelope thermal mass on heating design 
temperature. IOP Conference Series: Materials Science and Engineering. 2015. Vol. 96(1). Pp. 012031.  
DOI:10.1088/1757-899X/96/1/012031.  

27. Odineca, T., Borodinecs, A., Korjakins, A., Zajecs, D. The impacts of the exterior glazed structures and orientation on the energy 
consumption of the building. IOP Conference Series: Earth and Envi-ronmental Science. 2019. Vol. 290(1). Pp. 012105. 
DOI: 10.1088/1755-1315/290/1/012105.  

 

Contacts: 

Oleg Samarin, samarin-oleg@mail.ru 
 
 
 

© Samarin, O.D., 2021 



Magazine of Civil Engineering. 2021. 103(3). Article No. 10313 

Lukpanov, R.E., Dyussembinov, D.S., Utepov, Ye.B., Bazarbayev, D.O., Tsygulyov, D.V., Yenkebayev, S.B., 
Shakhmov, Zh.A. Homogeneous pore distribution in foam concrete by two-stage foaming. Magazine of Civil 
Engineering. 2021. 103(3). Article No. 10313. DOI: 10.34910/MCE.103.13 

 This work is licensed under a CC BY-NC 4.0 

 

 
ISSN 

2712-8172 
Magazine of Civil Engineering 

journal homepage: http://engstroy.spbstu.ru/ 
 

DOI: 10.34910/MCE.103.13 

Homogeneous pore distribution  
in foam concrete by two-stage foaming 

R.E. Lukpanov, D.S. Dyussembinov, Ye.B. Utepov*, D.O. Bazarbayev, D.V. Tsygulyov,  
S.B. Yenkebayev, Zh.A. Shakhmov 
Eurasian National University of L.N. Gumilyov, Nur-Sultan, Kazakhstan 
*E-mail: utepov-elbek@mail.ru 

Keywords: concretes, pore size, foam, mortar, strength, mixtures 

Abstract. The article addresses the issues of investigating the homogeneity of foam concrete produced by 
three methods: the classical method (CM), dry foam mineralization (DM), as well as the proposed method 
of two-stage foaming (TSF). The study is necessary due to the impact of the manufacturing process on the 
homogeneity degree of foam concrete. Therefore, the TSF method is aimed at improving the homogeneity 
of the material structure by evenly distributing the pores through the sequential foam introduction. The 
homogeneity of the materials produced by the three methods was evaluated by comparing the results of 
discrete (point and localized) strength testing over the entire volume of the foam concrete blocks, as well 
as the results of thermal conductivity measurements. The test results obtained gave an understanding of 
the degree of materials homogeneity, and confirmed the impact of the foam concrete manufacturing 
process on its quality. Thus, the most homogeneous material structure throughout the entire volume is 
observed in TSF specimens, as evidenced by the minimum deviations of particular values of strength and 
thermal conductivity, ranging from 4.19 % (in the analysis of thermal conductivity) to 6.71 % (in the analysis 
of strength), while the same indicators for CM specimens are 22.4 % and 48.35 %, and for DM specimens 
are 11.05 % and 19.21 %, respectively. 

1. Introduction 
The proposed method of production of non-autoclave foam concrete suggests two-stage foaming 

(hereinafter – TSF): the primary addition of a low-concentration mixture of foam is carried out at the stage 
of preparation of sand-cement mortar, which is followed by the addition of a high-concentration mixture of 
foam at the stage of production of a cellular concrete structure. TSF allows obtaining a product with a 
greater degree of homogeneity, and the reduction of the water-cement ratio reduces setting time. This 
provides an improvement in strength characteristics and is an additional factor for obtaining a 
homogeneous structure of the material. 

The appearance of great interest in cellular concrete is due to its ability to combine relatively high 
strength with such physical-mechanical properties as thermal conductivity and frost resistance [1–6]. 
Important, in this context, can be technological ergonomics in the construction of building structures made 
of foam concrete (for example, in comparison with brick), as well as low density of the material [7–9]. Thus, 
a lot of compositions and technologies of cellular concrete production have appeared in the market, but the 
methods of foam concrete production using energy-saving non-autoclave technologies are of special 
interest [10–13]. 

Classically, aerated concrete is divided into aerated concrete and foam concrete [14, 15]. The main 
distinctive feature of these materials is their pore structure. Aerated concrete is produced by the introduction 
of gas-forming components that in the process of chemical reaction with a cement binder forms a gas 
emission, which enables the formation of interacting pores [16]. Foam concrete is produced by adding 
ready-made foam in the cement-sand mixture, which allows obtaining a closed pore system [17]. One of 
the most common issues of foam concrete manufacturers is the instability of the structure of the foam 
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concrete mortar, shrinkage, uneven density of the material, and, as a consequence, unstable strength and 
thermal conductivity of the product. The reason for this shortcoming can be many factors, the main of which 
is a high water-cement ratio, which ultimately leads to heterogeneity of the material at its setting [1, 18]. 

To solve this problem, plasticizing additives are used. However, because plasticizing additives are 
surface-active substances (SAS), after decreasing the water-cement ratio, manufacturers of foam concrete 
faced another problem – shrinkage of the material due to the increasing time of setting under the influence 
of additives. This also leads to an uneven distribution of the pore structure of the material in the volume. To 
solve the problem of the quality of foam concrete material, many attempts have been made by using 
additives of curing accelerators in combination with plasticizers [19, 20]. But no significant result ensuring 
quality foam concrete has been achieved [21, 22]. 

A breakthrough solution in eliminating the problem of heterogeneity of foam concrete was the 
modernization of the technological process of its production. Instead of the classical method (hereinafter – 
CM) of foam concrete production [7, 23–27], which represents the cement-sand mixture with water and 
foam concentrate, the technology of foam concrete production by dry mineralization (hereinafter – DM) of 
foam was proposed [28]. The method of DM is the preparation of foam concrete by mechanical mixing of 
the dry cement-sand mixture with the foam. As a result of the application of the given technology several 
questions, concerning the quality of pore structure and density, have been solved. However, the problem 
of shrinkage of a material in the course of the setting remained unsolved. Despite this, the classical 
production method is still actively used in combination with various additives [28]. 

The analysis of CM and DM revealed the advantages and disadvantages of the methods. The 
disadvantage of CM is a high water-cement ratio, which leads to shrinkage of the material before setting. 
Besides, foam concrete obtained by CM has low strength and uneven density in the volume of the product. 
The decrease in strength is due to micro and macropores in the cement dough, which creates a weak 
skeleton. The disadvantages of the DM method include shrinkage of the material in the process of setting 
(as a result of partial destruction of the foam structure when combining the foam with dry components of 
the material), which leads to changes in the final geometric dimensions of the product. Partial destruction 
of the foam structure is accompanied by its stratification, which leads to the formation of a heterogeneous 
structure of the material [9, 18, 21, 22, 29]. 

The unsolved question of obtaining quality foam concrete has defined the goal of this study. Thus, it 
consists of developing an available technology of foam concrete production by the method of two-stage 
foaming. Achieving the goal should provide an improved pore structure of the material making the pore 
distribution more uniform, as well as improved physical-mechanical properties of the material due to the 
uniform distribution of the load-bearing skeleton structure. 

The proposed method of TSF ensures maximum distribution of the foam concentrate over the entire 
specimen volume: the initial addition of a low-concentration foam mixture takes place at the sand-cement 
mortar preparation stage, thus improving its wettability and subsequent reduction of the water-cement ratio 
(reducing the quenching of the foam with water). Afterward, with the secondary addition of a highly 
concentrated mixture of foam at the stage of making the structure of cellular concrete, a decrease in the 
water-cement ratio allows to save the primary ratio of foam concentrate, facilitates the formation of a uniform 
structure of porous material. 

The following tasks were set to achieve the goal: 

• Testing the strength of foam concrete specimens obtained by CM, DM, and TSF in the laboratory 
according to [30]. 

• Measuring the thermal conductivity of foam concrete specimens obtained by CM, DM, and TSF 
in the laboratory according to [31]. 

• Comparative analysis of the results of laboratory tests and measurements. 
The article presents the results of comparative analysis of methods of foam concrete production, 

namely the impact of the technological process of preparing the material on its quality, without assessing 
the possible impact of ingredients (additives to improve the physical-mechanical properties of materials). 

For comparison with the proposed TSF method, considered two main methods of foam concrete 
production are widely used in practice such as CM and DM. 

2. Methods 
The research methodology includes the following stages: 

• Preparation of foam concrete by comparable CM and DM methods; 
• Preparation of foam concrete by the proposed method of TSF; 
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• Laboratory testing of foam concrete specimens; 
• Analysis of results.  
Preparation of foam concrete by comparable methods was carried out in laboratory conditions 

following the standard methods, specifications, and the requirements of the normative and technical 
documentation [14, 32, 33]. An important condition was to maintain the same composition of components 
and ingredients (additives) of prototypes for each method, as well as their dimensionality. The foam 
concrete compositions and the ratio of foam concentrate to aggregate are designed from the condition of 
obtaining the material density of D600 (600 kg/m3) (Table 1). For each of the 3 methods (including the 
proposed one), 5 blocks were prepared. 

Table 1. Composition of foam concrete of comparable methods. 
Method Cement, kg Sand, kg Water, l Foam concentrate, l 

TSF 310 270 124 1.2 
CM 310 270 186 1.1 
DM 310 270 155 1.2 

 
The technological process of specimen preparation by TSF is shown in Fig. 1. 

 
Figure 1. The technology of foam concrete preparation by the method of TSF: 1 – water;  

2 – foam concentrate; 3 – cement; 4 – sand; 5 – finished product; A – the container for the  
low-concentrated mixture of the plasticizing additive of a foam concentrate in water 0.3:40 l,  

B – the container for a mixture of the modified foam concentrate in water 1.2:40 l,  
In – the cement-sand mixer, D – the foam generator, E – the mortar mixer. 

The technological process consists of three stages. During production, a strict sequence of 
components must be followed (Fig. 1): 

Stage 1: in a container (A) the foam concentrate (1) is thoroughly mixed with water (2), in ratio to 
water – 0.3:40 l; in parallel (independently) in a container (B) the foam concentrate (1) is thoroughly mixed 
with water (2), in water ratio – 1.2:40 l; in parallel in a container (C) the cement (3) is mixed with sand (4), 
in the ratio of cement to sand (1:3); 

Stage 2: obtained in a container (A) mortar through the foam generator (C) is converted to foam and 
combined with cement and sand mixture from the container (D), in a mortar mixer (E); 

Stage 3: The mortar obtained in a container (B) is converted to foam through the foam generator (C) 
and introduced into the mortar mixer (E). 

After careful mixing in a mortar mixer, the resulting mortar (5) is poured into forms. 

The main evaluation criterion of the quality of the material prepared by different methods is the 
degree of its homogeneity, or in other words, the even pore distribution in the structure of foam concrete 
over the entire volume. This indicator is directly related to the technology of foam concrete production. The 
resulting factors of material homogeneity can be attributed to the homogeneity of physical-mechanical 
properties of the material over the entire volume. 

Evaluation of material homogeneity, through the evaluation of physical-mechanical properties, is 
reduced to the discrete measurement of physical-mechanical properties over the entire volume (mainly 
height) of the material of standard size (factory block): 20 cm height, 30 cm width, and 60 cm length. 
Cylindrical specimens with a height of 20 cm and a diameter of 6.4 mm, segmented by 2 cm in height, were 
used to assess the strength of the material (Fig. 2a). Also, for point assessment of the strength of factory 
sized specimen, conducted the tests of small-sized cubic specimens with the dimensions of 2×2×2 cm 
extracted continuously by height and selectively by the length and width of the factory specimen (Fig. 2b). 
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To assess the thermal conductivity of the material used the specimens in the form of a rectangular 
parallelepiped of standard size, selected in steps of 4 cm by the height of the specimen of factory size 
(Fig. 2c). 

 
Figure 2. Specimens for determining the physical-mechanical properties of foam concrete. 

The difference between testing the cylindrical and small specimens is that segments of a cylindrical 
specimen are tested simultaneously while small specimens are tested separately. In other words, testing 
cylindrical specimens is necessary to identify the weakest segments of the specimen by height, while testing 
small specimens will evaluate the distribution of strength characteristics over the entire volume of the 
material. In both cases, the analyses of the results reveal weaker locations, areas with maximum density, 
and generally assess the homogeneity of the material. 

Assessment of the uniformity of foam concrete in height is due to the influence of gravitational forces 
on the heavy ingredients of the composition during the setting process (including excess water during foam 
delamination), leading to an uneven density of the material by volume. 

Core cutting was carried out through a cylindrical crown with an electric drive, with an inner diameter 
of 6.5 mm. To reduce the impact of mechanical action on the skeleton structure, core extraction was carried 
out with maximum rotation and minimum movement of the crown. In total, 6 specimens were taken from 
each comparable foam block. The cylindrical and standard specimens were cut by string cutting at 
maximum rotational speeds to reduce the risk of disturbance of the material structure. Before testing, each 
element of the specimen was labeled. 

The laboratory testing and measurement of foam concrete specimens included the following: 

• Determining the strength of segmented cylindrical specimens using the Unconfined compression 
test (Fig. 3a); 

• Determination of the strength of small cube-shaped specimens of material by Dynamic 
Mechanical Analysis (Fig. 3b); 

• Determination of the thermal conductivity of standard specimens of material using the ITP MG-4 
instrument (Fig. 3c). 
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Figure 3. Laboratory testing of foam concrete specimens. 

Compressive strength tests on segmented cylindrical specimens were carried out on the “Press 
Automatic Pilot” equipment with a total compressive load of 500 kN, designed to determine the compressive 
strength of lightweight concrete and primer-cement specimens. 

To evaluate the less robust part of the specimen within the height, segments of one specimen were 
tested simultaneously. Since the specimens have been mechanically subjected to cutting, the specimen 
surface has a roughness that can lead to a point transfer of normal stress at the contact edge of the 
segments. Therefore, for better distribution of normal stress, flexible gaskets [30] of nonwoven geotextile 
were used. The use of gaskets also simulates the tangential stresses at the contact edge of the segments, 
which are inherent to a solid, monolithic specimen, when compressed. 

Testing was performed before the specimen failed, and strength measurements were made using 
two control measurements:  

A – registration of the load value, at the destruction of at least one segment, to identify the weakest 
section by the height of the specimen; 

B – recording the peak value of the load, to measure the maximum strength of the specimen as a 
product. 

The tests of small specimens of cubic shape for assessing the distribution of strength properties of 
the material on the volume of specimens of comparable methods were conducted on specialized equipment 
called “Dynamic Mechanical Analysis”. The device is designed to study the properties of materials under 
the influence of periodic and constant loads of compression, bending, shearing, stretching of small 
specimens (height up to 3 cm). In total, 2250 specimens were tested. 

To estimate the thermal conductivity and thermal resistance of the materials of the compared 
methods, specimens of standard sizes in the form of a rectangular prism were used. Measurements were 
carried out on the device ITP MG-4 on the principle of generation of a stationary heat flow passing through 
a flat specimen and directed perpendicular to the face edges of the specimen [31]. The heat flow is 
monitored automatically by the device. In total, 5 specimens of each method were tested, selected at the 
same distance within the block height (20 mm per step). The error of geometric dimensions of the 
specimens did not exceed ±0.1 mm. Before the test, to determine the density of the dry specimen, the 
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prototypes were dried to a constant mass, so that the mass change did not exceed 0.1 % during 30 minutes 
of observation. 

The calculation of thermal conductivity λ  (effective thermal conductivity) was performed according 
to Eq. (1), and thermal resistance HR  (in the stationary thermal mode) according to Eq. (2): 

h c

H q
T T

λ ⋅
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⋅
,                                                                     (1) 
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q
−

= − ,                                                          (2) 

where, λ  is effective heat transfer, W/m °С; 

HR  is the thermal resistance of the test specimen, m2·°С/W; 

kR  is the thermal resistance between the face of the specimen and the work surface of the 
instrument panel, m2·°С/W; 

H  is the measured specimen thickness, mm; 

q  is the density of a stationary heat flux passing through a measured specimen, W/m2; 

hT  is the temperature of the hot edge of the measured specimen, °С; 

cT  is the temperature of the cold edge of the measured specimen, °С. 

3. Results and Discussion 
3.1. Strength results of segmented cylindrical specimens  

by Unconfined compression test 
Comparisons of the values of measurement A (identification of the weakest area within the height of 

the specimen) expressed by the relation of particular values of strength of TSF specimens with CM and DM 
are presented in Fig. 4. The presented linear functions have a close relation to the variables as the 
correlation coefficient in both cases is higher than 0.7. Proportionality coefficients show that the greatest 
convergence of strength values with TSF is observed in DM specimens (0.82 is closer to 1.0 than 0.66). 
According to the test results, the partial values of strength of the weakest segments of CM specimens vary 
from 0.61 to 0.93 MPa, which corresponds to the upper limit of foam concrete mark of D300. This means 
that all five CM specimens have weaker segments within the height, the density of which does not exceed 
300 kg/m3. Particular values of strength of the weakest segments of DM specimens vary from 1.52 to 
1.73 MPa, which correspond to the average value of the strength of foam concrete mark of D400. The 
strength of TSF segments varies from 1.84 to 2.05 MPa, which corresponds to the upper limit of the strength 
of foam concrete mark of D400 and the average value of foam concrete mark of D500. The results of the 
study [34, 35], which aimed to assess the degree of homogeneity of foam concrete by measuring its density, 
showed that the density of the material depends on the setting time and methods of foam concrete 
preparation and varies on average from 10 to 25 %. In general, the particular values of density [34, 35] lie 
in a proportional range of obtained particular values of segmented specimens. 

Comparing the standard deviations of the obtained results on the strength of three methods that are 
0.129 for CM, 0.093 for DM, and 0.087 for TSF, it can be concluded that the greatest variation of the 
particular values of strength within the height is revealed for the DM specimens. The smallest standard 
deviation is observed in the TSF specimens, which indicates the maximum concentration of particular 
values of strength at the height around the arithmetic mean of the particular values. 

In general, the results of the assessment showed that CM and DM specimens have a greater 
variation in height than TSF specimens. The weakest sections of the CM specimen turned mainly the two 
upper segments 9 and 10 (Fig. 5a), at an average load of 2 kN, which corresponds to a strength of 
0.72 MPa. In the DM specimens the weakest sections are located in the upper part of the specimen, mainly 
the three upper segments 8, 9, and 10 (Fig. 5b), at an average load value of 4.5 kN, which corresponds to 
a strength of 1.62 MPa. No clear pattern of segment failure was found in the TSF specimens. Where the 
weakest was the lowest segment 4 (Fig. 5c), at an average load of 5.3 kN, which corresponds to a strength 
of 1.91 MPa. 
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Figure 4. Temperature mode of concrete curing. 

 
Figure 5. Weakest segments of specimens. 

At the measurement B (maximum strength measurement) on the CM and partially DM specimens, 
the tests were continued after the upper segments were removed, otherwise, the peak load value would be 
limited by the failure of weak specimens due to their low strength value relative to other segments. In 
general, the maximum strength values of the three methods are close to each other. The average value of 
maximum strength of CM specimens was 3.2 MPa, which corresponds to the upper limit of the strength of 
foam concrete mark of D500 or the lower limit of the mark of D600. The DM and TSF specimens showed 
the strength of 2.5 MPa and 2.7 MPa respectively, which correspond to the average strength of the mark 
of D500. The obtained results of the maximum strength of CM specimens are due to the removal of weak 
segments, as well as changes in the ratio of the width of the specimen to its height, which led to data 
distortion. 

Although the selection of foam concrete composition and the ratio of foam concentrate to aggregate 
is calculated from the condition of obtaining the material density of D600 (600 kg/m3), the obtained 
specimens of comparable methods showed different results from the given values [36]. The resulting factor 
of distortion of the results is a non-standard dimensionality of specimens (due to the height of the standard 
block and the diameter of the core extractor) in comparison with the required test specimens regulated by 
the standards. Correction factors for the geometry of the specimens were also not taken into account, as 
the task of projecting the results of the specimen to the final construction product was not set in the analysis. 
The fact that the tested segmented cylindrical specimen does not have an integral structure also played a 
partial role, and since all specimens were tested under equal conditions, the results may vary from those 
of real values quantitatively, but not qualitatively. And since the task was to compare the results relative to 
each other, the quantitative factor has no principal importance, since the results are not expressed by 
particular values but by their ratio. 

The results obtained from the tests of segmented cylindrical specimens gave an indirect idea of the 
degree of homogeneity of materials of the three compared production methods. 

3.2. Dynamic Mechanical Analysis results  
for strength determination of small cube material specimens 

The spread of the strength values by the height of the specimen of each compared method, aliquot 
to the height of an individual cube (2 cm), is shown in Table 2 below. 
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Table 2. Spreading of particular strength values by height. 
Specimen 
No. (full 
height) 

Particular values of strength, kgf/cm2 
CM DM TSF 

Minimum Maximum Minimum Maximum Minimum Maximum 
10 (20 cm) 10.235 15.984 38.075 42.432 26.870 34.935 
9 (18 cm) 13.885 24.253 38.342 44.583 28.944 37.384 
8 (16 cm) 24.120 42.439 40.456 46.780 29.118 42.293 
7 (14 cm) 31.786 44.328 42.359 48.467 37.881 44.277 
6 (12 cm) 35.382 45.827 42.243 49.334 38.420 46.226 
5 (10 cm) 38.340 48.105 42.589 49.015 38.318 47.986 
4 (8 cm) 39.921 50.368 43.011 49.312 39.020 48.355 
3 (6 cm) 42.334 54.492 43.516 50.016 40.267 50.417 
2 (4 cm) 54.012 70.439 44.770 52.145 43.455 57.936 
1 (2 cm) 77.228 91.870 46.342 54.211 48.171 61.939 

 
According to the test results, particular values of strength of CM specimens vary  

from 10.235 kgf/cm2 (≈0.98 MPa) to 91.87 kgf/cm2 (≈9.60 MPa), DM specimens vary  
from 38.075 kgf/cm2 (≈3.72 MPa) to 54.211 kgf/cm2 (≈5.29 MPa), and TSF specimens vary from 
26.87 kgf/cm2 (≈2.65 MPa) to 61.939 kgf/cm2 (≈6.10 MPa). According to the study of [37], the strength 
characteristics of foam concrete specimens of similar composition, on average, amounted to 50 kgf/cm2, 
which does not contradict the results obtained and correspond to the average value of the range of CM, 
the upper value of the strength range of DM and TSF. 

For visual comparison, the point strength results are presented in the form of color distribution [38] 
over 6 significant sections (from two opposite edges and the middle of the block in the transverse and 
longitudinal direction). Fig. 6 shows the comparison of strength in the planes C1 (in axes 1 – A÷O, Fig. 2b) 
and L1 (in axes A – 1÷30, Fig. 2b). Fig. 7 shows the comparison of strength in the planes C2 (16 – A÷O, 
Fig. 2b) and L2 (H – 1÷30, Fig. 2b). Fig. 8 shows the comparison of strength in the planes C3 (30 – A÷O, 
Fig. 2b) and L3 (1÷30, Fig. 2b). For the best comparative evaluation of each fragment (separate plane), a 
single-color scale of strength characteristics inherent in the most heterogeneous specimen (method) is 
given. Thus, the contrast of the scale and the planes under consideration will contribute to a better visual 
perception of the heterogeneity of the plane under consideration relative to the most heterogeneous 
specimen (method). 

 
Figure 6. Color diagram of strength distribution in the cross-sections of C1 and L1 unit. 
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Figure 7. Color diagram of strength distribution in the cross-sections of C2 and L2 unit. 

 
Figure 8. Color diagram of strength distribution in the cross-sections of C3 and L3 unit. 
The difference of contrasts of color diagrams of strength distribution along transverse and 

longitudinal sections clearly shows the difference in the homogeneity of distribution of particular values of 
strength characteristics of compared methods of foam concrete production. The greatest contrast is 
observed at CM blocks (in all cross-sections), which testifies to the big dispersion of particular values of 
strength, therefore, the lowest homogeneity of the material. The greatest homogeneity is observed at blocks 
of TSF, which testifies to the smallest color contrast within the height of the section. The average degree 
of homogeneity is observed at DM blocks. 
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The average value of the minimum strength of CM specimens (all top specimens) is 13.25 kgf/cm2 
(1.30 MPa), and the average value of the maximum strength (all bottom specimens) is 87.9 kgf/cm2 
(8.62 MPa). The squared deviation of particular values of the upper specimens is 0.25, and of the lower 
specimens is 2.09. The variation coefficient or the deviations of particular values do not exceed 1.86 % of 
the average value for the upper specimens (an upper plane of the block) and 2.34 % – for the lower (lower 
plane of the block), which indicates a close relationship of particular values of the strength of all specimens 
within the plane of the considered height (horizontal plane). The statistical analysis of particular values of 
strength and standard deviations of DM specimens also showed close relation of particular values of 
strength within the limits of considered planes within the height. For the lower plane the deviation (variation 
coefficient) limit is 1.45 %, and for the upper plane is 1.68 %. In the case of the TSF method, the deviation 
limit for the lower plane is 0.59 %, and for the upper plane is 2.05 %. 

This analysis allowed estimating the spread of these strength characteristics within two critical planes 
of the specimen (upper and lower planes of the foam concrete block) with minimum and maximum particular 
values of strength. The analysis showed a close relationship of the particular values within the plane of their 
location, excluding the assumption of random errors (since the number of particular values within one plane 
is 225 units), thus confirms the assumption of heterogeneity of the material in the transverse plane (in its 
height) and relatively good homogeneity in the horizontal plane. 

A quantitative assessment of the material heterogeneity in height can be made by statistical 
processing of particular strength values in transverse planes perpendicular to the horizontal plane. 

The average value of the transverse plane strength of CM specimens is 43.67 kgf/cm2 (4.28 MPa), 
and the average value of squared deviations (within height) is 21.11. Hence, the deviations (variation 
coefficient) of particular values of strength from the arithmetic mean reach 48.35 %, which indicates a weak 
bond of particular values of strength within the transverse planes (values on the height of the specimen), 
as well as the heterogeneity of the material within height. The statistical analysis of particular values of 
strength and standard deviations of DM specimens showed closer relation of particular values of strength 
in transverse planes in comparison with CM. At the average value of strength equal to 44.54 kgf/cm2 
(4.37 MPa), the standard deviation was 8.56, and the deviation (variation coefficient) of particular values of 
strength within 19.21 %. The closest correlation of particular values of strength was found in TSF 
specimens, where the average value of strength was 43.42 kgf/cm2 (4.25 MPa). With a standard deviation 
of 2.91, the deviations of the particular values of strength were within 6.71 %. Statistical analysis of the 
particular values of strength in transverse planes confirms the obvious heterogeneity of CM specimens 
concerning DM and TSF. 

The results of the tests (point strength distribution of the material) generally correspond to the results 
of the strength testing of cylindrical specimens, confirming the general trend of strength distribution over 
the height at each of the 3 methods. Moreover, in contrast, they provide more accurate numerical values 
of strength over the entire volume of the specimen. 

3.3. Results of the determination  
of the thermal conductivity of standard specimens  

The results of measurements are presented in Fig. 9, and comparisons of particular values of 
measurements of TSF with CM and DM specimens are presented in Fig. 10. 

 
Figure 9. Particular values of thermal conductivity and thermal resistance. 
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Figure 10. Comparisons of particular values of measurements. 

Studies of [39] on the assessment of the thermal conductivity of foam concrete showed values 
comparable to those indicated in the article according to the density of specimens. The obtained results of 
thermal conductivity of specimens of three methods do not contradict these results. Thus, the thermal 
resistance values of CM specimens vary from 0.140 to 0.234 m2·°C/W, of DM specimens from 0.139 to 
0.171 m2·°C/W, of TSF from 0.158 to 0.174 m2·°C/W. Values of thermal conductivity of CM specimens vary 
from 0.103 to 0.190 m2·°C/W, DM specimens from 0.110 to 0.148 m2·°C/W, TSF – from 0.137 to 
0.143 m2·°C/W. 

Statistical analysis of the data showed that the maximum deviation (variation coefficient) of particular 
values of thermal resistance (thermal conductivity) from the average for CM specimens is 22.4 % (22.0 %), 
and the lowest deviation for TSF specimens is 4.19 % (1.87 %). For DM specimens the deviation of thermal 
resistance is 7.8 %, and of thermal conductivity is 11.05 %. 

Comparisons expressed by a linear function (Fig. 10) also indirectly indicate the degree of 
homogeneity in the structure of the specimens of compared methods. The most uniform distribution of the 
structure of foam concrete is observed in the specimens of TSF, and the smallest in the specimens of CM. 
The results of the assessment confirmed a greater dispersion of data within the height of CM and DM 
specimens, as compared with the specimens of TSF. The binding of the obtained thermal conductivity data 
to the mark of foam concrete showed the following: CM specimens are referred to the mark from the upper 
limit of D300 or the lower limit of D400 (upper specimens) to the average limit of D800 (lower specimens); 
DM specimens – from the average limit of D400 (upper specimens) to the average limit D600 (lower 
specimens); TSF specimens – from the upper limit of D500 (upper specimens) to the lower limit of D600 
(lower specimens). 

In general, the test results confirm the impact of the technological process on the homogeneity of the 
material, and as a consequence, the uneven distribution of its physical-mechanical properties over its 
volume. The results obtained have a similar trend (in terms of the distribution of physical-mechanical 
properties in the production of foam concrete) with the works of [34, 35, 37, 39, 40]. Nevertheless, the 
results obtained have creditable quantitative indicators and are more focused on a comparative evaluation 
of the TSF method. 

4. Conclusion 
1. A method for the production of foam concrete is proposed, which implies two stages of foaming: 

primary inclusion of a low-concentration foam mixture at the stage of preparation and secondary inclusion 
of a high-concentration foam mixture at the stage of producing a cellular concrete structure. Two-stage 
foaming provides a maximum distribution of the foam concentrate over the entire volume, as evidenced by 
the comparison of the results of laboratory measurements. 

2. Although the selection of foam concrete composition and the ratio of foam concentrate to 
aggregate is designed from the condition of obtaining the material density of D600 (600 kg/m3), the obtained 
specimens of comparable methods showed the results different from the given values: the density of CM 
by the height of specimens varies on average from 365.5 kgf/cm3 to 840.1 kgf/cm3, DM specimens from 
528.3 kgf/cm3 to 714.2 kgf/cm3, and TSF specimens from 608.3 kgf/cm3 to 669.5 kgf/cm3. 

3. Strength tests on small specimens showed that the greatest variety of particular strength values 
is observed in the transverse plane along with the height of the specimen. The total spread of particular 
strength values over the entire volume of the CM block amounted from 10 to 92 kgf/cm2, DM block – from 
38 to 54 kgf/cm2, TSF block – from 27 to 62 kgf/cm2. The strength values converted into a color chart  
(Fig. 6-8), clearly shows the different degree of homogeneity of the three methods. 
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4. Thermal conductivity tests on standard specimens confirmed a greater variation in the height of 
CM and DM specimens compared to TSF specimens, which is also an indirect assessment of material 
homogeneity. 

5. Furthermore, the study results confirmed the impact of the technological process of foam concrete 
production on its quality. The proposed TSF production technology enables sufficiently even distribution of 
physical-mechanical properties of the material (strength and thermal conductivity) over its volume, which 
can be used as an indirect confirmation of the uniform distribution of the pore structure of the skeleton, and, 
consequently, improves the quality of the material as a construction product. 
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Abstract. The subject of research is concrete containing a polycarboxylate superplasticizer admixture and 
metakaolin. The effect of water-cement ratio, superplasticizer, and metakaolin on plastic shrinkage of 
cement paste was investigated. Two types of cement are also compared. One of them was alite-aluminate 
cement (cement A). Another one was belite-celite cement (cement B). If the water-cement ratio is increased, 
then the plastic shrinkage of samples with both cements develops more intensively and achieves higher 
values. However, the w/c ratio affects the shrinkage of the cement A more. For the first 8 hours, the cement 
A shrinkage is 1.71–5.21 mm/m at W/C = 0.2–0.35. For cement B, the corresponding values are  
0.953–2.63 mm/m. The cement A's plastic shrinkage is 1.51–1.98 times higher than cement B's plastic 
shrinkage. If polycarboxylate superplasticizer content is increased, then the shrinkage of both cements 
increases significantly due to the release of part of physically bound water and its evaporation. The addition 
of the superplasticizer increases the shrinkage of the cement A by an average of 40 %, and the shrinkage 
of cement B by approximately twice. Simultaneously, the shrinkage of two cements becomes approximately 
equal due to the same rate of interaction of water with the cement, limited by the diffusion of water through 
the polycarboxylate adsorption film. Selective capacity of polycarboxylate concerning two types of cement 
is shown. The alite-aluminate cement gives the same shrinkage as the belite-celite cement, with a 
1.89 times higher superplasticizer content. Replacing part of the cement by metakaolin reduces the initial 
shrinkage, however, not so significantly as the other two factors. If the metakaolin content in the binder is 
increased, then the shrinkage of both cements decreases. More noticeable is the effect of metakaolin on 
the cement A. The shrinkage of the cement B has not changed much. 

1. Introduction 
One of the main problems of concrete pouring is ensuring the crack resistance of concrete during its 

hardening. Uneven and restrained deformations cause cracks in hardening concrete. They develop due to 
shrinkage and heat release of concrete [1]. A specific area of concern is the early-age cracking of self-
compacting concrete, which is an extremely fluid mix with a high content of powdered additives and 
superplasticizers [2]. The plastic shrinkage reviewed in [3–5]. 

It is known that the self-compacting concrete requires a careful combination of the various 
components of the mixture. For this reason, much attention needs to be paid to the influence of additives 
and powdered fillers on the early shrinkage of concrete [6–10]. Results [11] show that shrinkage depends 
on the mineral admixture type and more particularly on the developed microstructure. Replacing 15% of 
Portland cement by metakaolin increases the plastic state's shrinkage and decreases it significantly at the 
hardened state in free drying conditions. A study [12] showed that concrete mixtures blended with mineral 
admixtures (silica fume, microsilica or fly ash) also had more plastic cracks but below average crack 
compared to plain Portland cement. 

An important role in early shrinkage was the water-cement ratio. According to [13], a low water-
cement ratio could cause large shrinkage. The experimental results showed that an increasing the water-
cement ratio in the range from 0.13 to 0.24 reduced the chemical and autogenous shrinkage after 8-10 

https://creativecommons.org/licenses/by-nc/4.0/
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hours of hardening. With further hardening in air, starting from 42 hours from mixing and up to 28 days, 
shrinkage, on the contrary, increased at an increase in W/C. Moreover, air shrinkage was less than plastic 
shrinkage. Minimizing the autogenous shrinkage of concrete was an important task. The way to solve this 
was the use of low-heat belite types of cement and shrink-resistant additives [14–16].  

The use of mineral fillers to reduce creep and shrinkage was well known [17–23]. According to [24], 
fly ash could significantly reduce early age autogenic shrinkage, while silica fume caused an increase in 
the autogenic shrinkage. The effect of mineral fillers was related to their quantity and fineness of grinding. 
If the specific surface area of fly ash was above 4000 cm2/g, then the autogenous shrinkage increased at 
an increasing amount of additive. A mixture of fly ash and slag significantly reduced the autogenous 
shrinkage and concrete creep [25]. If more than 20% of the cement was replaced by fly ash, then the 
shrinkage decrease was not so significant. The influence of the slag on early age shrinkage, on the contrary, 
was more noticeable when replacing cement above 20%. A mixture of fly ash and slag had lower shrinkage 
than only ash had [26]. 

The study [27] showed that limestone filler with a large specific surface area increased autogenous 
shrinkage, reduced the rate of water evaporation, and increased plastic cracking of self-compacting 
concrete.  

On the other hand, fillers reduced concrete bleeding, which [27, 28] significantly reduced cracking, 
as shown in [27]. The addition of 10 % of water reduced the cracks' length, and a decrease in the amount 
of superplasticizer reduced the cracking width of the concrete mixture.  

The study of various fillers used as partially replacing cement showed [29] that the shrinkage 
depends on the type of mineral additive and, in particular, on the fineness of grinding. Replacing 15% of 
Portland cement by metakaolin increased the plastic shrinkage and significantly reduced it in the hardened 
concrete if air drying was used [30]. The fillers from waste marble and ceramic tiles increased the resistance 
to cracking of early age concrete, tested at temperatures of 25 and 40 °C, and the presence and absence 
of wind (ventilation) [31]. 

In addition to mineral additives, superplasticizers have a great effect on the concrete mixture. They 
can significantly improve the quality and characteristics of the mixture; regulate the concrete setting and its 
hardening [32–35]. 

In [36], two kinds of naphthalene compounded superplasticizers were tested. One was a retarder for 
concrete, and the other one was an early strength-air entraining-retarding superplasticizer. The use of this 
mixture had a positive effect not only on strength but also on the shrinkage of cement paste, mortar, and 
concrete. In [37], the effect of naphthalene based plasticizers, polycarboxylate superplasticizer, a retarding 
component, and shrinkage-reducing admixtures on concrete creep was studied. The results showed that 
polycarboxylates can significantly reduce the shrinkage and the creep of concrete compared to the 
naphthalene based plasticizers. The shrinkage-reducing admixtures also reduced the concrete creep. 
However, in [38], a mixture modified with a superplasticizer suddenly cracked, and the air-entraining 
admixture significantly reduced shrinkage. 

As the literature review shows, the results of various studies can be contradictory. Therefore, a 
separate study is required to evaluate specific cases. 

The subject of research is concrete containing a polycarboxylate superplasticizer admixture and 
metakaolin. 

The objective of the work is a comparison of concretes from two cements with different capacity of 
reaction. The plastic shrinkage is analyzed. The water-cement ratio, the polycarboxylate superplasticizer 
content, and the metakaolin content are varied.  

2. Materials and Methods 
2.1. Testing laboratory 

Concrete mixtures were tested in the laboratory of Peter the Great St. Petersburg Polytechnic 
University (Russian Federation). 

2.2. Materials  
The mixtures were tested using two types of cement produced by Holsim (Rus) LLC. 

1. Cement A: Portland cement without mineral additives based on clinker of normalized composition.   

2. Cement B: class G oil well Portland cement without additives. It is high-sulfate-resistant cement. 
API Specification 10A 24 Edition: API Well Cement Class G at Grade HSR.  
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The physical and mechanical properties of two types of cement are presented in Table 1. 

Table 1. Physical and mechanical properties of two types of cement. 

Properties Cement A Cement B 

Blaine fineness [cm2/g] 3488 3027 
Normal consistency [%] 27.0 26.5 
Initial setting time [min] 177 212 
Final setting time [min] 245 466 

Soundness Test on Cement sound cement sound cement 
Compressive strength [MPa] 

at the age:  
  

3 days 44.9 32.2 
28 days 61.2 50.8 

Flexural strength [MPa] 
at the age: 

  

3 days 5.7 3.5 
28 days 7.4 5.9 

 

Chemical composition and mineralogical composition of the cements are presented in Table 2. 

Table 2. Chemical composition and mineralogical composition of the cements. 

Type of cement 
Chemical composition [%] Mineralogical composition [%] 

SiO2 Al2O3 Fе2O3 CaO MgO SO3 K2O Na2O C3S C2S C3A C4AF CaOfree 
Cement A 20.7 4.6 3.5 65.0 1.2 2.9 0.8 0.2 73.0 8.1 5.2 12.0 0.5 
Cement B 20.9 4.1 4.9 64.4 1.1 2.5 0.5 0.2 65.0 12.5 2.6 15.7 0.3 
 

The concrete mixes contained additives produced by MC Bauhemi LLC: MC-PowerFlow PF 7951 
polycarboxylate superplasticizer and powdered metakaolin produced under the trade name Centrilit NC. 

These cements were tested for heat release in concrete. 

The concrete composition is shown in Table 3. 

Table 3. Concrete composition. 

Ingredient Content [kg/m3] 

Cement 365 

Sand with fineness modulus of 1.6 810 

Crushed stone with a fraction of 5-20 mm 1040 

Water 181 

Additive Centrilit NC  10.95 

superplasticizer MC-PowerFlow PF 7951  1.64 

Total 2409 

2.3. Plastic shrinkage measurement 
Cement paste samples in rectangular plastic containers with dimensions 90×50×25 mm were made 

to determine plastic shrinkage. The upper edge of the samples was in contact with the room air. The relative 
air humidity was 30–32 % and a temperature of 22–24 ºC. Water evaporated through this upper edge of 
the samples during the experiment. The other faces were in contact with the walls of the containers. 

The MIR-12 microscope measured the plastic shrinkage by marks applied to the sample's exposed 
surface (see Fig. 1). The gauge length was 50 mm. Measurements started 10 minutes after mixing of the 
cement and ended after 24 hours. 
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Figure 1. Measuring microscope. 

2.4. Heat release of concrete measurement 
The heat release of concrete was determined by the semi-adiabatic method by EN 196-9:2010 

Methods of testing cement. Part 9: Heat of hydration. Semi adiabatic method. The initial temperature was 
20 ºC. The sample was placed in a glass Dewar flask (thermos). It had a high thermal resistance due to the 
silvering flask surfaces and a vacuum between two glass layers. However, heat exchange between the 
sample and the surroundings was not completely excluded. Part of the heat generated by cement Q1 was 
consumed to increase the sample's temperature, and the other one Q2 was scattered into the environment 
with a constant temperature. 

Total heat release Q generated by cement during the hydration is composed of two parts: 

Q=Q1+ Q2. 

The heat Q1 is proportional to the increase in the temperature of the sample tx relative to the initial 
temperature of the sample t0 with a proportionality coefficient equal to the specific heat capacity Ct [J/оC] 
of all heated parts of the calorimeter: 

Q1= Ct(tx-t0). 
The specific heat capacity Ct of all heated parts of the calorimeter was determined experimentally 

for every calorimeter. 

The heat Q2 is the heat loss to the surroundings, and this heat loss determined by the heat 
conductivity coefficient α. The heat conductivity coefficient α is the amount of heat loss from the body in 1 c 
of time from 1 m2 surface area with a temperature difference between the body's surface and the 
surroundings of 1 °C. Since the thermos' contact area with the surrounding S is constant value for this 
thermos, the heat conductivity constant of the calorimeter Qc = αS (W/°C) was used. The Qc value was 
determined experimentally.  

The heat Q2 was determined by the formula: 

2 0c x nQ Q ( t t )d ,τ τ= ∫ −  

where τ  is time and tn = const is environment temperature. 

The integration over time was replaced by summing over the area Fx. These areas were enclosed 
between the curve tx=f(τ) and the line tn = const. Hence 

Q2=QkFx. 

The heat Q was the amount of heat generated by unit volume of concrete during its hardening. The 
value of the heat Q depended on the cement content C in concrete. Therefore, the results of the 
experimental measurement of heat release are presented further in the article in the form of heat release 
per unit mass of cement: 

q=Q/C. 

https://www.explainthatstuff.com/glass.html
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The heat release of the same concrete mixture tested in different thermoses was not the same. The 
reason for this is the different Qk values for different thermoses and, accordingly, the samples' measured 
temperatures. 

The experimental results were recalculated for the isothermal hardening mode at a temperature of 
20 ºC 

1 2

2 1
t

v f const
v

τ
τ

= = =  

for the correct comparison of different cements.  

The characteristical temperature difference ε was used further in the article to present the 
experimental data. The characteristical temperature difference ε is related to the temperature function by 
the following formula: 

1 22t
t tf ,
ε
−

=  

where ft is temperature function. If t1-t2=ε, then ft=2; this means if the temperature rises by ε degrees, the 
rate of heat release will double.  

The hypothesis on the ratio of the heat release rate was used to determine the temperature function 
ft. According to the hypothesis, the heat release rates v=dQ/dτ and corresponding terms τ1 and τ2 remains 
constant at moments of equal heat release at Q1 =Q2: 

v1v2=τ2τ1=ft=const. 
The value of ε is obtained from experimental data on the heat release of concrete at three (not less) 

temperatures. It is established that the characteristic temperature difference ε is not constant, but depends 
on temperature. 

This dependence is approximated by the linear function ε = kt + l, where k≈0.13; l≈8 are empirical 
characteristics of the process. 

2.5. Flexural strength and compressive strength measurement 
The compressive strength of concrete was determined on cubes with a size of 70.7×70.7×70.7 mm 

according to Russian State Standard GOST 10180-2012 “Concretes. Methods for strength determination 
using reference specimens”. The test results of the concrete specimens for the compressive strength at the 
age of 3 and 28 days are presented in Table 4. 

The flexural strength was determined on beams of a square section with a size of 40×40×160 mm 
according to Russian State Standard GOST 310.4-81 “Cements. Мethods of bending and compression 
strength determination”. The test results of the concrete specimens for the flexural strength at the age of 3 
and 28 days are presented in Table 4. 

3. Results and Discussion  
The effects of the water-cement ratio, polycarboxylate superplasticizer MC-PowerFlow PF 7951, and 

metakaolin additive Centrilit NC on plastic shrinkage of cement paste were investigated. Two types of 
cements were compared. One of them was an alite-aluminate cement (cement A), and the other one was 
a belite-celite cement (cement B). 

The manufacturing environment makes it possible to protect concrete from water evaporation only a 
few hours after concrete pouring when the concrete acquires some initial strength necessary for workers 
to walk on it. For this reason, the air-hardening of cement is used in the study. 

The reaction capacity of cements is evaluated by the value of heat release per unit mass of cement. 

Figure 2 show the results of determining the heat release per unit mass of cement q.  



Magazine of Civil Engineering, 103(3), 2021 

Usanova, K., Barabanshchikov, Yu.G., Krasova, A.V., Akimov, S.V., Belyaeva, S.V. 

 
Figure 2. The specific heat release per unit mass of cement q: 

1 is cement A, 2 is cement B. 
The Figure 2 shows that the cement A generates a greater amount of heat by any period and has a 

higher heat release rate in the initial period of hardening than the cement B. This ratio of heat releases is 
consistent with cements' strength characteristics and with differences in their mineralogical composition. In 
contrast to cement B, the cement A has an increased amount of tricalcium aluminate C3A and tricalcium 
silicate C3S. Therefore, cement A has accelerated hydration and hardening. However, after about 5 days, 
the heat release rates of cements begin to change oppositely. The angle of arrival to curve 1 becomes 
slightly less than the angle of arrival to curve 2. The ratio of angles suggests that the difference in the 
strength of two cements in the later stages of hardening will not be so significant. This suggestion is partially 
confirmed by the ratio in cements' strength for the ages of 3 and 28 days (see Table 4). 

Table 4. Ratio RcA/RcB ultimate strengths of cement А and cement В. 

Age of cement samples 
RcA/RcB 

Flexural strength Compressive strength 
3 1.63 1.39 
28 1.25 1.20 

 
As can be seen from Table 4, the ratio RcA/RcB decreases with age.  

The results of determining the plastic shrinkage of cement A and cement B depending on the water-
cement ratio are presented in Figure 3. 

 
Figure 3. The plastic shrinkage of cement pastes A (a) and B (b) at water-cement ratio: 1 is 0.20; 

2 is 0.25; 3 is 0.30; 4 is 0.35. 

As shown in Figure 3, if the W/C ratio is increased, then the samples' shrinkage develops more 
intensively and reaches higher values. The plastic shrinkage ends after about 8 hours, which almost 
corresponds to the final set of cement. After that, shrinkage occurs in the set cement paste. For the first 
8 hours, the cement A shrinkage is 1.71–5.21 mm/m, and for the next 16 hours, it is only  
0.247–0.392 mm/m, depending on the W/C ratio. For the cement B, the corresponding values are  
0.953–2.63 and 0.022–0.123 mm/m. Hence, cement A's plastic shrinkage is 1.51–1.98 times higher than 
cement B's plastic shrinkage. This plastic shrinkages rates are logical due to the difference in the 
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mineralogical composition of cements. Unlike cement B, the cement A is characterized by a 2 times higher 
content of C3A and 12% higher content of C3S. 

In addition to high initial shrinkage, the difference between the cement A and the cement B is a 
significant expansion during the first three hours at W/C = 0.20–0.25. This difference in the shrinkages is 
also due to its chemical and mineralogical composition, which leads to the formation of an increased amount 
of hydrated calcium sulfoaluminate. The cement samples with a W/C = 0.30–0.35 have no expansion due 
to the high shrinkage that compensates for the expansion. 

The results of determining the plastic shrinkage of cement A and cement B depending on the 
polycarboxylate superplasticizer content at a constant W/C = 0.25 are presented in Figure 4. 

 
Figure 4. The plastic shrinkage of cement pastes A (a) and B (b) with the superplasticizer content 

as a percentage by mass of cement: 
1 is 0.2; 2 is 0.4; 3 is 0.6; 4 is 0.8. 

The addition of the superplasticizer MC-PowerFlow PF 7951 increases the shrinkage of the cement A 
by an average of 40%, and the shrinkage of the cement B by approximately twice, when compared to the 
cement paste without admixture. In this case, the order of the shrinkage values of the two cements is 
approximately equal. There is an assumption that equalizing the shrinkage of two cements is associated 
with two things. The first of these is the peptization of particles. The second one is the water-repellent effect 
of the screening adsorption layers of polycarboxylate on cement grains. Thus, the rate of interaction of 
water with cement is equally limited by water diffusion through the film. If the admixture content increases, 
then the shrinkage of cements also increases. This increasing due to the release of part of physically bound 
water. Water goes into a weakly bound or free state. This state allows it to evaporate more easily and allows 
solid particles to come close. 

A normal consistency test was conducted to determine the effect of metakaolin additive Centrilit NC 
on the plastic shrinkage. Metakaolin was introduced instead of cement. The total amount of the solid 
component remained constant. 

The results of determining the plastic shrinkage of cements depending on the metakaolin content are 
presented in Figure 5. 

 
Figure 5. The plastic shrinkage of cement pastes A (a) and B (b) with the metakaolin content as a 

percentage by mass of binder (cement and metakaolin): 
1 is 5; 2 is 10; 3 is 15; 4 is 20. 
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There is no expansion of cement A test in this case, as in previous experiments, possibly because 
of metakaolin's pozzolanic effect. Replacing part of the cement by metakaolin reduces the initial shrinkage, 
however, not so significantly. More noticeable is the effect of metakaolin on the cement A. The shrinkage 
of the cement B has not changed much. If the metakaolin content in the binder is increased, then the 
shrinkage of both cements decreases. 

Figure 6 shows that metakaolin, replacing part of the cement, reduces plastic shrinkage the more, 
the higher its content. The shrinkage trend continues for both cements, but faster for cement A. Plastic 
shrinkage is reduced, starting from 10 % metakaolin content, compared to normal consistency mix without 
additives. 

Figure 6 shows a histogram of shrinkage values for the first 8 hours for all testes. 

 
Figure 6. Histograms of shrinkage values for the first 8 hours. 

The histogram shows that two factors are essential for plastic shrinkage in air, which are the water-
cement ratio and the polycarboxylate superplasticizer content. Both factors affect the amount of free water 
in the cement paste. A significant part of the shrinkage is due to the water evaporation.  

An analysis showing the superplasticizer's contribution to plastic shrinkage compared to the 
equivalent amount of evaporation water is performed below. Two dependences of plastic shrinkage ε are 
plotted on one graph. The first dependence is ε on the W/C ratio of cement without additive. The second 
one is the dependence of ε on the additive D content at W/C = 0.25. Since the values of W/C and D have 
the same numbers, it is convenient to use a single scale along the abscissa axis, using it both in one and 
in the other case. 

 
Figure 7. a. Linear approximation of shrinkage dependencies: ε in the function of W/C of mix 
without additive and ε in the function of superplasticizer content D at W/C=0.25 (cement B);  

b. correlation between W/C of normal consistency mix without additives and the superplasticizer 
content at W/C =0.25, causing the same plastic shrinkage. 
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Both dependences give a linear correlation with the coefficient of determination R2 = 0.95 
(Figure 7a). According to the graphs in Figure 7a, we find the values of W/C and D, giving the same plastic 
shrinkage. For example, for shrinkage, 5 mm/m, we find W/C=0.56 and D=0.68. That is, the initial 
shrinkage of the cement paste equal to 5 mm/m can be obtained in two ways: 1) preparing of the mix with 
W/C =0.56; 2) preparing the mix with W/C =0.25 and adding a superplasticizer in the amount of 0.68% of 
the cement mass. For any shrinkage value, a corresponding pair of W/C and D values can be found. 
Figure 7b shows the correlation between W/C and D for the two types of cement. This diagram gives an 
infinite series of W/C and D values associated with the same plastic shrinkage. So the shrinkage of the 
mix with W/C=0.4 can be obtained at W/C=0.25 using a superplasticizer. In the case of cement A, 0.8% 
of the superplasticizer by cement weight must be added, and in the case of cement B, 0.36% of the 
superplasticizer by cement weight must be added. At a linear correlation, the slopes or dD/d (W/C) ratio 
for cements A and B remains constant, equal to 3.923/2.076 = 1.89. This constant ratio means that cement 
A requires the addition of a superplasticizer (to compensate for the decrease in W/C) 1.89 times more than 
cement B, regardless of the value of the shrinkage deformation. 

The selectivity of polycarboxylates for plasticizing cementitious compositions is well known. In this 
case, it manifested itself in relation to the initial shrinkage. 

4. Conclusions 
1. Based on the experimental research, the influence of three factors (water-cement ratio, 

superplasticizer MC-PowerFlow PF 7951 content, and content of metakaolin as a partial replacement of 
cement) on the initial shrinkage of Portland cement and high-sulfate-resistant cement is established. 

2. The tested cements vary significantly in their activity, both in terms of strength (structure 
formation) and heat release (hydration of cement), which is determined by their chemical and mineralogical 
composition. According to the mineralogical composition, the first cement is the alite-aluminate cement, 
and the second one is the belite-celite cement. 

3. If W/C ratio is increased, then the shrinkage of the samples develops more intensively and 
reaches higher values. The W/C ratio has a greater effect on shrinkage of cement A. For the first 8 hours, 
the cement A shrinkage is 1.71–5.21 mm/m at W/C = 0.2–0.35. For cement B, the corresponding values 
are 0.953–2.63 mm/m. The plastic shrinkage of cement A is 1.51–1.98 times higher than cement B's plastic 
shrinkage. In addition to high initial shrinkage, the cement A has a significant expansion of up to 2.2 mm/m 
during the first three hours at W/C = 0.20–0.25. 

4. If superplasticizer PF 7951 content is increased, then the shrinkage of both cements increases 
significantly. This is due to the release of part of physically bound water and its evaporation. The addition 
of the superplasticizer MC-PowerFlow PF 7951 increases the shrinkage of the cement A by an average of 
40%, and the shrinkage of the cement B by approximately twice. At the same time, the values of shrinkage 
of two cements become approximately equal. This is due to the same rate of interaction of water with the 
cement, limited by the diffusion of water through the polycarboxylate adsorption film. 

Selective capacity of polycarboxylate in relation to two types of cement is shown. The alite-aluminate 
cement gives the same shrinkage as the belite-celite cement, with a 1.89 times higher superplasticizer 
content. 

5. Replacing part of the cement by metakaolin reduces the initial shrinkage, however, not so 
significantly as the other two factors. If the metakaolin content in the binder is increased, then the shrinkage 
of both cements decreases. More noticeable is the effect of metakaolin on the cement A. The shrinkage of 
the cement B has not changed much.  

Further research on this topic may be experimental studies of the influence of these factors on the 
initial shrinkage of cold-bonded fly ash aggregate concrete. Fly ash can be used as an additive in the mix 
[39] or as a large aggregate [40]. If the presoaked aggregate is added to the concrete mix, this will create 
“internal curing” for the concrete and reduce cracks caused by the heat release [41]. 
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