ISSN

. - . . 2712-8172
Magazine of Civil Engineering

208
113(5), 2022 %




Magazine of Civil Engineering, 113(5), 2022

Magazine of Civil Engineering
ISSN 2712-8172

Online peer-reviewed open-access scientific jour-
nal in the field of Civil and Construction Engineer-
ing

Founder and Publisher: Peter the Great St. Pe-
tersburg Polytechnic University

This journal is registered by the Federal Service for
Supervision of Communications, Information Tech-
nology, and Mass Media (ROSKOMNADZOR) in
2020. Certificate EI No. FS77-77906 issued Febru-
ary 19, 2020.

Periodicity: 8 issues per year

Publication in the journal is open and free for all
authors and readers.

Indexing: Scopus, Web of Sceince (ESCI, RSCI),
DOAJ, Compendex, EBSCO, Google Academia,
Index Copernicus, ProQuest, Ulrich's Serials Anal-
ysis System, CNKI

Corresponding address: 29 Polytechnicheskaya
st., Saint Petersburg, 195251, Russia

Chief science editor: associate member of RAS,
Sc.D. in Engineering, Vitaly V. Sergeev

Deputy chief science editor:
Sc.D. in Engineering, Galina L. Kozinetc

Executive editor: Ekaterina A. Linnik
Translator, editor: Darya Yu. Alekseeva

DT publishing specialist:
Anastasiya A. Kononova

Contacts:

E-mail: mce@spbstu.ru
Web: http://www.engstroy.spbstu.ru

Date of issue: 12.08.2022

© Peter the Great St. Petersburg Polytechnic Uni-
versity. All rights reserved.
© Coverpicture — llya Smagin

Contents

Editorial board:

T. Awwad, PhD, professor, Damascus University,
Syrian Arab Republic

M.l. Balzannikov, D.Sc., professor, Samara State
University of Economics, Russia

A.l. Belostotsky, D.Sc., professor, StaDyO Re-
search & Engineering Centre, Russia

A.l. Borovkov, PhD, professor, Peter the Great
St. Petersburg Polytechnic University, Russia

A. Borodinecs, Dr.Sc.Ing., professor, Riga Tech-
nical University, Latvia

M. Veljkovic, PhD, professor, Delft University of
Technology, The Netherlands

R.D. Garg, PhD, professor, Indian Institute of
Technology Roorkee (IIT Roorkee), India

M. Garifullin, PhD, postdoctoral researcher, Tam-
pere University, Finland

T. Gries, Dr.-Ing., professor, RWTH Aachen Uni-
versity, Germany

T.A. Datsyuk, D.Sc., professor, Saint-Petersburg
State University of Architecture and Civil Engineer-
ing, Russia

V.V. Elistratov, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia

T. Kéarki, Dr.-Ing., professor, Lappeenranta Univer-
sity of Technology, Russia

G.L. Kozinetc, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia
D.V. Kozlov, D.Sc., professor, National Research
Moscow State Civil Engineering University, Russia
S.V. Korniyenko, D.Sc., professor, Volgograd
State Technical University, Russia

Yu.G. Lazarev, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia
M.M. Muhammadiev, D.Sc., professor, Tashkent
State Technical University, Republic of Uzbekistan
H. Pasternak, Dr.-Ing.habil., professor, Branden-
burgische Technische Universitat, Germany

F. Roégener, Dr.-Ing., professor, Technology Arts
Science TH Koéln, Germany

V.V. Sergeev, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia

T.Z. Sultanov, D.Sc., professor, Tashkent Institute
of Irrigation and Agricultural Mechanization Engi-
neers, Republic of Uzbekistan

M.G. Tyagunov, D.Sc., professor, National Re-
search University "Moscow Power Engineering In-
stitute”, Russia

M.P. Fedorov, D.Sc., professor, Peter the Great
St. Petersburg Polytechnic University, Russia

D. Heck, Dr.-Ing., professor, Graz University of
Technology, Austria

A.G. Shashkin, D.Sc., “Pl Georekonstruktsiya”,
LLC, Russia

V.B. Shtilman, D.Sc., JSC “B.E. Vedeneev VNIIG”,
Russia

About journal


mailto:mce@spbstu.ru
http://www.engstroy.spbstu.ru/

Magazine of Civil Engineering, 113(5), 2022

Contents
Levchenko, A.V., Polikutin, A.E. Rubber concrete beams under the action of trans-

verse bending 11301
Avsyukevich, D.A., Shishkin, E.V., Litvinova, N.B., Mirgorodskiy, A.N. Ther-
X o : : 11302
moeconomic model of a building's thermal protection envelope and heating system
Vatin, N., Korniyenko, S.V. Energy performance of buildings made of textile-rein-
: 11303
forced concrete (TRC) sandwich panels
Pikus, G.A., Lebed, A.R., Bondar, A.A. Thermal stresses at the early stage of the
: X ; 11304
hardening of steel-fiber reinforced concrete
Vidyadhara, V., Saurabh, B., Ranganath, R.V. Impact of pond ash as fine aggregate 11305
on mechanical and microstructural properties of geopolymer concrete
Larsen, O., Samchenko, S., Naruts, V. Blended binder based on Portland cement and 11306
recycled concrete powder
Kotov, P.I., Stanilovskaya, J.V. Long-term strength of frozen saline soils 11307

Arulmoly, B., Konthesingha, K.M.C., Nanayakkara, S.M.A., Premasiri, H.M.R.
Metamorphic rocks for manufactured sand and coarse aggregate for concrete and 11308
mortar

Lotfi Omran, N., Rajaee, K., Marandi, S.M. Effect of temperature on permanent de-

formation of polymer-modified asphalt mixture 11309

llina, L.V., Kudyakov, A.l., Rakov, M.A. Aerated dry mix concrete for remote north-

L 11310
ern territories

Mitina, N.A., Revva, |.B., Mitina A. Magnesia cement in the MgO-CO2-H-0 system 11311

Kozinetc, G.L., Kozinetc, P.V. The calculation of the dynamic characteristics of the

spillway of the dam 11312

Belous, A.N., Kotov, G.A., Belous, O.E., Garanzha, I.M. Calculation of heat re-

sistance of external enclosing structures with heat-conducting inclusions 11313

Klochkov, Yu.V. Nikolaev, A.P., Vakhnina, O.V., Sobolevskaya, T.A.,
Klochkov, aM.Yu. Physically nonlinear shell deformation based on three-dimen- 11314
sional finite elements

Contents



Magazine of Civil Engineering. 2022. 113(5). Article No. 11301

e &

@s e

SaN Magazine of Civil Engineering o

® g

r ;5%“ 2712-8172
Qﬁ; L) @' ‘:

. | ’E,..h,.;\,.u"- :El"‘\“:“' j : ;
] o W journal homepage: http://engstroy.spbstu.ru/

Research article
UDC 624:691.34
DOI: 10.34910/MCE.113.1

Rubber concrete beams under the action of transverse bending
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Abstract. Bending elements made of rubber polymer concrete (rubcon), which was invented at the
Department of Reinforced Concrete and Stone Constructions of the Voronezh Civil Engineering Institute,
are a promising direction in the development of the construction industry for industrial buildings due to their
high load-bearing capacity combined with universal resistance to aggressive environments. One of the
primary building materials today is cement concrete, despite its disadvantages associated with the
complexity of the maintenance of reinforced concrete structures in aggressive environments. The previous
research on rubcon bending elements of the rectangular cross-section was carried out without
implementing numerical studies that consider the nonlinear properties of the materials. Based on the
conducted physical experiments, a deformation model of the resistance of the normal cross-sections to the
action of transverse bending is developed, which allows estimating the strength of rubcon beams with the
greatest deviation of 18%. The accepted prerequisites in the calculation model allow a more correct
description of the deformation of polymer concrete in reinforced structures. The proposed analysis method
is validated by numerical studies in the ANSYS® software. Due to the obtained excellent convergence with
experimental values, physical studies can be replaced by numerical studies.
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1. Introduction

In this study, we consider bending elements made of rubber polymer concrete (rubcon) invented at
the Department of Reinforced Concrete and Stone Constructions of the Voronezh Civil Engineering
Institute. The optimal composition of the polymer concrete was obtained by prof. Potapov and Figovskiy [1,
2]. It was somewhat optimized later to obtain the best deformation characteristics [3].

One of the primary building materials today is concrete, despite its disadvantages associated with
the complexity of using this material in conditions different from residential and civil housing construction
without special protective measures, which can be corrected by polymers introduced directly into the
concrete composition. The pioneers in the creation of polymer concrete are Oster-Volkov and Itinsky, who
obtained a sample of polymer concrete based on furfural acetone monomer in 1956. Further, in 1961-1962,
studies of these polymer concretes were carried out at Voronezh Institute of Civil Engineering, Moscow
Institute of Transport Engineers and other organizations, on the basis of which the "Guide for the design

© Levchenko, A.V., Polikutin, A.E., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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and use of structures made of reinforced polymer concrete in construction" was developed, while abroad
recommendations for the design of polymer concrete structures are reflected in ACI 548 documents,
including recommendations for the selection of compositions, and also in the work of prof. Figovsky [4].
Authors propose, in addition to the existing methods for calculating polymer concrete structures, to take
into account the pre-fracture zone above the crack tip since, as the theory of fracture mechanics shows, at
the crack tip, stresses that exceed the limiting ones arise. A similar assumption is put forward for reinforced
concrete elements, which is stated in [5], while the additional consideration of the zone of extreme
deformation above the crack seems relevant, especially in polymer concrete elements due to the greater
ductility compared to traditional cement concrete and higher maximum stresses corresponding to the
ultimate tensile strength compared to traditional cement-based concrete.

Polymer materials used as a binder have a rather high cost; therefore, in the manufacture of
concretes based on them, it is necessary to strive to reduce the consumption of polymer, obtaining effective
materials with filler and aggregate content up to 90-95% of the mass. It is important to note that with such
a small consumption of polymer binder (less than 10% of the mass); polymer concretes have high strength
characteristics and high chemical resistance. Due to the presence of a large volume of production of
synthetic rubbers on the territory of the Russian Federation, their use as a binder in the manufacture of
polymer concrete is of practical interest.

The study of the properties of rubber concrete was carried out by the authors of [1, 2, 6], based on
which its physical and mechanical parameters and their dependence on variations in compositions were
established. A distinctive feature of this material is its high chemical resistance. In the article [7] Borisov
obtained and analyzed the coefficients of chemical resistance by for environments that are found in
industrial enterprises of various kinds. Chmykhov, in his dissertation work, somewhat expanded the
boundaries of this study, thereby proving that rubcon has universal resistance to particularly aggressive
media, for example, its chemical resistance coefficient in water is 1. Rubber concrete has high tensile
strength, while the modulus of elasticity corresponds to heavy concretes of the class B25-B30, which is an
undoubted advantage in comparison with most of the currently known polymer concretes [4], [8]. Which
indicates the promising use of rubcon as a material for the manufacture of bending structures. The study
of structures made of rubber concrete was carried out by the authors [9-11], including reinforced-rubcon
bending T-section elements [11]. Research on reinforced concrete elements with a 5 mm thick rubber
concrete coating was carried out by Pinaev in order to provide protection from an aggressive environment
[9]. There were also works on the study of a double-layered bending structure with a rubcon in a tensile
zone and with ordinary concrete in the compressed zone [10], where it was established that the strength of
the “rubcon-concrete” joint is higher than the shear strength of concrete. In the study of rectangular beams
[12], it was found that the ultimate strength of inclined sections is achieved when deflections are higher
than the maximum permissible, which indicates the expediency of studying the work of normal sections of
rubcon beams under load. In view of the presence of fly ash in the rubcon composition, it should be noted
that its influence on the strength characteristics and durability was also studied in concretes based on
polyester resins [13], as a result of which the effectiveness of its application was proved to reduce the cost
of the material. In a separate group of studies, we would like to single out studies of beams made of
geopolymer concrete [14]. This type of concrete does not use cement in its composition [15], like most
polymer concretes, which is also an advantage because about 7% of the world's greenhouse gases are
formed during the production of cement gases [16] and about 1 ton of CO2 per 1 ton of cement [17]. Among
the set of properties of rubcon, it is also worth highlighting high adhesion to materials of various types.
Based on research described in the dissertation of Pinaev, it was determined that the adhesion value of
the rubcon, for example to a surface made of steel, is 0.8 Rk (almost 9.0 MPa) for comparison adhesion
value for the ordinary cement concrete is less than 1.0 MPa. Some properties of the rubcon are given in
Table 1.

Table 1. Physical and mechanical properties of rubcon.

Properties Indicators for rubcon
Compressive strength, MPa 70...80
Tensile strength, MPa 9...11
Elastic modulus, MPa 24000
Poisson's ratio 0.25-0.26
Shrinkage, mm / m 0.0

Numerical modeling in software packages allow to reduce or completely avoid physical experiments
on structural and non-structural components. This direction is especially interesting in the study of
innovative (non-traditional) materials. To date, many works are devoted to the problems of studying
structures in such software systems as Midas®, ANSYS® and others, while the vast majority of works,
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including experimental ones, are devoted to structures made of traditional materials, such as steel or
cement concrete [18], recently, composite reinforcement and carbon fiber lamellas have been added to this
list [19]. As for polymer concretes, the bulk of research is focused on epoxy and polyester polymer
concretes [13], [20].

It is important to note that at the moment, the study of rubcon bending elements of the rectangular
cross-section was carried out without the implementation of numerical studies that take into account the
nonlinear properties of materials [3, 10-12]. Based on experimental studies, it is necessary to develop a
deformation model that will allow to evaluate the strength of normal sections of rubcon beams. Implement
a finite element model in ANSYS® that takes into account the nonlinear properties of the material, allow to
expand the boundaries of the study, change the size and shape of the cross-section, and reduce the
number of field experiments conducted. To do this, we need to determine the actual strength characteristics
of the reinforcement and polymer concrete used, as well as to assess the adequacy of the finite element
model in comparison with the experiments conducted.

2. Methods
2.1. Theoretical studies

The prerequisites for the method for calculating the strength of normal sections of rubcon bending
elements, which differ from the traditional method for calculating the strength, are based on the analysis of
their stress-strain state, established on the basis of physical experimental studies and the information
published in [3], [10], [21].

In view of the greater ductility and higher maximum stresses at the ultimate strength of rubber
concrete in comparison with the regular cement concrete, it is proposed to include in the calculation the
forces from the resistance of polymer concrete to crack propagation, i.e. taking into account the formation
of a zone of plastic deformation above the crack tip.

Thus, the following prerequisites of the method for calculating the strength of normal sections of
rubcon bending elements were established:

1. The sections above the crack tip remain plane after deformation and are perpendicular to the
curved axis of the beam;

2. The calculation is carried out according to the stage of destruction ;

3. The compressed zone stresses are determined from a multilinear deformation diagram. The
compressive stress-strain diagram has a nonlinear outline;

4. The part of the rubcon above the crack resists tensile forces;

5. The stresses in the tensile reinforcement during the destruction of the beam do not exceed the
yield strength;

6. Inelastic deformations in the tensile zone of concrete at the crack tip are modeled by the pre-
fracture zone, which is considered in the work of Irwin [22]. The pre-fracture zone means an area equal to
two radii of plasticity at the crack tip in which the stresses at the crack tip tend to have values higher than
the ultimate strength of the material.

The distribution of the calculated internal forces and deformations in the normal section of a bending
element made of rubber concrete, taking into account the above prerequisites, is shown in Figure 1.
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Figure 1. Distribution of calculated internal forces in a normal section.

The force in the reinforcement is determined by the formula:
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Ng =0 A, 1)

where A, is rebar area;

O are rebar stresses:

(o3

&, (hy — X
- Mo —x) @
X
E, is elastic modulus.

The force in the rubcon tensil zone is determined by the formula:

1
thzszt'Xp'b’ (3)

&,
Gy

where Xp =
&y

&, are tensile rubcon strains;
&, are relative compressive rubcon strains;
Ry is tensile strength;
b is section width.
The force in the rubcon compressed zone is determined by the formula:
Ny =w-o - X-Db, (4)

where @ is the coefficient of completeness of the compressed zone epure, obtained on the basis of the
established parameters of the multilinear diagram (Figure 2):

0.5 Ek < k1

w=11-052K% (T &1, 5.1 EKy) £ < & < &g (5)
O-kgk o gk gk

1-0.5 Ok1¢k1 —(O-_le) . (i+ol5,(‘9k0 _gkl))
Ok &k o &k &k

Sko < 8k < ng

Oy is the maximum compressed zone stress determined from a multilinear diagram, which is obtained from
testing of control samples (Figure 2); oy, Ok, Ok are compressive stresses at various stages of loading

and &y, &1, Ep are relative compressive strains at different stages of loading.

Ok1

€k €0 &2 €

Figure 2. Multilinear stress-strain diagram of rubcon.
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Resistance to crack propagation is determined taking into account the J.R. Irwin's correction to the
plastic zone above the crack tip [23]:

Nere =2-1y Ry -b, (6)

where ry

system of equations:

is the radius of the plastic zone at the crack tip, determined from the solution of the following

Kic :ko'Rkt'\/E
Kic =Rk Y, Tlere (7

2ry =hg = X=Xp = lerc

K¢ is the critical value of the stress intensity factor;
k0 is empirical coefficient according to [23];

cre IS crack height.

As a result, it was found that the radius of the plastic zone at the crack tip is:

r, =7 -ho—7-x@+ 24, (®)
&
T, 2T
where y =(—)/(—+1).
kO kO

The compressed zone height is determined from the sum of the projections of the internal forces on
the longitudinal axis of the element:

v o, -x-b—%Rkt-%-x-b—gk-ES-@A—szt-b-y-h0+2Rkt-b-y-(1+%)-x:o. )
k k

We transform this equation to find the height of the compressed zone:

A-x?+B-x-g, -hy-Eq-A =0, (10)

where A= -0y b=~ Ry - S b+ 2Ry, by (1+-54) = 0, (11)
2 Ek Ek

B:é?k'Es'As—ZRkt'b']/'ho. (12)

The bending moment is determined from the equilibrium of moments of all internal forces relative to
the center of gravity of the tensioned rebar:

2
My =Ny - (hg = ¥;) = Nig '(hO_X_EXp)_ Nere - (hg =X =Xp = 1y), (13)

where Y; =S;eq / Aeg — the center of gravity of the stress diagram of the compressed zone.

2.2. Experimental studies

To study normal sections of reinforced rubcon beams of rectangular cross-section, experimental
specimens with longitudinal bar reinforcement were manufactured and tested for pure bending. Reinforcing
bars were grade A500C and B500 per GOST 34028-2016. The percentage of longitudinal reinforcement
varied in the range from 0.8% to 6.3%. Beams in the experiment were designed as the beams, which failure
starts with the reinforcement reaching its yield stress.

The tests were carried out at the Center for Collective Use (CCU) of the Voronezh State Technical
University, Russia. The beams were loaded with two equal concentrated loads applied vertically in thirds
of the span. With this type of load application, the value of the bending moment arising in the beam
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increases from zero at the support to the maximum value under the point of load application. Between the
points of application of the load, the shear force is zero, and the value of the bending moment is constant
and equal to the maximum value - the zone of pure bending. The diagram of load application on specimen-
beams and their reinforcement are shown in Figure 3. Beam-samples were tested on a laboratory press
"INSTRON 600KN" (60 tons). The tests were carried out at a constant speed; the movement of the press
traverse was 1 mm/min.

P2 l i P2 I
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Figure 3. Loading scheme, section and reinforcement of bending elements.

To study the stress-strain state of normal sections, strain gauges were glued along the height of the
beam section (Figure 4).

P/2 P2

Y
= ==

o 7 T

Figure 4. Strain gauges scheme.

Strain gauge Ne 1 for measuring the deformation of the reinforcing bar, strain gauges Ne2-11 to
measure the strain on the section height. The value of the ultimate load was taken as the maximum value
of the press force, indicated by the force sensor, at which the yield strength of the reinforcement is reached.
Figure 5 shows a general view of a ready-to-test beam installed to a testing machine.

Figure 5. General view of the beam BRR-2x14 prepared for testing.

With each series of beams, three concrete prism samples and three rebar samples were tested to
determine the compressed strength of concrete and rebar mechanical properties. Reinforcing bars were
grade A500 per GOST 34028-2016. Based on the test results, the actual strength characteristics of the
materials were obtained (Table 2) and used in the calculations. Table 2 also shows the values of the
ultimate bending moment and the height of the compressed and tensile zones.

Table 2. Test results.

Beam designation Reinforcement Rk, MPa oy, MPa ME, kNm X8 mm Xpe, mm
percentage (1, %
BRR - 1x8 0.8 81 565 2.96 32 22
BRR - 1x10 1.25 81 600 4.28 38 18
BRR - 1x12 1.8 80 600 5.80 46 16
BRR - 2x10 25 75 600 7.82 44 16
BRR - 2x12 3.6 79 600 10.30 61 15
BRR - 2x14 4.95 79 635 14.00 62 11
BRR - 2x16 6.3 80 550 15.32 60 10

Note: Beam designation BRR-NxM means that rectangular beams are made of rubcon, N — number of

reinforcing bars, M — diameter of reinforcing bars. M. is ultimate bending moment according to test results; XE, Xpe
are height of compressed and tensil zones according to test results.
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2.3. The FEM simulations

ANSYSP® software package was used for finite element analysis of rubcon beams using nonlinear
properties of materials. On the right support of the beam, a roller was set, prohibiting only vertical
displacements, but allowing all rotations and horizontal displacements. A pinned support was set on the left
side. The length of the support zone was 60 mm, the cantilevers of the beam were 75 mm. Two
concentrated forces act on the beam, located similar to the test scheme (Figures 6 and 7).

Figure 6. Finite element model of the element under research.
i 500 400 T 500 .

P/Z\J/ P/2

77 /7’;@’/7’/‘77
o 100 - 100
e 1400 -

)

Figure 7. Design scheme of the element under research.

The eight nodal finite element Solid65 was used to model concrete. This element type is capable of
simulating plastic deformations, cracking in tension and crushing in compressed. This finite element
implements the “Willam-Warnke” concrete deformation model [24]. The model includes the following

parameters: the stress-strain relationship for compression, elastic modulus Ex, compressive strength Ry

and tensile strength Rkt, Poisson's ratio v, shear transfer coefficient for closed and open cracks £t and f.
To model the longitudinal and transverse reinforcement, the finite element Beam 188 was used, which is a
linear spatial finite element. The support and load plates have a thickness of 20 mm and are made of steel,
the contact zone is rigid. The mesh size of the finite element model was chosen in such a way that the
nodes of the rod element modeling the reinforcement bar match with the nodes of the solid elements to
ensure a rigid contact between the polymer concrete body and the reinforcement.

To describe the mechanical characteristics of polymer concrete, a multilinear diagram of the
relationship between stress and strain is used, which is shown in Figure 2, &, = 0.2%, oy, = 48.0 MPa,

this point means that the beginning of microcracking occurs, &y, = 0.45%, this point means that the

beginning of macrocracking occurs, &, =0.55%, ogyg = oy, = 80.0 MPa. For the rubcon, the coefficient

of transfer of shear forces for closed cracks, S is taken equal to 0.4, for open cracks, B¢, 0.9 in accordance
with [25], [26].

For A500 rebar and B500 transverse rebar, bilinear stress-strain diagrams were used. The first
parametric point is the elastic limit, the second is the limit of plastic deformation, which was taken as 2.5%.

The mechanical characteristics of the B500 rebars are taken in account with the normative
documents (Russian State Standard GOST 34028-2016). The relative longitudinal deformations of the first

point are &5y = 0.25%. The stress values for the first and second points are taken equal to Oy, the yield
point = 500 MPa. When modeling bars, the relative longitudinal deformations of the second point are

&5 = 2.5%. The stress-strain relationship are assumed to be identical for tension and compression. The
diagrams are taken ignoring hardening beyond the yield point.
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3. Results and Discussion

Figure 8 shows the results of vertical displacements of the BRR—2x12 beam under the action of a
load, obtained experimentally and according to the results of finite element analysis.

[e2]
o

Force N, kN
ol
o

N
o

w
o

Experimental deflection
20 .
= = Deflection of FE model

10 +——

0 2 4 6 8 10 12

Deflection f, mm

Figure 8. Deflection of a beam with g = 3.6% reinforcement.

This indicates an excellent convergence of the experiment and the FE model, but Figure 9 shows
the results of the stress distribution over the height of the section located in the middle of the span. From
which it can be seen that the value of the height of the tensile concrete above the crack is lower than in the
experimental samples.
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Figure 9. Normal stresses in cross-section of beam with u = 3.6% reinforcement
at failure.
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Figures 10-15 show a general view of the model of the beam and the reinforcement at failure.
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Figure 10. Normal stresses in reinforcement in the FE model of a beam with g =0.8%
reinforcement at failure.
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Figure 11. Development of elastic strain (cracks) in the FE model of a beam with y=0.8%
reinforcement at failure.
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Figure 12. Normal stresses in reinforcement in the FE model of a beam with g = 3.6%
reinforcement at failure.
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ANSYS

2020 R1
ACADEMIC

0.000 0.500{rn)
0230

Figure 13. Development of elastic strain (cracks) in the FE model of a beam with gy = 3.6%
reinforcement at failure.
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Figure 14. Normal stresses in reinforcement in the FE model of a beam with gy =6.3%
reinforcement at failure.
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Figure 15. Development of elastic strain (cracks) in the FE model of a beam with gy =6.3%
reinforcement at failure.
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It is obvious that the general picture of the FE model of the beam before failure with an increase in
the percentage of reinforcement corresponds to the logic of failure of bending elements, i.e. the model
shows the appearance and development of a larger number of areas of development of elastic strains
(cracks). Also, according to Figures 8 and 9, it can be argued about the adequacy and good convergence
of the data obtained from the results of finite element analysis.

The results of the carried out theoretical, experimental and numerical studies of rubcon bending
elements are summarized in Table 4.

Table 4. Research results.

Reinforcement
percentage (,%

Mut, kNm Mum, kNm Mue, kNm AMut, % AMum, %

Beam designation

BRR - 1x8 0.8 2.51 2.60 2.96 -18.0 -13.8
BRR - 1x10 1.25 4.02 4.20 4.28 -6.6 -1.9
BRR - 1x12 1.8 5.82 6.00 5.80 0.4 3.3
BRR - 2x10 2.5 7.92 8.00 7.82 1.3 2.3
BRR - 2x12 3.6 10.86 11.20 10.30 5.2 8.0
BRR - 2x14 4.95 14.47 15.20 14.00 3.3 7.9
BRR - 2x16 6.3 14.96 16.80 15.32 -2.4 8.8

Note: Mut is ultimate bending moment according to the design results according to the proposed method; M

is ultimate bending moment according to the results of design in ANSYS®, AMUt is deviation of calculation results
according to the proposed method from experimental values; AM™is deviation of calculation results in ANSYS® from
experimental values.

The relationship between the ultimate bending moment and the percentage of longitudinal
reinforcement is shown in Figure 16.
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Figure 16. Relationship between the ultimate bending moment and reinforcement percentage.

Table 5 shows the values of the heights of the compressed and tensile zones of concrete above the
crack, as well as the values of the height of the tensile zone calculated without taking into account the
accepted prerequisite. Table 6 shows the deviations of the values of Table 5 from the experimental.

Table 5. Height of compressed and tensile zones.

Beam designation XLmm o Xpbmm X mm XS mm X" mm X", mm X, mm
BRR - 1x8 39 22.5 32 22 32.5 17.5 14.2
BRR - 1x10 41 19.2 38 18 40 15 11.9
BRR - 1x12 45 16.6 46 16 42.5 15 10.1
BRR - 2x10 51 14.7 44 16 52.5 10 8.9
BRR - 2x12 57 12.3 61 15 55 7.5 7.4
BRR - 2x14 63 10.2 62 11 6,5 7.5 6.1

BRR - 2x16 67 9.8 60 10 72.5 7.5 6.4




Magazine of Civil Engineering, 113(5), 2022

Table 6. Value of deviation from experimental data.

Beam designation  Ax' o5 Axpl e Ax™ % Axp™ % Axp, %

BRR - 1x8 -22.6 -2.1 -1.6 20.5 35,5
BRR - 1x10 -9.0 -6.2 -5.3 16.7 33,9
BRR - 1x12 1.4 -3.4 7.6 6.3 36,9
BRR - 2x10 -15.3 8.7 -19.3 375 44,4
BRR - 2x12 6.1 21.8 9.8 50.0 50,7
BRR - 2x14 -2.3 8.0 -4.8 31.8 44,5
BRR - 2x16 -12.0 2.4 -20.8 25.0 36,0

Note: Xt, Xpt are height of compressed and tensil zones according to the design results according to the
proposed method; xX™, Xpm is height of compressed and tensil zones according the results of design in ANSYS®; Axt,
A)cpt are deviation of calculation results according to the proposed method from experimental values; Ax™, Axpm are

deviation of calculation results in ANSYS® from experimental values; Axp is deviation of calculation results without
taking into account the pre-fracture zone from experimental values.

As can be seen from Table 6, the most correctly values of the height of the tensile concrete zone are
determined according to the method developed by the author.

The above assumptions of the calculation are confirmed by the studies in the article [5], which
indicate the need to take into account the pre-fracture zone when calculating reinforced concrete elements
in the stage of exploitation, as well as studies of the stress-strain state of rubber concrete bending elements
of rectangular section [3], and T-section [11]. In order to reduce the cost of manufacturing beams, the
authors of [9] propose to use a “cage” made of rubber polymer concrete, however, this method will
significantly increase the resistance of the structure to environmental influences and only slightly the
bearing capacity and crack resistance. To increase the load-bearing capacity and reduce the cost of rubcon
beams, in [10], studies of a two-layer bending element with a rubcon only in the tensile zone were carried
out, but now these studies were carried out only in the experimental stage without implementation of
software packages.

Approach implemented with FE modeling of rubcon beams, as described above, was tested in [25]
for calculating the reinforced concrete elements and the calculating the concrete elements reinforced by
CFRP lamellas [26] and showed excellent agreement with experimental data.

From the analysis of Figure 16, it can be said that the proposed method for calculating the strength
of normal sections provides excellent convergence with the experimental values (the largest deviation is
18.0% in the series of beams BRR-8). Application of ANSYS® software allows to adequately perform a
numerical strength analysis (the largest deviation is 13.8% towards the margin in the series of BRR-8
beams, the smallest deviation is 1.9% in the series of BRR-10 beams). Consequently, the strength
calculation method proposed in this work provides sufficient convergence with experimental values and is
confirmed by theoretical and numerical studies.

The accepted prerequisites in the calculation model allow to more correctly describe the deformation
of polymer concrete in reinforced structures.

4. Conclusion

1. Rubber concrete beams are competitive in the construction industry in terms of their strength
characteristics in combination with chemical resistance.

2. The proposed method for calculating the strength of normal sections provides excellent
convergence with experimental values.

3. A comparison of the results of theoretical, numerical and experimental studies showed that the
“Willam-Warnke” theory for composite materials, implemented in the ANSYS® software with the application
of the established characteristics of materials, allows to calculate the strength of rubcon beams.

4. The conducted experimental studies can be replaced by numerical studies.

References

1. Figovsky, O. New polymeric matrix for durable concrete. Proceedings of the International Conference on Cement Combinations
for Durable Concrete. 2005. DOI: 10.1680/ccfdc.34013.0029.

2. Figovsky, O., Beilin, D., Blank, N., Potapov, J., Chernyshev, V. Development of polymer concrete with polybutadiene matrix.
Cement and Concrete Composites. 1996. 18(6). DOI: 10.1016/S0958-9465(96)00036-4.



Magazine of Civil Engineering, 113(5), 2022

3. Polikutin, A., Potapov, Y., Levchenko, A., Perekal'skiy, O. The Stress-Strain State of Normal Sections Rubcon Bending Elements
with Mixed Reinforcement. Advances in Intelligent Systems and Computing. 2019. 983. DOI: 10.1007/978-3-030-19868-8_56.

4. Figovsky, O., Beilin, D. Advanced polymer concretes and compounds. 2013.

5. lakovenko, I.A., Kolchunov, V.I. The development of fracture mechanics hypotheses applicable to the calculation of reinforced

concrete structures for the second group of limit states. Journal of Applied Engineering Science. 2017. 15(3). DOI: 10.5937/jaes15-
14662.

6. Potapov, Yu.B., Chmykhov, V.A., Borisov, Yu.M. Resistance of a polymer concrete based on polybutadiene binder to organic and
inorganic acids. Scientific Israel - Technological Advantages. 2013. 15 (4). Pp. 7-10.

7. Potapov, Yu. B., Borisov, Yu. M. Wear-Resistant Coatings On The Basis Of Oligodienes. Russian Journal Of Building Construction
And Architecture. 2010. No. 1. Pp. 38-44.

8. Bedi, R., Chandra, R., Singh, S.P. Reviewing some properties of polymer concrete. Indian Concrete Journal. 2014. 88(8).

9. Potapov, Y.B., Pinaev, S.A., Arakelyan, A.A., Barabash, A.D. Polymer-cement material for corrosion protection of reinforced
concrete elements. Solid State Phenomena. 2016. 871. DOI:10.4028/www.scientific.net/MSF.871.104.

10. Borisov, Yu. M., Polikutin, A. E., Nguen Phan Duy. The Stress-strain state of normal sections of double-layered, rubcon-concrete
bending elements of building structures. Russian Journal Of Building Construction And Architecture. 2011. No. 2. Pp. 6-13.

11. Potapov, Y. Polikutin, A. Panfilov, D. Okunev, M. Comparative analysis of strength and crack resistance of normal sections of
bent elements of T-sections, made of rubber concrete, cauton reinforcement and concrete. MATEC Web of Conferences. 2016. No.
73. DOI:10.1051/matecconf/20167304018.

12. Borisov, Y.M., Polikutin, A.E. Strength of inclined sections of bendable reinforcing elements. Beton i Zhelezobeton. 2004. (1).

13. Gorninski, J.P., Dal Molin, D.C., Kazmierczak, C.S. Comparative assessment of isophtalic and orthophtalic polyester polymer
concrete: Different costs, similar mechanical properties and durability. Construction and Building Materials. 2007. 21(3).
DOI: 10.1016/j.conbuildmat.2005.09.003.

14. Ahmed, H.Q., Jaf, D.K., Yaseen, S.A. Flexural Capacity and Behaviour of Geopolymer Concrete Beams Reinforced with Glass
Fibre-Reinforced Polymer Bars. International Journal of Concrete Structures and Materials. 2020. 14(1). DOI: 10.1186/s40069-019-
0389-1.

15. Kar, A., Ray, |., Halabe, U.B., Unnikrishnan, A., Dawson-Andoh, B. Characterizations and Quantitative Estimation of Alkali-
Activated Binder Paste from Microstructures. International Journal of Concrete Structures and Materials. 2014. 8(3).
DOI: 10.1007/s40069-014-0069-0.

16. Mehta, K. Reducing the Environmental Impact of Concrete. Concrete international. 2001.

17. Radhakrishna, Venu Madhava, T., Manjunath, G.S., Venugopal, K. Phenomenological Model to Re-proportion the Ambient Cured
Geopolymer Compressed Blocks. International Journal of Concrete Structures and Materials. 2013. 7(3). DOI: 10.1007/s40069-013-
0048-x.

18. Najafgholipour, M.A., Arabi, A.R. Finite-Element Study on the Behavior of Exterior Reinforced Concrete Beam-to-Column
Connections with Transverse Reinforcement in the Joint Panel. Practice Periodical on Structural Design and Construction. 2021.
26(1). DOI: 10.1061/(asce)sc.1943-5576.0000537.

19. Mansour, W. Numerical analysis of the shear behavior of FRP-strengthened continuous RC beams having web openings.
Engineering Structures. 2021. 227. Pp. 111451. DOI:10.1016/j.engstruct.2020.111451.

20. Lokuge, W., Aravinthan, T. Effect of fly ash on the behaviour of polymer concrete with different types of resin. Materials and
Design. 2013. 51. DOI: 10.1016/j.matdes.2013.03.078.

21. Zhurtov, A. V., Khezhev, T.A., Mailyan, D.R. Analysis of the Stress-Strain State of Two-Layer Reinforced Cement Structures.
Proceedings of the 2018 International Conference “Quality Management, Transport and Information Security, Information
Technologies™, IT and QM and IS 2018. 2018. DOI: 10.1109/ITMQIS.2018.8525119.

22. Irwin, G.R. Plastic zone near a crack and fracture toughness. 7th Sagamore Ardance Materials Research Conference. 1960.

23. Peresypkin, E.N. Raschyot sterzhnevyh zhelezobetonnyh elementov [Calculation of reinforced concrete core elements]. 1988.
(rus)

24. Willam, K.J., Warnke, E.P. Constitutive Model for the Triaxial Behaviour of Concrete. IABSE Proceedings, Vol 19. 1975.

25. Mostofinejad, D., Talaeitaba, S.B. Nonlinear modeling of RC beams subjected to torsion using the smeared crack model. Procedia
Engineering. 2011. 14. DOI:10.1016/j.proeng.2011.07.182.

26. Hii, A.K.Y., Al-Mahaidi, R. An experimental and numerical investigation on torsional strengthening of solid and box-section RC
beams using CFRP laminates. Composite Structures. 2006. 75(1-4). DOI:10.1016/j.compstruct.2006.04.050.

Information about authors:

Artem Levchenko
ORCID: https://orcid.org/0000-0002-6875-754X
E-mail: Alevchenko@vgasu.vrn.ru

Aleksei Polikutin, PhD in Technical Science
ORCID: https://orcid.org/0000-0001-7280-5746

E-mail: a.pl@mail.ru

Received 06.03.2021. Approved after reviewing 19.11.2021. Accepted 24.11.2021.


https://orcid.org/0000-0002-6875-754X
mailto:Alevchenko@vgasu.vrn.ru
https://orcid.org/0000-0001-7280-5746
mailto:a.pl@mail.ru

Magazine of Civil Engineering. 2022. 113(5). Article No. 11302

_— -~

e

rSRAR . . . . .

L Magazine of Civil Engineering ISSN
SRk

g ;&%p 2712-8172

BH [

- BN

.E"'.’l'_ e, fan journal homepage: http://engstroy.spbstu.ru/

Research article
UDC 697.133
DOI: 10.34910/MCE.113.2

Thermoeconomic model of a building's thermal protection envelope
and heating system

D.A. Avsyukevich % E.V. Shishkin , N.B. Litvinova "= , A.N. Mirgorodskiy
Military Space Academy named after A.F. Mozhaysky, St. Petersburg, Russia
L avsdim@mail.ru

Keywords: buildings, building component, heating system, energy efficiency, cost effectiveness,
thermoeconomic model, civil engineering

Abstract. The article is devoted to the determination of the patterns of joint influence exerted by the heating
system and heat-protective envelope of a building on its energy consumption, taking into account the
composition of the enclosing structures and the peculiarities of the course of thermodynamic processes in the
enclosing structures and engineering equipment. The paper presents an overview of the literature on energy
saving in the field of construction. It is concluded that it is necessary to form a new approach to optimizing the
thermal insulation of buildings based on the method of thermoeconomics, which allows increasing the energy
efficiency of buildings. A schematic diagram of the object under study is presented, for which a
thermoeconomic model has been developed in the form of several zones connected in series. All cost
components affecting the energy efficiency of buildings have been investigated, and the division of costs into
energy and non-energy costs is substantiated. Dependences of the reduced costs on the variables to be
optimized are given. The dependence of the reduced costs on the cost of the chosen enclosing structures
(heat-shielding shell) of the building and engineering equipment is revealed. The analysis of the results
obtained is carried out. It is concluded that it is possible to decrease the reduced costs by an average of 20—
25% in comparison with traditional approaches, and the energy consumption of the building by
30-34 %.

Citation: Avsyukevich, D.A., Shishkin, E.V., Litvinova, N.B., Mirgorodskiy, A.N. Thermoeconomic model of a
building's thermal protection envelope and heating system. Magazine of Civil Engineering. 2022. 113(5).
Article No. 11302. DOI: 10.34910/MCE.113.2

1. Introduction

In recent decades, the issues of energy saving in the field of construction are extremely relevant in all
countries. According to various estimates, only in the field of housing and communal services, the potential
resources of energy saving are at least 50 %. In the Russian Federation, resolutions of the Government of the
Russian Federation have been adopted, which formulate a program for improving energy efficiency in the field
of construction. In accordance with this program, the energy consumption of buildings should be systematically
reduced. For example, in the period 2016—2020 by 30 %, and after 2021 by 40 %.

The decisive influence on the energy consumption of the building is exerted by the heat-protective
envelope of the building, which is a set of enclosing structures that form a closed loop that limits the heated
volume of the building.

Therefore, at present, it is necessary to develop existing and find new approaches to optimizing the
heat-shielding envelope of buildings in order to increase the energy efficiency of buildings under construction
and reconstruction. The relevance of these issues is confirmed by the regular scientific conferences and
seminars on this topic.

© Avsyukevich D.A., Shishkin E.V., Litvinova N.B., Mirgorodskiy A.N., 2022. Published by Peter the Great St.
Petersburg Polytechnic University.
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One of the tasks in this direction is the optimization of interacting and interconnected heat fluxes in a
complex architectural-constructive (thermodynamic) system with a variety of its constituent elements of the
building envelope (heat shield) and engineering equipment, each of which is an energy carrier and an energy
transmitter. A fundamental feature of this system is the fact that a building as a single energy system is not a
simple summation of these elements, but a special combination of them, which gives the entire system as a
whole new qualities that are absent in each of the elements.

The fundamentals of a systematic approach to a building as a single energy system, the theoretical
foundations of the creation of energy efficiency buildings are set forth in the works of Yu.A. Tabunshchikova,
for example [1].The energy saving indicator is understood as a qualitative and / or quantitative characteristic
of projected or implemented energy saving measures. Activities in the field of energy conservation of buildings
under construction and renovation are characterized by indicators of actual energy savings, reduction of losses
of energy resources, including by optimizing the operating parameters of energy consumption, carrying out
energy-saving measures that do not require significant investments, etc.

There is a fairly large number of different works, approaches, methods for assessing the energy
consumption of buildings, which allow taking into account all the main types of energy costs and their reduction
through the use of almost any known energy-saving measures.

It should be noted the importance of having a well-developed regulatory framework in the field of thermal
protection of buildings. The issues of regulation of energy efficiency in construction, measures to reduce
energy consumption of buildings are considered in the work [2].The work notes that it is most expedient to
increase energy efficiency by combining various design and engineering measures, for example,
simultaneously increasing the heat-shielding properties of enclosing structures and using modern engineering
energy-saving methods. The development of the regulatory framework in the field of thermal protection of
buildings is also influenced by the existing differences in Russian and international standards in determining
the calculated values of thermal conductivity of building materials and products. In work [3], it is indicated that
the calculated and actual values of the thermal conductivity of building materials used in the construction of
external enclosing structures are inconsistent, which leads to an increase in heat loss through them and the
loss of thermal energy for heating buildings. The article also notes that a significant revision of the standards
on the basis of which building materials are manufactured is required, and their correct representation in the
current regulatory documents.

The problem of measuring thermal performance during the acceptance of buildings into operation, as
well as when performing work on the energy classification of buildings during operation is solved in work [4].
The authors propose a two-stage procedure for determining the specific consumption of heat energy for
heating: The authors propose a two-stage procedure for determining the specific consumption of heat energy
for heating:

The effectiveness of LEED certification in terms of reducing the energy consumption of buildings, the
feasibility of using available energy performance indicators for buildings certified according to the LEED
standard, are discussed in [5]. An archetype-based quantification of uncertainties in the thermal building model
(energy consumption model) is carried out in the work [6].

The features of comparing the economic efficiency of various energy saving measures based on a
mathematical model for assessing the discounted payback period of investments aimed at reducing the energy
resources consumed in the building are considered in the work [7].

In work [8], on the basis of experimental data, two methods of facade insulation are analysed: a
ventilated facade system and an external thermal insulation composite system, an assessment of the energy
saving potential and the discounted payback period of investments for facade insulation is given.

A dynamic numerical model of thermal protection of enclosing structures based on heat balance
equations is proposed by the authors of the article [9]. A simplified dynamic model was developed and
implemented in Python 2.7, the authors compared the values of energy demand for heating and air
conditioning with advanced software systems: EnergyPlus, BEPS and TRNSYS.

The effect of thermal insulation thickness in building envelope on carbon dioxide emissions is discussed
in [10]. The work [11] considers the problem of calculating the optimal thermal protection of buildings using
the theory of risk. The function of the density distribution of damage has been determined, which makes it
possible to determine the acceptable damage and the corresponding thickness of thermal protection,
minimizing the probability of damage release beyond a given level.

The problem of taking into account the influence of heat-conducting inclusions on the reduction of
resistance to heat transfer during the thermal modernization of panel buildings is considered in work [12]. The
studies took into account such heat-conducting inclusions as the design of panel joints, the slope of the window
and the geometry of the outer wall (outer corner). Possible ways to improve the heat-shielding properties of
wall panels are considered.
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The study of thermal inertia in the heat-protective envelope of buildings was carried out in works [13,
14].These works indicate that taking into account thermal inertia makes it possible to obtain optimal solutions
for the heat-protective envelope of buildings, allowing to reduce the energy consumption of the building.

There is a fairly large number of scientific works in which, in order to increase energy efficiency, the
features of the flow of heat and mass transfer processes in the enclosing structures, the features of the
functioning of engineering systems are investigated [15-17].

Book [18] describes the optimal design and modernization of energy efficient buildings. The book
contains energy statistics, building codes for energy efficiency, and standards from around the world. It also
provides an overview of advanced building energy efficiency technologies, including dynamic insulation
materials, phase change materials, LED lighting and daylight controls, and more. Applied solutions for energy
efficient modernization of buildings with a description of materials, technologies are given in the book [19].

The integration (embedding) of photovoltaic cells into a building envelope, such as a facade or roof, to
generate energy from sunlight to reduce the building's energy consumption is presented in the article in [20].
Also, an economic analysis was carried out and the advantages of introducing the proposed system over
traditional facades and roofing building materials were shown.

The possibilities of using artificial intelligence in the design of energy efficient buildings, forecasting and
minimizing energy consumption, and developing strategies to reduce environmental and climate impacts are
discussed in [21]. This article provides an overview of recent Al applications in energy efficient buildings, with
a focus on machine learning and large databases. Directions for future research are also indicated. It is
emphasized that artificial intelligence can significantly improve the energy efficiency and economic efficiency
of buildings that are designed to provide residents with a comfortable living environment.

In most of the above works, an economic calculation of the effectiveness of energy-saving measures is
carried out, based on the minimization of the reduced costs for the creation and operation of the building
envelope. The main differences in these works are in the methods and formulas for calculating the reduced
COsts.

Modern research shows that energy systems, which include a complex system consisting of elements
of a building's heat-shielding envelope and engineering equipment, should be evaluated using thermodynamic
analysis methods. Accordingly, the function of the reduced costs should take into account not only the complex
composition of the enclosing structures, but also the peculiarities of the course of thermodynamic processes
in the enclosing structures and engineering equipment.

From the methods of thermodynamic analysis, exergy analysis is increasingly used [22, 23]. An increase
in the number of studies based on exergy analysis is evidenced by the fact that an International Conference
on Exergoeconomics was planned in August 2020 [24]. Thermoeconomics as a mechanism for comparing
technical systems is a unique combination of thermodynamic (exergy) and cost analyzes and is capable of
providing a designer or operator with a wide range of information on the profitability of a system that cannot
be obtained exclusively by traditional methods. So in work [25] a model of a building based on exergy is
presented. The authors assess the potential of exergy use in increasing the efficiency of the construction
sector. In work [26] it is indicated that the exergy model of the building allows to reduce the energy consumption
of the building by 36 %. And in the work [27] examples of the implementation of technology for the construction
of buildings with low energy consumption (LowEx) or, in other words, low-energy building systems are
presented.

In work [28] the minimization of the total costs for the building and its operation: financial, energy and
exergy is carried out, dependences of exergy on the thickness of the walls are obtained.

A thermoeconomic analysis of the energy modernization of buildings using VIP — vacuum insulation
panels was performed in the work [29].

In the study [30], an exergoeconomic and ecological-economic analysis of the building heating system
was carried out using the SPECO and Lowex methods. The heating system of a building is examined from the
heat source (generating component) to the building envelope. This study uses the Lowex approach based on
static calculation methods, which may not be very accurate compared to dynamic calculation methods.

There is a large number of works in which exergy, exergoeconomic, thermoeconomic analysis of various
equipment and engineering systems is carried out, for example [31-37]. The articles [38, 39] consider the
issues of energy saving in central air conditioning systems by optimizing the parameters of their functioning
based on the method of thermoeconomics.

The “Average Cost Theory” approach to the analysis of an energy conversion system with gas recovery
and intercooling is described in [40].

From the analysis of the above literature, it follows that exergy analysis was practically not used in order
to jointly optimize the enclosing structures (heat-shielding shell) of the building and engineering equipment. It
should be noted that buildings with a low level of exergy provide significant prospects for the design of buildings
with high performance characteristics. Therefore, this article describes a new approach to optimizing the
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thermal insulation of buildings based on the method of thermal economics, which improves the energy
efficiency of buildings.

The purpose of the research in this article is to develop a thermoeconomic model of the thermal
protective shell of buildings together with a heating system, taking into account the composition of the
enclosing structures and the peculiarities of the course of thermodynamic processes in the enclosing
structures and engineering equipment. To achieve this goal, the article solves a number of particular tasks:
determining the main factors affecting the energy efficiency of buildings, formalizing energy consumption
processes, analyzing the analytical relationships and results obtained.

2. Methods

When optimizing the thermal insulation of buildings together with the heating system, it is necessary to
provide the required exergy of internal air in the premises of the building. The thermoeconomic analysis
considers and takes into account the exergy losses that occur during the transmission and transformation of
energy in the heat-protective envelope of the building and individual elements of the heating system, as well
as the economic costs associated with the creation and operation of the building envelope and individual
elements of the heating system.

At the substantive level, the optimization problem solved in this article is formulated as follows: find the
minimum of the reduced costs for the creation and operation of the building envelope together with the heating
system while maintaining the required microclimate in the building.

The object of research is a reconstructed building of a computing center with a total area of 1764 sqg. M.
and a height of 12 m, the existing enclosing structures — slag concrete panels without thermal insulation.
During the research, options for reconstruction using several types of thermal insulation were considered. At
the same time, for each type of thermal insulation and heating system equipment, individual service lives
declared by manufacturers were considered. Heating system — two-pipe water with artificial circulation of the
coolant. The requirements for heat energy for heating needs were taken into account. Modeling was carried
out using climate data for the city of Moscow. In the course of modeling, the estimated price of consumed heat
energy is 2000 rubles/Gcal, the price of consumed electrical energy is 4 rubles kW*hour.

The schematic diagram of the object under study, for which the thermoeconomic model is being created,
is shown in Fig. 1. Fig. 1 indicates the following: zone | is the individual heating point (IHP); zone Il is the
heating devices in serviced premises; zone lll is the building envelope; 11 is the heat exchanger; 12 is the
circulation pump IHP; 21 are the heating devices; 31 is the thermal insulation of the building envelope (walls);
32 is the coating insulation; 33 are the windows; T1, T2 are the supply and return pipelines of the coolant.

Zone | Zone |l Zone il

32
_ﬁr——qgwr\ T\
P O B N
< 1 A |
R | J

B ]

Figure 1.Schematic diagram of the object under consideration.
In the method of thermoeconomics, the main indicator of efficiency that ultimately determines "to be or
not to be" of a technical system is the reduced costs Z, referred to a certain period of time [23, 41]:
Z:Ehi'Ki-l-Q, (1)

where Z is the annual reduced costs, rubles; Ey; is the discount coefficient (coefficient of efficiency of
investments in the it" element of the heating system, thermal insulation of enclosing structures, etc.); K; is
the investment in the i element of the heating system, thermal insulation of enclosing structures, etc., rub.;

(), is the operating costs for the it heating system, thermal insulation of enclosing structures, etc., rub.

The discount factor is calculated depending on the refinancing rate and the time during which it is
expected to make a profit:
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1
Epj =—, )

(1-r)"
where r is the discount rate (refinancing rate, inflation, expected profitability, etc.); ni is the estimated period
of profit (project implementation period, service life of the i element, etc.), year.

Operating costs for the it" element are determined by the formula:

m
O =bK; + Y S + Sy, ©)
i=1

m
. - . - . . en .
where bi is the coefficient of deductions for depreciation and repair of the It element; Z Si is the total
i=1
annual energy costs for each it resource, rubles; SOi is the costs of maintenance and current repair of ith
element, salary to personnel, etc., rub.

The decisive advantage of this indicator (reduced costs) is the ability to assess how effective the
investment will be in various elements of the heating system and thermal insulation of the building envelope,
as well as to assess the amount of subsequent operating costs while maintaining the required microclimate in
the building.

In all processes subjected to thermoeconomic analysis, it is advisable to separate energy and non-
energy costs, since the former are directly related to the thermodynamic characteristics of both the system as
a whole and its zones and sections. Non-energy costs are also associated with thermodynamic parameters,
but the nature of these relationships is much more complex; corresponding dependences in analytical or any
other form can be obtained for each type of system.

According to [23], the annual reduced costs are determined by summing the product of the annual
consumption of each type of resource by the cost of its unit of measurement (energy costs) and the amount
of costs attributable to each unit of equipment in operation (its cost, upkeep, maintenance, staff salaries,
regulatory deductions and etc.). Is the non-energy costs:

m n
en noten
Z=YS"+>S 4)
i=1 i=1
m en L noten
where )| Si is the total annual energy costs for each it" consumed resource, rubles; . Si is the total

annual non-energy costs for each it element (equipment) of the optimized system; M is the number of types
of resources (energy) used during the operation of the engineering equipment of the building in question; N
is the number of units of elements (equipment) of the system under consideration.

The division of costs into energy and non-energy costs is possible by combining equations (1) and (3).
Then the total energy costs directly related to the thermodynamic characteristics of the system, including the
cost of all energy flows entering the system, will be

m en m
2 S =26 Ci -ty )
i—1 i-1

where €; is the applied exergy of the i type, J/s; Ci is the price of exergy of the i type, rubles/J; thp is the

estimated operating time of the heating system per year (for the heating period), s.

The total non-energy costs take into account capital investments in the creation (modernization) of
heating system elements and thermal insulation of enclosing structures, as well as labor costs for operating
the system (costs for maintenance, maintenance, disposal, salary for personnel, etc.):

n n
Zl S Zl(( Epi +by)- Ki +Sgi ), 6)
i= i=

Expression (6) allows one to obtain particular mathematical models of the formation of non-energy costs
for the it element during the heating period:
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ghoten (Eh' +h. ) K; + S,
7 = _\hi i) P R
I t t
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To solve the optimization problem solved in the article, a thermoeconomic model of the heat-protective
shell of a building is developed, which is presented in the form of several separate zones connected in series.
Each zone includes either the thermal insulation of the enclosing structures, or a group of heating system
elements that have relative independence within the system. Such a linearized representation of the object of
research greatly simplifies further calculations by excluding from consideration individual technological
connections that do not affect the energy consumption of the object. When constructing a thermoeconomic
model of the heat-protective shell of a building envelope, a number of restrictions and assumptions are used.
For example, the effect of heat engineering non-uniform sections of enclosing structures (heat-conducting
inclusions) on heat losses through the shell of buildings is not taken into account. In the calculations, it is
assumed that the enclosing structures are thermally homogeneous. Reducing heat loss by taking into account
inhomogeneous sections of enclosing structures is discussed in detail in [42]. The assumption is also used
that the thermophysical properties of materials and the thermotechnical characteristics of the enclosing

structures remain unchanged over time.

Fig. 2 shows a thermoeconomic model of the research object, which includes a heating system and
thermal insulation of enclosing structures. Such a model is applicable for buildings in which there is no central
ventilation and air conditioning systems.

el ol

CreeS11 _| | |
| Zone | |_CI*_EL,_|M|_C&‘-‘J_,_| Zone Ill 4 C3+Can 2) _
Copx€

—ee=lZ o | | I I |
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Z11 | Z12 Z21 Z31 | Z32 | 233

Figure 2. Thermoeconomic model of the heating system and thermal insulation
of enclosing structures, presented in the form of the series of connected zones.

Through the control surface of the model from an external source to the first zone, the exergy €, is

supplied — the exergy of the coolant coming from the boiler room and €;, is the exergy to the drive of the
electric motor of the circulation pump. The price of exergy supplied from an external source is known and is
equal to: Gy, is the price of consumed heat energy, C,, is the price of consumed electrical energy. Also,

through the control surface of the model, non-energy costs for each it element (equipment) of the optimized
system are brought to different zones: 7,4 is the specific fixed costs for IHP equipment; Z;, is the unit fixed

costs for pumping equipment; Z,, is the specific fixed costs for heating devices; Z3; is the specific fixed costs

for wall insulation; Z3, is the specific fixed costs for thermal insulation of the coating; Z33 is the specific fixed
costs for windows. In each zone of the thermoeconomic model, energy dissipation and an increase in
equipment costs occur, which leads to an increase in the specific cost of exergy: C;, C,,Cz are the specific

cost of exergy after the I, Il, and Il zones, respectively.

During the operation of the research object, thermal processes are the most important, therefore,
variables are used as the optimized variables that allow the development of a thermoeconomic model and it
is relatively easy to determine the temperature conditions of the processes in the research object. These

variables are as follows: ®y, is the temperature difference in the ITP heat exchanger; AT, is the change in
the temperature of the circulating heat carrier in the heat exchanger; ®y4 is the temperature head in the
heating device; AT, is the change in the temperature of the air heated in the heater; Rj; is the reduced total
thermal resistance of enclosing structures (walls); Rg, is the reduced total thermal resistance of the coating;

Ra3 is the reduced total thermal resistance of the windows.

Taking into account the accepted designations, equation (1) can be represented as:

Z = (11 -Cng +€1p - Cop + Z11 + Zp + Zpg + Z31 + Z3p + 233) - Ty (8)



Magazine of Civil Engineering, 113(5), 2022
Moreover, Z — min.

The presentation of the thermoeconomic model of the research object in the form of a series of
sequentially connected zones allows expressing the exergy and non-energy costs supplied to each of the
zones in the form of functional dependences on the exergy flow leaving the considered zone and the optimized
variables affecting this zone.

Then the amount of exergy supplied to various elements of the heating system from an external source
€ (Fig. 2), and non-energy costs for elements of the heating system and thermal insulation of the enclosing

structures 7; are generally described as follows:

€1 = Ey1 (€2, AThe, Ope)
211 =2Z11(€2, AThe, Ope)
eZ’AThe’(ahe)

)

e, = Exo (

2y = Z15 (€2, AThe, Ope

Zp1 =2 (83,AT5,Opq) ' ®)
I3 = Z31(th| +Ra1, Rsp, Rss)

235 = Z3p (€gn1- a1, Raz: Ras )

233 = £33 (thI +Ra1, Rep, R33)

where €; is the amount of exergy, E; is a function that describes the change in exergy, Zj is the amount of

non-energy costs, Zj is a function that describes the change in non-energy costs.

Separate zones of the thermoeconomic model are interconnected. This connection can be represented
in the form of a functional dependence on the exergy flow leaving the zone and the optimized variables
affecting the zone under consideration:

&, =E;(3,AT,,0hq); € = Es(eqni, Ray, Rez. Ras )- (10)

There are connections between the variables being optimized, which requires considering the problem
of minimizing the value of reduced costs as a problem of optimizing a function of several variables in the
presence of constraints such as equalities (communication equations), i.e. as the problem of finding a
conditional extremum. Such problems are successfully solved by one of the methods of conditional
optimization, for example, the method of undefined Lagrange multipliers [41].

The minimum of the reduced costs Z of the object under study is determined by the thermodynamic
perfection of the processes of heat transfer and energy consumption, which depend on the temperature head

® and changes in the coolant temperatures AT in heat exchangers, thermal resistances of the enclosing
structures R, which, in their turn affect the cost of equipment and thermal insulation of enclosing structures.
And, the more thermodynamically perfect the system, the higher its cost (Fig. 3).
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Figure 3. Dependence of reduced costs Z from the change
in the temperature of the coolant in the heat exchanger AThe.
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The selected optimized variables affect the investment in the heating system equipment and the thermal
insulation of the enclosing structures, and during subsequent operation, these variables determine the
operating modes of the research object, which affect the operating costs. Therefore, in order to find the optimal

value of the reduced costs Z, it is necessary to obtain analytical dependences of the cost indicators on the

data of the optimized variables. The range of variation of the optimized variables is due to the physics of
thermal processes in the corresponding structures and equipment.

The resulting dependences of investments in equipment and materials are presented below.

Investment in heat exchange equipment of the ITP will be:

he\  Nip+Mpgi-Q

where Kjj; is the investment in the i-type heat exchanger, rubles; Qy, is the heat loss of the building through

the enclosing structures (heating system performance), J/s; kihe is the heat transfer coefficient of the i-type
heat exchanger, W/m2K; Nyj;, My4; is the numerical coefficients determined for heat exchangers of the
i type.

The investment in the circulation pump will be:

Nioi + Mqyi - Q
Che “Phe *AThe

where Kj,; is the investment in the circulation pump of the ith type, rubles; pt is the density of the heat
carrier kg/m3; Cy. is the heat capacity of the coolant, Im%K; Nj5;, Mys; is the numerical coefficients

determined for circulation pumps of the it type.

The investment in heating devices will be:

Kasi (Qr Opg ki ) = (13)

where K,y; is the investment in heating devices of the it" type, rubles; kihd is the heat transfer coefficient of

the it type heater, W/m2K; N,q;, Moy is the numerical coefficients determined for type i heaters.

The investment in wall insulation will be:
Ka1i (Ragi ) = Fiy -(Nagi + Mag; - Ragi ), (14)

where Kgy; is the investment in wall insulation with type i thermal insulation, rubles; Rsy; is the heat
transmission resistance of thermal insulation of the it type, m2K/W; F, is the the area of the enclosing

structures (walls) of the building, m% Ngj;, Mgy; is the numerical coefficients determined for type i thermal
insulation.

Investment in coatings insulation will be:
Kazi (Rs2i ) = Foov *(Na2i + Mapi - Rezi ), (15)

where Kj,; is the investment in the insulation of coatings with thermal insulation of the it type, rubles; Rgy;
is the heat transmission resistance of thermal insulation of the it type, m2K/W; Feov is the area of coverage

of the building, m% N3y, M3y is the numerical coefficients determined for thermal insulation of the it type.

Investment in insulation (replacement) of windows will be:

Kazi (Rasi ) = Fus *(Nagi + M3g; - Ragi ), (16)
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where Kgg; is the investment in insulation (replacement) of windows of the it type, rubles; Rss; is the reduced
total thermal resistance of windows of the it type, m2K/W, F, is the area of the building windows, m2, Njs;

, M33; is the numerical coefficients determined for windows of the it type.

3. Results and Discussion

The solution of the problem of minimizing the value of the reduced costs, taking into account the
obtained dependences of capital investments, as well as analytical expressions describing the processes
occurring in individual elements of the heating system, makes it possible to determine the preferred option

dpo of the enclosing structures (heat-shielding shell) of the building and engineering equipment in order to
increase the energy efficiency of buildings under construction and renovation.

In the course of the research, it was revealed that the optimized variables to varying degrees affect the
value of the reduced costs (Table 1). The reduced total thermal resistance of enclosing structures (walls,
coatings, windows) have the greatest influence on the value of the reduced costs. A change in the temperature

of the air heated in heating devices AT, has practically no effect on the value of the reduced costs.

Table 1. Ranking Optimized Variables

Variable Parameter weight
Ra1 0.312
R32 0.262
R33 0.206
Ohe 0.102
Ghd 0.089
AThe 0.023
ATa 0.006

Examples of the dependence of the function of reduced costs on Rz, and ®y, are shown in Fig. 4.

Fig. 4 shows that the reduced costs have clearly expressed minima for the corresponding values of the
optimized variables. These minima, through the reduced resistances to heat transfer of the enclosing
structures, determine the optimal thickness of the additional layer of thermal insulation used in the
reconstruction of the building under study, and also determine the optimal temperature head or temperature

changes of the coolant during the operation of the heating system.
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Figure 4. Dependences of the reduced cost function on Rz and Ore.
In the course of the research, possible options for insulating enclosing structures (heat-shielding shell)
of the building di and the selected engineering equipment for the investigated building were also formed.

Each option is a set of measures for the insulation of enclosing structures and the modernization of heating
equipment in various combinations (Table 2).
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Table 2. Developed options for insulation of enclosing structures and modernization of heating
equipment

Option Reduced Change in

. . implementation reduced costs, AZj /

No List of options di e costs, Zi, e
cost, Ci, million o AZji, million Ci
rubles million rubles rubles
1 Project option - 2.019 -
2 Replacement of the pump 0.283 1.653 0.365 1.292
and heat exchanger IHP
3 Insulation of the coating 0.365 1.616 0.402 1.102
4 Replacement of windows 0.604 1.605 0.414 0.685
5 Replacement qf the pump and heat_exchanger 0.643 1677 0.342 0.532
IHP + insulation of the coating
6 Replacement of the pump and heat exchanger 0.879 1.665 0.354 0.402
IHP + replacement of windows
7 Insulation of the cpatlng + replacement 0.97 1596 0.423 0.436
of windows
Replacement of the pump and heat exchanger
8 IHP + insulation of the coating + replacement 1.239 1.656 0.363 0.189
of windows

9 Wall insulation 1.345 1.292 0.727 0.54
10 Replacement of the pump and heat exchanger 1569 1.345 0.670 0.427

IHP + wall insulation
11 Insulation of the coating + wall insulation 1.716 1.277 0.742 0.434
Replacement of the pump and heat exchanger

12 IHP + wall insulation + coating insulation 1.93 1.339 0.680 0.352
13 Wall insulation + replacement of windows 1.949 1.255 0.764 0.392
14 Replacement of heating devices 2.047 1.371 0.648 0.316
15 Replacemgnt of the pump and heat exchanger 2165 1.327 0.692 0.319
IHP + wall insulation + replacement of windows
16 Wall |nsulat|or_1 + insulation of the coating + 2314 1227 0.792 0342
+ window replacement
17 Replacement of the pump and _heat ex_changer 233 1.432 0.587 0.952
IHP + replacement of heating devices
18 Insulation of the coating + replacement of heating 2 365 1365 0.654 0.977
devices
Replacement of the pump and heat exchanger
19 IHP + wall insulation + insulation of the coating + 2.525 1.171 0.848 0.336
+ replacement of windows
20 Replacement of windows + replacement 2565 1.356 0.663 0.259

of heating devices
21 Wall insulation + replacement of heating devices 2.805 1.073 0.946 0.337
Insulation of the coating + replacement

22 of windows + replacement of heating devices 2882 1.349 0.669 0.232
23 Insulation of the coating + \_NaII |ns_ulat|on + 3123 1067 0.952 0.305
+ replacement of heating devices
24 Th_ermal insulation of walls + rep_laceme_nt 3.323 1.058 0.961 0.289
of windows + replacement of heating devices
Wall insulation + insulation of the coating +
25  replacement of windows + replacement of heating 3.64 1.052 0.967 0.266
devices
Replacement of the pump and heat exchanger
26 IHP + wall insulation + insulation of the coating + 3.851 1.026 0.992 0.258

+ replacement of windows + replacement
of heating devices

Each reconstruction option involves investment in its implementation, which in turn determines the
reduced costs corresponding to this option. Options in which the cost of implementation increases, but the
reduced costs do not decrease, are excluded from further consideration. The remaining options allow you to
build a graph of reducing the reduced costs during the operation of the computing center building, depending

on the increase in the cost of implementing a particular reconstruction option Cg;. From the graph, you can
determine the most rational reconstruction option, depending on the amount of funds available (Fig. 5).
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Figure 5. Dependence of the reduced cost function on the cost of the option of insulating enclosing
structures (heat-shielding shell) of the building and the selected engineering equipment.

The approach proposed in the article to the thermoeconomic analysis and optimization of the enclosing
structures (heat-shielding shell) of a building and engineering equipment (heating system) makes it possible
to reduce the reduced costs of their creation and operation by an average of 20-25 % in comparison with
traditional approaches, and reduce the energy consumption by 30-34 % (Fig. 6). Fig. 6 shows the dependence
of the energy consumption of a building at different ambient temperatures. It can also be seen that the
percentage reduction in energy consumption of a building is obviously greater than the possible error arising
from the introduction of restrictions and assumptions in the development of a thermoeconomic model.
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Figure 6.Reducing building energy consumption at different ambient temperatures.

Analysis of the results obtained shows their convergence with the results of similar studies, for example
[28], but the results obtained take into account not only the complex composition of the enclosing structures,
their cost, but also the peculiarities of the course of thermodynamic processes in the enclosing structures and
engineering equipment. Analysis of the results obtained shows their convergence with the results of similar
studies, but the results obtained take into account not only the complex composition of the enclosing
structures, their cost, but also the peculiarities of the course of thermodynamic processes in the enclosing
structures and engineering equipment. For example, in [28], graphs of financial costs for the creation and
power supply of a brick building are given, which are similar in terms of the dependences of the reduced cost
function in Fig. 4. At the same time, the decrease in financial costs for the creation and power supply of the
building with the optimal thickness of thermal protection amounted to an average of 25-28 %, and the
reduction in energy consumption for the creation and energy supply of the building was 30-40 %, which is
comparable to the results obtained in this article. The new results obtained show the possibility of their
application in practice in order to increase the energy efficiency of buildings under construction and
reconstructed ones.

Thus, a thermoeconomic model of the heat-protective envelope of the building has been obtained
together with the heating system, which allows optimizing the heat-protective envelope of the building in order
to increase the energy efficiency of buildings under construction or reconstruction. The resulting model is quite
simple and suitable for use not only in engineering practice, but also in the educational process.
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4. Conclusions

1. The article reviews the literature on energy conservation, energy efficiency improvement of buildings
under construction or reconstruction.

2. Applied exergy analysis to the heat-protective envelope of the building and engineering equipment,
considered as a single energy system.

3. Athermoeconomic model of the thermal protective shell of buildings together with a heating system
has been developed, taking into account the composition of the enclosing structures and the peculiarities of
the course of thermodynamic processes in the enclosing structures and engineering equipment.

4. Expressions are given in general form that allow solving the problem of minimizing the reduced costs
for the creation and operation of the enclosing structures (heat-shielding shell) of a building and engineering
equipment.

5. Analytical dependences of investments in heating system equipment and thermal insulation of
enclosing structures on the optimized variables have been obtained.

6. It was revealed that the reduced total thermal resistance of enclosing structures (walls, coatings,
windows) has the greatest influence on the value of the reduced costs.

7. The graphs of the function of reduced costs from the optimized variables Rz, and ®, and to are

built. It is shown that when using the developed thermoeconomic model, the costs are reduced on average by
20-25 % compared to traditional approaches, and the energy consumption of the building is reduced by
30-34 %.

8. The analysis of the obtained analytical dependencies and results is carried out, their convergence
with the results of similar studies is shown.

9. The results of the study can be used by investors, design and operating organizations to assess the
energy efficiency of buildings under construction or reconstruction and to select the optimal option for the
building envelope (heat shield) and engineering equipment.
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Abstract. This research aimed to investigate the energy properties of buildings made of textile-reinforced
concrete (TRC) sandwich panels in various humidity-climatic zones. Two configurations of sandwich panel
are considered: conventional and advanced. The conventional sandwich panel consists of inner and outer
75 mm thick reinforced concrete layers with separated by a layer of insulation made of extruded 50 mm
thick foam polystyrene (XPS) slabs. In the advanced design, due to the use of TRC, the thickness of interior
and exterior structural layers is reduced to 40 mm (while maintaining strength), and the thickness of the
heat-insulating layer increased to 120 mm. Glass plastic connectors of 10 mm diameter located in nodes
of a square grid connect the structural layers. The authors applied an analytical method of research to
buildings’ energy performance made of TRC sandwich panels based on the investigation of heat and
moisture transfer processes in continuous heterogeneous media and analysis of energy indicators of
buildings. For the purposes of this research, the element-by-element and complex assessment of building
thermal protection was performed. Based on the results of this research, the main thermal advantages of
these facade systems are identified. Building component thermal resistance is increased in multiple
humidity-climatic zones, providing a high thermal protection level in winter compared to conventional facade
systems. Building component heat absorption is increased by 34.4% (compared to conventional facade
systems), excluding the risk of overheating of premises in summer. The risks of moisture condensation and
deterioration of hydrothermal-protective properties of building components are minimized. The use of TRC
sandwich panels allows reducing total heat loss through the building envelope by 26.5%. Simultaneously,
the building’s specific thermal characteristic is decreased by 16.7%, and the energy-saving class increases
to high levels. Construction with advanced facade systems, when the precast sandwich panels with
structural layers from textile-reinforced concrete are used, extends the creative boundaries of architecture
and allows you to solve the current problem of improving the architectural environment’s quality and
conserve energy for future generations.

Citation: Vatin, N., Korniyenko, S.V. Energy performance of buildings made of textile-reinforced concrete
(TRC) sandwich panels. Magazine of Civil Engineering. 2022. 113(5). Article No. 11303.
DOI: 10.34910/MCE.113.3

1. Introduction

Nowadays, there is escalating concern on the sustainable building development around the world
[1-3]. One of the major aspects is energy saving in buildings [4]. A significant portion of the energy is
consumed by today’s buildings in developed and developing countries. For example, about 40% of the total
primary energy in Europe is consumed by buildings today, and more than 50% of that energy going toward

© Vatin, N., Korniyenko, S.V., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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heating in winter and cooling in summer of the indoor environment [5]. This fact emphasizes on the
imperative need for energy conservation in buildings [6, 7].

Building energy efficiency can be improved by implementing either active or passive energy efficient
strategies [8]. Improvements to heating, ventilation and air conditioning (HVAC) systems, electrical lighting,
etc. can be categorized as active strategies, whereas, improvements to building envelope elements can be
classified under passive strategies. Recent years have seen a renewed interest in environmental-friendly
passive building energy efficiency strategies. This idea of sustainable buildings encompasses various
issues regarding energy, water, land and material conservation, together with environmental pollution and
the quality of indoor and outdoor environments [9].

A building envelope is contour that separated the indoor and outdoor environments of a building. It
is the key factor that determines the quality and controls the indoor conditions irrespective of transient
outdoor conditions [10]. Building experts desire to create a durable and esthetic building envelope, adapted
to environmental changes with all its potentials [11-13]. Research for new building materials, technological
advancement, and structural development are the key targets for achieving this goal. There is a growing
trend to use biofibers as fillers and reinforces in composites [14, 15]. Technological advancements in the
production of building, structural, and infrastructural components, suggests advanced manufacturing
techniques will allow these components to address issues including construction speed, structural
performance, combinatorial material efficiencies, and economics of production [16]. A major building
element able to benefit from these technological advancements and meet the demands of current urban
growth is the development of a more intelligent and responsible building envelope [17-19].

The performance criteria of an effective building envelope is to be the protective layer around a
building possessing the qualities of a thermal and moisture break, structural stability, wind and impact
resistance, locally acclimated to environmental conditions, and provide the aesthetic expression of the
building [21-23]. It is one of the most direct methods to develop a more efficient, sustainable, and
economically feasible means to address the pressing needs of rapid urbanization and the performance
criteria associated with more intelligent and responsible design. A key component toward developing a
more advanced building envelope is the utilization of a precast concrete cladding system, particularly the
further advancement of precast concrete sandwich panels. The development of Ultra-High-Performance
Fiber-Reinforced-Concrete (UHP-FRC) has made it possible to investigate the extent of a stronger, lighter,
and more durable precast concrete sandwich panel [24—26].

Textile-Reinforced Concrete (TRC) is a new composite material made of fine-grained concrete and
textile reinforcements with high load-bearing capacities [27]. Due to its material properties, textile reinforced
concrete offers a considerable application potential for thin-walled and lightweight facade constructions
[20]. For example, sandwich panels, made of two thin TRC facings and a core of polymeric rigid foam
present an attractive choice for modern building envelopes. These combine low weight with a high structural
capacity, while simultaneously fulfilling structural and physical demands. However, the applicable
slenderness is limited because of demands on the load-bearing capacity, deformation, and safety against
cracking. Thus, monolithic or metallic bracings are required for large curtain panels. The use of 3D additive
technologies is a perspective trend of TRC utilization in modern design [28]. The development of sandwich
panels made of TRC has been the subject of several research projects at the Institute for Structural
Concrete of RWTH Aachen University in Germany.

It is well known that sandwich panels with facings made of thin metal sheets (less than 1 mm) or
reinforced concrete wythes (70—-140 mm) have been successfully used in industrial and multistory buildings
for decades [29, 30]. Their design principles and structural models are significantly different from each
other. Sandwich panels made of TRC with facing thicknesses of 30—70 mm combine the advantages of the
aforementioned constructions in terms of weight reduction, great potential for reduction of carbon footprint,
and safety against corrosion [20].

Replacing traditional reinforced concrete layers in sandwich panels with thinner TRC structural layers
makes it possible to increase the heat insulation layer's thickness at the same thickness of the structure
and, therefore, increase the thermal performance of exterior walls. However, the thermal characteristics of
TRC type fagade are not well researched. There is no data on thermal performance under various humidity-
climatic impacts. TRC sandwich sections' thermal stability is practically not studied, which makes it difficult
to heat estimate structures in summer, with intense exposure to solar radiation. The processes of heat and
moisture transfer in such structures and the influence of these processes on building components' moisture-
protective properties are not fully studied. The absence of TRC sandwich panels' thermal characteristics
makes it difficult to assess the buildings thermal performance and slows down the implementation of TRC
in energy-saving construction. Therefore, it required comprehensive research of the energy performance
of buildings made of TRC sandwich panels.
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This research aimed to investigate the energy performance of buildings made of TRC sandwich
panels in various humidity-climatic zones.

2. Materials and Methods
2.1. Building energy performance calculation concept

The authors applied an analytical method of research on buildings' energy performance made of
TRC sandwich panels based on the investigation of heat and moisture transfer processes in continuous
heterogeneous media and analysis of energy indicators of buildings.

For this research, the element-by-element and complex assessment of building thermal protection
was performed (Fig. 1).

Thermal protection
of building
components

Specific heat losses

through the building
envelope

Thermal protection
of the building

Maoisture protection

of building
Specific heat components

consumption of
heating systems

Building energy
performance

Air permeability of
ilding components
Specific thermal
characteristic of the
building

Figure 1. Building energy performance calculation concept according to Russian State Standard
GOST 31427-2020 "Residential and public buildings. Composition of energy efficiency
indicators."

For element-by-element thermal evaluation, the building envelope should be divided into separate
homogeneous building components. The thermal quantities shall be calculated for each building
component. The requirements on a building's thermal protection are considered fulfilled if each building
component meets the thermal requirements.

A complex assessment of building thermal protection is based on a calculation of energy indicators
for the entire building. The advantage of such a method is consideration of not only structural but also
space-planning, climatological, engineering, and technical characteristics of building. Results of complex
assessment of building thermal protection are the basis for determining the energy-saving class of building.

Generally, the thermal quantities of building components are thermal resistance, heat absorption
index, resistance to air permeation, moisture-protective properties. These quantities are calculated as a
function of thermal properties, composition, and geometry of element and boundary conditions. The
sandwich panel's outer and inner structural layers are made of dense low-porous materials, which
practically eliminate through air filtration. Therefore, the calculation of this structure's air permeability in the
case that joints of panels are well-sealed is not required.

Building energy characteristics calculation is necessary to evaluate it from the point of energy
efficiency. Building energy characteristics includes specific heat losses through the building envelope
(SHL), specific thermal characteristic of the building (STC) and specific heat consumption of heating
systems (SHC).

There are two methods for calculating the thermal quantities of a building component. The detailed
calculation method is a numerical simulation carried out on the whole building component or a
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representative part. The method is valid for any building component. However, the complexity of this
method makes it difficult to apply it widely in practice. The simplified calculation method is valid for
components consisting of thermally homogenous or inhomogeneous layers. Obviously, this method is less
accurate than the detailed calculation method, but it is much simpler and more accessible. Therefore, for
the purpose of this research, we use simplified calculation methods.

2.2. Building components

Typical precast concrete sandwich panel consists of two precast reinforced concrete layers (called
wythes) separated by insulation and joined with connectors penetrate through insulation. Two sandwich
panel configurations are considered: conventional (Fig. 2, a) and advanced (Fig. 2, b). The conventional
sandwich panel consists of inner and outer reinforced concrete layers with a thickness of 75 mm separated
by a layer of insulation made of extruded foam polystyrene (XPS) 50 mm thick slabs. In advanced design,
due to the use of TRC, the thickness of interior and exterior structural layers is reduced to 40 mm (while
maintaining strength), and the thickness of the heat-insulating layer increased to 120 mm. 10 mm diameter
glass plastic connectors located in nodes of a square grid connect structural layers. Grid spacing is 185
mm; the number of connectors is 19 pcs per 1 m2 of section.

Compared to the conventional product, the use of thinner TRC structural layers allows reducing the
mass of the precast sandwich panel by almost half, which contributes to a significant reduction in the entire
building's material consumption.
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Figure 2. Conventional (a) and advanced (b) sandwich panel configuration: 1 — interior
structural layer; 2 — thermal insulation; 3 — exterior structural layer; 4 — connector.

a b
Figure 3. Location of the connectors in the square (a) and hexagonal (b) grid nodes.

In this research, we use the method of designing building components without thermal bridges.
Placing low-thermal conductivity connectors in square or hexagonal grid nodes (Fig. 3) minimizes additional
heat loss through the nodes. Sandwich panels in completed form is a continuous heat protection envelope,
which practically eliminates additional heat losses through the horizontal and vertical joints of the panels.
The use of window blocks with a wide box (frame thickness 80-120 mm), in combination with a relatively



Magazine of Civil Engineering, 113(5), 2022

small length of assemblies, also contributes to reducing additional heat losses and their insignificant effect
on the thermal resistance of building components.

2.3. Environmental conditions

Thermal and hygrothermal performance analysis of outer walls in winter was carried out on the
sample locations in various humidity-climatic zones of the European part of Russia: Volgograd (dry zone),

Moscow (normal zone), and St. Petersburg (wet zone). Figure 4 shows the external environmental
conditions of these locations.
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Figure 4. Temperature (a) and humidity (b) analyze at the locations under consideration.
Parameters of external climate for these points are shown in Table 1.
Table 1. Conditions of the outside air.

Volgograd Moscow St. Petersburg
(48°42'N, 44°30'E) (55°45'N, 37°37'E) (59°57'N, 30°19'E)

Heating period

Duration of period,

daylyear 176 205 213
Outside temperature
(average value), °C —2.3 —2.2 -1.3
Humidity, % 75 82 77

Summer and transition periods

Duration of period,

day/year 189 160 102
Outside temperatt:re 18.6 15.1 14.8
(average value), °C

Humidity, % 46 70 64
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Thermal stability analysis of outer walls was carried out in the summer period for Volgograd.

Building energy performance of buildings made of TRC sandwich panels was carried out for optimal
air parameters (see Table 2).

Table 2. Optimal air parameters in offices (according to Russian State Standard GOST 30494-
2011 "Residential and public buildings. Microclimate parameters for indoor enclosures").

Time of the year Temperature, °C Humidity, % Speed, m/s
Cold period 19-21 30-45 0.2
Non-heating period 23-25 30-60 0.15

2.4. Thermal properties of building materials

Thermal properties for sandwich panel materials are adopted depending on the building component's
operating conditions (Table 3).

Table 3. Material properties.

Design values

Building element Quantity Symbol, unit Conventional Advanced
configuration configuration
Density pe, kg/m3 2500 2400
Thermal conductivity Ae, W/(M-K)
at the moisture content
of material is 2% mass 1.92 1.74
by mass
at the moisture content
of material is 3% mass 2.04 1.86
by mass
Wythe Heat absorption Sc, W/(m2-K)
at the moisture content
of material is 2% mass 17.98 16.77
by mass
at the moisture content
of material is 3% mass 18.95 17.88
by mass
Water vapour 12 12
permeability e, kg/(m-s-Pa) 8.3310 9.72:10
Density pins, kg/m? 30 30
Thermal conductivity Ains®d, W/(m-K)
at the moisture content
of material is 1% mass 0.030 0.030
by mass
at the moisture content
of material is 2% by 0.031 0.031
mass
Insulation Heat absorption Sins, W/(m?-K)
at the moisture content
of material is 2% mass 0.3 0.3
by mass
at the moisture content
of material is 3% mass 0.31 0.31
by mass
Water vapour 12 12
permeability e, kg/(m-s-Pa) 1.39-10 1.39:10
Density prg, kg/m?® 1467 1467
Thermal conductivity Mg, W/(m-K) 0.48 0.48
Connector Heat absorption Stg, W/(m2K) 6.57 6.57
Water vapour g, kg/(m-s-Pa) ~0 ~0

permeability
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To take into account the effect of connectors on sandwich panels' thermal characteristics, we used
the method of equivalent characteristics based on the addition of thermal transmittance. This method's
advantage is the possibility of approximate assessment of impact efficiency of inhomogeneous thermal
sections of building components without labor-intensive calculations of temperature fields [20]. Since the
influence of connectors is most pronounced concerning the insulation layer, its equivalent characteristics
(thermal conductivity and heat absorption) can be calculated by formulas:

€q _
Ains = ;prs +deon (ﬂ'fg - ;prs ),
€q _
Sins = Syps T Oeon (ng ~Sps ),
where ﬂxps , ﬂ.fg are the thermal conductivity, in W/(m-K), of XPS and fiberglass, respectively;

SXPS » Sgq are the heat absorption, in W/(m2-K), of XPS and fiberglass, respectively;

dgon is the fraction occupied by connectors, calculated by the formula:
T N2
deon = a DeéonMeon »

where D, is connector diameter, in m;
i 2
Neon 1S @ number of connectors per 1 m? of panel.

2.5. Thermal properties of building components

Total thermal resistance of building components (from environment to environment) characterizes
the heat-protecting properties under steady-state conditions. This thermal quantity is equal to the ratio of
temperature difference on different sides of the building component to the density of heat flow rate averaged
by area through the building component. In the case of simplified calculation method, the total thermal
resistance of a plane building component consisting of thermally homogeneous layers perpendicular to
heat flow shall be calculated by the following formula:

R =L 2% Oins 1
° A A A

Ins

e
where R, is the total thermal resistance, in m2-K/W;
Qs is the inside surface heat-transfer coefficient, in W/(m#K);
O, is the thickness of the structural layer, in m;
A, is the thermal conductivity of the structural layer, in W/(m-K);

Oins is the thickness of insulation, in m;

ﬂi?g is the equivalent thermal conductivity of insulation, in W/(m-K);

0, is the outside surface heat-transfer coefficient, in W/(mK).

Heat absorption index is the property of a building component to maintain relative temperature
constancy when thermal effects from external and internal environments of space periodically change. The
heat absorption index may be calculated through the well-known heat absorption theory. This theory is
characterized by the following main thermal indicators: decrement factor (DF) and time lag (TL).

Building component decrement factor shall be calculated by the formula:
V= V1V2V3V56 '

where V is the decrement factor of a component;
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V1, Vy, V3, Vg are the decrement factors in the first, second, third layer and at the outer surface of the
wall, calculated by the formulae:

V) = 0.95exp [&jm,

V2 ) s +Y,
Vy, =exp| = | =——;
’ p(ﬁ]serYz
vz =0.95exp Ds —S3+Y2;
V2 )s3+Y,
v5e=1+;{—3,
se

where D is the thermal inertia of the i-th layer ( D; = R;S;);
R; is the thermal resistance of the i-th layer, in m2-K/W;
S;j is the design heat absorption of the i-th layer, in W/(m?-K);
Y; is the heat absorption at the outer surface of the i-th layer, in W/(m?K).

The procedure for calculating the values of Y; is well known; therefore, it is not considered here.

It is known that the time lag of a building component is given by:

f=t 40.5D —arctg %si
15

Vse
——— |tarcty| —————
g +Yg/2 Ve + 02
where ¢ is the time lag, in hours and minutes;

D is the thermal inertia;

Y,

s
movement from the inside to the outside, in W/(m2-K);

i is the heat absorption at the inner surface of the component in the direction of the heat wave

Y, is the heat absorption at the inner surface of the component in the opposite direction of the heat
wave motion, in W/(m?K).

Moisture performance assessment of building components was carried out according to the
maximum permissible state of humidification during the annual cycle using the simplified calculation method
[23], harmonized with International Standard 1SO 13788. Unlike the method for calculating moisture-
protective properties adopted in Russian standards, this method allows to analyze the dynamics of moisture
accumulation in building components during the year. Compared to International Standard ISO 13788, this
method gives a more accurate assessment of humidity conditions of multilayer enclosing structures with a
high level of thermal protection.

Thermal quantities calculated for office building. Input data listed in Table 4.

Table 4. Geometric and thermal data.

Name Unit Design values
Floors Number 4
Design area of the building m?2 2099
Heated volume of the building m?3 9468
Factor of building compactness m~t 0,34
Coefficient of glazing % 17
Share of enclosing structures (walls/windows/roof/basement) % 44.8/10.6/19.1/25.5

in the building envelope
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Name Unit Design values

Thermal resistance of building components

2,
(walls/windows/roof/basement) MKW
using conventional sandwich panels 1.85/0.76/3.11/4.57
using TRC sandwich panels 4.08/0.76/3.11/4.57
Ventilation rate in the building during the heating period 1
h 0.712
(average)
Heating heat control efficiency factor - 0.95

3. Results and Discussion
3.1. Thermal resistance of building components

The design values of the total thermal resistance of the walls are given in Fig. 5.

Hl1 N2 m3m4

4.08 4.08 305
2.5 2.5
2.32
1.85 1.85 1.79
I 1.46 I 1.58 I 1.58

Volgograd Moscow St. Petersburg

Figure 5. Total thermal resistance of outer walls (Ro, in m%K/W): 1 — conventional configuration;
2 — advanced configuration (3 and 4 — respectively minimum and reference values of total
thermal resistance according to Russian Standard SP 50.1330.2012).

Fig. 5 demonstrated that the thermal resistance of outer walls made of TRC sandwich panels higher
(2.2 times) than the R-value of conventional structures in various humidity-climatic zones. Thus, these
fagade systems can provide a high level of thermal protection of buildings during the cold period.

3.2. Building components heat absorption
Heat absorption index calculation results for outer walls are given in Table 5.

Table 5. Heat absorption properties of outer wall (Volgograd).

o Conventional sandwich panel TRC sandwich panel
Building element D Y. Wim?K) y D Y. Wim?K) y
Interior structural layer 0.702 15.9 1.23 | 0.386 12.6 1.25
Insulation 0.5 0.602 25.3 1.16 0.30 48.8
Exterior structural layer 0.702 12.9 0.939 | 0.386 6.72 0.907
Outside surface of the wall 1.74 1.39
Building component 1.90 50.8 1.93 76.9

Calculation results analysis demonstrated that the maximum local value of DF is observed in the
heat-insulating layer of the outer wall. The minimum value of local DF occurs in the outer structural layer,
which can be explained not so much by the low thermal inertia of this layer as by the heat insulation layer
located behind it with low heat absorption of the outer surface. In the inner structural layer, the value of DF
is slightly greater than in the outer layer, which is due to the higher heat absorption value at the outer
surface of the inner layer. Therefore, the decrement factor in the layer depends not only on the properties
of its material but also on the layer following it. Therefore, it is possible to increase the heat absorption of
these facade systems by different layer combinations.
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Based on calculation results, we also established that the value of TL at the inner surface of the
conventional structure is 5 hours 12 minutes, for advanced design is 4 hours 18 minutes. The use of
structural layers made of TRC in sandwich panels increases external walls heat absorption by 34.4%,
reducing the overheating risk of premises in summer.

3.3. Building components hygrothermal-protective properties

Humidity conditions calculation results in outer wall are given in Fig. 6, 7.
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Figure 6. Water vapour diffusion in the multi-layer building components without any interstitial
condensation in January (p is the water vapour pressure, in Pa; ps is the value at saturation, in
Pa): a— conventional configuration, Volgograd; b — conventional configuration, Moscow; ¢
— conventional configuration, St. Petersburg; d — advanced configuration, Volgograd; e —
advanced configuration, Moscow; f — advanced configuration, St. Petersburg.
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Figure 7. Moisture rate increment in building components during the annual cycle (1 —
conventional configuration; 2 — advanced configuration).
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In these cases, as shown in Figure 7, there is no condensation at the interface between insulation
and exterior structural layer in the coldest month. The maximum convergence of water vapour pressure
profile and the value at saturation is noted at the junction of heat insulation and exterior structural layer that
increases the risk of moisture condensation, but this effect is characteristic of conventional design. The
monthly condensation rate in the building components is negative, indicating no moisture accumulation
during the year. Therefore, hygrothermal-protective properties of building components are provided. This
conclusion is qualitatively correspondent to the results [29], according to which the risks of moisture
condensation and hygrothermal-protective properties deterioration of outer wall made of sandwich panels
are minimized.

3.4. Building energy performance

Specific heat losses through the building envelope are demonstrated in Fig. 8.
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Figure 8. The specific heat losses through the building envelope when applied conventional (1)
and advanced (2) sandwich panels: A — outer walls; B — windows; C —roof; D — floor on the
ground.

Fig. 8 shows that when using the conventional sandwich panels, maximum heat loss is noted through
outer walls (48.6%), minimum heat loss through the floor on the ground (11.2%). The use of advanced
sandwich panels makes it possible to balance transmission heat losses, while total heat loss through the
building envelope is reduced by 26.5%.
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Figure 9. Building thermal balance when used conventional (left) and advanced (right) sandwich
panels: T —transmission heat loss; V — ventilation heat loss; | —internal heat gain;
S — solar heat gain; Q — heat energy demand for heating and ventilation.
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As shown in Figure 9, the specific thermal characteristic of the building when used a conventional
facade system is 0.278 W/(m3-K). The reference value of the specific thermal characteristic of the building
is 0.313 W/(m3-K). The energy-saving class of building is C + (normal). The application of an advanced
facade system reduces the specific thermal characteristic of buildings by 16.7%, while the energy-saving
class of buildings increases to level B (high).

Based on received results, the values of specific heat consumption of heating systems of the building
are given: 25 kWh/(m3.year) when used conventional facade system and 20.9 kWh/(m3-year) when used
advanced fagade system. Then, based on data [26], it is possible to receive values of the total specific
consumption of thermal and electric energy for the operation of building during the year, 125 and 121
kWh/(m3-year), respectively. In this case, the reduction of energy consumption of buildings will be 3.2%,
which is well consistent with the calculation data [26] obtained for small office buildings under similar
climatic conditions (Fig. 10), and, therefore, confirms the validity of our calculations.

5.64
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3.53 3.62
3.23 3.20
2.59
2.37
1.19
I - IUS
1 2 3 a 5 6 7

Figure 10. Buildings energy consumption reduction (%) [26]: 1 — Fairbanks; 2 — Duluth;
3 — Helena; 4 — Burlington; 5 — Chicago; 6 — Boise; 7 — Albuquerque; 8 — San Francisco;
9 — Salem McNary; 10 — Russia, Volgograd (our calculations).

(=]

Further tasks of research are to refine the actual thermal performance of facade system and analyze
the results of the simulation of the thermal conditions of buildings based on detailed calculation methods.

4. Conclusions

This research aimed to investigate the energy properties of buildings made of textile-reinforced
concrete (TRC) sandwich panels in various humidity-climatic zones. Two configurations of sandwich panel
are considered: conventional and advanced. The conventional sandwich panel consists of inner and outer
reinforced concrete layers with a thickness of 75 mm separated by a layer of insulation made of extruded
foam polystyrene (XPS) 50 mm thick slabs. In advanced design, due to the use of TRC, the thickness of
interior and exterior structural layers is reduced to 40 mm (while maintaining strength), and the thickness
of the heat-insulating layer increased to 120 mm. 10 mm diameter glass plastic connectors located in nodes
of a square grid connect structural layers. Grid spacing is 185 mm; the number of connectors is 19 pcs per
1 sg. m of section. The analytical method of research was applied to the energy performance of buildings
made of TRC sandwich panels based on the investigation of heat and moisture transfer processes in
continuous heterogeneous media and analysis of buildings' energy indicators. For this research, the
element-by-element and complex assessment of building thermal protection was performed.

Based on the results of this research, the main thermal advantages of these facade systems are
identified:

I. Building component thermal resistance is increased in multiple in various humidity-climatic zones,
providing a high level of thermal protection in winter compared to conventional facade systems.

II. Building component heat absorption is increased by 34.4 % (compared to conventional facade
systems), excluding the risk of overheating of premises in summer.

Ill. The risks of moisture condensation and deterioration of hygrothermal-protective properties of
building components are minimized.
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IV. The use of TRC sandwich panels allows reducing total heat loss through the building envelope

by 26.5 %. At the same time, specific thermal characteristic of the building is decreased by 16.7 %, and the
energy-saving class increases to high levels.

Construction with advanced facade systems, when used the precast sandwich panels with structural

layers from textile-reinforced concrete, extends the creative boundaries of architecture and allows you to
solve the current problem of improving the quality of the architectural environment and conserve energy for
future generations.
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Abstract. The article studies the influence of steel fiber on the change in temperature stresses in concrete
at an early hardening stage. When hardening concrete is exposed to heat treatment, its volume and, con-
sequently, density change. Under certain circumstances, this can lead to its structural damage and, ulti-
mately, to a decrease in its physical and mechanical properties at the design age. Such structural damage
of concrete can appear even at the earliest hardening stage, before the formation of the elastic properties
of the material. When testing concretes subjected to heating, we recorded the development of temperature
deformations and assessed their plastic viscosity. To determine the temperature stresses, we proposed a
method based on the Kelvin-Voigt rheological model. Studies have shown that the presence of steel fibers
in concrete leads to a decrease in the deformations of concrete during heat treatment. To assess the ther-
mal stresses arising at the early stage of hardening, we derived an analytical dependence, taking into
account the viscosity of the hardening concrete. During the experiments, we obtained values for the vis-
cosity of steel-fiber reinforced concrete depending on its fiber content. The results showed that, without
changing its density, steel-fiber reinforced concrete can take significantly higher thermal stresses than un-
reinforced concrete at the early hardening stages. With an increase in the temperature, the change in the
thermal stresses, depending on the fiber content, begins to have a more pronounced non-linear nature. We
also showed that before a certain structural strength is reached, there are no thermal stresses in steel-fiber
reinforced concrete due to the steel-fiber induced redistribution of temperature forces throughout the vol-
ume of concrete.

Citation: Pikus, G.A., Lebed, A.R., Bondar, A.A. Thermal stresses at the early stage of the hardening of
steel-fiber reinforced concrete. Magazine of Civil Engineering. 2022. 113(5). Article No. 11304.
DOI: 10.34910/MCE.113.4

1. Introduction

The formation of a favorable thermally stressed state of concrete during hardening is the basis for
ensuring the quality of monolithic structures.

The problem of the thermo-stressed state of concrete structures has been most fully explored for
dams, since such massive structures may have large temperature differences over the cross-section [1-3].
The temperature differences between the core and the peripheral zones of structures are caused by the
exothermic hydration reaction given the relatively low thermal conductivity of concrete. Heat treatment of
concrete is not used in such structures, since a large amount of heat is already released during the hydra-
tion process. On the contrary, the technologies limiting the temperature of concrete are used in massive
structures.

Non-massive concrete structures are heated in low air temperature conditions or to accelerate hard-
ening. When concrete is exposed to heat treatment, its volume constantly changes. Such deformations
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indicate a change in the density of the material, and, consequently, a degree of structural damage during
its heat treatment [4]. Such structural damage negatively affect its physical and mechanical properties at
the age of 28 days.

It is possible to create conditions to minimize gradt over the cross-section of concrete [5-7], but it is
impossible to influence the continuity of the temperature change function when concrete is heated. With
the largest construction size of 2 m and a permissible gradt of 0.1 °C/cm, there will be a temperature drop
over the cross-section of concrete of up to 20 °C, while heating this structure from 10 to 50 °C will ultimately
lead to a temperature difference at the same point already at 40 °C [8] show that the maximum increase in
the deformations of concrete occurs when it is heated and directly depends on the temperature elevation
rate. Taking into account that the structure of concrete is formed in its initial hardening period, the effect of
such deformations on the properties of concrete at the design age is fundamental.

Most studies assess thermal stresses through Hooke’s law, considering the deformation of concrete
at the elastic stage, when it already has a certain value of the elastic modulus [9-11]. The minimum time
before concrete can be considered as an elastic material is 6 hours [12]. Data on the formation of elastic
properties in 12 hours [13], and some works mention not the holding time, but about the concrete strength
of 22-30 % [4, 10, 14]. By this time, concrete is already able to take some stress values without changing
its structure (volume). Even at early hardening stages, the physical and mechanical properties of steel-fiber
reinforced concrete are higher than for standard concrete [15], therefore, it can take higher thermal
stresses.

To get an idea of the order of magnitudes of the thermal stresses when standard concrete is heated
at the elastic stage, [4] gives an example, which demonstrates stresses of about 2942 kPa. A similar value
(3138 kPa) was obtained in [16].

The physical and mechanical properties of concrete directly depend on its density, which is formed
during the compaction of concrete mixtures. Starting from the time when the concrete mixture was com-
pacted and until the beginning of the elastic stage (as mentioned, at least 6 hours), temperature effects can
lead to irreversible plastic deformations which reduce the density of the material and lead to a worsening
of its design characteristics. However, in severe climatic conditions, it is impossible to keep concrete in the
formwork for 6 hours without temperature variation and it may freeze over this time period with negative
consequences [17].

During the heat treatment of concrete, thermal stresses may occur, however, they are almost unlikely
[18]. This is primarily explained by the low structural strength of fresh concrete and the zero elasticity mod-
ulus. Nevertheless, according to such models as Kelvin-Voigt or Maxwell, stresses arise in elastic and
viscoelastic materials. Steel-fiber concrete mixtures have a significantly higher structural strength than
standard concretes due to the formation of a spatial frame using steel fiber [19]. When the geometric char-
acteristics of the fiber change, such a frame can pass from a free-flowing to a bound state.

A fundamentally important task is to identify the possible participation of reinforcement in absorbing
thermal stresses and ensuring crack resistance of structures [20]. The solution to this problem resulted in
the amendment in 1987 of SNIP IlI-15-76 in terms of clarifying the maximum permissible temperature dif-
ferences between the concrete surface and the environment during stripping. Notably, steel fiber fully or
partially plays the role of reinforcement in steel-fiber concrete structures.

We consider below the distribution of thermal stresses over time in heated steel-fiber reinforced con-
crete at its early hardening stage. These studies are of important scientific interest since they cover the
initial period of the formation of the steel fiber reinforced concrete structure.

The main purpose of the study is to determine the influence of steel fiber on the change in tempera-
ture stresses in concrete at its early hardening stage.

To achieve this purpose, the authors carried out several tests of concretes subjected to heating, as
a result of which they recorded the development of temperature deformations and assessed their plastic
viscosity. To determine the temperature stresses, they proposed a method based on the Kelvin-Voigt rhe-
ological model.

2. Methods

The experiments were carried out on concrete prisms of 300x100x100 mm. The concrete used in
the experiments (per 1 m? of concrete) had the following composition: cement — 450 kg, sand — 890 kg,
crushed stone — 800 kg, water-cement ratio — 0.4, superplasticizer — 0.25 % of the cement mass. We used
fibers cut from a Fibrex steel sheet with a nominal diameter of 0.67 mm and a length of 40 mm.

We determined the rheological characteristics of the concrete mixtures using a technical viscometer
[21] installed on a vibrating platform.
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To assess temperature deformations, we used two ICh-0.01 dial gauges located at a distance of
75 mm from the ends of the prism (Fig. 1). Plastic washers with a diameter of 20 mm and a thickness of
2 mm were placed under the indicator feet. The averaged values of the readings of the two indicators were
taken as the calculated temperature deformations.

Dial gauge 1
] m —— I
oy o AC voltage

£ )3 3 f f
Thermocouple ../ i

Washers s _ |y ‘

Dielectric —- - Steel
formwork shield '] formwork shield

Figure 1. The experimental setup.

The concrete was heated by the AC passing through the concrete sample from two electrodes (from
the channel steel), which are also the longitudinal elements of the formwork. The temperature was deter-
mined using a chromel-alumel thermocouple located at a depth of 25 mm from the surface of the prism in
the middle of the indicators. All the formwork elements are rigid (with a thickness of at least 10 mm for the
vertical elements and 20 mm for the horizontal base), so that their shape does not change during the tem-
perature deformations of the concrete.

The initial concrete temperature was 18 °C. The heating rate was 5 °C/min and was regulated by a
laboratory transformer by changing the voltage of the electric current. For convenience, the time when the
concrete temperature was 20 °C was taken as the zero reading. Such a high heating rate forms the shock
nature of the temperature influence on the hardening concrete and allows us to simulate the most negative
consequences of its structural changes. Due to the small mass of the sample (the modulus of the sample
surface is 47 m™) and the close arrangement of the electrodes (100 mm), there is almost no significant
temperature gradient over the cross-section of concrete at such a heating rate. This allows us to assume
that concrete deformations in the experiment are mainly caused by the temperature changes in time but
not in space.

3. Results and Discussion

The results of the experiments for the assessment of temperature deformations are summarized in
Table 1 and shown in Fig. 2.

Table 1. Values of sample deformations during heating

o Concrete Relative concrete deformations (*10-2%) at the fi-
Heating time, temperature, ber content, %
min N
c 0 0.5 1 15

0 20 0 0 0 0
1 25 0.2 0 0 0
2 30 14 0.6 0 0
3 35 3.4 2.4 0.8 0.2
4 40 5.9 4.5 2.4 1.2
5 45 8.9 7.3 4.4 2.2
6 50 12.8 11.0 7.4 3.7
7 55 17.4 15.1 11.1 5.2
8 60 23.4 20.2 16.6 7.2
9 65 32.1 28.0 22.6 9.9
10 70 44.1 37.9 31.1 12.7
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Figure 2. Growing deformations of the samples with a change in their temperature.

Table 1 and Fig. 2 show that the risk of developing unacceptable concrete deformations can be
reduced by regulating the content of steel fiber, limiting the heating rate and the maximum concrete tem-
perature.

To assess thermal stresses during heating, we consider fresh concrete according to the Kelvin-Voigt
model, as a viscoelastic material. The stresses in such material are

G = Ggjas + Oyis = EE+ME, (1)

where 1 is plastic viscosity; E is concrete elasticity modulus; €, € are relative concrete deformations and
rate of relative concrete deformations, respectively.

Taking into account that at the initial moment of concrete hardening its elasticity modulus is 0, we
can write formula (1) in differential form:

de
c=nN—. (2)
dt
By analogy with the known formula for calculating temperature deformations in an elastic body [4]:
aEAt
Gt = f
1-v

where a is the coefficient of linear thermal expansion of concrete; v is Poisson’s ratio of concrete (at an
early stage of curing it can be taken to be 0.15), formula (2) can be written as follows:

oL AL
Ti

ELT

®)

Here, At; is the change in the concrete temperature (°C) over time t; (seconds).
The plastic viscosity for a technical viscometer can be determined by [22]:
n=91.79kt, = [kPa-sec], (4

where K is the constant of the device (for the technical viscometer used in the research k = 0.45);
T, is the time for leveling the concrete mixtures in the inner and outer cylinders of the technical viscometer,
sec.
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Taking into account formula (4) and considering that € = aAt, formula (3) can be written as follows

91.97krt
= E Ag; —— & 5
ot i At (1-v) ©)

Formula (5) replaces the integration with the summation of the values of the deformation rates at
separate time intervals.

The coefficient of the linear thermal expansion of concrete (OL) changes depending on the percent-

age of steel-fiber reinforcement [23].

In formula (5), the plastic viscosity of concrete (the numerator) is assumed constant over time since
the tests showed that it changes insignificantly during 10 minute heating, which is in line with [24]. The

obtained values of time T, are:

o for the fiber-free concrete mixture = 2 seconds,
o for the concrete mixture with 0.5 % fiber = 7 seconds,
e for the concrete mixture with 1.0 % fiber = 18 seconds,
e for the concrete mixture with 1.5 % fiber = 32 seconds.
The results using formula (5) with the data from Table 1 are shown in Table 2.

Table 2. Changes of the thermal stresses in concrete during heating

Thermal stresses (kPa) at the following percentage of fiber reinforcement

Heating time, min

0 0.5 1.0 15
1 0.324 - - -
2 2.265 3.403 - -
3 5.502 13.602 11.660 5.188
4 9.552 25.517 34.990 31.097
5 14.416 41.384 64.145 57.016
6 20.731 62.360 107.883 95.889
7 28.184 85.612 161.820 134.773
8 37.903 114.522 241.999 186.601
9 51.995 158.740 329.474 256.581
10 71.432 214.874 453.391 329.150

An increase in the mechanical stresses in structures is proportional to the increase in the rigidity of
the material. This is attributable to the elasticity modulus in elastic structures, and plastic viscosity in viscous
materials. That is, with an increase in viscosity (the content of fiber), the thermal stresses arising in concrete
increase, which is confirmed by the data in Table 2. We can see that the stress values at the same temper-
ature increase with an increase in the percentage of fiber reinforcement from 0 to 1 %.

This can be explained by the fact that the heating process is accompanied by the appearance of
excess pressure in the vapor-air medium of concrete, which leads to the separation of solid concrete parti-
cles and a decrease in its density. During the heat and mass transfer process, moisture moves from more
stressed capillaries to less stressed ones. That is, during such moisture migration, the latter acts as a
damper, reducing and leveling the thermal stresses in concrete due to their redistribution. Due to friction
and mechanical linkage, the fiber additionally restrains the separation of the concrete mixture components,
thereby maintaining the density and strength of the material. This fiber behavior is observed in hardened
and fresh concrete [25]. This contributes to an increase in the thermal stresses taken without significant
deformations.

The reverse trend appears in concrete with a steel-fiber reinforcement of over 1 %: the thermal
stresses begin to decrease. This can be explained by the fact that while the viscosity growth rate slows with
an increase in the content of fiber [26], due to the larger number of fibers per unit volume, it better restrains
concrete deformations. With an increase in the concrete temperature, the change in the thermal stresses
depending on the fiber content begins to have a more pronounced nonlinear nature (Fig. 3). At a tempera-
ture of 40 °C, the changes in the thermal stresses with an increase in the fiber reinforcement percentage
can be described with a second-degree polynomial, while at temperatures of 55 and 70 °C they are de-
scribed by a third-degree polynomial. Such nonlinearity is caused by the low growth rate of the relative
deformations in concrete with a 1.5 % fiber reinforcement compared to the consistently high growth rate of
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such deformations with fiber content of up to 1 %. This phenomenon is clearly observed in the temperature
range from 40 to 70 °C.

A Thermal stresses, kPa

500
400 =
70 °C
300
200 —=
35°C
100 —
e — G
t A e
0 —— : ; :
o 05 1 15

Fiber content, %o

Figure 3. The change in the thermal stresses
with an increase in the fiber reinforcement percentage.

This allows us to understand why zero deformations in standard concrete are retained only when it
is heated from 18 to 20 °C, while in steel fiber reinforced concretes with a fiber content of 1-1.5 %, they are
retained when it is heated to 30 °C. In fact, the temperature of 20 °C is the limit of the viscous capabilities
of fresh concrete to move moisture from stressed capillaries to less stressed ones without the appearance
of thermal stresses. 30 °C is the structural strength limit of viscoelastic concrete when thermal stresses do
not arise due to the redistribution of temperature forces throughout the volume of concrete because of the
use of steel fiber. Thus, at this heating rate, stresses will arise in steel fiber reinforced concrete with 1 %
and 1.5 % reinforcement when it is heated by 12 °C, and in ordinary concrete by 2 °C.

4. Conclusion

1. Inthe viscous state of hardening concrete, thermal stresses are an order of magnitude less than
in the elastic state. While at the elastic stage they can be about 2942 kPa, in the viscous state they are
71.4-453.4 kPa. Nevertheless, even such low stresses should not be ignored, since they arise during the
most crucial period of the formation of a concrete structure.

2. Even during the early hardening stage, steel-fiber reinforced concrete can take 3—6 times higher
thermal stresses than standard concrete of the same age. This is connected with the preservation of the
concrete density during heating because the fiber restrains the separation of the components of concrete.

3. With an increase in the temperature of concrete, the change in the thermal stresses depending
on the fiber content begins to have a more pronounced nonlinear nature which is preconditioned by the low
growth rate of the relative deformations of steel-fiber reinforced concrete with a high reinforcement percent-
age at the concrete temperatures above 40 °C.

4. At the early hardening stage, thermal stresses in standard concrete arise when it is heated by
2 °C, and they arise in steel-fiber reinforced concrete with a reinforcement 1 % or more only when it is
heated by 12 °C (from 18 to 30 °C), which is connected with the redistribution of temperature forces
throughout the volume of concrete because of the use of fiber.
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Abstract. In this research, geopolymer concrete (GPC) was produced using pond ash (PA) as a fine
aggregate replacement to river sand (RS). The focus of the study is to investigate the effect of PA as fine
aggregate on the mechanical and microstructural properties of GPC. The present study detailed
characterization of PA which includes particle size distribution, X-ray diffraction (XRD) analysis, scanning
electron microscopy (SEM) analysis, energy dispersive X-ray (EDAX) studies, and chemical analysis
including reactive silica (R-SiO2). PA replaced RS at percentages of 0, 20, 40, 60, 80 and 100% in GPC.
Properties like compressive strength, flexural strength, split tensile strength and water permeability of GPC
were studied. It was found that compressive strength, flexural strength and split tensile strength of GPC
with 80% PA as fine aggregate are, respectively, 26%, 29% and 31% greater compared to concrete with
RS as aggregate. The inclusion of reactive sand-like PA increased the R-SiO2/Na20 ratio from 3.2t0 5.4 in
GPC mixes with up to 80% replacement and contributed to higher compressive strength. SEM studies, R-
SiO2, EDAX and Fourier-transform infrared spectroscopy (FTIR) analysis of GPC confirmed the
participation of PA particles in polymerization thereby contributing to higher strength. Utilization of pond ash
as fine aggregate provides a valuable addition to GPC in aspects of strength and economics as well as
alleviates the environmental problems caused by coal ash ponding.

Citation: Vidyadhara, V., Saurabh, B., Ranganath, R.V. Impact of pond ash as fine aggregate on
mechanical and microstructural properties of geopolymer concrete. Magazine of Civil Engineering. 2022.
113(5). Article No. 11305. DOI: 10.34910/MCE.113.5

1. Introduction

Coal ash (CA) is a by-product from thermal power plant, which includes fly ash (FA) collected through
electrostatic precipitator and bottom ash (BA) collected from bottom of the boiler furnace [1]. In most of the
thermal power plants, the unused FA and BA are conveyed to landfills by means of water and is termed as
pond ash (PA) [2]. Disposal of CA into the ash pond results in environmental problems like pollution of air,
soil and water [3]. Hence, it is inevitable to find ways to utilize the ponded ash especially in construction
sector to alleviate the previously mentioned environmental problems.

PA encompasses finer reactive particles of FA and coarser less reactive or non-reactive particles of
BA [4]. Burnt clay bricks produced by replacing clay with PA have been studied earlier [5]. Sintered
aggregates with high water absorption feature can be manufactured by using PA [6]. Presence of coarser
non-reactive particles in PA, prompted researchers to use it as replacement to aggregates in cement
concrete and higher water demand to achieve required workability was observed in such concretes [7]. PA
has been tried as replacement to cement in cement mortar [2] and as raw material in the manufacture of
cement by black meal process [8].

© Vidyadhara, V., Saurabh, B., Ranganath, R.V., 2022. Published by Peter the Great St. Petersburg Polytechnic
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Geopolymer technology is emerging as one of the alternative binder to cement when it comes to
sustainability and durability aspects [9]. In geopolymer concrete (GPC); an aluminosilicates material is
activated by alkaline solution forming a paste which binds coarse and fine aggregate with other unreacted
material. The fresh and hardened properties of GPC depend on proportioning and properties of alkaline
solution and base material [10]. In earlier studies, coal ashes are used as precursor [11, 12] and as
aggregates [13, 14] in making geopolymer composites. In production of geopolymer mortar, PA is used as
base material along with ultra-fine slag and the resultant mortar exhibited good durability characteristics [3].
Earlier researchers have tried using PA as fine aggregate and replacement to cement in cement concrete
and as base material in geopolymer mortar. PA as fine aggregate in GPC needs to be explored.

During the year, 2018-19, in India 217 million tons (MT) of CA has been generated from 195 thermal
power plants. In which 22 % of CA has been disposed as PA [15]. Disposal of CA into the ash ponds results
in degrading the fertility of soil and quality of water [3]. Further aggregates which contributes 70 % of the
volume of concrete are derived from natural queries and river sand [16]. Increase in the demand of concrete
in future, is likely to exploit the non-renewable sources by taking raw materials for cement manufacturing
and aggregate production. Geopolymer composites made up of using industrial by-products as both base
material and as aggregates is one of the alternative solutions for previously mentioned problems. Hence,
the present study focusses on making of geopolymer concrete using FA and ground granulated blast
furnace slag (GGBS) as base material and PA as replacement to river sand (RS) at 0,20,40,60 and 100
percentages.

The objective of the present study is to assess the influence of PA as fine aggregate replacement to
RS on mechanical properties of GPC. In addition, using scanning electron microscope (SEM) studies,
energy dispersive X- ray analysis (EDAX) and Fourier transform infrared spectroscopy (FTIR) analysis
microstructure of GPC made up of PA is evaluated.

2. Methods

2.1. Materials

The raw materials used in this study were FA, GGBS, PA, coarse aggregate and RS. GGBS was
purchased from local manufacturers, Coarse aggregate and RS from local suppliers. FA and PA were
procured from Udupi thermal power plant, Karnataka, India. Physical properties of materials are shown in
Table 1, Specific surface area of GGBS is 400 m?/Kg and is higher than cement and FA [17], further PA
has exhibited greater moisture absorption compared to RS and coarse aggregate. In PA, percentage of
particles finer than 600u are exceeding the limit prescribed in IS 383-2016 for zone Il sand [18] which can
be noticed from Fig. 1. Particle size distribution curves in Fig. 2 reveal that FA and GGBS exhibit wide range
of particle sizes compared to PA. Chemical composition and Reactive silica (R-SiOz) of FA, PA and GGBS
were determined using gravimetric analysis and is presented in Table 2. It confirms that FA comes under
Class F Pozzolan as per ASTM C618 [19] and PA has abundant silica and aluminium oxide. Even though
GGBS has less Total silica (T-SiOz) compared to FA and PA, R-SiOzis more in GGBS than other two.
Ponding action and presence of BA yielded less R-SiOz values for PA than FA as observed from Table 2.
X-ray diffraction (XRD) curves shown in Fig. 3 supports R-SiOz values, absence of crystalline peaks in
GGBS confirms presence of greater reactive or amorphous phases. Hump formation in XRD curve between
20° and 30°, is indication of presence of amorphous phase and is better for FA than PA. Elemental
composition of PA (Fig. 4) obtained by EDAX revealed that PA is rich in silica and alumina, same result
was observed in the earlier studies [20].

SEM images of cement, GGBS, FA and PA are shown in Fig. 5. Cement particles are angular in
shape, while particles of GGBS are in anomalous shape with clear edges and angles [21]. FA patrticles are
spherical [22] and PA composed of both spherical FA particles and agglomerated porous coarser BA
particles same is depicted in Fig. 5.

Sodium silicate (Naz2SiOs) and sodium hydroxide (NaOH) were procured from local supplier. Pellets
of NaOH with 98 % purity were used in this research. Chemical composition of silicate was 11 % of Naz0,
31.25 % of SiO2, 13.08 % of R-SiO2 and 56.5 % of H20.
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Figure 5. SEM images of a) Cement b) GGBS c) FA d) PA.
Table 1. Physical properties of materials

River Coarse

Properties PA sand Aggregate FA GGBS
Residue on 45u (%) _ _ _ 32 10
Blaine surface area (m?/Kg) _ _ _ 386 400
Specific gravity 245 250 2.65 2.10 2.90
Fineness modulus 475 2.80 7.80 _ _
Moisture absorption (%) 5.2 15 0.1 _ _
Table 2. Chemical composition of GGBS, FA and PA
Oxides (%) GGBS FA PA
LOI 1.41 0.57 5.30
T-SiO2 33.80 56.16 58.38
R-SiO2 32.80 29.71 20.60
Alz03 17.36 20.16 25.34
Fe203 1.36 10.34 5.68
CaO 38.30 7.20 2.69
MgO 4.90 2.26 0.98
SOs 0.02 0.41 0.06
Others 2.85 2.90 1.57
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2.2. Mix Proportions

Geopolymer concrete mix proportioning was carried out by fixing total water content and density of
concrete to 202 Kg/m? and 2400 Kg/m? respectively. Here, total water content includes water present in
sodium silicate and sodium hydroxide solution. Mix proportions for pond ash geopolymer concrete
represented in Table 3. RS, PA and coarse aggregates were mixed with FA and GGBS for four minutes in
dry state. Later, alkaline solution was added and mixing was continued for five more minutes. Concrete
was poured in moulds for testing with proper compaction carried out using vibrating table. All the test
samples were cured in ambient temperature at 27 °C till the day of testing.

For concrete casting, alkaline solution was prepared one day prior to casting by mixing 10M sodium
hydroxide and sodium silicate solution in the ratio 1: 2.5 respectively.

Table 3. Mix proportions per m3 of geopolymer concrete

Replacement Fly River Pond Coarse
Mixes of River ash GGBS (Kg) Sand ash aggregate NaOH (Kg) Na2SiOs (Kg)
Sand (Kg) (Kg) (Kg) (Kg)
PAO 0 660 0
PA20 20% 528 132
PA40 40% 396 264
330 83 990 96 241
PAG0O 60% 264 396
PA8O 80% 132 528
PA100 100% 0 660
2.3. Testing

Workability of GPC was measured using bilump cone test as per IS : 1199 — 1959 [23]. Compressive
and flexural strength of GPC were tested following the guidelines of IS : 516 — 1959 [24]. IS 5816:1989 [25]
specifications were followed in finding the splitting tensile strength of GPC. Cylinder of size 200 mm height
and diameter of 100 mm were casted and tensile strength was found out by splitting cylinder at loading rate
of 1.2—2.4 MPa/min.

Water permeability of GPC was found out by measuring the water ingress into the cylinder specimens
under 5 bar pressure applied for a period of 3 days as mentioned in DIN 1048 [26]. After 3 days, penetration
of water is measured by splitting the cylinder along long side using compression machine. Test set up for
water permeability shown in Fig. 6.

Figure 6. Test setup for Water permeability.

3. Results and Discussion
3.1. Fresh property

Increase in PA replacement to RS, resulted in decreasing of workability of GPC which can be noticed
from Table 4. Since PA contains porous bottom ash particles, these porous bottom ash particles absorb
water and cause water deficiency for lubrication of particles [27-29]. In addition, as depicted in Fig. 1
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particles finer than 600u in PA are considerably greater in quantity than in RS. Presence of these finer
particles in PA demands extra water for wetting their outer surface. Thus, increase in PA content in GPC
drops the workability. Further, handling of GPC became difficult at 80 % and 100 % replacement as it turns
into more cohesive. In order to restore the workability, naphthalene based superplasticizer (SP) i.e.
Conplast SP 30 was used in PA 80 and PA 100 mixes. As a result of this slump increased from 200 to
250 mm and 50 to 185 mm in 80 % and 100 % replacement mixes respectively (Fig. 7).

3.2. Compressive strength of GPC

Compressive strength results of GPC at 3, 7 and 28 day curing for different PA content are depicted
in Fig. 8. It can be noticed that as the RS replacement by PA increases, the compressive strength increases
till 80 % replacement. Meanwhile, 4 to 5 MPa reduction in strength was noticed for 100 % replacement
when compared with 80 % replacement. However, at all curing periods compressive strength of pond ash
GPC has shown greater strength irrespective of replacement level compared to control mix i.e. 100 % RS
geopolymer concrete. 80 % replacement of river sand by PA contributed for 26 % increase in strength
compared to control mix. In addition to FA and GGBS, it appears that PA aggregates also participated in
polymerization by leaching out silica and alumina from it. Y. Zaetang et al., have reported similar
phenomena while using bottom ash as aggregate in geopolymers [13].

3.3. Flexural strength, splitting tensile strength and water permeability of GPC

Flexural strength, splitting tensile strength and water permeability tests were carried out for control
and 100 % PA mixes, respective results are shown in Table 5. 100 % PA mixes exhibited greater flexural
and splitting tensile strength at 28-day curing period compared to control mix. PA particles participation in
polymerization reaction contributed for 29 % and 31 % improvement in flexural and splitting tensile strength
respectively.

Water penetration depth in 100 % PA mix specimen was 12 mm, whereas in control mix it was
observed as 20 mm. Water permeability test clearly indicates 100 % PA mix exhibited greater resistance
to water penetration than control mix.

Figure 7. Slump in 100 % pond ash replacement a) without SP and b) with SP.

Table 4. Flow / slump of geopolymer concrete

Pond ash Slump/Flow Tso00
content values (mm) (Second)

0% 690 3
20 % 650 4

40 % 590 49

60 % 545 62
80 % 200 -
80 % with SP 250 -
100 % 50 -
100 % with 185 i

SP
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Figure 8. Compressive strength of GPC.

Table 5. Results of flexural strength, splitting tensile strength and water permeability

Pond Ash 28 days Flexural 28 days Tensile Maximum water
Content strength (MPa) strength (MPa) depth (mm)
0% 3.1 2.6 20
100% 4.0 3.4 12

3.4. Effect of R-SiO2 on strength of GPC

R-SiOzin an aluminosilicates material is the non-crystalline, a fraction of total silica which have the
ability to react with lime yielding increased contents of C-S-H gel [30]. R-SiOzin fly ash is the critical factor
in strength contribution [31, 32]. R-SiO2z values of GPC mixes used in this study are shown in Table 6. As
RS which is inert when replaced by PA, the total R-SiO2 content in GPC increases due to the contribution
from PA as it contains about 20 % of R-SiO2. Table 6 also shows ratio of R-SiO2/Na20 for different mixes
used in the study. As can be seen increase in the ratio increases compressive strength of concrete and
same can be noticed from Fig. 9. It is further observed that increase of ratio from 3.2 to 4.3 and then from
4.3 to 5.4 can yield an increase in strength of about total 14 MPa which is significant. Such an increase in
strength can also be obtained by increasing either FA or GGBS in the binder. However, such an attempt
would have cost implications. Earlier study on geopolymerization revealed, availability of more R-SiO2
improves the geopolymerization reaction [33] and same results are observed in present study.

Table 6. R-SiO2 values of GPC mixes

R-SiOz in Kg Total
. Fly Pond . R-SIO; . Compressive strength
Mixes ash GGBS ash NazSiOs (Kg) R-SiO2/Na20 28 days
PAO 0 157 3.2 56.0
PA20 27 184 3.8 62.2
PA40 54 211 4.3 63.5
98 27 32
PABO 82 239 4.9 64.3
PA8O 109 266 5.4 70.7

PA100 133 290 5.9 65.4
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Figure 9. Effect of reactive silica on compressive strength of GPC.

3.5. Microstructure analysis of GPC

Earlier studies on microstructure analysis of fly ash based geopolymers revealed that, polymerization
involves three stages a) chemical attack on fly ash surfaces and gradual development to form holes b) bi-
directional alkaline attack in case of larger ash particles as sometimes their holes are filled with smaller
particles c) product formation both inside and outside the spherical surface till particle of ash is completely
consumed [34]. SEM images shown in Fig. 10 indicates that both FA and some portion of PA involved in
polymerization and product formation both inside and outside the spherical surfaces as observed in studies
done by Hassan. A et al. [34]. It is also observed that dense matrix in case of PA80 and PA100 samples
along with PA and FA particles embedded in it.

Oxide compositions of GPC tested samples obtained through EDAX analysis are presented in
Table 7. In geopolymerization SiO2/Na20O and Na20/Al:O3 ratio indicates the availability of sodium ions for
activation and dissolution of aluminosilicates [35]. In present study maximum strength is achieved for
SiO2/Na20 value 5.85 and Na2O/Al203 value 0.78 which is corresponding to 80 % PA GPC. Itis also noticed
that SiO2/Na20 value increased with introduction of PA in concrete indicating the dissolution of more
aluminosilicates.

Figure 10: SEM images of 28 days tested samples
a) PAO b) PA20 c) PA40 d) PAGO e) PA8BO f) PA100.



Table 7. Oxide composition of GPC tested samples obtained by EDAX
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Compound PAO PA20 PA40 PA60O PA80O PA100
Na20 12.64 11.65 11.07 10.68 9.55 10.03
MgO 3.55 3.33 3.81 3.83 3.20 3.20
Al 203 10.79 10.78 12.96 11.36 12.13 13.65
SiO2 58.82 59.26 57.9 58.17 55.96 59.47
K20 1.46 0.92 1.51 1.09 1.35 0.85
CaO 10.3 11.36 9.80 12.07 14.65 9.91
TiO2 1.38 1.07 1.40 1.58 1.53 1.24
Fe203 1.07 1.62 1.55 1.23 1.63 1.66

SiO2/Na20 4.65 5.08 5.23 5.44 5.85 5.92

Na20/Al203 1.17 1.08 0.85 0.94 0.78 0.73

Ca0/SiO2 0.17 0.19 0.16 0.2 0.26 0.16

SiO2/Al203 5.45 5.49 4.46 5.12 4.61 4.35
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Figure 11. FTIR graphs of GPC.

FTIR analysis on GPC was conducted and respective graphs are presented in Fig. 11. The
absorption bands corresponding to wave numbers 3450 cm~1 and 1650 cm-t are indicative of vibrations of
O-H and H-O-H bonds in water molecules [36]. The C-O asymmetric stretching is denoted by vibration
bands located roughly around 1450 cm~1[37]. Spectra bands situated approximately around wavenumber
750 cm~! represents crystalline phases of quartz [36]. The Si-O-T (T is Si or Al) asymmetric vibration is
indicated by bands of FTIR spectrum with wave numbers ranging around 1050 cm-! and degree of
geopolymerization is determined from this bond [38]. Higher absorption at 1050 cm~! records high rate of
geopolymerization [36] and in Fig. 11 it can noticed that GPC mixes with PA have shown greater absorption
at 1050 cm~t than GPC with RS. The absorption is significant beyond 60 % replacement indicating the
contribution of PA in polymerisation reaction.

3.6. Cost analysis of pond ash geopolymer concrete

Cost analysis of concrete clearly indicates; apart from alkaline solution fine aggregate play a major
role in fixing the cost of concrete. Keeping quantity of solution constant, thereby replacing the RS with PA
reduces cost of concrete per cubic metre to greater extent. As observed from Table 8, the cost of control
mix made up of RS was around rupees (Rs) 9000/- and it got reduced to Rs 7000/- as PA replaces RS
totally. It is conclusive that PA as fine aggregate in GPC can outperform RS in both cost and strength
aspects.
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Table 8. Cost of Pond Ash geopolymer blocks and concrete

0% PA 100% PA
. Total
. Unit cost 3 Total 3
Material (Rs/Kg) Kg/m Cost (Rs) Kg/m Cost
(Rs)
Fly ash 2.5 330 825 330 825
GGBFS 2.5 83 206 83 206
Pond ash 1.0 - - 660 660
River Sand 4.0 660 2640 - -
Coarse Aggregate 1.0 990 990 990 990
Alkaline Solution
(NaOH + NazSiO3) 15.0 268 4022 268 4022
Water 1.0 165 165 165 165
Total 8,848/- 6,868/-

4. Conclusion

PA was replaced to RS at different percentages in making geopolymer concrete and its mechanical
properties were assessed. Based on the aforementioned studies following conclusions are made

1. Replacement of river sand by pond ash resulted in stiffening of concrete, especially at 80 and
100 % replacement. However, it can be restored by using suitable super plasticizers.

2. In addition to Fly Ash and GGBS, finer reactive pond ash particles also actively participated in
geopolymerization process by leaching out silica and alumina. Thus compressive strength, flexural strength
and split tensile strength of GPC with 80 % pond ash as fine aggregate are 26 %, 29 % and 31 % greater
compared to concrete with river sand as aggregate. Pond Ash GPC unveiled greater resistance to water
permeability than GPC made up of river sand.

3. Inclusion of reactive sand such as PA increases the ratio R-SiO2/Na20 from 3.2 to 5.4 in GPC
mixes with up to 80 % replacement and contributes for higher compressive strength up to 14 MPa. SEM
studies on GPC revealed that both FA and PA involved in reaction product formation resulting in dense
matrix. Ratio SiO2/Na20 which is indicative of dissolution of aluminosilicates in GPC is higher i.e. 5.85 for
GPC with 80 % PA as evidenced from EDAX results. FTIR curves confirmed participation of reactive silica
of PA in geopolymerization by showing significant absorption rates.

Utilization of pond ash as fine aggregate provides value addition to GPC in aspects of strength and
economics. In addition, environmental problems caused due to the land filling of pond ash will be alleviated.
Keeping pond ash participation in polymerization process, research on GPC with pond ash as precursor
needs to be explored.
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Abstract. The article investigates the properties of recycled concrete powder obtained by
mechanochemical activation of recycled screening waste with organic plasticizer in vibrating mill. The waste
concrete powder was considered as a part of blended binder based on Portland cement. The optimal
powder ratio in blended binder was 30% by weight of cement with the maintenance of the strength
properties. The laser diffraction method, X-ray analysis and IR spectroscopy, as well as standard methods
were used to estimate the properties of activated powder. The activation of recycled screening waste in
150 min with 0.5% plasticizer allowed us to achieve the specific surface area of the powder at the range of
457.5 cm2/g with content of fine-grained particles in the size of 0-10 um (26.6%) and 0-20 um (31.2%). It
was estimated that the increase of powder ratio in blended binder reduces the standard consistency of the
paste and extends the setting time of the binder. The optimal content of the powder was 30% by weight of
cement with standard consistency of 24.6%. The compressive strength at the age of 2, 7 and 28 days was
24.3, 37.4 and 50.5 MPa respectively. The structure change of recycled screening waste particles by
mechanical destruction and surface amorphization of initial crystalline phases was confirmed by XRD
method and IR spectroscopy.
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1. Introduction

The growth of energy and resource-saving technologies has become one of the main goals of
sustainable development. The construction industry accounts about 50% of the total use of natural raw
materials, 40% of energy consumption and almost half of generated worldwide industrial waste. At the
present time the increase of world population and the improvement of life quality have led the development
of increased construction activity, which further entails certain negative environmental impact.

Concrete is the most widely used building material. Concrete production is considered to have high
negative environmental and social costs. According to the data [1], it is about 75.7 million m? residential
buildings were built in 2018. At the same time, in 2018 global cement production amounted 53.7 million
tons, and at the end of 2019, this value increased up to 57.8 million tons. Currently, all industries, including
the construction sector, are trying to reduce their impact on the environment.

Construction and demolition waste reuse stay relevant not only for foreign countries, but also for
Russia. The growth of concrete production causes the increase of waste of volume from old buildings. In
European Union it is annually generated about 850 million tons of industrial waste [2], but only some of it
obtained from concrete and demolition waste [3] are used as recycled concrete powder.

© Larsen, O., Samchenko, S., Naruts, V., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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Large volume of concrete and demolition waste accumulates in large areas and represents a serious
environmental problem [4]. Earlier dismantled concrete elements have not been widely used, they were
dumped in landfills or used as sub-base material in road construction [5]. Several countries in Europe have
accepted the mix of recycled concrete aggregate into concrete [6]. In recent decades many studies have
shown their application as coarse and fine recycled concrete aggregates not only in ordinary concrete, but
also in self-compacting concrete mixtures [7-10]. This approach aims to conserve natural resources, reduce
construction cost related to aggregates supply and transport, decrease the consumption of non-renewable
natural resources, minimize waste and associated emissions.

Recycled concrete aggregates have poor quality due to the presence of mortar in relation to natural
aggregates. As a result, their use in load bearing concrete is limited [11].

The process of crashing and screening of demolished concrete forms a significant amount of waste.
The maximum content of adhered mortar fraction 5-10 mm is up to 75% of the total mass of recycled
concrete aggregate [12, 13].

The production of recycled aggregates is associated with generation of recycled screening waste, its
content depends on the crushing method and can be from 30% to 70% of the crushed material [14, 15].
The use of recycled screening waste can be considered as supplementary cementitious materials in
preparation of waste powder concrete [3, 16, 17], that can be considered as a part of blended binder based
on Portland cement.

Various industrial waste is used as powder in concretes [18, 19]. Industrial waste should be activated
due to their diverse chemical composition and properties. The activation increases the reactivity and
uniformity of waste. It accelerates chemical reactions, both between solid-phase components and between
solid and liquid. It changes the composition and structure of the crushed substance.

The pre-treatment of recycled screening waste is necessary for the preparation of recycled concrete
powder with stable properties. Various grinding equipment can be used for preparing recycled screening
waste, and the type of the mill significantly affect recycled concrete powder properties [20, 21].

It is known that recycled concrete powder can exhibit cementitious properties due to the content of
unreacted particles of clinker minerals. The activation gives the ability to exhibit cementitious properties. It
can be assumed that the use of such waste can be a valuable resource in production of the SCC mixture
and it is aimed to reduce the consumption of cement.

Mechanochemical activation is considered as a joint grinding of recycled screening waste with a dry
superplasticizer Melflux 5581F in vibrating mill. This is necessary to create an adsorptive layer on the
surface of recycled screening waste particles, to reduce their strength, deformation and destruction due to
the decrease in surface energy, as well as for the subsequent partial dispersion of the composite system
[22]. Mechanochemical activation is effective resource- and time-saving method of obtaining binders with
low water to binder ratio and active powder for concretes. The method consists in joint grinding of cement
or other disperse materials with dry superplasticizer in the mill to accelerate the process of activation.
Mechanochemical activation of binders and powders with superplasticizers promotes the formation of
polymer shell on the surface of grains, provides faster grinding due to the Rehbinder effect. The specific
surface area of the material while mechanical activation increases and its chemical reactivity enhances
[23].

It is advisable to apply recycled screening waste in self-compacting concrete in order to expand the
range of supplementary cementitious materials (microsilica, ground blast furnace slag, fly ash). Therefore,
the aim of this study is to obtain the high-fineness recycled concrete powder by the mechanochemical
activation and evaluate its properties for use in self-compacting concrete. Thus, the efficiency of activating
recycled screening waste can be evaluated by specific surface area on the recycled powder and its particle
size distribution. It is necessary to establish the required amount of superplasticizer and activation time, to
obtain the recycled powder with specified properties to measure the effect of recycled powder on properties
of composite binder.

2. Materials and Methods
2.1. Materials

The cement used in this study was Ordinary Portland Cement type CEM | 42.5 R Mordovcement in
accordance with Russian standard 31108-2016. The mineralogical composition of the clinker is presented
in Table 1. The specific surface area of cement was 344.5 m2/kg. The main physical properties and chemical
composition of cement are presented in Table 2 and Table 3.
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The choice of cement was due to the low content of CsA and its granulometric composition. The low
content of CsA contributes the reduction of heat release of the concrete. Furthermore, the effect of
superplasticizers is most evident in low-alumina Portland cement. The granulometric composition of the
selected Portland cement contributes the uniform particle size distribution, which allows to get the structure
of blended binder with dense packing of the particles when the powder is added.

Table 1. Mineralogical compaosition of the clinker.

Mineral content (%)

CsS CoS CsA CsAF
62.40 17.56 5.49 14.55

Table 2. Main physical properties of cement.

Compressive strength (MPa)

Standard water Setting time (min) Expansion
i t (%
requirement (%) 2 days 28 days (mm)
initial final
26.5 185 245 23.3 54.4 0

Table 3. Chemical composition of the clinker.

Components (%)

L .
ignci)tsign SiO2  AROs Fe:0s  Cao SOs MgO K-O NaO R20

0.21 21.65 4.73 4.36 65.47 0.40 1.27 0.84 0.26 0.81

Superplasticizer Melflux 5581F as grinding aid for recycled concrete powder was used. The
recommended dosage of superplasticizer is 0.1-0.5 % by mass of cement. At the same time, it was taken
into account that the subsequent overdose of the plasticizer leads to segregation, retardation and lack of
concrete mixture setting with reduction the mechanical characteristics of the concrete.

The recycled concrete powder was produced from the internal wall panel of a residential building in

Moscow (Table 4). The chemical and phase composition of recycled screening waste are presented in
Table 5 and Table 6.

Table 4. Particle size distribution of recycled screening waste.

Fractions (mm) 2.5 1.25 0.63 0.315 0.16 pallet
Partial sieve residue (%) 25.1 155 19.1 21.5 13.3 5.7
Total sieve residue (%) 25.1 40.5 59.6 81.1 94.3 100

Table 5. Chemical composition of recycled screening waste.

Oxide Content (%)
CaO 49.02
SiO2 39.45

Al203 3.74

Fe20s3 2.50
MgO 1.76
K20 1.12
SOs3 1.05

Na20 0.587

TiO2 0.222

P20s 0.153

ZnO 0.0917

MnO 0.0851
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Oxide Content (%)
SrO 0.0742
BaO 0.0631
CuO 0.0222

Cl 0.0190
ZrO2 0.0152

Cr203 0.0139

Co304 0.0072
V205 0.0064

Loss ignition 0.0139

Table 6. Phase composition of recycled screening waste.

Phase Content (%)
Quartz 53.5
Foshagite 11.0
Microcline 8.6
Muscovite 2.4
Chlorite 0.7
Calcite 11.2
Dolomite 3.3
Alite 0.6
Belite 1.3
Brownmillerite 1.0
portlandite 0.6
Ettringite 0.8
Amorphous phase 5.0

2.2. Methods

The main properties of the binder were determined in accordance with Russian standard 310. The
laser diffraction analysis was used to determine the particle size distribution of Portland cement and
recycled concrete powder. The X-ray diffractometer ARL X'tra was used to determine the phase
composition of recycled screening waste. The ARL Optim’X X-ray fluorescence spectrometer was used to
determine the chemical composition of the samples. The Vertex 70 Fourier spectrometer was used in IR
spectroscopy.

3. Results and Discussion

The demolished internal wall panel was broken mechanically and cleaned from reinforcement.
Recycled screening waste with fraction 0-2.5 mm was activated in a laboratory vibration mill during 150 min
with dry superplasticizer Melflux 5581F content of 0.1-0.5 % by mass of recycled screening waste. The
mode of activation was experimentally established with optimal operation of the equipment. The purpose
of activation was to obtain the activated powder with specific surface area at the range of 450 m?/kg. The
optimal dosage of Melflux 5581F was 0.5%. The specific surface area increases from 395.6 to 457.5 m?/kg
(Table 6).

The influence of activated recycled concrete powder on properties of blended binder was estimated
by the maximum change of main properties: standard consistency of the binder, setting time and
compressive strength. It was found that the optimal content of the powder in blended binder is 30%. It was
determined that standard consistency of blended binder has reduced from 26.5% up to 24.6%.

The Melflux 5581F superplasticizer acts as an activation intensifier to obtain the grain composition
of the powder with increased number of fine particle fractions, which creates an adsorbed layer of
polycarboxylate molecules on the grains of the powder.

The chemical reactions and initial hydration activity of the powder are accelerated due to application
of mechanochemical activation. The mechanochemical activation is considered as a process of activation
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of recycled concrete particles and dry polycarboxylate superplasticizer Melflux 5581F in vibrating mill. The
formation, movement, and multiplication of various structural defects under high-intensity destructive action
on solid state is theoretical background of activation [24]. The penetration of polycarboxylate molecules into
microcracks occurs simultaneously and is accompanied by the Rebinder effect. The destruction of the
material is facilitated and the newly formed surface is modified with a polymer modifier. Mechanochemical
activation brings an increase of chemical activity of substance due to the accumulation of energy in
structural defects [25]. When the mechanical action stops, it causes the stabilization of the solid body
structure. The period of relaxation processes occurs, the activity of the substance decreases. In this case,
the inculcation of polycarboxylate fragments on activated powder contributes to the consolidation of defects
in its structure [26].

The results of mechanochemical activation of the powder are estimated by the change in particle
size distribution and the specific surface area (Table 7).

Table 7. Particle size distribution of 150 min activation.

Dosage of Melflux

- Specific Fraction content (%)
5581Fin%by  gyrface area,
mass of recycled )
screening waste m?/kg 0-5 um 5-10 pm 10-20 pm 0-10 pm 0-20 ym >80 pm
0 395.6 33 21.0 14.9 17.6 40.3 2.9
0.1 415.6 4.4 18.7 16.7 18.2 40.1 1.9
0.2 432.6 55 15.4 17.8 20.9 38.8 15
0.3 441.0 6.1 15.9 18.3 23.6 34.9 1.2
0.4 448.5 6.3 16.3 15.8 27.0 33.6 1.0
0.5 457.5 7.2 14.9 19.3 26.6 31.2 0.8

The use of the Melflux5581F has positive effect on fineness of activated powder which is directly
proportional to its content. The specific surface area increases by 15.65% compared to the plain powder
(from 395.6 to 457.5 m?/kg) with 0.5 % of Melflux 5581F in recycled screening waste and significantly
reduces the energy consumption of activation (Figure 1).

In Fig. 1 the curve is linear within 60 min of activation in vibrating mill with different content of
superplasticizer, and it corresponds with Rittinger law [26, 27]. The specific surface area of the powder
increases with growth of Melflux 5581F dosage. Further activation does not lead to a significant specific
surface area growth of the powder due to particles agglomeration, that observes in plain composition.

The superplasticizer as grinding intensifier provides less agglomeration of the particles due to the
disjoining and electrostatic repulsion of the particles containing superplasticizer on their surface. The
activation efficiency evaluated by degree of dispersion and size change of the powder patrticles. It depends
on time of exposure in vibrating mill and dosage of Melflux 5581F. The granulometric composition of the
powder and Portland cement showed in Figure 2.

The main properties of blended binder consisted of Portland cement and activated powder with
content from 10 up to 70% was studied. The properties were compared with the properties of Portland
cement in accordance with Russian standards. The results are shown in Table 8. It was found that the
optimal content of the powder was 30% with uniform distribution of the powder by volume of cement matrix.
The necessary properties were achieved with minimum change in setting time and compressive strength.

The obtained data corresponds with the data of other authors. Previous studies have shown [28] the
effect of recycled concrete powder on properties of concrete at the age of 28 days with 0.35 water-cement
ratio. It was determined that compressive strength with content of the powder 10, 20, 30, and 40% was
60.69, 59.19, 56.18, and 45.64 MPa respectively. It has been shown [29] that the strength of cement paste
with water-cement ratio of 0.4 and mechanoactivated recycled screening waste in the amount of 0.1% at
the age of 3, 28 days was 21.2 and 47.6 MPa; with content of 0.2% - 18.8 and 43.3 MPa respectively. In
research [16] it was determined that adding of 5, 10, and 15% increases the strength of concrete by 167,
228 and 333 % in comparison with plain composition. Previous studies reported [28] that the initial setting
time of cementitious materials containing 0, 15, 30 and 45% recycled concrete powder was approximately
273, 288, 298 and 309 min respectively, and the results for the final setting time were 469, 520, 539 and
590 min.
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Figure 1. Effect of activation time on specific surface of recycled concrete powder.
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Table 8. Properties of blended binder based on recycled concrete powder and Portland
cement.

Powder content in Standard water Setting time (min) Compressive strength (MPa)
mixture (%) requirement (%)
initial final
2 days 7 days 28 days
0 26.5 185 245 23.3 38.3 51.4
10 25.5 217 255 23.5 38.0 54.5
20 25.0 226 275 24.1 37.9 54.2
30 24.6 233 305 24.3 374 50.5
40 24.0 265 345 18.6 30.2 42.5
50 235 275 365 16.5 26.5 39.5
60 23.5 300 380 14.5 25.2 35.6

70 23.0 315 415 13.8 24.9 34.2
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The results of X-ray analysis of recycle concrete powder before and after activation are presented in
Figure 3 and Figure 4. It was determined that the activation changes the structure of recycle concrete
powder particles by mechanical destruction and amorphization of the initial constituent phase of calcium
silicate hydrates. It is confirmed the XRD diffraction of unactivated recycle concrete powder (Figure 3)
shows the presence of peaks: calcium silicate hydrates of foshagite type CasSisOs(OH)2 (0 = 0.4914;

0.2894; 0.2196), calcium carbonate CaCOs (d = 0.3858; 0.3033) and silica SiO2 (d = 0.4260; 0.3345;
0.1821; 0.1604). During the life cycle, calcium silicate hydrate undergoes transformation. In the initial stage
of concrete hardening, calcium silicate hydrates as foshagite contain a large amount of crystal and
adsorbed water. In the late stage of hardening, when the concrete dries the adsorbed water disappears,
and calcium silicate hydrates become dehydrated. The crystal water of calcium silicate hydrates as
foshagite undergo their changes along with the structure. In long-term hardening concretes they are formed
with a minimum amount of water (1.5-2)H20. In hardened concrete foshagite is identified as CasSisO9(OH)2
according to the international classification. Such calcium silicate hydrate is formed in lime-sand mixtures

during synthesis in laboratory hydrothermal treatment.

The intensive mechanical impact on recycle concrete powder shows the absence of peaks of calcium
silicate hydrates and the presence of intense lines of quartz and calcium carbonate at the X-ray diffraction
diagram. It causes the surface amorphization with deep phase material change (Fig. 4) and transition to an
amorphous state.

@
&
<
£
O S SRR S PP S S RS S R S S S P A RS R R SR
Figure 3. X-ray diffraction diagram of recycle concrete powder before activation.
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Figure 4. X-ray diffraction diagram of recycle concrete powder after 150 min activation with 0,5 %
Melflux 5581F.

The IR spectroscopy results of recycle concrete powder before and after activation are presented in
Fig. 5, 6. They show the change in structure of the material before and after mechanochemical activation.
IR reflectance spectrums have differences, which are expressed in changes in the intensity of absorption
bands in the range of 3500-2500 cm-1, 1100-1000 cm! and 900-750 cm-1. The change in high-frequency
absorption band at the range of 3000—2800 cm-! after activation indicates the presence of carbonyl groups
of superplasticizers that confirms its chemisorption by the surface of the powder. The appearance of organic
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compound shows the increase of the peak at the range of 1100-1000 cm-L. The transformation of silicon
component indicates the presence of an absorption line contour in frequency range of 900-750 cm-? that
explains the amorphization of the surface during mechanochemical activation.
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Figure 5. IR reflectance spectrum of recycle concrete powder before activation.
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Figure 6. IR reflectance spectrum of recycle concrete powder after 150 min activation with 0.5 %
Melflux 5581F.

4. Conclusion

1. The results of experimental investigation showed the potential of recycled concrete powder that
can be used as an alternative supplementary material with residual cementitious properties.

2. The obtained blended binder consisted of Portland cement and recycled concrete powder. The
optimal content of recycled concrete powder in blended binder was 30%. The powder was obtained while
activation of recycled screening waste in vibration mill during 150 min with 0.5 % of Melflux 5581F.

3. It was determined that the obtained recycled concrete powder while activation consisted of fine
particles with size 0-10 um and 0-20 um in the range of 26.6% and 31.2% respectively.

4. The efficiency of mechanochemical activation was confirmed by XRD and IR spectroscopy. It was
determined that activation of recycled screening waste and polycarboxylate superplasticizer Melflux 5581F
in vibration mill leads to production the powder with hydraulic properties.

5. It was established that the standard consistency of blended binder was 24.6%. The recycled
concrete powder in the amount of 30% provides the appropriate setting time (initial — 233 min; final — 305)
and compressive strength of 50.5 MPa.
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Abstract. There are many experimental methods for determining the strength of frozen soils. However, the
experimental period is always much shorter than the period of infrastructure facilities operation on
permafrost. Hence, one of the main tasks of the frozen soils mechanics is the development of methods for
prediction of long-term strength. The aim of the research is selection of equations for long-term strength
prediction of frozen saline soils. The selection is carried out based on spherical template indenter test (STI)
using artificial samples of two soil types (fine sand, loam) with different salinity (from 0.07% to 1.42%),
water content and temperature (-2°C, -4°C,-6°C). There were 200 experimental tests. Two approaches with
10 empirical equations and time analogy method were used for long-term strength prediction. As a result,
only four equations satisfied the selection criteria and can be used for the long-term strength calculations.
Our studies have shown the possibility of using the time analogy method for saline frozen soils. Calculated
values of equivalent cohesion for a saline-time analogy as well as for a temperature-time analogy were
within confidence interval: 90% and 80% of values respectively.

Citation: Kotov, P.l., Stanilovskaya, J.V. Long-term strength of frozen saline soils. Magazine of Civil
Engineering. 2022. 113(5). Article No. 11307. DOI: 10.34910/MCE.113.7

1. Introduction

Long-term strength is one of the most important and poorly understood issues of soil mechanics.
Freezing of water cements ground particles and increases the strength of frozen soil in comparison with
thawed one. However, ice (as an ideal rheological body) causes rheological processes in frozen soils, such
as creep, a decrease in strength and relaxation of stresses in time. Therefore, an important practical task
is to develop reliable methods to predict long-term strength (for the 50-100 years’ service life of
infrastructure) using experimental data (obtained over a short period from several hours to several days).

Studies of frozen soil strength began in the 1950s under the leadership of S.S. Vyalov [1-2]. Many
researchers pursued research of how various factors influence strength [1-16]. The results of those
experimental and theoretical studies made it possible to get several equations of long-term strength
prediction. Long-term strength depends on many factors: grain size, mineral composition, cryogenic
structure, temperature, time, salinity, confining stress, load, dynamic load, relative content of organic
matter, unfrozen water content, ice content. This explains the large number of solutions suggested by many
authors to predict the long-term strength of frozen soils (Table 1).

© Kaotov P.I., Stanilovskaya J.V., 2022. Published by Peter the Great St. Petersburg Polytechnic University
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Table 1. Equations for long-term strength prediction

Ne Equation Author
o =P
1 In t+t Vyalov [1]
B
-
2 oy = E Vyalov [17]
T
Gp — Oy ) 'tt
3 6t =0~ Zaretsky [18]
t + B
Gy —Gy )t
4 6, =0, +§M Fish [19]
T t-t,
()
Gt = m B
5 t Roman [20]
tm
(o]
6 t Wu [21]
t
t J
7 Gy =Cg| — Konovalov [22]
[
t, V¢
8 o =Gy [TO) Fish [19]
1 B
9 G =—In| — Zhurkov [23]
B t
T, ,
10 C; = Oj —T(GO —G;j ) Grechishchev [24]

Notes: G; is strength at moment t; G; isstrength at moment I; G isinitial strength; G, islong-term strength;

*
Gy, is strength equal to the abscissa of the pole In T, ; T istime; {j is initial time; T is the unit time; Tr is relaxation

time; t,, is time equal to 102 s; T is absolute temperature; B, B, o, T, J, 8, B; are experimental
parameters.

Almost all equations were obtained for non-saline soils. Saline permafrost is widespread in sub-sea
and coastal areas of the Arctic, where NaCl salts originate from marine deposits and/or seawater incursions
[25-27]. Salinity affects strength [28-32]; therefore, an important task is to select the equations for
predicting long-term strength of frozen saline soils.
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Another way to predict long-term strength is the method of time analogies [20, 33—-34]. The prediction
of long-term strength is based on a regular relationship between the influence of time on the process of
frozen soils destruction and the factors that determine the intensity of this process (temperature, some
physical properties: salinity, ice content, organic content, etc.).

Long-term strength characteristics of frozen soil have been obtained from uniaxial and triaxial creep
tests, spherical template indenter tests (STI). However, methodology may be different, even for the same
test. For example, the uniaxial creep tests carry out different methods to determine the long-term strength
of frozen soils: a series of samples of the same type under a constant but different load for each sample
[17, 35]; under stepwise increasing loads [17; 36]; constant-stress creep [31]; the regime of relaxation [17,
37]. Another important issue in the processing of experimental data is the choice of the long-term strength
criterion [16]. Spherical template indenter test has no such uncertainties. It has found wide application in
the practice of research and engineering because of its simplicity and informativeness [15, 20]. STI test
also allows determine the deformation modulus and viscosity [20, 38—41].

The aim of the research is to select equations for long-term strength prediction of frozen saline soils
using spherical template indenter test.

2. Methods
2.1. Sample preparation

Two soil types were used to measure mechanical properties of saline frozen soils, each having a
different grain size distribution: (Y) fine sand and (Z) loam. The individual soil grain size distribution curves
are shown in Fig. 1.

The main parameter of saline frozen soils is salinity (i.e. salt content). Salinity is defined as the ratio
of the mass of salt to the mass of absolutely dry soil and is expressed as a percentage (Dsal, %). The
determination and classification of saline frozen soils are described in the Russian standard [42]. The basic
method for salinity measurement is titration. We apply this approach to calculate salinity.

Initial (0.18 % — loam and 0.08 % — fine sand) and three additional salinities were studied throughout
the test program. This range of salinities was selected to represent natural salinities found in the Arctic [25].
A salinity of 0.08 % represents a low salinity soil, whereas 1.42 % represents a high salinity soil.
Temperatures for the tests varied between -2 °C and —6 °C, which reflects the range of ground
temperatures on the Arctic coasts [25].

There are two water content values: saturated frozen (19 % — fine sand; 36 % — loam) and
unsaturated frozen soils (9 % — fine sand; 20 % (plastic limit) — loam).

100 clay 1 Sit Sand 1 gravel ]
90 - pe s | B R B o . -
80 t 1 i I - . +
B ‘ Il [EEEN I | .
g Y
£ o /
ERRL -
£ / Z
= i
30 #
20 /I
|z ‘ H e
*

0.001 0.01 0.1 1 10

Grain size, mm

Figure 1. Grain size distribution of tested soils.

The soil was air dried prior to being mixed with water. Sand (sample Y) was sieved to eliminate any
particles > 2 mm, and then submerged in a NaCl solution of the desired salinity and vibrated for 10 minutes
to remove any trapped air. Soils Z were prepared by mixing each with a NaCl solution of the desired salinity
until a fluid paste was obtained. Then soils were kept in the respective NaCl solution for 24 hours.

The density was set by compaction metal ring with a 7 cm diameter and 3.5 cm height. The density
of each sample was determined prior to test. Salinity measurements were carried out by titration using the
pore fluid extracted from the thawed samples. Water content, soil density, salinity, freezing point were
determined for each test (Table 3).

Samples were subsequently frozen in a cold room at —15 °C for 24 hours to create massive cryogenic
textures, to exclude the influence of the cryogenic structure on the mechanical properties. Then samples
were placed in a cold room at experimental temperature for 24 hours before testing.
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2.2. Spherical template indenter test

A spherical template indenter test was carried out according to Russian standard [36]. The Test
program consisted of three eight-hour tests and one long-term test (prior to stabilization deformation
144-240 hours). The criteria for stabilization deformation was 0.01 mm in 24 hours.

The equivalent cohesion of frozen soil (Ceq) MPa is determined:

F
C.=06K— (11)
“ ds,
where F is vertical load of spherical template indenter, d is diameter of spherical indenter, St is depth
pressed into a sample, K is coefficient equal to 1 for long-term test.

Statistical processing of the test data was carried out according to the following algorithm. Average
value Ceqn of the equivalent cohesion was assumed to be equal to the arithmetic mean value and was

calculated from the formula
1h
Ceqn =—2.G, 12)
Nij=1

where N is the test number; C; are the values obtained from the results of eight-hour tests.

S is a standard deviation of the characteristic, calculated by the formula

10 2
S=,|—>(C,-G)". (13)
n-1i5
The coefficient of variation V of the characteristic was calculated by the formula:
S
VvV =——100. (14)
egn

2.3. Algorithm of calculation
The algorithm to evaluate the applicability of the long-term strength equation was as follows:
1. Data processing of eight-hour tests to obtain the parameters of the equations showed in Table 1.

2. Calculation of the long-term strength for the maximum time in the experiment and obtaining the
calculated value of equivalent cohesion.

3. Calculation of confidence intervals for equivalent cohesion (based on statistical processing of
eight-hour test data).

4. Comparison of the calculated values and an experimental one considering a confidence interval.
The confidence interval was calculated as 3 standard deviations because the probability of deviation from

the average value by more than 3S is very small.

5. Based on comparison, choosing the equations where the calculated values belong to the
confidence interval.

6. Analysis of the relative error of equations and choosing equations with the least one.
7. Relative error between the calculated and experimental values was calculated using the formula:
(o)
eqn
where G is the relative error, Ceqn is the experimental value of equivalent cohesion; Ceqc is the calculated
value of equivalent cohesion.

Analysis of dependency on water content, soil type and salinity.
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2.4. Data processing by time analogy method

Another method to predict the long-term strength is time analogy method. STI test results were
processed by saline-time and temperature-time analogies.

The experimental data on the dependence of the equivalent cohesion on time for different salinity
are shown in Fig. 2a.

According to the eight-hour tests data, a curve Ceq —In (t) is drawn (time in seconds). All curves are

similar. Therefore, the construction of the generalized "base" curve is conducted graphically, same as for
thermoreologically simple bodies. The time shifts between each pair of neighboring Ceq —In (t) curves are

determined and their mean value is found. Then the experimental points are transferred to the adjacent
graph (Fig. 2b). Values with minimal salinity are transferred to the graph without changing the coordinates.
The experimental points are shifted by A1-2; the points of the third curve are shifted by the sum of the time
shifts between curves 1-2 and 2-3: etc. As a result of this construction, we obtain a generalized curve for a
long-term equivalent cohesion for the conditions of the highest salinity Fig. 2b.
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Figure 2. Test results (loam, water content = 20 %, T = -6 °C) (a) equivalent cohesion versus time
for different salinity and (b) generalized curve for a long-term equivalent cohesion.

Next, we determine the dependence In (A) versus Dsain) — Dsain-1) and the equation, which allow to
calculate the shift value for any salinity. The experimental data processing showed that the generalized
curves are well approximated by equation:

BIn(t)

Ceqc = Ae , (16)
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where CeqC is the calculated value of equivalent cohesion; A and B are parameters that depend on the

type of soil, temperature, loading mode; t is time in seconds. The values of parameters A and B are
determined based on computer-analyses.

Comparison of experimental and calculated values showed good convergence of results for loam
(Table 2). The same approach was used for the method of temperature-time analogy. But instead of salinity,
the dependence of the equivalent cohesion on temperature was considered.

Table 2. Experimental and calculated values equivalent cohesion for loam (W = 20 %,
T=-6°C).

Experimental values Calculated values
Dsa  th Cean, MPa A B Ceqe, MPa
0.18 192 0.52 26 -0.127 0.47
0.37 192 0.37 19 -0.127 0.34
0.85 192 0.25 1.16 -0.127 0.21
1.42 192 0.07 0.46 -0.127 0.08

3. Results and Discussion

The results of the experiments showed that an increase in salinity led to a decrease in equivalent
cohesion for all tested soils. As a result, it was found that the coefficient of variation does not exceed 15 %,
and its average value is 7-9 % (Table 3).

Table 3. Results of experimental research.

T==2cC T=-4cC T=-6cC

soil 1o W,% p,gism®  Tor,°C Dsal, %
' Ceqn, MPa V,% Ceqn, MPa V,% Ceqn, MPa V,%

1 9 1.88 -0.34 0.08 0.36 5 0.59 13 0.70 13
2 9 1.89 -0.64 0.16 0.20 6 0.27 9 0.39 12
3 9 1.88 -1.28 0.38 0.02 9 0.07 2 0.18 9
4 9 1.87 -3.90 0.76 - - 0.04 6 0.11 5
Y 5 19 1.86 -0.35 0.08 0.38 8 0.80 11 0.85 9
6 19 1.87 -0.56 0.16 0.22 12 0.53 14 0.65 15
7 19 1.86 -1.05 0.30 0.09 14 0.17 9 0.31 6
8 19 1.86 -3.71 0.66 - - 0.07 13 0.15 8
9 20 1.88 -0.45 0.18 0.33 9 0.42 12 0.63 11
10 20 1.89 -0.98 0.37 0.23 6 0.39 14 0.51 13
11 20 1.87 -1.96 0.85 0.07 11 0.24 6 0.34 12
12 20 1.88 -3.69 1.42 - - 0.04 12 0.12 12
‘ 13 36 1.67 —-0.39 0.18 0.47 8 0.53 13 0.61 10
14 36 1.67 —-0.88 0.35 0.43 10 0.50 13 0.58 14
15 36 1.66 -1.85 0.78 0.19 11 0.26 13 0.48 12

16 36 1.67 -3.44 1.33 - - 0.08 13 0.17 10
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Initially, all the data were processed and the parameters of the 10 equations (Table 1) were obtained.
As a result, only four equations (1), (2), (5), (7) were selected, where calculated values of the equivalent
cohesion were in the confidence interval (95 % of the calculated values). 80 % of the deviations in the
calculated values of saline frozen soils strength were obtained for other formulas at a temperature of -2 °C.
Frozen soils are multicomponent systems and salinity affects the content of ice, unfrozen water and
mechanical properties, especially in an area of intense phase transitions.

Relative error distribution for different temperatures was calculated for the four selected formulas
(Fig. 3). Test number in the Fig. 3 and 4 corresponds to “Test No.” in Table 3.
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Figure 3. Histograms of distribution of relative errors for different soil types
at different temperatures: a) -2 °C, b) -4 °C, c) —6 °C.
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The next step was to select the minimum value of the relative error and the most accurate equation.
As a result, for fine sand, the data are best approximated by equation (1). For loam, at a temperature of
—2 °C, the best is the equation (2), and at temperatures —4 °C and —6 °C — the equation (5). For sandy soils,
the relative error is less than in loam, which is associated with a different content of unfrozen water that
significantly affects the strength properties.

The analysis of the equations applicability showed a high dependence on the temperature of the
tests. Thus, the maximum values of the relative error are observed (up to 40 %) at a temperature of -2 °C,
and at a temperature of —6 °C the relative error does not exceed 15 %. As the temperature decreases, the
strength increases. This is caused by the reduction in the layer's thickness of unfrozen water and the
increase in the ice cementations of soil particles. In addition, we can note an increase in the relative error
with increasing salinity at temperatures —2 °C and —4 °C. The unfrozen water content, the thickness of the
water films, and, probably, the number of the initial structural defects depend on salinity. This leads to large
variations in strength values with increasing salinity.

An increase in the relative error is also obtained with increasing water content, especially at a
temperature of —2 °C. Probably, the increase of water content may lead to redistribution of stresses on
weak saline pore ice [10].

The long-term equivalent cohesion was calculated according to the time analogies method. As a
result, 90 % of the calculated values of the equivalent cohesion for the saline time analogy and 80 % for
the temperature time analogy are within the confidence interval. Fig. 4 shows the relative error values for
different soil types. The distribution of errors is quite chaotic in this case.
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Figure 4. Histograms of distribution of relative errors for different soil types
at different temperatures (°C) with: a) saline time analogy b) temperature time analogy.

Basically, the researchers performed long-term strength calculations for only one equation. Many
equations were developed in the 60s and 80s for non-saline soils. Comparison of several equations was
practically not carried out. The article Zhang [15] describes the comparison of three equations (1, 5, 6) for
non-saline soil (Shaanxi-Fuping loess) based on the data spherical template indenter test. The calculation
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results of equation (1) were larger, than the other equations (5, 6). Therefore, the author suggested using
equations (5, 6).The prediction of long-term strength for frozen non-saline and saline soils was carried out
for Bolshezemelnaya tundra determined by uniaxial compression and spherical template indenter test [13].
Only four equations (1, 2, 3 and 5 Table 1) were used to predict long-term strength. Based on a comparison
of the experimental and calculated values of long-term strength and an assessment of the reliability of the
predictive equations, the following conclusions were obtained:

e Logarithmic equation (1) and Exponential equation (5) are acceptable for all types of soils.
e Exponential equation (2) yields good results for non-saline and slightly saline soils.
e Fractional-linear equation (3) yields satisfactory results for non-saline soils.

The same results were obtained for our saline frozen soil, the equations (1) and (5) showed better
convergence. There are two hypotheses about long-term strength. According to the first one, long-term
strength decreases indefinitely, and long-term strength tends to zero. According to the second one, long-
term strength decreases to a limited extent and the long-term strength takes on a finite value. Equations
(1) and (5) refer to the first case, which was developed based on the kinetic theory of body destruction [43].

The possibility of predicting long-term strength by the time analogy method was confirmed for other
types of soils under various test methods [20, 33]. The methods of time-based analogies are very
prospective to predict the long-term strength of frozen soils. These methods allow to obtain values of long-
term strength for the entire range of factors that reduce strength (temperature, salinity, stress). The same
series of experiments makes it possible to not only obtains the values of the long-term strength for a period
comparable to the service life of structures, but also to determine the regularities of temperature, salinity
influence on the strength of frozen soils. Our studies have shown the possibility of using time analogy
method for saline frozen soils.

Sayles [3] carried out a complex research of the long-term strength of frozen soils. The strength
decreased for 1000 hours from 25 % to 5 % compared with the instantaneous value. The general character
of the dependence how the strength of frozen soils depends on time is the same [44]. There are many
methods for determining the strength of frozen soils: shear, triaxial and uniaxial creep test, tension test,
spherical template indenter test. Curves of long-term strength in different tests are identical, as shown by
Vyalov [44]. They are similar for all types of tests and differ only in numerical values. If the absolute values
of strength for different types of loading are different, their relative values, equal to the ratio of strength at
a given instant of time to instantaneous strength, are practically the same. This testifies of the unified
physical nature of the destruction process and independence of this process from the type of stress state.
Thus, the obtained regularities and equations for predicting the long-term strength of frozen saline soils can
also be used in other types of tests.

4. Conclusions

The analysis of all the considered equations of long-term strength (1-10 Table 1) allows us to draw
following conclusions. Only four equations (1), (2), (5), (7) were selected, where calculated values of the
equivalent cohesion were in the confidence interval (95 % of the calculated values). The data are best
approximated by equation (1) for fine sand, equation (2) at a temperature of —2 °C and equation (5) at
temperatures —4 and —6 °C for loam.

Time analogy method is very promising for the prediction of long-term strength of frozen soils. This
method helps to predict the strength with temperature and salinity change. Using of equations does not
allow this. 90 % of the calculated values of equivalent cohesion for a saline-time analogy and 80 % for a
temperature-time analogy were within the confidence interval when calculating the long-term strength.

Thus, geotechnics can use the proposed formulas to predict long-term strength of frozen saline sails,
which will increase the accuracy of calculations. Neglecting changes in strength with time may lead to
accidents of infrastructure.
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Abstract. The present study determined the most applicable high-grade metamorphic rocks as the sources
for manufactured sand and coarse aggregates production to apply in the construction industry. As the first
stage of this study, representative samples of the most common ten types of metamorphic rock were
collected and tested for mineralogical and chemical compositions to select the favorable rock types in
concrete and mortar production. XRD diffraction patterns and quantitative analysis results of XRF were
referred for identifying the mineral and chemical contents respectively. Secondly, among the favorable rock
types, based on the geology, the area contribution by each rock was calculated and few abundantly
available rocks were considered for further investigation. Finally, the compatibility of rocks was checked by
analyzing the physical, mechanical, and durability characteristics. As the physical parameters, the specific
gravity, water absorption, loose and packing density, and water content were checked. Mechanical
properties of rocks were determined by investigating compressive and tensile strength, impact resistance,
abrasion resistance, and crushing value. The durability of rocks against weather fluctuations was probed
through the slake durability indexes. Results from the first stage revealed that Charnockite, Hornblende-
Gneiss, Intrusive Charnockite, and Granitic-Gneiss were favorable rocks rich with concrete and mortar
friendly minerals such as albite, k-feldspar, and quartz. Among the above four rocks, Charnockite
contributed around 40% and Hornblende-Gneiss covered approximately 9.5% of the area, which were then
considered for the next stage of the investigation. Charnockite and Hornblende-Gneiss showed similar
porosities and water absorption in the range of 0.25-0.26%. Each mechanical property of both rocks
complied with the requirements provided by the standards; moreover, they manifested excellent durability
performance against cyclic wetting and drying as well.

Acknowledgment: The authors are grateful to the INSEE Cement, Sri Lanka for providing supports to
conduct the Chemical and Mineralogical analysis of rocks.

Citation: Arulmoly, B., Konthesingha, K.M.C., Nanayakkara, S.M.A., Premasiri, H.M.R. Metamorphic rocks
for manufactured sand and coarse aggregate for concrete and mortar. Magazine of Civil Engineering. 2022.
113(5). Article No. 11308. DOI: 10.34910/MCE.113.8

1. Introduction

The implementation of a proper alternative for river sand and natural coarse aggregate is the major
problem that has risen now among the construction industries in most of the developing countries including
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Sri Lanka. River sand is currently being used as the main fine aggregate in most construction activities [1].
Many restrictions have been imposed on river sand mining due to the adverse impact on the environment
and ecological systems. Excessive excavations near the riverbanks caused serious environmental threats
not only in Sri Lanka but also in many countries that are still extracting river sand for infrastructure
developments [2]. The most identified impacts on the environment are riverbank collapses, loss of
vegetation on the bank of rivers, saline water intrusion, river buffer zone encroachment, erosion of riverbank
land areas, and deterioration of river water quality and groundwater quality [2-5]. Presently, the
construction companies are trying to introduce manufactured sand as an alternative to river sand for the
construction activities to immediately mitigate the issues with river sand mining [1, 6-8]. This leads to an
increased number of quarries that are operated to supply the coarse aggregates as well as manufactured
sand for both concrete and mortar works [9]. The source to produce manufactured sand is ‘high-grade
parent rock’, which is a solid material with the collection of one or more mineralogical and chemical
compositions [10-12]. Therefore, the quality of aggregates produced directly depends on the compositions
of parent rocks, which may give positive and negative impacts on the performance of concrete and mortar
[7, 8, 13].

Deliberation to manufactured sand production is crucial, as the implications of finely crushed minerals
in concrete and mortar are higher than coarse aggregates. It was identified that still, the question remains
among the local construction industries, mining industries, and quarries on selecting appropriate rock types
for manufactured sand production due to the inclusions of different minerals and chemicals present in the
rocks as well as the performance of the rocks [14]. This problem is serious because the potentially
deleterious mineralogical and chemical compositions in parent rocks may affect the long and short-term
durability of concrete and mortar. Also, when the rock-derived materials used in concrete and mortar are
not capable to resist higher stresses or withstand the climatic changes, may fail the structural elements.
Therefore, it is a must to investigate the chemical, physical, mechanical, and durability properties of high-
grade metamorphic rocks before utilizing them as the sources for aggregate production in the construction
work.

This study is focused on determining suitable metamorphic rock types in Sri Lanka and their
characteristics for use as the raw materials for producing manufactured sand. Therefore, the outcomes of
this research are expected as the guide for selecting appropriate high-grade parent rocks for producing
manufactured sand to enhance a durable and sustainable built environment.

Earth’s crust is mainly composed of three major rock classes such as igneous rocks, sedimentary
rocks, and metamorphic rocks [10, 11]. Based on the simplified geology of Sri Lanka represented by Fig.
1, the crust part (nine-tenths) is mainly underlain by ‘Precambrian’ age rocks which are subdivided into
three major groups based on tectonic setting and the age of rocks: Wanni Complex (WC), Vijayan Complex
(VC) and Highland Complex (HC) [12, 15, 16]. The age of each above rock complex is also given in the
figure as ‘Ma’, which defines the mega annum or millions of years. Sedimentary limestone with Miocene
age (22.5 to 5 million years ago) can be identified in the North-Western area (coastal belt from Madurankuli
to Killinochi). Northern province areas contain limestone facies and the North-Eastern area (coastal belt
from Paranthan to Mullaithivu) is underlain by sandstone [17]. Small clusters of mudstone and sandstone
of Jurassic age (201 million years) rocks were identified in Tabbowa, Andigama, and Pallama areas having
hard sandstone and clay interbedded with limestone and mudstone [18]. Precambrian rocks such as
quartzite, charnockite, granulite grade pelitic gneisses, limestone, biotite gneisses are found in HC.
Similarly, granitic-gneiss, biotite gneiss, and calc-gneiss rocks are identified in VC while WC is with
prominent rock types [15-17]. Itis identified that mainly high-grade metamorphic rocks are distributed within
this island, which is very strong and hard shows the possibility for manufacturing good quality concrete and
mortar aggregates. Some parts of this country are covered with weathered rocks which are not deemed for
aggregate production [19].

Some studies proved the linkage between Sri Lankan geology with the global geology, which leads
to the depth of this research work to an extent. Prame [20] has explained the lithological similarity of HC
with the Trivandrum block of the South Indian granulite belt. Kroner [21] and Pinna et al. [22] proposed that
HC geology highly coincides Madagascar-Tanzania and Mozambique while VC rocks have similarities with
East and West Gondwana. Sandiford (1986, cited in [20]) compared the lithological affinity with the Rayner
Complex of Enderby Land, Antarctica. Yoshida et al. (1992, cited in [20]) correlated Ongul/Skallen groups,
Yamato-Belgica Complex, and Prince Olav Complex of Antarctica with HC, VC, and WC respectively.

Limited studies have been carried out so far on the effect of mineral and chemical compositions on
the quality of fine aggregates for concrete and mortar production and some of them are included in this
section. Dahanayake and Jayasena [23] carried out a study on some of the mineral compounds, texture,
and grain direction of gneiss, amphibolite, and some intrusive rocks in VC. A microscopical mineralogical
backscattered electron analysis was done by Malaviarachchi and Takasu [24] on some pelitic and
intermediate to mafic granulites from HC to check the metamorphic grade based on the mineral
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assemblages. A key investigation was carried out by Jayawardena & Dissanayake [25] on the selection of
suitable rock types for quarry dust production where the sample collections were done only in the Central
and Northwestern provinces of Sri Lanka.

\:] Highland Complex

[l Vanni Complex

D Vijayan Complex

- Kadugannawa Complex
D Mesozoic - Cenozoic Cover

Undefined
boundaries

Defined
boundary
and thrust

Major cities

Gem
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Figure 1. Simplified geological map of Sri Lanka [17].

Petrographic studies were followed for the collected samples and some important conclusions were
derived: quartz, feldspar, hornblende, hypersthene, and a few biotite mica contents were identified in
charnockite, hornblende-gneiss, and granitic-gneiss rocks from the collection areas which were mainly used
for quarry dust production in the country. A recommendation of using quartzite for manufacturing quarry
dust was also suggested by the authors as it is usually free from mica content. Mica and clay are considered
the most harmful minerals in the rocks. Mica drastically lowers the workability of mixes due to flaky particles
and clay significantly reduces the strength of concrete and mortar due to its fine form. Tugrul et al. [26]
investigated the effects of feldspar, mica, and clay minerals on compressive strength of mortar where
replacement of river sand with 20 % of mica and 4 % of clay minerals such as illite and montmorillonite
reduced 50-60 % compressive strength at 28 days. A detailed study was accomplished by Leemann and
Holzer [27] on various grain size inclusions of mica minerals such as muscovite, biotite, and chlorite in the
mortar and muscovite in concrete. Diminished workability, compressive and flexural strengths, and
increased void content were observed with higher larger grain-sized mica inclusions in mortar and concrete.
From the investigation executed by Norvell et al. [28], greater water demand and drying shrinkage and
dwindled compressive strength of concrete was noticed when the aggregates had higher contents of
montmorillonite than illite and kaolinite.

Coarse aggregate is also a manufactured primary aggregate that is obtained from several industrial
processes. The quality of rock-derived coarse aggregates mainly depends on the properties of the original
rock which are used for manufacturing [29]. Therefore, coarse aggregates should have high strength, better
particle shape and gradation, good wear resistance and resistance to climatic changes, etc. [30]. van Wyk
and Croucamp [13] checked the suitability of quartzite, tillite, sandstone, and shale rocks for concrete based
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on strength and durability parameters. Authors found that required concrete compressive strength was
achieved with each rock aggregates but tillite and shale showed unsatisfactory performance with durability.
Quartzite revealed the best durability among the selected rocks from slake durability test. Loorents and
Johansson [31] studied the quality of granitoid rock aggregate based on free mica grains. Authors identified
that the finer particles were abundant with free mica at each fraction while medium and coarse rocks
showed high mica content at the fraction of 125-250 um. Ugolini et al. [32] analyzed mineralogical, physical,
and chemical properties of sandstone and siltstone fragments in the soil. The authors noticed that there
was a distinct mineralogical difference between sandstone and siltstone while the physical and chemical
properties were marginally similar. Scott and Rollinson [33] investigated the mineralogy and surface
textures of granite, granodiorite, lava, pyroclastic, gabbro, dolerite, limestone, dolostone, gritstone,
greywackes, anorthosite rocks. Johansson et al. [34] researched the quality of mica-schist rock by
conducting the micro-Deval test, Los-Angeles abrasion test, and Nordic test on drilled samples. Because
the results were within the required limits, the authors suggested the selected rock to produce good quality
aggregate.

To achieve the aim of this study, a number of tasks were solved:

a) investigation on identifying the high-grade metamorphic rocks available based on the geology and
linkage with global geology based on the literature review;

b) research of the mineralogical and chemical compositions of high-grade metamorphic rocks and
identifying the most suitable rock types for concrete and mortar;

¢) study of the availability of selected rock types based on the geology;

d) analyzation of the most determining physical, mechanical, and durability properties of the suitable
and abundantly available rocks and compliance with standards.

2. Methods
2.1. Materials

Concerning the geology of Sri Lanka [17], for the preliminary investigation on chemical and
mineralogical composition identifications, ten rock types were selected considering the metamorphic class.
Fig. 1 shows the locations of sample collection for the first stage of this research. Here the weathered rocks
such as alluvial, fluvial, and residual deposits which are covering the Northern and North-Western parts of
the country were not selected as those are not usually suitable for aggregate. ‘ExpertGPS 7.03 Map’
software was used to locate the quarries with the global North (N)-East (E) coordinate system as mentioned
in Table 1.

Table 1. Locations of sample collection for Stage 1.

i Coordinates
Location Rock type Complex Quarry Province
code North (N) East (E)
1 Charnockite HC Unawatuna Southern 6.01913° 80.25134°
2 Calc-Gneiss HC Walapane Central 7.09548° 80.85943°
3 Hornblende- HC Pahala-Bomiriya Western 6.93210° 80.00483°
Gneiss
4 Cordierite- HC Batawala Western 6.88119° 80.05676°
Garnet-Gneiss
5 Quartzite HC Mabima Western 6.96388° 79.97711°
6 Schist HC Magala Western 6.29783° 80.12590°
7 Marble HC Kosgoda Western 6.33665° 80.03380°
8 Intrusive Ve Unnichai Eastern 7.63300° 81.53725°
Charnockite
9 Granitic-Gneiss VC Damana Eastern 7.20869° 81.61647°
10 Biotite-Gneiss VC Komari Eastern 6.99742° 81.86762°

Approximately 12" x 12" rubble sample was collected from each quarry as a representative of the
corresponding rock type. Sample collection was done in two complexes as represented by Fig. 1: Highland
Complex (HC) (covering the Central, Sabaragamuwa, and Western provinces and some parts of Eastern
province) and Vijayan Complex (VC) (covering Eastern, Uva, and Southern provinces). Fig. 2 illustrates the
digital images of the collected ten rock rubble samples for the identification of the mineralogical and
chemical composition.
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To investigate the physical parameters of the rock types which were filtered from the first and second
stages of this research, various sizes of rock samples were collected from the corresponding quarries as
mentioned here. For the determination of relative density (specific gravity) of rocks, a nominal maximum
size of 19 mm rock samples was used. A nominal maximum size of 12.5 mm rock samples was utilized for
identifying the loose and packing densities of rocks. The absorbed water and surface moisture of rocks
were tested using the maximum size of 9.5 mm samples. Uniaxial compressive strength and tensile
strength were determined based on the representative rock samples within the range of 55 mm to 70 mm.
The aggregate impact value test was conducted using the rock specimens passing 12.5 mm sieve and
retained on 9.5 mm sieve according to gradation criteria provided in ASTM C136. The same quantities of
rock specimens retained on 9.5 mm and 6.3 mm sieves were collected for investigating the abrasion. For
testing the crushing strength, rock specimens passing 12.5 mm sieve and retained on 9.5 mm sieve were
utilized. The response of rocks to wetting and drying conditions was checked using representative rock
specimens within the range of 50 mm to 65 mm.

:

Figure 2. Digital images of rocks listed in Table 1 (a — Charnockite;
b — Calc-Gneiss; ¢ — Hornblende-Gneiss; d — Cordierite-Garnet-Gneiss;
e — Quartzite; f — Schist; g — Marble; h — Intrusive-Charnockite;
| — Granitic-Gneiss; j — Biotite-Gneiss).

2.2. Experiments and test methods

This study was carried out to suggest the most applicable metamorphic rock types for producing
construction aggregates under three stages: Stage 1 (filtering the selected ten rock types based on the
constitution of potentially harmful minerals), Stage 2 (determining the most suitable rock types among the
filtered rocks from Stage 1, according to the availability) and finally Stage 3 (checking the physical,
mechanical and durability characteristics of the selected rocks from Stage 2). Fig. 3 illustrates a flowchart
for the methodology of this study and Table 2 lists down the experiments, standards referred to, the number
of trials used for the experiments, and equations used for calculating the parameters in this study.
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Figure 3. Methodology flowchart.

Table 2. Experiments, standards referred and equations used in this study.

Property . Standard . Equations for determining
Experiment Trials .
(Stage No) referred numerical values
Chemical X-Ray diffraction (XRD) - 1 j
(1) X-Ray fluorescence (XRF) - 1 -
Bulk SSD specific gravity (Gggp ) 2 Gssp =Mssp / (Mgsp ~Msspw)  [i]
Apparent specific gravity (Gap ) ASTM C127 2 Gpp =Mp /(Mp —Mgspyy) il
Physical
{3) Water absorption (W %) 2 W =(Mgsp —Mp)/Mpx100 fiii]
Loose ( P} )& packing density ( 0y ) ASTM C29 2 PPy =Mggp IV [iv]
Water content (W9%0) ASTM D2216 3 w= (M, /Mp)x100 V]
Uniaxial compressive strength ( fc) f. = 15(50) x factorC [vi]
ASTM D5731 10
Tensile strength ( f;) f, =80%x 14(50) [vii]
Mechanica
1 (3) Aggregate impact value ( AlV ) EN 1097-2 2 AIV%=(Mp/M,4)x100  [viii]
Los-Angeles abrasion (LAA) ASTM C131 2 LAA% = (M5 35 /Mp)x100  [ix]
Aggregate Crushing Value (ACV ) EN 1097-2 2 ACV%=(Mp/M;4)x100  [x]
D“r(ask)’”“y Slake durability index ( I 4(2)) ASTMD4644 2 14(Q%=(Mp,/Mpy)x100  [xi]
Note: M ssp is mass of SSD sample MW is mass of moist sample (soaked in water for 24 hours)

M D is mass of oven-dried sample

Mggpw is mass of SSD sample in

water
V is volume of measure

M 2 3 is mass of sample passing 2.36 mm sieve after the

test

M is mass of oven-dried sample after 15t cycle of
D1

rotation

M D 2 is mass of oven-dried sample after 2nd cycle of

rotation
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2.2.1 Chemical properties

Firstly, a quantitative analysis was carried out to determine the chemical properties of the selected
ten rock types. Initially, each collected rubble sample was crushed using a laboratory-scale ‘Barmac’
crusher to get a powdered form (particle size < 30 um) and oven-dried at 105 £ 5 °C for 48 h. XRD test was
executed for investigating the mineralogical compositions of rocks using ‘Rigaku Ultima IV X-ray
Diffractometer’. Crushed powdered granular samples were tested from 2-theta (26) as small as 2° to 90°
diffraction angle. XRF test was conducted to analyze the chemical compositions of the collected rock types.
‘Spectro — XEPOS XRF Spectrometer’ was used for this analysis using the pellet samples prepared from
the rubble specimens. Output results such as spectral data and intensity of minerals present in the rocks
and quantitative contents of chemical compositions were received.

2.2.2 Physical properties

Surface characteristics were visually observed using 10X magnification digital image process. The
composed behavior of various minerals and chemicals in rocks influence the surface textures and porosity.
The uniform composition of rocks (made up of uniform-sized minerals) enables higher porosity than rocks

with different-sized minerals. The total porosity of a rock (n) was calculated theoretically using Equation 1

suggested by the studies [35, 36] based on bulk density (Pb) and particle density (Pd )

n=(1-R,/Py;)x100. @)

Bulk saturated surface dry (SSD) specific gravity (GSSD)’ apparent specific gravity (GAP) and

water absorption (W % ) of rocks were analyzed using buoyancy balance with wire mesh basket conforming
to ASTM C127. The corresponding equations for calculating the above parameters are mentioned in
Table 2 [i-iii]. For the above tests, rock specimens were soaked in water for 24 hours to essentially fill the
pores before the testing. Rock usually contains permeable and impermeable voids which determine the
rate of water absorption. This influences the quality of rocks for construction works or is suitable for
aggregate production. The density of rocks was determined in both loose and compacted form, which are
also some of the important properties of rocks, determine the degree of compaction and self-weight of the

structures that resulted from it. After the required calibration of measure, the loose density (p,) and

compacted or packing density (pk) were investigated using ‘shoveling’ and ‘rodding’ procedures

respectively as described in ASTM C29. Both absorbed water and surface moisture in rock-derived
aggregates influence the drying shrinkage of concrete and mortar. Here, the water content of rocks (W%)
was determined by mass using ‘Method B’ as stated in ASTM D2216 and based on the equation provided
in Table 2 [v].

2.2.3 Mechanical properties

Determination of uniaxial compressive strength ( fc ), tensile strength ( ft) and failure patterns of
rocks were investigated using the ‘Point Load Index’ test method according to ASTM D5731. Strengths
were obtained by performing an irregular lump test to identify the point load strength index (IS (50)) of the

irregular rock samples. Ten rock specimens were selected from each rock type and initially, the preliminary
specimen size requirements were checked as per the above standard. The load was applied to the
specimens using platen-to-platen end condition attached to the point load tester and the strengths were
calculated using the standard charts and the equations provided in Table 2 [vi-vii]. Additionally, the common
failure patterns were also observed with the fractured rock specimens, and finally, the water content of the
fractured specimens was determined individually. Fig. 4 shows the point load tester used for this analysis
with the support conditions.
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platen-to-platen
end condition

Figure 4. Point load tester.

Rock-derived aggregates should have enough toughness to withstand sudden shocks or impacts.
Therefore, the rock sources for aggregates must have sufficient toughness to resist the impacts. The rock
impact resistance capacity (AlV) was tested using an aggregate impact tester conforming to EN 1097-2.
After enough impacts, mass losses were calculated using the weight of the specimen retained on a 2.36 mm
sieve. The equation provided in Table 2 [vii] was used to calculate the AIV of each selected rock in
percentage.

When rock aggregates are used in heavy-duty structures, there is a possibility of failure of particles
due to the higher abrasion. Therefore, investigating the abrasion resistance of parent rocks may also give
additional support to the selection of materials. Los Angeles abrasion (LAA) test was performed here for
investigating the abrasion resistance of rocks according to ASTM C131. After the test, mass losses were
determined based on the number of fines passing 2.36 mm sieve, and LAA % was determined according
to the equation mentioned in Table 2 [ix]. Under the standardized conditions as per EN 1097-2, the crushing
test was performed on rock specimens by applying a gradual compressive load using a universal testing
machine. The crushing strength of aggregates (ACV) also partially determines the strength of constructions
when the aggregates are only exposed to higher stresses. Once the test was carried out, the ACV was
calculated in percentage using the weight of crushed particles passing through a 2.36 mm sieve based on
the formulae given in Table 2 [x].

2.2.4 Durability properties

The durability of rock is affected mainly due to climatic changes. The cyclic process of wetting and
drying can develop permanent strain in rocks, which may result in a volume increase. Due to the changes
in temperature and moisture content, the expansion and contraction coefficients of rocks are varied. In this
study, the durability of rocks was investigated quantitatively using slake durability test according to ASTM
D4644. Rock specimens were undergone for two cycles of wetting and drying, and the mass losses were
obtained after the specimens were oven-dried at 10° + 5 °C for 48 hours. The equation given in Table 2 [xi]

was used for determining the slake durability index (Id (2)) after the two complete cycles of wetting and
drying.

3. Results and Discussion
3.1. Stage 1: Identification of chemical and mineralogical compositions

Initially, complete mineralogical testing was carried out for each collected ten rock types. Table 3
represents the quantities (%) of the most common minerals present in the rock types. Based on the results,
it was identified that except Calc-Gneiss, Intrusive Charnockite, and Granitic-Gneiss rocks, all others were
abundant with quartz. Also, considerable intensities of feldspar minerals such as albite (plagioclase feldspar
— NaAlSisOs), anorthite (plagioclase feldspar — CaAlSizOs, k-feldspar (orthoclase feldspar — KAISizOs) were
noticed in the collected samples. The constitutions of calcite (CaCOs), dolomite (CaMg(COs)2), pyrite
(FeS2), and biotite minerals were very low compared to other available minerals. Here, special attention
should be given to illite and biotite minerals, which are from non-expanding clay and mica mineral groups
respectively may significantly give adverse effects on the performance of concrete and mortar.
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Table 3. Mineral constituents of rocks (%).

P
¢ £ ¥ 5 ¥ oy & 2 3
Rock type < o (] = g 8 o S 5]
§ 5§ & = & 2= & 2 8
N
Charnockite * 1.97 0.23 27.95 1.66 0.01 18.03 27.15 4.36 0.00
Calc-Gneiss 0.00 0.46 251 13.43 1.06 10.63 9.39 50.33 0.09
Hornblende-Gneiss * 0.62 0.22  49.48 4.23 0.11 10.44 10.68 20.30 0.00
Cordierite-Garnet-Gneiss 0.00 0.18 68.33 9.50 0.15 4.92 3.08 12.53 0.05
Quartzite 1.64 0.26 3259 477 0.08 16.48 10.35 20.32 0.12
Schist 0.44 0.60 30.44  4.73 0.46 1435 1241  30.37 0.00
Marble 2.45 143 40.11 2.85 0.15 15.99 24.07 8.33 0.00
Intrusive Charnockite * 0.35 0.09 18.06 1.57 0.12 2790 28.63 19.02 0.00
Granitic-Gneiss * 2.06 0.82 21.49 3.07 0.06 36.66 31.13 2.86 0.00
Biotite-Gneiss 0.76 1.11 31.67 3.39 0.06 34.77 12.03 9.27 0.35
1t richest rock * Most harmful minerals identified
2" richest rock * Minerals give positive effects
3" richest rock * Filtered rocks for Stage 2

A quick chemical/elemental analysis was carried out on the ten rock types and the chemical
constituents are listed in Table 4. Rocks selected for this study can be categorized as silicate rocks, which
are mainly composed of SiO2 (more than 50 % of total mineral content). Oxides of Al (Al203) and Fe (Fez203)
were also identified as abundant compositions in the samples, where the maximum values were noticed in
Quartzite, Calc-Gneiss, and Schist rocks. It was noted that the constituents of sulfur trioxide (SO3) and
chloride (CI-) can be negligible in each sample which is the main source, give adverse effects to the function
of concrete and mortar. Higher contents of SOs may affect the dimensional stability, where Zayed et al. [37]
found that aggregates contained SOs beyond 3 %, significantly increased the drying shrinkage of cement.
More CI-contentin aggregates gives harmful effects to the corrosion of reinforcements.

Alkali metal oxides such as Na:0 and K20 and alkaline-earth metal oxides like CaO and MgO were
also identified in the rocks with smaller quantities. Fig. 5 exhibits the diffraction patterns of the ten rock
types resulted from the XRD test. The graphs were plotted with the counts against diffracted angle 2-theta
(20). The peak intensities mentioned in Table 3 are also marked with the abbreviations of minerals. Various
minerals present in the rock-derived aggregates can influence the strength, workability, and durability
properties of concrete and mortar. When parent rocks are extracted and crushed for manufactured sand
and coarse aggregate production, it enables the reactive form of minerals present in the outputs.

Table 4. Chemical compaositions of rocks (%)

Rock type SiO2 AlzOs Fe:0s CaO MgO SOs; Na0 K20 Crl
Charnockite 72.01 7.83 2.09 395 025 0.00 2.08 254 0.00
Calc-Gneiss 54.17 12.10 12.38 8.75 2.76  0.00 151 067 0.02

Hornblende-Gneiss 73.59 7.59 4.83 3.07 1.02 0.00 1.75 1.33 0.00
Cordierite-Garnet-Gneiss 79.14 5.70 7.05 0.00 0.73 0.00 1.03 1.09 0.00
Quartzite 68.38 10.60 7.01 383 085 000 2.26 1.32 0.00

Schist 66.30 10.56 8.41 429 083 0.00 277 1.18 0.00

Marble 70.51 8.09 1.34 443 022 0.00 2.05 2.34  0.00
Intrusive Charnockite 70.55 9.23 5.42 3.20 0.24 0.00 281 2.43 0.00
Granitic-Gneiss 68.86 9.55 6.89 321 038 000 3.02 252 0.00
Biotite-Gneiss 69.61 8.12 2.56 549 035 0.00 2.28 2.32 0.00

As discussed above, most of the selected rocks revealed higher content of quartz which is a crucial
mineral for aggregates as it is always inert. At normal conditions quartz is a less reactive and more
controllable tool for concrete and mortar and even at high temperatures, it is more stable with a very strong
Si-O bond. In some cases, there is a possibility of the formation of silica gels (which attract water, swells,
and form cracks) in concrete as the result of the reaction between very fine crystalline quartz and alkaline
substances (typically Ca(OH)z) [38]. Feldspar minerals were the second richest minerals identified in the
rocks. Albite can fuse and act as a cementing medium at high temperatures which helps to bind the
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materials. K-feldspar mineral usually has a greater hardness, which results in higher strength of cement-
based mixes [35]. Anorthite is the least stable feldspar mineral but can encourage less hydration rate during
the acceleratory period of cement [40]. Therefore, considering the durability, rocks such as Calc-Gneiss,
Quartzite, and Schist should be neglected as the sources for aggregate production.
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Figure 5. X-Ray diffraction patterns of rocks.



Magazine of Civil Engineering, 113(5), 2022

The availability of carbonate minerals is restricted in the collected samples. Two minerals of the
carbonate mineral class were discerned: calcite and dolomite. Increased calcite demands the water
requirement for the mixes and decreases free calcium hydroxide and bindings of aluminate phases, which
help form stable hydration products [41, 42]. It is better to avoid marble for aggregate production as it
showed a considerable percentage of calcite minerals. Dolomite mineral aggregates contribute high
compressive strength and resistance against abrasion; however, dolomite contents are seemed identical
in each rock type. Pyrite (FeS2) is a sulfide mineral, gives harmful effects to concrete when manufactured
sand or aggregates contained it. Pyrite starts to break down and forms sulfuric acid (from the oxidation
process) when water and air get into the concrete through small cracks and pores. This enables the
expansion of concrete by cracking and allowing more water and air into it [43, 44]. Based on Table 3, Calc-
Gneiss rock revealed considerable pyrite content and should be avoided for aggregate production.

Calc-Gneiss and Cordierite-Garnet-Gneiss rocks were identified as the two main sources of illite,
which is a clay toxic mineral that directly influences the compressive strength and workability of concrete
and mortar. lllite is an intermediate level between smectite (clay mineral) and muscovite (mica mineral),
which significantly increases the water requirement in the mixes. It also reduces the strength of concrete
and mortar by diminishing the binding capacity between cement paste and aggregates when it acts as a
coating [28].

Determination of mica minerals should be highlighted here as they are the most damaging minerals
in the aggregates. According to ASTM C294, the mica class contains muscovite, biotite, and chlorite
minerals, but based on the XRD patterns, biotite was the only mica mineral identified in the selected rocks.
Increased mica minerals in the mixes lead to low workability and considerably lessen the strength and
durability with the growth of voids. Among the ten rock types, Calc-Gneiss, Cordierite-Garnet-Gneiss,
Quartzite, and Biotite-Gneiss rocks were sparsely detected with biotite; hence, the quarry operators should
be vigilant in selecting these rocks for manufacturing aggregates.

Consequently, Charnockite, Hornblende-Gneiss, Intrusive Charnockite, and Granitic-Gneiss were
deemed as the most suitable rock types for manufactured sand and coarse aggregate production as they
were not highly detected with the potentially harmful minerals for concrete and mortar.

3.2. Stage 2: Filtering the rocks based on availability

Due to the rapid development of infrastructures, the construction activities have been escalated in
most of the developing countries including Sri Lanka. It was also identified that; Sri Lanka is now running
with the lack of availability of natural resources to fulfill the increased demand for aggregates in construction
works. Therefore, proposing alternatives for natural aggregates should also comply with the possibility of
continuous usage in the construction works.

As discussed in the previous section, Charnockite, Hornblende-Gneiss, Intrusive Charnockite, and
Granitic-Gneiss were concluded as the acceptable rocks for producing aggregates among the ten rock
types. To satisfy the persistent construction activities with rock-derived aggregates, this section focuses on
the availability of the above four applicable rocks based on a detailed geological map of Sri Lanka. Fig. 6
elucidates the approximate area covered by each rock type mentioned in km?2.
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Figure 6. Area covered by the rocks selected from Stage 1.

Charnockite and Hornblende-Gneiss rocks are available in HC of the country. It was identified that
Charnockite rock covers the most part, which is around more than 60 % of the total area of HC. This
contributes around 40 % of the area of Sri Lanka. Around 15 % area of HC is contributed by Hornblende-



Magazine of Civil Engineering, 113(5), 2022

Gneiss rock which is around 9.5 % of the country. Intrusive Charnockite rock was observed in few areas of
VC, wherefrom Fig. 6, it was noticed that the rock covers only 351.65 km?2. Granitic-Gneiss rock contributes
around 25 % of the area of VC, which is around 6 % of the country's terra. Accordingly, Charnockite and
Hornblende-Gneiss rocks were designated as the long-term available sources for construction aggregates
production and selected for further investigation under Stage 3.

3.3. Stage 3: Checking the properties of most applicable and available rocks

Sections from here describe the analysis of physical, mechanical, and durability properties of the
selected rocks from Stage 1 and Stage 2: Charnockite and Hornblende-Gneiss.

3.3.1 Surface texture, porosity, and other physical properties

Fig. 7(a) and 7(c) show the rubble samples of Hornblende-Gneiss and Charnockite collected to study
the surface characteristics such as surface texture, crystallization, and surface pores which may influence
the properties of concrete and mortar. Fig. 7(b) and 7(d) are the digital images of the representative surface
of the above rock types used for this analysis. The surface texture of metamorphic rocks depends on the
size, shape, and arrangement of the crystals, uniformity of composition, and degree of isotropy.

Figure 7. (a) Hornblende-Gneiss rubble sample; (b) digital surface image of
Hornblende-Gneiss; (c) Charnockite rubble sample; (d) digital surface image of
Charnockite.

From the observations, it was found that Hornblende-Gneiss was configured with medium-sized
(0.75-1 mm) grains and ‘isometric’ crystals which are euhedral cube-shaped with sharp angles, edges, and
smooth flat facets. Charnockite was deposited with very coarse-sized (> 2 mm) grains and ‘enantiomorphic’
shaped crystals which are having optical characteristics. Charnockite crystals, grains, and matrices showed
the continuity and non-fabric (uniform arrangement of grains) behavior while Hornblende-Gneiss crystals
were formed as fabric (non-uniform arrangement). Minerals were formed as layers (uniform distribution) in
Charnockite, but a non-uniform (random) composition of minerals was observed with Hornblende-Gneiss.
The above characteristics enhanced Hornblende-Gneiss with rougher surface texture than Charnockite.

The porosity of rocks also depends on the arrangement of grains, composition, and rock type. The
calculated porosity values using Equation 1 were 0.25 % for Hornblende-Gneiss and 0.26 % for
Charnockite. Both rocks were formed by metamorphism and the slight difference of porosity was due to the
variation in grain size, shape, and composition of crystals. Fig. 8 can be referred to for a better
understanding of the distribution of surface pores in the above rock types. It was observed that the pores
are created at the intersections of grains of the rock. As described above, because of the larger grans in
Charnockite, increased pore spaces were noticed than Hornblende-Gneiss.
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Figure 8. Surface pore space structure (a) Hornblende-Gneiss; (b) Charnockite.

Some basic physical properties of the above rock types were determined and the average values of
the properties are listed in Table 5. It was identified that Hornblende-Gneiss was slightly denser than
Charnockite. Specific gravity at saturated surface dry (SSD) condition, apparent specific gravity, and bulk
specific gravity were noticed higher for Hornblende-Gneiss than Charnockite. This can be directly correlated
with the porosity values mentioned above where Hornblende-Gneiss revealed lower porosity than
Charnockite which resulted in higher specific gravity. Charnockite manifested greater water absorption than
Hornblende-Gneiss which was due to the increased pores. Because of the higher unit weight and lower
porosity of Hornblende-Gneiss, greater packing density was observed than Charnockite. Hornblende-
Gneiss proved an inflated moisture content than Charnockite. Because of the rougher surface texture of
Hornblende-Gneiss, there is always a possibility for trapping the moisture particles between the euhedral
cube-shaped crystals.

Table 5. Average physical properties of rocks

Properties Hornblende-Gneiss Charnockite
Py (kgim?) 2797 2697
Gssp 2.804 2.704
Gpp 2.816 2.716
W% 0.246 0.261
O (kgim3) 1359 1258
Pk (kg/md) 1553 1397
W% 0.305 0.267

3.3.2 Strength and other mechanical properties

Strength properties of Hornblende-Gneiss and Charnockite were tested at SSD conditions. An
irregular lump test was performed on the non-uniform sized rock specimens used for this investigation by

calculating the equivalent core diameter (De) for all specimens to attain a common behavior against the
applied point loads. Hornblende-Gneiss performed well against the applied point loads where increased
uniaxial compressive strength ( fc) and tensile strength ( ft) were noticed than Charnockite. It was also

noted that both rocks were weak against the tensile loads as they are brittle in nature. Table 6 tabulates
the dimension, failure load, calculated equivalent core diameter, point load index, and the strengths of
irregular rock specimens.

Table 6 mentions the failure type of all selected rock specimens where most of the Hornblende-
Gneiss specimens manifested axial failure (AF) while a considerable number of Charnockite samples were
fractured due to the shear failure (SF). Fig. 9 represents few samples from both rock types and their failure
planes. In both cases at the start of load applying, cracks were propagated perpendicular to the stress
applied, which ultimately left flat surfaces at the breakpoint. The failure behavior of rocks can be directly
influenced by the grain direction and crystallization where layer arrangement of minerals in Charnockite
gave the possibility of breaking along the weaker mineral layer, which formed a failure shear plane.
However, the absence of the above feature in Hornblende-Gneiss ended up in axial failure. The rock
specimens were considered at SSD condition for determining uniaxial compressive strength and tensile
strength. Impermeable and permeable pores in rock specimens usually contain water when they are in SSD
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condition. Therefore, the water content of rock specimens played a major role in the uniaxial compressive
strength and tensile strength. To investigate this behavior, the relationship between water content and
uniaxial compressive strength was analyzed and represented by Fig. 10(a). Linear relationships were
observed between water content (W% ) and uniaxial compressive strength of both rock types (Hornblende-
Gneiss: R? = 0.9594 and Charnockite: R2 = 0.9151).

Table 6. Uniaxial compressive strength, tensile strength, and failure type of rocks

Rock type d P De F Is (50) fc ft Failure
(mm)  (mm)  (N) (mm) (MPa)  (MPa)  (MPa)  WPe
1 37 175 13300 57.414 1064 4294 94463  3.435 SF
2 355 23 17800 64473 1121 4801  105.627  3.841 AF
9 3 3 25 18500 67.689 1146 4627 101.801  3.702 AF
£ 4 30 25 10600 70453 1167 4608 101367  3.686 SF
$ 5 37 175 14800 57.414 1064 4778 105116  3.822 AF
5 6 38 225 16700 62406 1105 4738 104231  3.790 AF
€ 7 45 275 18500 70.000 1163 4393  96.940 3514 SF
£ 8 375 275 17700 42457 1182 4389 96560  3.511 AF
9 425 26 19400 71.848 1177 4424  97.329  3.539 AF
10 40 25 18500 66742 1139 4729  104.048  3.784 AF
1 52 42 21300 105445 1399 2680 64323  2.144 SF
2 44 36 22500 89.800  1.301  3.631  87.153  2.905 AF
3 60 525 33400 126635 1519  3.164 75939  2.531 SF
£ 4 625 53 39900 129860 1536 3635 87249 2908 SF
S 5 53 37 22500 99.916 1366 3078  73.862  2.462 SF
§ 6 45 325 25000 103544 1388 3236  77.655  2.588 SF
G 7 64 565 26500 135679 1567 2256 54141 1805 AF
8 55 515 26800 120083 1483 2757  66.162  2.205 SF
9 48 36 23500 93793 1327 3545 85000  2.836 SF
10 57 325 21000 97.113 1348  3.002  72.047  2.402 AF

W is sample width; d is sample depth; P is failuref/fracture load
Dy is equivalent core diameter [=4(wxd)/ 7]

F is size correction factor [= (D, /50)0'45]

I (50) is corrected point load strength index [= F x (P / De2 )]

f. =15(50) x factorC (for Hornblende-Gneiss = 22; Charnockite = 24)
f, =80% x 1, (50)
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Figure 9. Failure planes of typical rock specimens with respect to load applied
(SF: Shear failure; AF: Axial failure).
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Figure 10 (a): Effect of water content on uniaxial compressive strength;
(b): Young’s modulus vs Corrected point load strength index.

Both relationships showed a decreasing trend from which it can be concluded that uniaxial
compressive strength was linearly and negatively affected by water content. Based on the regression

equation derived by Leite and Ferland [45] as provided in Equation 2, Young's modulus (E) of rock

specimens was calculated based on porosity (n) in this study.

E =10.10-0.109xn. 2

Furthermore, the above regression was correlated with the corrected point load strength index

(IS (50)) which were calculated using equivalent core diameter, size correction factor, and failure load in

this study as listed in Table 6. To achieve this, relationships between the E values determined using

Equation 2 and | (50) were plotted as shown in Fig. 10(b). Based on the results, it was observed that

Equation 2 and the calculated values in this study were correlated with a high coefficient of determination

values. Linear increasing relationships were noticed with E and I (50) for Hornblende-Gneiss (with
R2 = 0.9229) and for Charnockite (with R? = 0.9649).

Multiple linear regression analysis was executed (at 95 % confidence interval) for uniaxial

compressive strength of Hornblende-Gneiss (fc, HbI—Gn) (with adjusted R2 = 1.000) and Charnockite
(fc,Chkt) (with adjusted R? = 1.000) as given in Equation 3(a) and 3(b) concerning porosity (n), water

content (w), corrected point load strength index (IS (50)) and density (p)

fe Hpl_gn = —8.969x107" +2.084x10 N~
(3)

~3.268x10 " *w+ 22, (50)+5.142x10 p;

fe onkt =3-100x107% ~1.100x107*2n -
(3b)

~1.900x10 3w+ 24l (50) +6.000x10* p.

Simple regression was also done (at 95 % confidence interval) to determine the relationship between
uniaxial compressive strength and young’s modulus of rocks as represented by Equations 4(a) and 4(b).
Hornblende-Gneiss (R? = 0.9299) and Charnockite (R? = 0.9649) revealed linear relationships.

Epplgn = 7x107° f +10.059; (4a)

¢, Hbl —Gn
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Ecp =1x107* f, oy +10.062. (4b)

The results of other mechanical properties such as ‘Aggregate Impact Value’ (AlV), ‘Los Angeles
abrasion value’ (LAA), and ‘Aggregate Crushing Value’' (ACV) of Hornblende-Gneiss and Charnockite are
reported here. AlV, LAA, and ACV are the determinations of toughness, abrasion resistance, and crushing
resistance of the rock specimens. Table 7 mentions the average AlV, LAA, and ACV of Hornblende-Gneiss
and Charnockite, and the recommended values suggested corresponding standards. Lower AlV indicates
the rock specimens are tougher or more resistant to impact loads. Based on the provisions given in BS EN
12620:2002, it was concluded that the aggregates produced from Hornblende-Gneiss and Charnockite are
safe to be used for heavy-duty concrete floor constructions.

Table 7. Average AlV, LAA, and ACV of rocks

Properties Hornblende-Gneiss Charnockite Limiting values by standards

0 < 25 % for heavy duty concrete floor finishes,
AlV (A)) 22 23 BS EN 12620:2002
LAA (%) 60 61 < 30 % for stone matrix asphalt, AASHTO T96-02
ACV (%) 42 40 < 45 % for wearing surfaces, EN 1097-2

Rock abrasion characteristics are not very important in building constructions. However, in this study,
LAA was determined to check the adequacy of rock specimens to degradation and disintegration when
impact and abrasion loads are applied on the aggregates. It was found that the LAA of both rocks did not
comply with the maximum limitations provided by AASHTO T96-02. ACV was determined under a gradually
applied compressive load. Rock specimens with lower crushing values indicate the lower crushed fraction
under the applied load and more economical performance. ACV of rocks acts a minor role in the
constructions which are subjected to higher stresses. According to the test results, the ACV of the selected
rocks satisfied the maximum limits and can be suggested for use in the construction of wearing surfaces.

3.3.3 Durability against wetting and drying

The durability of Hornblende-Gneiss and Charnockite rocks was estimated quantitatively after the
two cycles of wetting and drying with abrasion. Slake durability index of both rocks were determined after

the second cycle as abbreviated by Id (2) ". The higher Id (2) value defines the higher resistance to cyclic

wetting and drying conditions. Results concluded that the corresponding average Id (2) values of

Hornblende-Gneiss and Charnockite rocks were 99.285 % and 99.445 % respectively. Fig. 11 illustrates
the observations made during and after the experiment.

| Hornblende-Gneiss |

lighter
supernatant supernatant

Figure 11. Slake durability test apparatus and transformation of rock specimens.

ASTM D4644 suggests three types of rock samples based on the visual observations after two
complete cycles of wetting and drying: Type | (retained specimen remain virtually unchanged), Type |
(retained specimen consist large and small fragments), and Type Il (the retained specimen is exclusively
small fragments). Because the retained Hornblende-Gneiss and Charnockite specimens remained virtually

unchanged, it was concluded that they conformed to Type I. According to the classifications of |4 (2)
values provided by Franklin and Chandra [46], the rocks selected for this analysis were also termed as
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‘extremely high’ durable rocks. Therefore, aggregates produced from Hornblende-Gneiss and Charnockite
can be utilized for any building constructions without uncertainty.

According to the Franklin Rating System [47], Hornblende-Gneiss and Charnockite selected for this
study were defined with a rating value (R) based on the average (2) and IS(50) values. The

interpolated R -value for Hornblende-Gneiss was observed as 8.26 with |4 (2) of 99.285 % and | (50)

of 4.578 MPa. The R -value for Charnockite was determined as 7.94 with Iy (2) of 99.445 % and 1 (50)
of 3.098 MPa.

Various factors influence the durability of rocks, but the most dominant factors are the rock’s mineral
and chemical compositions. As observed in Section 4.1, Charnockite and Hornblende-Gneiss rocks are
abundant with friendly minerals and chemicals. Anyhow, it was also noticed that there are few percentages
of potentially harmful minerals present in those rocks. Therefore, the influence of those minerals on the
durability of rocks was investigated and reported with the outcomes from multiple linear regression analysis

and F -test. Here, the statistically significant effects of both friendly and harmful minerals on the slake
durability indexes of rocks after the 1st cycle Id (1) and 2" cycle Id (2) of wetting and drying were

examined using F -test results and the relationships were derived with the multiple linear regression
analysis as shown in Table 8.

Table 8. Summary of F-test and multiple linear regression analysis for Id (1) and Id (2) with
durable and harmful minerals.

F-test (at 95% confidence interval)

Multiple regression analysis (Linear model)

Predictor :
df f * Statically (at 95% confidence interval)
significant?
Iy (1)
Quartz (Qz) 3 0.00015 Yes
Albite (Ab) 3 000102 Yes Iy (1)=98.3+0.003 Qz+0.17 AD-0.06 K _agjé7 -
K-feldspar -
(Kf) 3 0.00021 Yes
lllite (1) 3 0.00761 Yes Id (1) ~100.0-0.11 1140.36 Py _adj.
; R?=0.9403
Pyrite (Py) 3 1.49302 Yes
14 (2)
Quartz (Qz) 3 0.00013 Yes
Albite (Ab) 3 0.00093 Yes lg (2)=92.1+0.01 Qz+1.17 Ab-OSIKI o, _agjégﬂ
K-feldspar - Y
(Kf) 3 0.00019 Yes
Illlite (1) 3 0.00694 Yes Id (2) -99.6-0.03 11-0.81 Py - —a(()jjégll
Pyrite (Py) 3 1.36055 Yes v

* Statistically significant result: “Yes”™: when f value < F critical value; “No”: when f value > F critical value
df: Degree of freedom

As expected, from the F -test results, the durable and friendly minerals such as quartz, albite, and
k-feldspar statistically and significantly affected both slake durability indexes. Also, the detected potentially
harmful minerals such as illite and pyrite statistically and significantly affected the durability indexes after
the 1st and 2" cycle of wetting and drying. Here, biotite mineral was not considered as both Charnockite
and Hornblende-Gneiss were not detected with considerable quantities. Therefore, based on the above
statistical approaches, it was concluded the above five minerals revealed statistically significant effects on
the durability of rocks. Consequently, analyzing the above minerals is mandatory when selecting the rock-
derived aggregates for high durable applications.

4. Conclusions

This research was executed to implement the most appropriate high-grade metamorphic rocks
available in Sri Lanka, for producing rock-derived outputs such as manufactured sand and coarse
aggregate. All the rock types were selected from the high-grade metamorphic category having extreme
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hardness and strength, which is expected as the ideal solution for construction aggregate manufacturing.
It was identified that the demand for natural resources to fulfill the aggregate requirements in the
construction activities has been escalated now. Therefore, the contractors are now trying to introduce both
fine and coarse aggregates made from parent rocks in the construction works. The problem was noticed
that the quarry operators who are producing manufactured sand and coarse aggregates are not paying
much attention to selecting the suitable parent rocks. The investigation on analysis of the properties of high-
grade rocks concludes the followings:

Initially, for sorting out the appropriate high-grade rocks, chemical and mineralogical tests were
performed on the selected ten metamorphic rocks. Among the detected minerals, illite, pyrite, and biotite
were considered as the most harmful constituents to the performance of concrete and mortar. Calc-Gneiss,
Cordierite-Garnet-Gneiss, and Quartzite rocks showed a significant content of illite. Calc-Gneiss, Schist,
and Marble rocks arrived with a considerable pyrite content. A noticeable content of biotite was observed
in Calc-Gneiss, Quartzite, and Biotite-Gneiss rocks. Consequently, Charnockite, Hornblende-Gneiss,
Intrusive Charnockite, and Granitic-Gneiss were concluded as the most suitable metamorphic rocks for
producing aggregates for concrete and mortar.

To inspect the perpetuity of sources for aggregates to be used in constructions, the availability of the
above selected four rock types was investigated using a detailed geological map of the country. Charnockite
was identified as the most abundant rock type while, Hornblende-Gneiss revealed a considerable
percentage of the total land area. Intrusive Charnockite and Granitic-Gneiss rocks underlie very small parts
of the country’s crust.

Physical, mechanical, and durability properties of the most applicable and plentifully available rocks
such as Charnockite and Hornblende-Gneiss were examined. Hornblende-Gneiss manifested rougher
surface texture than Charnockite. Other physical properties such as particle density, specific gravities, loose
and packing densities, and water content were observed slightly higher with Hornblende-Gneiss than
Charnockite. However, Charnockite showed higher water absorption than Hornblende-Gneiss due to the
increased porosity.

Study on the strength properties resulted in good uniaxial compressive strength and tensile strength
of Charnockite and Hornblende-Gneiss rocks. The AlV, LAA, and ACV of both rocks lied within the
acceptable limits, which deduces the applicability of Charnockite and Hornblende-Gneiss derived
aggregates in high-load bearing structures. Above both rocks manifested extreme performance against
continuous wetting and drying cycles, which showed the pertinency of both rock-derived aggregates in high-
durable applications.

As a consequence, high-grade metamorphic rocks such as Charnockite and Hornblende-Gneiss are
deemed as the most appropriate and available rock types for producing manufactured sand and coarse
aggregates to be used in concrete and mortar.
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Abstract. This study aims to evaluate the permanent deformation of unmodified and styrene-butadiene-
rubber (SBR) modified asphalt mixtures using dynamic creep test. The purpose was to assess the effect of
SBR as one of the most plentiful and low-cost polymers in Iran on rutting resistance of asphalt mixtures in
the regions with hot climate, such as the areas around the “Persian Gulf’, and the central deserts of the
“Iran Plateau”. First, the critical gradation of aggregates with higher permanent deformation was
determined. Then, the aggregates with critical gradation were mixed with the optimum amount of bitumen
modified by different amounts of SBR, and tested to obtain an optimum SBR content with lower permanent
deformation. Finally, the unmodified and SBR-modified asphalt mixtures with optimum SBR content (6%wt)
were tested at 40 and 50 °C as the simulated ambient temperatures in order to evaluate the effect of SBR
and rising temperature on rutting resistance of the asphalt mixtures. In addition, the flow number (FN) of
asphalt mixtures is calculated according to Goh and You method. Results showed that with addition of 6%
SBR, the permanent strains of asphalt mixtures decreased by 39 and 60%, and the creep modulus
increased by 64 and 133% at 40 and 50 °C, respectively. Furthermore, with the temperature rising from 40
to 50 °C, the permanent strains of asphalt mixtures containing 0 and 6% SBR increased by 61 and 5%, and
their creep modulus decreased by 34 and 6%, respectively. The FNs of unmodified samples were obtained
8416 and 9728 loading cycles at 40 and 50 °C, respectively. In contrast, up to the last loading cycle, the
SBR-modified samples did not experience the tertiary flow at both ambient temperatures. These results let
us conclude that the SBR-modified bitumen is able to significantly reduce the permanent deformations, and
enhance the resilience and creep modulus of asphalt mixtures; moreover, it can minimize the negative
effects of rising temperature on their engineering properties.

Citation: Lotfi Omran, N., Rajaee, K., Marandi, S.M. Effect of temperature on permanent deformation of
polymer-modified asphalt mixture. Magazine of Civil Engineering. 2022. 113(5). Article No. 11309.
DOI: 10.34910/MCE.113.9

1. Introduction

In recent decades, with progress in all fields of science, road construction was also included in this
scientific development. The mixture of stone materials with bitumen provided a novel product called asphalt
mixture. This material has a limited service life like other construction materials. However, two main factors,
traffic loads and climate condition, cause more decrease in service life of asphalt mixtures than other
construction materials. On the other hand, in recent years the costs of roads construction and their
maintenance have increased. Thus, damages of asphalt layer of flexible pavements such as rutting,
reflective cracking, fatigue cracking, etc., impose immense annual costs on the contractors and
organizations responsible for road maintenance and operation. Rutting (permanent deformation) is one of
the most common flexible pavements damages that occurs under heavy traffic loads particularly in hot
climates [1, 2]. The pavement structure undergoes accumulated permanent deformations under repetitive

© Lotfi Omran N., Rajaee K., Marandi S.M., 2022. Published by Peter the Great St. Petersburg Polytechnic University
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traffic loads [3]. Permanent deformation of pavements includes two different modes: first, the compactive
deformation (consolidation of layers), and secondly, the plastic deformation (asphalt shear flow) [4, 5]. In
the first mode, the deformed surface is lower than the initial pavement surface and is occurs in the wheel
path; and in the second mode, the deformed surface is higher than the initial pavement surface and is
occurs in form of “heave” between and outside of wheel paths due to shear flow of asphalt materials [5].
Presence of depressions and heaves on the pavement surface may cause serious hazards for vehicles.
The resistance of different types of asphalt mixtures with the ordinary bitumen against high temperatures
depends on the type and content of bitumen, shape and gradation of aggregates, as well as climate
condition. Therefore, in view of high economical and time costs of annual repair of road surface, studying
and introducing economically and technically optimized methods to improve the thermal stability and
overcome the rutting of road surface is inevitable.

Binder modification using petrochemical products such as polymers is an effective method for
improving the resistance of asphalt mixtures against the common damages [6] including fatigue cracking
[7, 8], moisture susceptibility [7, 9], rutting in high temperature [5, 7, 8, 10-12], cracking in low temperature
[10-13], etc. The styrene-butadiene rubber (SBR) is one of the polymers used for bituminous binder
modification [13, 14] which is produced by copolymerization of styrene and butadiene [7]. SBR is a member
of elastomers family which can improve the rheological properties, flexibility, thermal and fatigue cracking,
and moisture susceptibility of asphalt mixtures [7]. The butadiene soft monomer makes the binder more
flexible, while the styrene hardener monomer increases the binder softening point [7]. In addition, SBR has
higher cracking resistance and lower cost in comparison to another binder modifier, styrene-butadiene-
styrene (SBS) [11]. Several researchers investigated the performance of polymer-modified asphalt mixtures
[5, 7, 8, 10, 13, 15-20] Khodaii and Mehrara [5] investigated the permanent deformation of unmodified and
SBS-modified asphalt mixtures using dynamic creep test. They used 4, 5 and 6% of SBS as a binder
modifier and concluded that the SBS-modified asphalt mixtures had lower permanent deformation and
higher compactibility than unmodified asphalt mixture. Hao et al. [17] used the mixture of SBR and
polyphosphoric acid (PPA) to improve different properties of asphalt and asphalt mixtures. They
demonstrated that the combination of 0.75% PPA/2.5% SBR shows excellent anti-deformation property
and cracking behavior. Zhai et al. [10] used the combination of SBR and nano-CaCOs to evaluating the
performance of asphalt mixtures. Their results showed that 5% nano-CaC0O3/4% SBR significantly improved
deformation resistance performance and provided superior rutting resistance of asphalt mixture compared
to SBS-modified asphalt mixture. Vamegh et al. [7] assessed the moisture susceptibility and permanent
deformation of modified asphalt mixtures by using the blends of SBR and polypropylene as inexpensive
asphalt modifiers. Their experimental results indicated that the moisture resistance and retained Marshall
stability of polymer blends-modified samples were approximately identical to SBS-modified samples.
Moreover, with the increase in the SBR content, the indirect tensile strength, moisture resistance, ductility
under repetitive loads and rutting resistance of asphalt mixtures increased as well. Ameri et al. [8] studied
the fatigue life of asphalt mixture modified by styrene-butadiene rubber (SBR), poly butadiene rubber (PBR)
and their residual wastes. They concluded that all used polymers and their residual wastes enhanced the
fatigue resistance of asphalt mixtures, while the residual waste polymers with lower costs had an effect
similar to that of the SBR and PBR. Liu and Liang [20] investigated the influence of SBR and SBS on
properties of cement emulsified asphalt mortar (CEAM). Their results indicated that the flow time and air
content of fresh CEAM decreased and increased with the SBR and SBS contents, respectively. In addition,
the type and content of modifiers had less effect on compressive strength of CEAM at early age.
Nevertheless, at later age, the compressive strength of SBS-modified CEAM reduced obviously, which was
related to the non-uniformity and larger air content of this mixture. The flexural strength of modified CEAM
had similar trend for both modifiers. The authors also said that after 100 freeze-thaw cycles, the quality of
SBR-modified CEAM increased obviously.

There are technical and economical considerations of using appropriate binder modifiers and
aggregate gradations for each special condition of the roads such as traffic loads and climate conditions.
In addition, little attention is paid to the temperature effect on permanent deformation of SBR-modified
asphalt mixtures as a common economical mixture in the literatures. Thus, this study aimed to investigate
the permanent deformation of unmodified (dense and coarse graded asphalt mixtures) and SBR-modified
asphalt mixtures under rising temperature using dynamic creep test. The flow number of the asphalt
mixtures as a rutting indicator [21, 22] was determined using Goh and You method [23]. In the country of
research, two main factors affected the selection of SBR as an asphalt modifier. First, very low price of SBR
compared to SBS; and secondly, suitable performance of SBR-modified asphalt mixtures against many
common damages of asphalt mixtures at both high [12, 24] and low temperatures [8, 10, 14, 25]. These
properties are suitable for regions with hot summers and cold winters, such as central deserts of “Iran
plateau”, and the communication roads of commercial ports around the “Persian Gulf” with very hot climate
and high volume traffic of heavy vehicles.
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2. Materials

2.1. Stone materials

The siliceous filler and crushed aggregates were used as stone materials. To evaluation the effect
of aggregate gradation on permanent deformation of asphalt mixtures, two gradations of aggregates known
as coarse and dense grades were used. These gradations were in the permitted range (upper and lower
limits) of aggregate gradations for asphalt mixtures according to the Journal No. 101 of Plan and Budget
Organization of Iran, with the subject of “General Technical Specifications of the Road”. The particle size
distributions and some engineering properties of the used stone materials (dense and coarse graded) are
shown in Figure 1 and Table 1, respectively.
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Figure 1. Particle size distribution of used stone materials (dense and coarse graded).

Table 1. Engineering properties of stone materials.

Property Test method Value Standard value
Los Angeles abrasion loss (%) AASHTO T96 29 <252
Two fractured faces (%) ASTM D5821 100 1002
Flakiness index (%) BS 812-105.1 10 <10°
Elongation index (%) BS 812-105.2 10 <10
Bulk specific gravity of coarse aggregates AASHTO T85 2.659
Absorption of coarse aggregates (%) AASHTO T85 0.7 <2.58
Bulk specific gravity of fine aggregates AASHTO T84 2.592
Absorption of fine aggregates (%) AASHTO T84 1.7 <2.52
Bulk specific gravity of mineral filler AASHTO T84 2.721

a According to Journal No. 101 of Plan and Budget Organization of Iran, with the subject of “General
Technical Specifications of the Road”.

b According to MS-2.
2.2. Binder

The used bitumen as a binder with penetration grade of 60—70 was produced in Isfahan oil refinery.
Some engineering properties of bitumen are presented in Table 2.
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Table 2. Engineering properties of bitumen.

Property Test method Value Standard value?
Specific gravity at 25 °C AASHTO T228 (ASTM D70) 1.018
Penetration at 25 °C (100g-5s) (0.1mm) AASHTO T49 (ASTM D5) 66 60-70
Softening point (°C) AASHTO T53 (ASTM D36) 50 49-56
Ductility at 25 °C (cm) AASHTO T51 (ASTM D113) >100 2100
Solubility in trichloroethylene® AASHTO T44 (ASTM D2042) 99.7 =99
Flash point (°C) AASHTO T48 (ASTM D92) 285 2232
Kinematic viscosity at 120 °C (cSt) AASHTO T201 (ASTM D2170) 565
Kinematic viscosity at 135 "C (cSt) AASHTO T201 (ASTM D2170) 321
Kinematic viscosity at 160 °C (cSt) AASHTO T201 (ASTM D2170) 133
Thin-Film of bitumen (163 °C-5h) AASHTO T179 (ASTM D1754) + <0.8
Heating loss (%) - 0.04
Penetration index (PI) - -0.53

a According to the Journal No. 234 of Plan and Budget Organization of Iran, with the subject of “Iran
Highway Asphalt Paving Code”.

b Conducted by CC4.
2.3. Binder modifier

Granular SBR-1712 with linear molecular structure was produced in Bandar-e-Imam Petrochemical
Co., and used as a binder modifier with the amounts of 4, 6 and 8%wt of the bitumen. Some engineering
properties of SBR-1712 are presented in Table 3.

Table 3. Engineering properties of SBR-1712 (reported by manufacturer).

Property Test method Value
Volatile materials (% wt) ASTM D1416 <0.75
Ash content (% wt) ASTM D1416 <15
Organic acids (% wt) ASTM D1416 3.9-5.7
Soaps (% wt) ASTM D1416 <0.5
Bounded styrene (% wt) ASTM D1416 22.5-24.5
Raw viscosity ASTM D1646 42-52
Compound viscosity ASTM D1646 <62
Tensile strength (kg/cm?) ASTM D412 >200
Ultimate elongation (35 min cured) (%) ASTM D412 >530
300% modulus (35 min cured) (kg/cm?) ASTM D412 79-109

2.4. Sample preparation
2.4.1. Obtaining the optimum bitumen contents (OBC)

To obtain the optimum bitumen contents (OBC) for unmodified coarse and dense graded mixtures,
the Marshall method was used according to ASTM D1559 with 75 blows on two ends of each sample. Some
of the base properties of unmodified coarse and dense graded asphalt mixtures are given in Table 4.

Table 4. Base properties of unmodified asphalt mixtures.

Property Test method Value Standard value?
Coarse graded Dense graded
Optimum bitumen content (OBC) ASTM D1559 5 5.5
(%)
Marshall stability (kg) ASTM D1559 640 610 2800
Specific gravity AASHTO T166 241 2.407
Air void (%) MS-2 1.9 15 3-5
Flow (mm) ASTM D1559 2.7 3 2-3.5

a According to AASHTO T245.
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2.4.2. SBR-modified bitumen

To obtain a homogeneous SBR-modified bitumen, in premixing process, the bitumen was heated to
150 °C and SBR granules in desired percentages (4, 6 and 8% wt of bitumen) were added to the bitumen
and mixed by a High-Shear mixer (Silverson 14RT) with the speed of 150 rpm for 5 min. After premixing
process, the temperature and rotation speed of mixer were increased to 170°C and 1000 rpm respectively,
until approximate homogeneity was achieved. Then, the mixing process was continued for 75-90 min with
the speed of 2000 rpm.

2.4.3. Sample preparation for dynamic creep test

In order to prepare the samples for dynamic creep test, the Marshall method was used with 75 blows
on two ends of each sample. The dimensions of cylindrical samples were 101.6 mm in diameter and
63.5+1 mm in height. It is worth noting that to determine the critical aggregate gradation in terms of
permanent deformation value, the unmodified asphalt mixtures with coarse and dense graded aggregates
were tested using dynamic creep test first. Then, the critical aggregate gradation with higher permanent
deformation was selected to prepare the SBR-modified asphalt mixtures and continue the tests. The next
section contains more explanations.

3. Results and Discussion

The dynamic creep tests were carried out on the samples using Universal Test Machine (UTM 14P)
according to Australian code AS 2891.12.1. The used setup of UTM 14P and testing conditions are shown
in Table 5.

Table 5. The used setup of UTM 14P and testing conditions.

Property Value
Pre-loading stress (KPa) 10
Pre-loading time (s) 50
Confining pressure (KPa) 0
Contact stress (KPa) 2
Deviator stress (KPa) 200
Wave shape Square pulse
Frequency (Hz) 0.5
Pulse width (ms) 500
Rest period (ms) 1500
One cycle time (ms) 2000
End of loading cycles 10000
Ambient temperatures ("C) 40 and 50

The repetitive axial stress pulse was applied to the samples and the vertical deformations were
measured by the Linear Variable Displacement Transducer (LVDTSs). Before the tests, the exact dimensions
of each sample were measured and supplied to the device software. The UTM device was equipped with
an environmental chamber to change the temperature of samples to desired ambient temperatures (40 and
50 °C). The main reason for selecting these ambient temperatures was to simulate the approximate normal
range of maximum daily temperatures of the considered areas in the summer (the areas around the
“Persian Gulf’, and the central deserts of the “Iran Plateau”). These ambient temperatures were also applied
by Khodaii and Mehrara [5] for dynamic creep test on polymer-modified asphalt mixtures. The samples
were placed in the testing device 2 hours prior to loading start to achieve the temperature equilibrium. After
that, the pre-load compressive stress (10 KPa) was applied onto the samples by loading shaft for 50 s to
eliminate any probable roughness of samples surface. This causes a uniform load distribution on the cross
section of the samples. Then, the stress was reduced to 2 KPa as contact stress and the deviator stress of
200 KPa was applied to the samples for 500 ms and lifted for 1500 ms as rest period. Each of these loading
and lifting is known as one cycle. The dynamic creep tests were continued up to 10000 cycles and the
contact stress was applied constantly throughout the tests, even in the rest periods.

In the first stage, the coarse and dense graded mixtures were prepared using unmodified bitumen to
determine the critical mix design with more permanent deformation at the highest ambient temperature (50
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°C). As shown in Figure 2, in the initial loading cycles (up to 1500 cycles), the permanent strain of coarse
graded mixture was slightly higher than that for dense graded one. This can be due to more compactive
deformation of coarse graded mixture because of more air voids. However, in cycles above 1500, there
was a dramatic difference between the permanent strains of coarse and dense graded mixtures. So that at
the end of 10000 cycles, the permanent strain of dense graded mixture (24623 us) was about 96% higher
than the coarse graded permanent strain. Like SMA mixtures, the skeleton of coarse graded mixture was
built with the purpose of stress transition between the coarse aggregates, and the thin film of bitumen that
covers the aggregates is more to prevent the aggregates segregation than for the load-bearing purpose.
There is more bitumen content in the dense graded mixture than in the coarse graded one, and in
consequence, the thermo-mechanical behavior of this mixture depends more on the properties of bitumen
than that of the coarse graded mixture. Therefore, the dense graded mixture was selected as a critical mix
design with high chance of the occurrence of rutting to be modified by SBR in further research.
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Figure 2. Permanent deformation curves of unmodified coarse and dense graded asphalt
mixtures.

In the second stage, to determine the optimum SBR content, the dense graded aggregates as the
critical gradation were mixed with modified bitumen by 4, 6 and 8%wt of SBR and tested by UTM device.
These assumed SBR contents are close to the optimum polymer contents of some researches [5, 7, 26].
Figures 3 and 4 illustrated the permanent strains and creep modulus of unmodified and SBR-modified
dense graded samples containing different SBR contents at ambient temperature of 40 "C, respectively. As
can be seen in Figure 3, with addition of SBR into the samples, the permanent deformations were
significantly decreased. This can be due to the good elastic properties of SBR and better adhesiveness of
SBR-modified bitumen to the stone materials to create a stronger tensile connector between the
aggregates. Moreover, as can be seen in Figure 4, with addition of SBR to the asphalt mixture, as well as
with the increase of its content, the creep modulus of samples increased. The lowest permanent strain
(9044 ps) and highest creep modulus (21.9 MPa) at the end loading cycle belonged to the sample
containing 8% of SBR. However, the difference between the permanent strain and creep modulus of this
sample and those of the 6% SBR sample (9355 ps and 21.3 MPa, respectively) was very slight. Therefore,
since using as little polymeric materials as possible is more beneficial, 6% of SBR was considered an
optimum content for consequent studies. The decrease in permanent deformation and increase in creep
modulus of samples containing different amounts of SBR compared to unmodified sample are presented
in Figure 5 (a and b). As can be seen in Figure 5a, with the increase of SBR content, the permanent
deformation decreased more and more to the point the decrease in permanent deformations of samples
containing 4, 6 and 8% of SBR, were 27, 39 and 41%, respectively. The decrease in permanent deformation
value of the sample containing 4% of SBR has a considerable difference from that for the 6% SBR sample.
On the other hand, the difference of the decrease of samples with 6 and 8% of SBR was only 2%. According
to Figure 5b, the above mentioned relationships in terms of the increase in creep modulus of asphalt
mixtures due to addition of SBR and increase in its content, are significant. So that in high SBR contents
(6 and 8%), the creep modulus of modified asphalt mixtures increased 64 and 69%, respectively. Thus, as
mentioned earlier, due to slight differences between the effectiveness of 6 and 8% of SBR on engineering
properties of asphalt mixtures, 6% of SBR was chosen as the optimum content.
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Figure 4. Creep modulus curves of asphalt mixtures containing different SBR contents at 40 °C.
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In the third stage, the unmodified and modified dense graded samples with 6%wt of SBR were tested
at 40 and 50 "C as ambient temperatures to evaluate the effect of SBR on permanent deformation of asphalt
mixtures at high temperatures and in condition of rising temperature. As illustrated in Figure 6, at the last
load cycle, the permanent strains of SBR-modified samples (9355 ps at 40 °C, and 9825 us at 50 "C) were
significantly lower than that for unmodified ones (15264 ys at 40 °C, and 24623 ps at 50 °C). Figure 7a also
indicates that with the temperature rising from 40 to 50 °C, the permanent strain of unmodified sample
increased by 61%, while this increase was 5% for the SBR-modified sample. This indicate that in contrast
to the unmodified sample, rising temperature has a slight negative effect on the rutting resistance of SBR-
modified asphalt mixtures. With rising temperature, the viscosity of binder will decrease and the asphalt
mixtures undergo more and faster deformations. This decrease in viscosity is significantly more obvious in
unmodified samples during rising temperature. While the binder is modified by polymeric additives like SBR,
rising temperature had not remarkable effect on decreasing its viscosity due to the good temperature
stability of polymer-modified bitumen. This is due to creation of polymeric network in the bitumen structure,
which is more temperature-resistant. The confirmation of this is shown in Figure 7b: with 6% SBR addition,
the permanent strain of asphalt mixtures decreased by 39 and 60% at 40 and 50 °C, respectively. This was
due to a very low increase in permanent strain of SBR-modified mixtures (5%) against rising temperature,
in comparison to that for unmodified ones (61%).
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Figure 6. Permanent deformation curves of unmodified and SBR-modified asphalt mixtures at
different ambient temperatures.
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6% SBR addition at 40 and 50 °C, respectively, at the end of 10000 loading cycles.
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Figure 8 showed the resilient modulus of unmodified and modified samples versus the load repetition
at both ambient temperatures of 40 and 50 °C. As indicated, the resilient modulus of modified samples was
higher than that for unmodified ones at both ambient temperatures. The rising temperature caused a
decrease in resilient modulus due to a drop the in binder viscosity. In initial time of loading up to around
500 cycles, a sharp rise (about 60—70 MPa) was observed in resilient modulus of all of the tested samples.
As reported by Khodaii and Mehrara [5], compactive deformation has a direct relation with resilient modulus,
so that the more compactive deformation the more resilient modulus. Therefore, it can be said that all of
the unmodified and modified samples experienced compactive deformations in initial cycles of loading.
After that, as the loading cycles continued, a slight rising or a drop were observed in their resilient modulus
trends. This means that the samples were gently compacted [5]. After 6000 cycles, the unmodified samples
showed a downward trend in their resilient modulus curves, while the modified samples remained at a
constant level. It can be concluded that in near-to-last cycles, the compactive deformation of unmodified
samples seized and the shear flow tended to initiation. On the other hand, the general trends of resilient
modulus of modified samples were at approximately the same level, which means the compactive
deformation of modified samples was slowly progressing up to the last loading cycle. The main reason of
this lies in the elastic properties of the SBR network, which preserved the stone materials and prevented
and/or postponed the excessive deformations.
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Figure 8. Resilient modulus of unmodified and SBR-modified asphalt mixtures at different ambient
temperatures.

Figure 9 illustrates the variations of creep modulus of unmodified and modified samples versus the
loading cycles at different ambient temperatures. As it can be seen, the creep modulus of all samples had
a sharp drop (from 80-100 to around 30 MPa) in initial loading times up to around 500 cycles. This can be
due to the compactive deformation of samples in initial loading cycles. After these drops, the creep modulus
of SBR-modified samples reached an approximately constant level, while a 10 °C rise in ambient
temperature had a negligible effect on their creep modulus. So that after 10000 loading cycles, the creep
moduli of the samples modified by 6% of SBR at 40 and 50 °C, were about 21.3 and 20 MPa, respectively.
On the other hand, the unmodified samples showed a decreasing trend in their creep modulus and a 10 °C
rise in ambient temperature had a significant effect. So that the creep modulus of the sample tested at
50 °C (8.6 MPa) significantly decreased in comparison to the one tested at 40 °C (13 MPa). According to
researches conducted by Gokhale et al. [4] and Khodaii and Mehrara [5], the dynamic creep test conducted
by UTM device could not separate the compactive and shear deformations of asphalt mixtures from each
other. But Gokhale et al. [4] reported that the compactive deformation mainly occurs in initial loading cycles
while with the continuing load repetition, the compactive deformation tends to decrease and the shear
deformation gradually appears. Therefore, in initial loading cycles, the UTM device considered the rising
resilient modulus as permanent deformation and indicated a considerable drop in creep modulus curve [5].
As indicated in Figure 10a, with a 10 °C rise in temperature, the creep modulus of unmodified sample
decreased by 34%. While this decrease was 6% for SBR-modified sample, which was due to the good
stability of SBR-modified samples against rising temperature. Figure 10b indicates that with rising
temperature, the positive effect of SBR becomes more obvious. So that at 40 *C, with the 6% SBR addition,
the creep modulus of asphalt mixture increased by 64%. Whereas the same increase at 50 °C was 133%.
As mentioned earlier, this can be due to the better stability of SBR-modified bitumen against rising
temperature in comparison to the unmodified samples.
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Figure 10. Decrease and increase in creep modulus of a) unmodified and modified asphalt mixture
with 6% of SBR due to temperature rising from 40 to 50 'C, and b) asphalt mixtures with 6% SBR
addition at 40 and 50 °C, respectively, at the end of 10000 loading cycles.

Figure 11 illustrated the variations in the ratio of creep modulus (Mc) to resilient modulus (Mr) versus
the number of loading cycles. A sharp drop (about 0.18-0.29) is observable in all of the tested samples up
to around 500 cycles due to the decrease of creep modulus and increase of resilient modulus (see Figures
8 and 9). This confirms the samples compaction in the initial loading cycles. As the loading cycles continued,
the Mc/Mr had an approximately constant value in SBR-modified samples and rising temperature had no
effect on this ratio. As shown in Figure 12a, with the temperature rising from 40 to 50 °C, the Mc/Mr of the
unmodified sample decreased by 27%. Whereas this decrease was only 0.1% for SBR-modified sample.
At 40 and 50 °C, with the 6% SBR addition, the Mc/Mr of the modified samples increased by 59 and 118%,
respectively. The variations of Mc and Mr, as well as shear deformation were negligible and the SBR-
modified samples were compacted, considering a slight increase in their resilient modulus [5]. The
unmodified samples demonstrated a decreasing trend in Mc/Mr up to the last loading cycle. In view of the
downward trend in their resilient modulus, it can be concluded that the proportion of compactive deformation
to shear deformation is dropping [4], [5] with the shear deformation occurring in unmodified samples [5].
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Figure 11. The ratio of creep to resilient modulus (Mc/Mr) of unmodified and SBR-modified asphalt
mixtures at different ambient temperatures.
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Figure 12. Decrease and increase in Mc/Mr of a) unmodified and modified asphalt mixture with 6%
of SBR due to temperature rising from 40 to 50 °C, and b) asphalt mixtures with 6% SBR addition
at 40 and 50 °C, respectively, at the end of 10000 loading cycles.

3.1. Determination of flow number (FN)

The permanent deformation curve of asphalt mixtures can be divided into the following three stages:
First, the primary stage or primary flow that initiates from the coordinate origin and can be modeled using
Power-law [22] or logarithmic functions [27]. Secondly, the secondary flow that initiates from the end point
of the primary stage and continues in the form of a simple linear function; and thirdly, the tertiary stage or
tertiary flow that initiates from the end point of the secondary stage which is called flow number (FN). The
FN is a critical point in which the linear trend of the secondary stage is substituted with an ascending non-
linear trend that indicates that the permanent strain increases dramatically from each cycle to the next one.
From FN point, the pure plastic shear deformation begins [23] and the individual aggregates that make up
the skeleton of asphalt mixture move past each other [28]. According to literature, the FN has a strong
correlation to the Traffic Force Index (TFI) [29] and field rutting performance [21], and is a rutting indicator
for asphalt mixtures [21, 22].

In this stage, the Goh and You method [23] was used in order to determine the FN of samples. In
this method, the minimum value of strain rate (SR) curve versus the loading cycles is considered as FN. It
is worth noting that if the minimum value of SR matches the last loading cycle, the FN is not determined
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and the sample does not experience the tertiary flow up to the last loading cycle [23]. Equation (1) indicated
the SR formula, where ¢ and N are the permanent strain and the number of loading cycle, respectively.

&
SR=— 1
N @

Figure 13 shows the SRs of the selected samples versus the number of loading cycles. Based on
the calculated SR values for different samples, it must be said that the minimum SRs for unmodified
samples were obtained in loading cycles of 9728 and 8416 as FNs at the ambient temperatures of 40 and
50 °C, respectively. This indicates that the tertiary flow or pure shear deformation occurred in unmodified
samples. Also with rising temperature, the FN value decreased due to decrease in viscosity of the binder.
Under this condition, the occurrence of shear deformation was accelerated and the sample experienced a
higher permanent deformation. On the other hand, the minimum SRs for samples modified by 6% of SBR
under both ambient temperatures were obtained in the last loading cycle. As mentioned recently, this means
that the SBR-modified samples had higher rutting resistance than unmodified samples, so that the tertiary
flow did not occur up until the last loading cycle.
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Figure 13. The flow number (FN) of unmodified and SBR-modified asphalt mixtures.

Figure 14 illustrated the triple flows of permanent deformation curves. As it can be seen, the
secondary flow of SBR-modified samples continued up to the last loading cycle. Thus, the tertiary flow did
not occur at desired loading cycles. While in unmodified samples, the linear trend of secondary flows
stopped in their FNs, and the tertiary flows with the origin of FNs started with a dramatic slope increase. It
must also be noted that line 1, as a border of primary and secondary flows, was drawn hypothetically to
show the approximate location of this border in permanent deformation curves in terms of the changes in
their trends.
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Figure 14. The triple stages of permanent deformation curves of unmodified and SBR-modified
asphalt mixtures.

4. Conclusions

This study aimed to evaluate the effect of SBR on permanent deformation of asphalt mixtures. Based
on the test results, the following conclusions were obtained:

1. With addition the optimum content (6%) of SBR to the bitumen, the permanent deformations of
asphalt mixtures decreased by 39 and 60% at 40 and 50 °C, respectively. In addition, with the temperature
rising from 40 to 50 ‘C, the permanent strain of unmodified asphalt mixture increased by 61%. Whereas
the same property only increased by 5% in SBR-modified sample. This shows the effectiveness of SBR on
enhancing the rutting resistance of asphalt mixtures, especially under the condition of rising temperature.

2. The resilient modulus trends and the creep modulus of SBR-modified samples were at a higher
level than those for unmodified samples at the same ambient temperatures. Moreover, after around 6000
cycles, the general trend of resilient modulus curves of unmodified samples tends to decrease. While the
general trends of resilient modulus of SBR-modified samples were at an approximately constant level. It
can be concluded that in near-to-last load cycles, the compactive deformation of unmodified samples seized
and the shear flow tended to initiation. However, in the SBR-modified samples, the compactive deformation
was slowly progressing up until the last loading cycle. The main reason of this lies in the elastic properties
of the SBR network, which preserved the stone materials and prevented and/or postponed the excessive
plastic deformations.

3. Modification of bitumen with SBR enhances the creep modulus of asphalt mixtures. With the 6%
SBR addition, the creep modulus of the samples increased by 64 and 133% at 40 and 50 °C, respectively.
Also with the temperature rising from 40 to 50 °C, the creep modulus of the unmodified mixture decreased
by 34%. Whereas the same reduction for the SBR-modified sample was only 6%. As mentioned earlier,
this shows better stability of the SBR-modified samples against rising temperature compared to the
unmodified ones.

4. Modification of bitumen with appropriate amount of SBR can be a suitable method for construction
of durable roads particularly in the regions with hot climate. The SBR has lower price than another common
polymeric product, SBS. Therefore, using it as a binder modifier, along with meeting the technical
requirements for durable asphalts, can decrease the total cost of road construction.
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Abstract. The study results on aerated concrete based on imported long-term storage clinker and mineral
additives for northern remote construction sites are presented here. The relevance of the research is due
to the need for cement composites of stable quality to install enclosing structures at remote northern
construction sites. It is impossible to ensure stable quality and safety of construction objects using imported
cement due to a significant decrease in its activity during transportation and long-term storage. This problem
is shown to be solved by organizing the production of aerated concrete from imported Portland cement
clinker using a mechano-chemical technological platform, including: scientific substantiation of the
components’ choice, mechanical or mechano-chemical activation of clinker by joint grinding with additives
and obtaining a dry mixture, preparing aerated concrete mixture and hardening aerated concrete in molded
products. Modern physicochemical methods for studying cement compositions are used in this scientific
work. Ensuring the required characteristics of aerated concrete on imported Portland cement clinker is
provided by introducing activated mineral additives of wollastonite and diopside, which have a chemical
affinity with cement minerals and hydrosilicates. It was found that the activity of the binder increased by 30
% and 59 %, respectively when 7 % wollastonite and diopside with a specific surface area of 309 and 323
m?/kg were added to cement from imported clinker for long-term storage. At the same time, the initial activity
of cement (43 MPa) is restored even with the 2 % content of diopside of a specific surface area of 323
m?/kg. An increase in the activity of cement from imported clinker was explained by the formation of an
additional amount of low-basic hydrosilicates and a decrease in stone porosity. Aerated concrete from
cement, based on imported clinker, has a homogeneous structure of evenly distributed pores with an
average diameter of 6.81 microns, which provides a 10-15 % increase in strength with a compression
variability coefficient of 5.4. The obtained aerated concrete had the strength of B2 class, F75 grade frost
resistance and thermal conductivity coefficient of 0.14-0.15 W/(m-°C). The developed aerated concrete
and the technology of its preparation from imported Portland cement clinker are intended for the
construction of buildings in the remote northern territories.

Citation: llina, L.V., Kudyakov, A.l., Rakov, M.A. Aerated dry mix concrete for remote northern territories.
Magazine of Civil Engineering. 2022. 113(5). Article No. 11310. DOI: 10.34910/MCE.113.10

1. Introduction

When forecasting the development of the economy, much attention is paid to the northern
construction and climatic zone. It is necessary to develop technologies and methods of resource provision
of construction facilities with materials, taking into account the peculiarities of these remote areas. Modern
economic conditions suggest new approaches to the selection and justification of production and use of
efficient construction materials [1-5]. Energy efficiency and predicted payback period of construction
projects in the northern regions significantly depend on the thermophysical characteristics of the enclosing
structures and the rational use of material resources [2, 6-8].
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Regional industry of building materials is developing with the use of local and imported raw materials
for effective resource support and safety of buildings construction in remote northern territories of Russia.
The main material is cement aerated concrete for the purpose and scope of use for the enclosing structures
of energy-saving buildings. The technical characteristics of aerated concrete, as well as the operational
reliability of the structures made from it, significantly depend on the level and stability of the quality
parameters of the used Portland cement [9-13]. Cement is delivered to the regions only in the summer
period. It is practically impossible to organize the production of cellular concrete products with the required
quality parameters for remote construction sites, due to the significant loss of Portland cement activity
during long-term transportation and storage [14-17].

Previously, the scientific substantiation of technological processes for the cement hardening mixtures
manufacture in the northern territories by joint wet grinding of imported clinker from the Achinsk cement
plant with natural mineral additives and waste from the metallurgical industry was carried out by the
scientists of the Leningrad Civil Engineering Institute under the leadership of P.l. Bozhenov, the
Academician of the Russian Academy of Architecture and Construction Sciences and introduced at the
Norilsk Mining and Metallurgical Plant for laying mine workings. The available scientific results and practical
recommendations for the joint wet grinding of clinker with mineral additives do not allow effectively
controlling the structure formation processes of non-autoclaved aerated concrete in the wall structures
manufacture with the required characteristics under extreme conditions. In order to solve this problem, the
most effective is the dry method of joint grinding of imported Portland cement clinker with modifying
additives, a dry mixture production, followed by a cellular concrete mixture preparation and molding
products, using prefabricated products of wall structures (wall blocks) or directly at construction sites.
(monolithic structures) [13, 15, 16, 18].

The technological processes of dry grinding of Portland cement clinker for long-term storage together
with modifying mineral additives and the aerated concrete mixture production, as well as the structure
formation control and aerated concrete properties, based on the prepared dry mixtures in relation to the
production of wall products have not been previously studied. This is relevant for the construction industry
development and resource provision of facilities construction in remote northern clusters, including the
Arctic zone of Russia, as well Canada, Finland, Norway, Sweden and Iceland.

The purpose of the scientific work is to scientifically substantiate the technological processes for the
manufacture of cement from imported Portland cement clinker with mineral modifying additives, dry building
mixtures and effective and stable in quality aerated concrete wall materials on their basis.

2. Methods and Materials

During laboratory research, we used Portland cement clinker of Joint Stock Company “Iskitimcement”
(Novosibirsk region). The chemical composition of clinker is given in Table 1. Mineralogical composition,%
by weight: C3S—63, C2S-16, C3A-8 and C4AF-13. In order to regulate the timing of the initial structure
formation of cement from imported clinker, we used "A" gypsum class with CaSQO4-2H20 —content of 80.6 %.
Wollastonite and diopside were used as mineral additives (Table 2), and the silica component was fine
quartz sand (Size module SM — 1.8) with a content of dusty, silty and clay particles of 0.5% of
"Kamnerechensky Stone Quarry" production, Novosibirsk. Aluminum suspension was used, including
PAP-1 aluminum powder and sulfanol, as well as grade Il lime of Joint Stock Company Iskitimizvest, Iskitim,
to form the porous structure of the aerated concrete mixture.

Table 1. Chemical composition of Portland cement clinker, wt. %

. Loss on
SiO2 Al2O3 Fe20s3 CaO MgO SO3 -
Ignition
21.95 5.73 4.27 65.95 1.62 0.26 0.22

Table 2. Chemical composition of mineral additives

Chemical composition,% wit.

Additive Mine . Loss on
SiO2 CaO MgO  Al203  Fe20s3

Ignition
Diopside Aldansk, Republic of Sakha, Yakutia 50.99 24.78 15.78 4.63 3.58 0.24
Wollastonite Mine "Vesely", Altai Republic 53.43 34.63 0.30 3.06 2.34 6.24

During the research, real conditions were simulated in transporting and storage the clinker at
construction sites in the Russian northern territories, the used clinker was stored for 12 months at 80 % of
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humidity. The clinker was used after 7 days of storage in normal conditions and fineness modulus for long-
term storage in northern conditions and Portland cement for the manufacture of reference samples (control).

In order to establish the structure formation regularities of binders, as well as to determine the quality
parameters of aerated concrete, standard methods of mechanical testing, modern physicochemical
research methods, verified instruments and certified equipment were used.

Mineral additives were ground in an AGO-3 mill to a given specific surface area.

The analysis of the granulometric composition of the additives was carried out using PRO-7000 laser
dispersion analyzer from SeishinEnterpriceCo., LTD, Tokyo.

The activity of cement (ultimate compressive strength) was determined by testing standard
specimens-beams 40x40x160 mm in size, made from a cement-sand mortar of normal consistency with a
composition of 1; 3 by weight with a water-cement ratio of 0.42. The samples were solidified under normal
conditions (above water for the first day and in water at a temperature of (20 + 2) °C, for 27 days), and they
were also subjected to steam curing at atmospheric pressure according to the following mode: temperature-
rise period to 85 °C — 3 hours, isothermal curing — 8 hours, temperature reduction to 20 °C — 3 hours.

The ultimate compressive strength of aerated concrete was determined by testing concrete samples
on a hydraulic press at a constant loading rate until failure. The aerated concrete samples were hardened
under normal conditions in a chamber with a temperature of (20 + 2) °C and relative air humidity (95 + 5) %,
and they were also subjected to steam curing at atmospheric pressure according to the mode: 4 hours —
preliminary curing, temperature-rise period to 85 °C — 3 hours, isothermal curing — 8 hours at this
temperature and 3 hours — temperature reduction to 20 °C.

The density of aerated concrete was determined in the dry state and frost resistance, due to the
values of strength loss in compression and weight reduction of samples subjected to alternate freezing in
water saturation state at a temperature of minus (18 £ 2) °C and their thawing at a temperature of plus
(18 = 2) °C and relative humidity (95 % 2) %.

Differential thermal studies of hardened cement paste were carried out using a DTG 60H analyzer
from Shimadzu, Japan. The rate of temperature rise was 10 °C/min. The measurements were carried out
with NETZSCH software from Proteus.

The structural characteristics of aerated concrete samples (macro-Vma, Sma and mesopores —Vme,
Sme) were investigated using AutoPorelV 9520 automated mercury porosimeter (Microme-ritics, USA).
The experimental research process was controlled by a computer using a special program Milestone-100-
software from Fisons.

3. Results and Discussion

In order to improve the quality of cement from long-term storage clinker, the authors proposed to use
mineral additives wollastonite and diopside, which had similar chemical composition and thermodynamic
characteristics with clinker minerals (alite and belite), as well as the main products of their hydration
(calcium silicate hydrates).

The establishment of patterns in the influence of type and amount of mineral additives on the cement
composites’ properties was carried out in the following sequence:

1. determination of the effect of the specific surface area and the content of mineral additives on the
clinker binder activity and the structure of the hardened cement paste;

2. influence of all mineral additives and joint grinding of raw mixture components on aerated
concrete properties.

At the initial stage 2.1, their optimal specific surface was established to ensure the efficiency of
adding mineral additives into cement [16—19]. The maximum strength of the hardened cement paste was
achieved with a minimum intergranular void between the grains of the mineral additive and the binder. The
specific surface of particles and their content are taken as parameters for controlling the quality of cement
from clinker with mineral additives.

The studies were carried out at the specific surface area of the used wollastonite powder after
grinding — 309, 764, 888 and 982 m?/kg, diopside powder — 323; 635; 979 and 1157 m?/kg. The
granulometric composition of the diopside and wollastonite powders is given in Table. 3.
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Table 3. The studies’ results of the granulometric composition of mineral additives

Specific surface, m?/kg

Volumetric average particle size,

Volume fraction of particles with sizes

gm <4 pum <12 ym
diopside
323 27.0 19.5 31.9
635 12.8 322 48.4
979 4.3 49.2 66.6
1157 2.9 58.2 74.7
wollastonite
309 28.6 13.3 27.9
746 9.0 36.4 57.6
888 5.9 43.6 65.1
982 4.3 49.0 68.6
3.1. Influence of the specific surface and dosage of mineral additives

on the activity of Portland cement clinker and the structure
of the hardened cement paste

We used cement, obtained by grinding Portland cement clinker with 5 % gypsum, studying the effect
of specific surface and content of mineral additives on the activity and structure of hardened cement paste.
The specific surface of the cement was 280 m?/kg.

The studies’ results on changes in the cement activity with the adding of wollastonite and different
specific surface are shown in Fig. 1. It was found that the adding of wollastonite into cement from clinker
increased the strength characteristics of the hardened cement paste:

36

33

50

47

44

41

38

compressive strenght, MPa

35

32

in order to use clinker, stored for 7 days under normal conditions, and the adding of wollastonite
with a specific surface area of 309 m%/kg into the cement during hardening under normal
conditions, the hardened cement paste in compression increased by 30 %, and with steam curing
at atmospheric pressure — by 31 %;

in order to use clinker, stored for 12 months in humid conditions and introducing wollastonite with
a specific surface area of 309 m2/kg during hardening under normal conditions, the compressive
strength increased by 20 %, and during steam curing at atmospheric pressure — by 35 %.

The changes’ results in the activity of the binder with the diopside and different specific surface areas
adding are shown in Fig. 2.
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Figure: 1. Influence of the wollastonite amount and specific surface and quantity on cement
activity made from ground clinker stored: a) 7 days under normal conditions;

b) 12 months in humid conditions

1 —wollastonite with a specific surface of 309 m?/kg; 2 — 746 m?/kg; 3 — 888 m?/kg; 4 — 982 m?/kg

The dotted line indicates the curves for specimen hardening under the conditions of steam curing at
atmospheric pressure, the solid line indicates 28 days under normal conditions.
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Figure: 2. Influence of specific surface and diopside amount on the binder activity made from
ground clinker stored: a) 7 days under normal conditions; b) 12 months in humid conditions
1 —diopside with a specific surface of 323 m?/kg; 2 — 635 m?/kg; 3 — 979 m?/kg; 4 — 1157 m?/kg

The dashed line indicates curves during the hardening of the samples under the conditions of steam
curing at atmospheric pressure, the solid line — 28 days under normal conditions.

The compressive strength increased by 30 %, and during steam curing at atmospheric pressure —
by 37 %, using clinker stored for 7 days under normal conditions and adding of diopside with a specific
surface area of 323 m?/kg during cement paste hardening under normal conditions.

The cement paste compressive strength made of cement, based on clinker, stored for 12 months in
humid conditions with the diopside addition of a specific surface area of 323 m? / kg, increased by 59 %
during cement paste hardening under normal conditions, and increased by 62 % during steam curing at
atmospheric pressure. At the same time, the initial activity of cement (43 MPa) is restored even at the
diopside content with a specific surface area of 323 m?/kg — only 2 %.

It can be noted that the activation of Portland cement clinker, stored for 7 days under normal
conditions and for a long time under humid conditions, by adding finely dispersed diopside leads to an
increase in the binder activity, analyzing the research data in Fig. 1 and 2. The greatest increase in the
strength of the binder is achieved with the addition of milled diopside, which has a high hardness value (7
on the Mohs scale), i.e. the highest value of the modulus of elasticity containing calcium and silicon oxides,
as well as the specific surface area equal to that of ground clinker. Wollastonite has a lower hardness
(4.5-5.0 on the Mohs scale). An increase in the strength of the hardened cement paste with additives is
explained by micro-reinforcement and redistribution of stresses between the components of the cement
stone, while the greatest efficiency is provided by the use of diopside.

With an increase in the content of the mineral additive over 7 % and an increase in the specific
surface areas of wollastonite to 982 m?/kg and diopside to 1157 m?/kg, the effect of hardened cement paste
decreases as a result of additives’ aggregation, in addition, the energy consumption for their grinding
increases significantly.

Thereby, in the process of conducting further studies of aerated concrete on cement from imported
clinker (point 2.2), we used additions of wollastonite with a specific surface area of 309 m?/kg and diopside
with a specific surface area of 323 m?/kg, i.e. close to the dispersion of ground clinker. The content of
additives was 7 %.

We conducted a complex thermal analysis (Fig. 3 and 4) and porosimetry to explain the structure
formation processes of hardened cement paste with the addition of dispersed wollastonite and diopside.
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Figure. 3. Thermal analysis’ results of hardened cement paste made on ground clinker
with gypsum without mineral additives introduction.
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Figure. 4. Thermal analysis’ results of hardened cement paste made on ground clinker
with gypsum and 7 % diopside.

According to the results of a comprehensive thermal analysis, there is no significant change in the
phase composition during the cement paste hardening with diopside. A change in the temperature of the
thermal effect and a transition to a higher temperatures zone (from 605 to 630 °C) are observed, which can
be caused by the structure strengthening due to the interaction of diopside with portlandite, which is
released during the hydration of alite, and the additional amount of low-basic calcium silicate hydrates.

The study’s results of the hardened cement paste porosity from clinker with 7 % dispersed diopside
are given in Table 4.
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Table 4. Porosity of hardened cement paste with the dispersed diopside addition

Type of cement

Average pore

diameter, um from clinker without additives from clinker with 7% diopside
pore volume, ml/g pore volume,% pore volume, ml/g pore volume,%
73.1-361.0 0.0919 33.53 0.0275 12.72
154-73.1 0.0115 4.19 0.0106 4.9
1.2-154 0.0164 5.96 0.0165 7.63
0.15-1.2 0.0513 0.0560
56.32 74.75
0.003-0.15 0.1030 0.1056
Total 0.2741 100 0.2162 100

Analyzing mercury porosimetry results, the following can be noted:

e the total pore volume decreases from 0.274 to 0.216 ml/g in hardened cement paste from 7 %
diopside in comparison with hardened cement paste from clinker without additives;

e the pores volume with a diameter of more than 73.1 microns is reduced by 2.6 times;
e the pores content with a diameter of less than 1.2 microns increases significantly.

A decrease in the total porosity of hardened cement paste with a dispersed addition of diopside, as
well as a decrease in large-diameter pores, is one of the factors explaining an increase in the hardened
cement paste strength. Increase in the pores number (capillaries) of small diameter (less than 1.2 pm),
forming partitions structure (matrix) in aerated concrete, which can contribute to an increase in frost
resistance of the developed aerated concrete.

3.2. Influence of mineral additives and joint grinding of raw mix components
on the aerated concrete properties

A number of scientists’ researches have shown the effectiveness of cellular concrete preparation for
wall products and structures from a dry mixture [20, 21]. Manufacturability of construction processes
significantly increases, mixing the dry mixture with water and pouring the aerated concrete mixture into
molds or formwork directly on the construction site. In the study of aerated concrete based on dry mixtures,
the data specified in paragraph 2.1 on the optimal specific surface area and the content of mineral additives
in the cement from clinker, providing the maximum increase in strength, were used. Since the greatest
increase in the strength of the hardened cement paste was obtained with the addition of diopside and
wollastonite with a specific surface area close to that of Portland cement, then at stage 2.2 the joint grinding
of all raw materials was studied. The dry mixture was prepared by joint grinding of clinker with gypsum,
natural gypsum, mineral additive, silica and lime components.

3.2.1. Influence of mineral additives on the density and strength of aerated concrete

The tests’ results of the density and strength of aerated concrete obtained on the basis of a dry raw
mixture are presented in Table 5.

Table 5. Dependence of the density and aerated concrete strength on a type and number of
additives

Compressive strength

Type of cement Density of aerated concrete, kg/m?3
of aerated concrete, MPa

Clinker stored for 7 days under normal conditions

Cement without mineral additives 610 2.8

Cement with wollastonite, 7 % 600 3.1

Cement with diopside, 7 % 580 3.3
Clinker stored for 12 months in humid conditions

Cement without mineral additives 610 2.1

Cement with wollastonite, 7 % 605 2.3

Cement with diopside, 7 % 590 2.4

The density does not significantly decrease in aerated concrete with mineral additions of wollastonite
and diopside. Thus, we have obtained structural and heat-insulating aerated concrete of D600 brand.
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The strength characteristics of aerated concrete on normal storage clinker cement increase with the
adding of wollastonite by 11 %, and diopside — by 18 %.

The strength of aerated concrete from imported long-term storage clinker without mineral additives
is reduced by 25 %. The strength characteristics of aerated concrete increase by 10 and 14 %, respectively,
using clinker cement with additions of wollastonite and diopside. The strength indicators of aerated concrete
decreased to 0.6 MPa (2.5 times) and the density of aerated concrete increased by 30 %, using Portland
cement from the same composition, prepared in the factory and stored for 12 months.

The coefficient of variation in determining the compressive strength of aerated concrete from a dry
mix, based on imported clinker is 5.4 %, the density of samples is 4.2 %, which characterizes the high
stability of the aerated concrete’s quality indicators. Compressive strength class of aerated concrete is B2.
Thus, the preliminary preparation of the dry mixture by joint grinding of long-term storage clinker with
gypsum, mineral additives, silica and lime components, followed by the aerated concrete mixture
production, makes it possible to form products for building structures that meet regulatory documents.

3.2.2. Influence of mineral additives on the pore structure of aerated concrete

The properties of aerated concrete are greatly influenced by the microstructure and porosity, as well
[22-25]. The type and content of pores in aerated concrete, based on long-term storage clinker cement,
were studied using mercury-vacuum porosimetry. The total pore volume of the developed aerated concrete
on cement from long-term storage clinker with diopside addition was 7.26 sm?3/g. Differential curve of pores
distribution in aerated concrete are shown in Fig. 5.
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Figure: 5. Differential pore distribution curve in aerated concrete, made from a dry mix,
based on clinker stored for 12 months in humid conditions and diopside

The average pore diameter in aerated concrete is 6.81 microns. Aerated concrete has uniformly
distributed porosity in the range of pores with a size of 0.0012 — 0.075 and 1.062 — 13.063 microns.

Mineral additives influence on frost resistance of aerated concrete
Change in strength and weight of aerated concrete, tested for frost resistance, is given in Table 6.

Table 6. Changes in the properties of aerated concrete, tested for frost resistance (as a
percentage of the original value)

Reduction of strength after Reduction of mass after Frost
) o ) testing, depending on the testing, depending on the  resistance
Binder composition in dry mix number of cycles,% number of cycles,% grade
50 75 100 125 50 75 100 125
Prefabricated Portland Cement -14.1 -21.2 - - -35 -6.3 - - F50
Ground clinker -14.3 -21.4 - - -38 -6.1 - - F50
. . o il
Ground clinker with 50 % siliceous 76 -112 -22.7 _ 31 -45 -70 _ F75
component
. ) o il
Ground clinker with 50 % S|I|ce(_)us 70 -96 -164 _ 28 -42 _&7 B F75
component and 7 % wollastonite
. ) o il
Ground clinker with 50 % siliceous 60 -100 -17.1 _ 27 40 -7 B F75

component and 7 % diopside
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For aerated concrete sample, made on the basis of ground clinker without additives, a noticeable
decrease in strength (14.3 %) was noted after 50 test cycles. Compressive strength of such aerated
concrete decreased by 21.4 % after 75 cycles. The mass of the samples decreased after 50 cycles by
3.8 %, after 75 cycles by 6.1 %. Frost resistance grade was F50. The decrease in strength after 75 test
cycles was 9.6-10.0 % with adding of 7 % wollastonite or diopside and the weight of the samples decreased
by 4.0-4.2 %. The frost resistance grade of aerated concrete rose to F75. The increase in frost resistance
of aerated concrete with additions of wollastonite or diopside was explained by the increased content of
small pores in the structure, which degree of filling with water and transformation into ice slowed down.

The thermal conductivity coefficient of the developed aerated concrete from a dry mixture, based on
imported clinker with mineral additions of wollastonite and diopside in a dry state at a temperature of 25 °C
was 0.14-0.15 W/(m °C).

4. Conclusion

1. A scientifically based technology has been developed for the manufacture of aerated concrete
from a pre-prepared dry mixture, obtained by joint grinding of imported clinker with mineral additives
wollastonite or diopside, gypsum, silica and lime components, which make it possible to mechanically
activate the components surfaces and significantly intensify the physicochemical processes of structure
formation of the porous cement composition that makes it possible to ensure a homogeneous structure, to
increase the strength of interpore partitions and aerated concrete.

2. It was found that 7 % wollastonite and diopside with a specific surface area of 309 and 323 m2/kg,
which have chemical affinity, added to cement, prepared from imported clinker for long-term storage, as
well as the similarity of thermodynamic characteristics with clinker minerals and products of their hydration,
the activity of the binder increased by 30 % and 59 %, respectively. At the same time, the initial activity of
cement (43 MPa) was restored even at the content of diopside with a specific surface area of 323 m?/kg —
2 %.

3. Anincrease in the cement activity from imported clinker with dispersed additions of wollastonite
and diopside, occurred mainly due to the interaction of mineral additives with portlandite, released during
hydration of alite and the formation of an additional amount of low-basic calcium silicate hydrates, as well
as a decrease in the pore content from 0.274 to 0.216 ml/g.

4. In the aerated concrete of non-autoclave hardening, made by a two-stage technology on cement
from imported clinker with additions of wollastonite and diopside at 28 days of age, the strength increased
by 10 and 15 %, which made it possible to produce goods with the required B2 strength class.

5. The average pore diameter was 6.81 microns in aerated concrete on cement from long-term
storage clinker with mineral additives. Pores with a size of 0.0012 — 0.075 and 1.062 — 13.063 microns
were evenly distributed over the volume, which ensured high stability of quality parameters. The index of
variability in average density was 4.2, in compressive strength — 5.4, grade for frost resistance — F75,
thermal conductivity coefficient — 0.14 — 0.15 W/(m °C).

6. The developed technology of aerated concrete is recommended for industrial use in wall
structures molding from imported clinker at construction sites in the remote northern territories.

Thus, the authors have formed a set of technological principles for managing the processes of
improving the non-autoclaved aerated concrete quality for organizing the facilities construction in remote
hard-to-reach areas, taking into account the complexities of resource provision and maintaining the
technical characteristics of the concrete — cement’s main component, namely:

— aerated concrete production of the required stable quality from a dry construction mixture, by joint
grinding (mechanical activation) of the base components that form the matrix of porous concrete
(interpore partitions) with the physicochemical processes intensification of structure formation and
ensuring the specified porosity;

— scientific substantiation of the components choice and the sequence of introduction into the
construction composition, based on their functional purpose in the manufacture of dry mix and
aerated concrete mix with subsequent participation in the structure formation of porous cement
concrete;

— taking into account the degree of hydration and the activity loss of Portland cement clinker in long-
term storage, as well as the synergistic effect from the activation effect during joint or separate
grinding of components in the scientific substantiation of the type and processes sequence.
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Abstract. A detailed study of the MgO-CO2-H20 system allows creating new inorganic binders. The present
research is focused on the process of structure formation during hydration and curing of magnesia
composition from active magnesium oxide and magnesium bicarbonate solution. Magnesium hydroxide
and magnesium hydrocarbonates, basically hydromagnesite and dypingite are the products of MgO
interaction with solution of magnesium bicarbonate Mg(HCOs)2. This was established by means of complex
thermal analysis using thermogravimetry (TG), differential scanning calorimetry (DSC), mass spectrometry
(MS), and electron microscopy. These methods allowed us to define the influence of the curing environment
of magnesia composition. Results show that processes of hydration and curing of composition of
magnesium oxide with magnesium bicarbonate solution proceed most effectively in water conditions at the
course of cyclic reactions of magnesium hydrocarbonate formation. The magnesia composition transforms
magnesia cement into the state of hydraulic magnesia cement.
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1. Introduction

Due to the unique combination of properties, magnesia cement is one of the most sufficient materials
for creating compositions for construction and technological purposes. A robust hardening structure of
magnesia compositions is created by the synthesis of such crystalline hydrates as magnesium
hydroxychlorides and hydroxysulfates [1, 2]. At the same time, these substances entail low water resistance
due to their supersolubility in water conditions. The phase of magnesium oxychloride (oxysulfate) is
unstable upon prolonged contact with water, which leads to leaching through the dissolution of magnesium
chloride (sulfate) from the cement phase, leaving magnesium hydroxide as a binder that is unable to form
hardening structures [1]. Scientists use various methods to solve the issue. The positive effect of chemical
additives, sulfates, phosphates, and iron compounds has been established [3, 4]. Mineral additives of
natural [5, 6] and technogenic origin [7—10] also increase the water resistance of the compositions.

The following methods for increasing the water resistance of magnesia cement do not exclude the
formation of water-soluble substances in the products of hydration and hardening, since they are based on
the use of magnesium salt solutions as a mixing liquid. A radical way to increase the water resistance of
magnesia cement is the synthesis of water-insoluble compounds in the hardening products of magnesia
binder, it is possible only on condition of a complete replacement of the mixing fluid.

Analysis of compounds in the MgO-CO2-H20 system showed their insolubility in water or low
solubility. Characteristic compositions in the MgO-CO2-H20 system are hydrocarbonate groups of minerals
with the general formula xMgCOs-yMg(OH)2-zH20 and MgCOs-xH20 [1, 11-12], and also brucite Mg(OH):
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and magnesite MgCOs. Hydrocarbonate groups include barringtonite MgCOs-2H20, nesquehonite
MgCOs-3H20, lansfordite MgCOs-5H20, pokrovskite Mg2(CO3)(OH)2:0.5H20, artinite
Mgz2(COsz)(OH)2:3H20, hydromagnesite  Mgs(COs)a(OH)2:4H20,  dypingite  Mgs(CO3)4(OH)2-5H20,
giorgiosite Mgs(CO3)4(OH)2-5-6H20, shelkovite Mg7(COs)s(OH)4-24H20. Hydrocarbonates with general
formula xMgCO3-yMg(OH)2:zH20 are subdivided into a light form with content of H20 up to 4 molecules
and a heavy one with content of H20 from 4 up to 5 molecules.

Researches in the field of the MgO-CO2-H20 system are focused on studying natural and artificial
magnesium hydrocarbonate phases [11, 13-21]. Study of natural magnesium hydrocarbonates [14, 19-21]
allows to trace history of genesis and metamorphism of carbonate and magnesium silicate rocks.
Purposeful synthesis of magnesium hydrocarbonates allows to obtain pure products, without impurity, for
different fields of application [13, 18, 22-23]. The researches dedicated to CO2 removal from the
atmosphere (sequestration) are also actual nowadays. These processes perform well involving the
components of the MgO-CO2-H20 system, for instance, original elements as well as compound substances
[24-26].

The MgO-CO2-Hz20 system has great interest as the curable system which products are capable to
create strong curing structures and to be used to produce new types of binders. Some scientists have
already used synthesized magnesium hydrocarbonates for the purpose of hardening and creation of
binding compositions [25-30]. The process of hardening is also performed with the help of external
carbonization both natural one using CO:2 of environment air, and artificial one at the elevated pressure of
CO:2 gas in the special chamber [11-18, 29-30]. Binding compositions have been obtained by gaging of
caustic magnesite with special solutions [31-32] which essentially differ from classical magnesia Sorel
cement. The compositions have high water resistance.

In this research the binding composition has been presented by mixture of caustic magnesium oxide
MgO with water solution of magnesium bicarbonate (MBC) [31]. The interaction of active powder of
magnesium oxide with MBC solution takes place in accordance with the following reactions (1, 2) [33]. This
is consistent with studies of the carbonization magnesium compounds [22, 29-30, 32].

At first the hydration reaction proceeds:

MgO + HZO — Mg (OH )2 : @)
Further formed magnesium hydroxide interacts with MBC in accordance with the reaction:
xMg (OH ), + Mg(HC03)2 +7H,0 - XMgCO, - yMg (OH ), +CO,. ©

With formation of magnesium hydrocarbonate and carbon dioxide which entering the interaction with
excess of magnesium hydroxide forms secondary MBC:

> Mg2 ™ +2HCO;. @3)
2 3

Secondary magnesium bicarbonate interacts with magnesium hydroxide again in accordance with
the reaction (2) creating new portion of magnesium hydrocarbonate. Thus, three main crystal phases —
magnesium hydroxide, magnesium carbonate and magnesium hydrocarbonates, which quantitative ratio is
predetermined by content of magnesium bicarbonate in gauging liquid, are formed in cement stone as the
result of proceeding consequent and parallel reactions (1, 2, 3). At that, composition and quantity of
magnesium hydrocarbonate phase changes permanently and depends on the time of interaction and
humidity of environment. Hydrocarbonate phases in the composition of hardening products make it possible
for magnesia compositions to harden in water.

Mg (OH ), +2CO

The goal of the research is determination of conditions for structuration and specification of types for
new crystal formations of binding compositions using MBC solution when hardening in air-dry conditions
and in water.

In connection with this goal, the tasks of studying the formation and change of hydrocarbonate
phases depending on the hardening medium are solved using combined thermal analysis, differential
scanning calorimetry (TG/DSC) and mass-spectrometric analysis of the interaction products.
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2. Materials and Methods
2.1. Materials

The research has been performed using factory caustic magnesite of LLC “Sibirskiye poroshki”
(Irkutsk) produced by roasting of magnesite rocks of the Savinsky deposit (Irkutsk region) in the rotating
furnaces at a temperature of 800 °C. The chemical composition of initial and ignited rock is presented in
Table 1.

Table 1. The chemical composition of caustic magnesite and initial magnesite rock

Content, wt. %
Material Loss on

MgO SiO2 Al203 CaO Fe203 MnO ignition Total
Initial magnesite 47,21 1.61 0.59 0.86 0.81 0.29 48.63 100.00
Caustic magnesite 75.64 3.18 0.62 4.24 0.83 0.32 15,17* 100.00

*- losses of caustic magnesite burned at 800 °C are connected with existence of undecomposed MgCOs with defect
structure.

MBC solution has been obtained with artificial carbonization of caustic MgO suspension in the 5 |
autoclave with a stirrer. The ratio of caustic powder and water was 10 g of MgO for 1 | of H20. Carbonization
has been performed under CO2 gas pressure of 0.9 MPa within 20 min. Concentration of MBC solution on
bicarbonate ions was 6224.0 mg/l [33].

2.2. Methods

To study processes of hydration and curing of magnesia composition with the curing time up to 28
days we prepared mixtures of caustic magnesia powder and MBC solution with ratio of L/S = 0.5, and
formed samples. After air curing within 24 hours these samples were located in different environments.
Curing environments of the samples differed on humidity: 1) air humid — humidity was about 70 %, air
temperature was 22-25 °C; 2) air moist — humidity was 95 £ 5 %, air temperature was 22-25 °C; 3) water
(the samples were dipped into water, water layer over the sample was 2 cm). The samples cured within 3,
7, 14, and 28 days. After certain curing term the samples were taken from environment, dried up to the
constant weight at temperature not more than 60 °C and tested.

To carry out thermal analysis we used the device for synchronous thermal analysis STA 449 F3
Jupiter® NETZSCH (Germany). The samples were heated in the air from 25 to 1000 °C with speed of
10 °C/min. Analysis of evolved gaseous products was performed with the QMS-403D quadrupole mass
spectrometer of NETZSCH firm (Germany) production.

Microstructure of the samples was observed by means of the scanning electron microscope JEOL
JSM 6000.

3. Results and Discussion
3.1. Microstructure

The curing environment of magnesia composition exercises considerable influence on composition
and microstructure of products. After 28 days of curing in various kinds of environments different degrees
of crystallinity, new crystal formation size and character of microstructure are registered during the
experiment (Fig. 1).

The storage in humid and water conditions causes a big number of aggregations of foliated crystal
formations: dypingite [25] and hydromagnesite [26]. They are formed at the edges of lamellar crystals of
magnesium hydroxide Mg(OH)z that confirms theoretical assumptions about primary formation of
magnesium hydroxide, and then its interaction with bicarbonate ions creating hydrocarbonates. There are
no such processes in the samples, which were exposed to air with low humidity. Most new formations are
light crystallized particles of magnesium hydroxide and magnesium hydrocarbonates, and also residues of
unreacted magnesium oxide. This difference is caused by beneficial effect of water environment where
magnesium oxide is constantly and actively hydrated and conditions for its interaction with bicarbonate ions
are created. There is no supply of reacting components, in particular H20, during air curing after mixing of
magnesium oxide with MBC solution. Thus, intensity of magnesia composition curing with MBC solution
depends on the degree of MgO hydration.
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Figure 1. Microstructure of magnesia compositions after curing within 28 days in:
a) air humid environment; b) air moist environment; c¢) in water.

3.2. Simultaneous thermal analysis

The main processes of heating hydration products and curing the magnesia composition [12, 29, 32]
are:

— dehydration, that is removal of crystallization water
xMgCO, - yMg (OH )2 +zH,0 — xMgCO, - yMg (OH )2 +2H,0;
— dehydroxylation, that is removal of hydroxyl group with decomposition of Mg(OH)2 on MgO and H20
XMgCO, - yMg (OH )2 — XMgCO, + yMgO + yH . 0;
— decarbonization
ngCO3 — XMgO + xCOZ.

Influence of curing environment of magnesia compositions is well traced by results of thermal
analyses. TG and DSC curves of magnesia compositions cured on air and in water within 7 days (Fig. 2a)
and 28 days (to Fig. 2b) are presented in Fig. 2. Results of thermogravimetric analysis of the magnesia
composition samples at the age of 3, 7, 14, and 28 days when curing on air and in water are shown in
Table 2. It is clear that weight losses at curing magnesia compositions in water exceed these values while
curing them on air. Endothermic effects of DSC curves at average temperatures of 240, 400, and 590 °C
correspond to processes of dehydration, dehydroxylation, and decarbonization of the magnesia
composition samples at heating [12]. The endothermic effect at the temperature of 720-740 °C is well
showed in Fig. 2 (b) and corresponds to the decarbonization of magnesium carbonate MgCQOs. The
presence of magnesium carbonate is explained by underburned in the original caustic magnesite.
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Age of 3 days Age of 7 days Age of 14 days Age of 28 days
Peak  Temperature Weight Temperature Weight Temperature Weight Temperature Weight
peak, °C losses, % peak, °C losses, % peak, °C losses, % peak, °C losses, %
86.6/113.3 149.8/97.6 122.9/107.1 92.9/92.9
5.1/5.9* 4.5/4.6 5.4/6.3 4.6/5.9
240.3/240.0 252.7/245.3 242.2/245.3 246.3/245.0
2 388.2/414.3 10.3/15.5 406.2/400.1 10.8/16.9 396.8/403.2 11.3/16.6 397.5/405.2 11.3/17.4
3 586.8/614.2 14.1/14.9 617.7/584.5 14.1/13.2 593.1/587.1 16.3/14.9 588.6/585.9 14.1/13.0

*- in numerator data for air environment, in denominator data for water environment
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Figure 2. Thermograms of magnesia compositions at the age of 7 (a) and 28 (b) days.
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The greatest difference in weight loss of magnesia compositions while curing in different conditions
is registered during dehydroxylation process at the temperature of 400 °C. There is decomposition of
Mg(OH)z both as component of magnesium hydrocarbonates crystallohydrates, and as initial magnesium
hydroxide, which is formed in the reaction (1). Therefore, this thermal effect has been chosen to assess
intensity of hydrocarbonate product formation at curing magnesia compositions with MBC solution (Fig. 3).

Data of Fig. 3 testify the different level of weight loss size at heating magnesia compositions in
accordance with curing environment. The weight losses are increased on 50-70 % in the process of curing
composition in water conditions. It implies that the quantity of magnesium hydrocarbonates is bigger in
comparison with their quantity during formation in air environment. In addition, it is noted that if curing time
of magnesia binding samples in water increases, the quantity of magnesium hydrocarbonates
crystallohydrates increases, so that causes continuous increase of weight losses at dehydration and
dehydroxylation. Such phenomenon is not observed during air curing because of lack of liquid component
and the practical cessation of formation of magnesium hydroxide and, consequently, of magnesium
hydrocarbonates.

18 -
7 dmmmmmm ===
16 - -

. Air
N - - = Water
13 -

Mass/%

12

10 T T T 1
0 7 14 21 28

Ageldays

Figure 3. Dependence of weight losses during magnesia compositions’ heating on curing time
in different conditions.

In case of continuous presence of liquid phase while dipping and exposure in water of "the caustic
magnesium oxide — MBC solution" system, continuous hydration of MgO takes place and cyclic process of
magnesium hydrocarbonate formation in accordance with the reactions (1-3) occurs with the maximum
intensity.

To confirm data of TG/DSC interaction products of caustic magnesite with MBC solution (Fig. 2b) we
carried out analysis of gaseous products of the cyclic reactions 1-2 (Fig. 4) evolving during heating of the
samples that were cured within 28 days in different conditions. Thermogravimetric and differential thermal
analysis shows that total weight loss in the case of long presence of the reacting system on air is 33.01 %,
during long presence in water — 37.5 %.

lon current curves show that water vapors with the charge-mass ration of 18 are removed at
temperatures of 112, 242 (small amount) and at 405 °C [14]. The OH ion current curve (charge —mass
ration of 17) has the characteristic peaks corresponding to exudation of water. The beginning of COz2
emission (charge-mass ration of 12) is observed already at the temperature of 405 °C, the main process of
magnesium hydrocarbonates decarbonization takes place at 606 °C. Emission of CO2 at 696 °C occurs
due to magnesium carbonate as an underburnt in the original caustic magnesia powder [34, 35].

lon current curves with charge-mass ratio of 18 and 12 characterize the processes of thermal
decomposition of magnesium hydrocarbonates (Table 3). Comparing curing conditions of magnesia
compositions with MBC solution on the area of DSC thermograms peaks and ion current curves can
indirectly inform about quantity of new formations. For this purpose, we chose characteristic peaks at
maximum temperature of 405 °C, that are responsible for removal of water, hydroxyl ion and partial
decarbonization and at 600 °C, according to decarbonization.
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Figure 4. lon current curves of gas emission at heating of magnesia compositions cured
in air conditions (a) and in water conditions (b).

Table 3. Area of characteristic peaks of curves of thermal analysis and ion current

Peak Area of peaks of DSC, J/g Area of peaks of ion current curves, A
temperature, Processes . . . .
°C Air environment Water Air environment Water
Removal of H.0
405 Removal of OH 344.8 559.2 1.35.107 8.08-10~7
Removal of CO2
606 Decarbonization 331.9 337.3 0.07-107 0.16-107

Data of DSC and ion current curves show that the water environment provides formation of larger
quantity of magnesium hydrocarbonates. The area under the integral sign of peak characterizes
quantitatively the processes of thermal decomposition of the studied products and emission of gases. At
the temperature of 405 °C, which causes the removal of water and hydroxyl ion, the peak area on
thermogram is practically twice as much at curing magnesia composition in water, in comparison with curing
one in air conditions. It is confirmed by data of mass spectroscopy on H20. During the decarbonization
process at 606 °C by thermogram there was no difference in number of evolved CO., the area of peaks in
air and water environment is almost identical — 331.9 and 337.3 J/g. However, according to mass
spectrometry data the area of peak at the given temperature in water conditions is much bigger than one
in air conditions that implies higher efficiency of magnesium hydrocarbonate formation during curing

magnesia composition in water.
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4. Conclusions
The results obtained confirm that:

1. In the interaction between magnesia caustic powder and solution of magnesium bicarbonate

magnesium hydroxide and hydrocarbonate phases, dypengite and hydromagnesite, are formed.

2. The hardening of the magnesia composition under moist conditions after preliminary exposure to

air contributes to a more intense structure formation, which is confirmed by thermal analysis methods. The
formation of an increased amount of magnesium hydroxide is observed, since the hydration process in
water conditions is continuous. Mg(OH)z in a highly dispersed state is the basis for new phases of
magnesium bicarbonates. Thus, the bicarbonate magnesia binder is capable of hardening in water.

3. Structures generated from magnesium bicarbonates are insoluble in water. Therefore, magnesia

binders relating to the MgO-CO2-H20 system may be classified as hydraulic magnesia binders.
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Abstract. The object of the presented studies is a concrete spillway dam of a run-of-river hydroelectric
power station. The modes of vibrations are determined on the basis of a solid model, which is necessary
to take into account possible resonant phenomena in the structure. A review of publications on the method
of calculating the dynamic responses of structures is made. Computational studies were carried out by the
finite element method based on the calculated three-component accelerogram. When processing the
results, the possibilities of modal temporal calculation were used. The response of structures excited by
forces, time-varying or earthquake is calculated. Based on the calculation results, the natural frequencies
and vibration modes of the concrete spillway dam were determined. The description of the oscillations of
the dam is made. According to the obtained response spectrum, the maximum horizontal accelerations
were achieved. Based on the response spectra, a calculated three-component accelerogram was
synthesized at the equipment installation marks.
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1. Introduction

When designing hydroelectric power plants in zones of seismic activity, an indispensable condition
is the analysis of natural frequencies and forms of vibrations of structures. A feature of the seismic design
of HPPs is the consideration of two levels of seismic impact, referred to in Russia as a design earthquake
(DE) and a maximum design earthquake (MPE).

The first of them is the strongest earthquake that can actually occur during the estimated period of
operation of the HPP, equal to 100 years; the second is the strongest earthquake, generally potentially
possible at this site.

In the recommendations of the IAEA, the design basis earthquake is designated as SLI, and MSE
as SL2.

American designations are widely used in the world: for OBE - OBE (Operating Basis Earthquake -
safe stop earthquake).

The intensities of PZ and MSE are established on the basis of historical information about past
earthquakes, as well as (primarily MSE) with the help of geophysical surveys. There are two main
approaches to determining these intensities. (The first used in Russia and a number of other countries) -
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probabilistic: an earthquake with a recurrence interval of 1 time in 100 years is taken as a PZ, and 1 time
in 10,000 years as an MPS.

Under seismic action, the structure begins to oscillate. For the analysis of vibration modes and
resonance phenomena, a prerequisite is the determination of natural frequencies and vibration modes or
the dynamic characteristics of the structure.

The task of the research was to determine the natural frequencies and analyze the vibration modes
of the spillway dam of the run-of-river hydroelectric power station, Fig. 1.

Figure 1. Volumetric geometric model of the spillway dam of a run-of-river HPP with a section
along the spillway.

The initial data for the calculation are the geometric parameters of the spillway dam of the Nizhne-
Bureya HPP on the Bureya River, the physical characteristics of the concrete material and the base soil,
as well as the accelerogram of the dynamic seismic impact.

The spillway structure is designed to release water in case of overflow of the reservoir in front of the
dam. The spillway structure consists of a dam divided across by concrete abutments (steers), which can
serve as bridge supports for medium-pressure run-of-river hydroelectric power plants. Lifting mechanisms
are mounted on the bulls, designed to maneuver the hydraulic gates that block the spillways.

Since there is equipment on the spillways, it is necessary to calculate the load on it during an
earthquake. The elevation of the equipment supports is higher than the base surface, so the seismic load
at the elevation of the supports is always greater than at the elevation of the spillway base.

Determining the seismic response or response spectrum at the equipment installation level is an
actual dynamic problem.

The spillway dam of the run-of-river hydroelectric power station is a five-span concrete structure.
Each spillway is limited by bulls, one of which is monolithic, and the other has an expansion joint in the
middle of the bull. The spillway operation is provided by segment gates with smooth flow control.

The physical characteristics of B20 class concrete of the spillway dam are as follows: concrete
density p» = 2.36 t/m3. Design resistance of concrete in compression Ry and tension Ret for the limit states
of the first group: Rb = 11700 kPa; Ru: = 900 kPa. The initial modulus of elasticity of concrete in compression
and tension Eb = 3.0x107 kPa. The coefficient of transverse deformation of concrete (Poisson's ratio) for
massive structures v = 0.15.

The rocky base is composed of granites. Physical and mechanical properties and thermophysical
characteristics of a rocky base made of granite:

Density Pgr = 2.65 t/m3.
Modulus of elasticity E = 1.30x107 kPa.
Poisson's ratio v = 0.35.

Adhesion C = 400 kPa. Angle of internal friction ¢ = 39°.
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Thermal expansion coefficient ogr = 1.4x105°C-2.

Thermal conductivity coefficient Kgr = 1.81 W / (m * K).

Studies of the dynamic characteristics of concrete structures is the first stage in the calculation of
structures for seismic resistance.

Among scientists [1-24], who study seismic resistance and dynamic characteristics of structures, it
is necessary to note the works of Ya.N. Aizenberg, A.N. Birbraer, S.P. Timoshenko, V.V. Lalin and others
[1, 2, 10, 15, 20].

Many articles and books [8-14], [17—24] are devoted to methods for numerically solving problems of
structure dynamics.

The theory of the finite element method is covered in the works of O Zenkevich, K. Morgan, G. Strang
[4-6], and many other authors.

In studies [18], an analysis was made of comparing the dynamic parameters calculated from the
processed experimental data with the parameters obtained from seismic data, and close values were
obtained. A numerical modal analysis of the rockfill dam has been carried out, and the correspondence of
the vibration parameter with the experimental data has been obtained.

The article [19] analyzes the modal and harmonic characteristics for the design of the power plant at the
Kenir Dam in Terengganu, Malaysia. Modal analysis was carried out to obtain the dynamic characteristics of
the power plant, which include natural frequencies and mode shapes. A real-scale three-dimensional (3D)
model of the Kenyir Dam power plant was built using SolidWorks software and imported into ANSYS software
for finite element analysis (FE). According to the results, the six most significant natural frequencies and
modes of oscillation are selected, the phenomenon of resonance from external disturbing forces is checked.

Article [20] is devoted to substantiating the magnitude of the calculated dynamic loads on the process
equipment of nuclear power plants in the event of an aircraft impact. A technique for calculating PS with the
required probability is given. The place and angle of impact, the distance from it to the equipment are taken
into account. A technique for probabilistic substantiation of calculated dynamic loads on equipment in the
event of an intentional aircraft crash at a nuclear power plant (terrorist act) is proposed.

Paper [21] presents the results obtained during the first six months of operation of the dynamic
monitoring system, which include the characterization of acceleration levels for opening weirs after heavy
rain, and the change in the modal properties of the Baixo Sabor arch dam in northeastern Portugal. At the
end of the article, a comparison of the results of natural frequencies obtained with external excitation and the
results obtained in a forced vibration test, as well as predicted using a numerical model, is presented.

In the study [22], the control of damage and the behavior of the structure of an earthen dam during an
earthquake was performed. Important factors such as plane stress, plane strain, data monitoring, application
of the finite element method, analysis of free vibrations, seismic cracks are identified. It is noted that earth
dam structures have an integrated response to an increase in acceleration or displacement on the crest.

In [23], a method is proposed for analyzing the time-varying dynamic reliability for a concrete gravity
dam under seismic action, based on the generalized probability density evolution method (GPDEM). The
method can be used to predict the time-varying seismic performance of concrete dams in terms of probability.
The effectiveness of the proposed method and its suitability for complex non-linear structures subjected to
seismic loads have been confirmed.

In [24], a 2D non-linear dynamic analysis (NDA) was performed for an Austrian dam during the 1989
Loma Prieta earthquake. up to 859 mm. The engineering properties of compacted fill materials are evaluated
based on available test data for isotropically compacted undrained triaxial compressions and resonant
columns.

The validity of the research is due to the fact that in order to calculate the seismic resistance of
equipment, it is necessary to calculate the response spectrum at the dam elevations.

The purpose of the study is to calculate the seismic load for equipment standing on the elevations of
the structure.

The strength and stability of the concrete dam was not included in this study, but was carried out
when determining the geometric dimensions of the structure.

Research objectives:

1. Construction of a mathematical dynamic model "dam-foundation” of a spillway dam, including
partitioning into finite elements, setting material properties, setting boundary conditions;
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2. Calculation of natural frequencies and vibration modes of the spillway dam;
3. Dynamic calculation of the structure for the calculated accelelogram;
4. Generation of response spectra at given nodes at the elevations of the spillway dam;

5. At the 5th stage, graphs of the response spectra at given nodes and tables of digitization of
spectral curves are constructed.

2. Methods

Computational studies were carried out within the framework of the spatial formulation of the problem
by the Finite Element Method (FEM) using the SolidWorks program. The method and its application in
structural calculations are presented in [17-24]. The construction of the calculation model was carried out
on the basis of the geometric parameters of the spillway dam. The design model of the dam with symmetry
conditions for a continuous bull is shown in Figure 2.

The “structure-base” model was divided into three-dimensional 4-node elements of the tetrahedron
-TETRA, interconnected at the nodes. Coordinate system: OX axis - along the flow, OY axis - across the
flow, OZ axis - vertically upwards.

The opposite bull has free movement within the expansion joint. The results of the calculation are
presented in the form of a table of natural frequencies and fields of relative deformations (modes of
oscillation) of the structure.

When processing the results, the possibilities of modal time calculation (Modal Time History Analysis)
were used. The response of structures excited by forces, time varying or earthquake is calculated.
Independent (uncoupled) modal equations of motion are solved using Newmark's step-by-step integration
method. Response Spectra Generation. The response spectrum curves at the specified node are calculated
using the previously obtained modal time responses of the structure for that node. This variant of dynamic
calculation allows generating curves of the response spectrum in any node of the structure for any degree
of freedom of movement. A curve is generated and represents the maximum response amplitudes as a
function of frequency for a given damping factor. The initial excitation for this version of the calculation is
the accelerogram, which specifies the acceleration relative to time at the specified point of the structure. To
generate the curve of the response spectrum, the results obtained from the modal calculation of the
temporal characteristics were used. Thus, the response spectrum is generated after modal timing is
performed.
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Figure 2. Calculation model of a spillway dam with boundary conditions.

3. Results and Discussion

In the work of A.l. Savich [25] carried out similar studies of the Sayano-Shushenskaya dam, including
the behavior of the dam under static loads and seismic impacts. At the same time, the authors did not
determine the response spectra on equipment marks.
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As a result of solving problems 1 and 2 of our research, 15 first natural frequencies of the dam-
foundation were obtained, ranging from 4.11 to 29.7 Hz (from 25.82 to 186.8 rad/sec), Table 1.

Table 1. Forms and frequencies of natural oscillations of the structure.

Form No. Frequency Frequency Period
Hz Rad/sec seconds
1 4.11076 25.8287 0.243264
2 5.48924 34.4899 0.182175
3 8.02316 50.4110 0.124639
4 10.6378 66.8391 0.0940046
5 12.0677 75.8234 0.0828660
6 14.4089 90.5337 0.0694016
7 16.4201 103.170 0.0609011
8 17.9924 113.050 0.0555789
9 18.9998 119.379 0.0526322
10 20.4634 128.575 0.0488677
11 23.1945 145.735 0.0431137
12 24.5038 153.962 0.0408100
13 25.6340 161.063 0.0390106
14 27.3885 172.087 0.0365117
15 29.7395 186.859 0.0336253

3.1. Analysis of the forms and frequencies of vibrations

The first form of oscillations with a frequency of 4.11 Hz (25.8287 rad/sec) shows local horizontal
oscillations along the flow along the OX axis of one bull with a deformation joint, (Figure 3). The second
continuous bull is not involved in oscillations, since the model symmetry conditions are set on its boundary.

The spillway is not involved in the oscillatory process due to the rigidity of the monolithic spillway
dam. Gobies are relatively thin high spillway elements, so they experience large deformations during an
earthquake.

F_Mods=1 4.11876 Hz

Disp_Res
0.0322920

0.0282560
L 8.0242130
- 0.0201830
|| 00161480

| £.0121100

0.0020730
0.0040365
0.0000060

Figure 3. The first form of oscillation with a frequency of 4.11 Hz (25.8287 rad/s).

The second form of oscillations with a frequency of 5.48 Hz shows local horizontal oscillations with
torsion across the flow along the OY axis of one bull with a deformation joint, (Figure 4). The main concrete
of the spillway and the continuous steer do not participate in the vibrations.

The torsion of the steer occurs with the simultaneous action of longitudinal and transverse
deformations of the relatively thin wall of the steer.
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F_Mods=2 5.48924 Hz

Dizp_FRes
8.0162360

9.0409360
L 9.0351340
-8.6292790

| 8.0233238

| 9.9175670

@.0117118
9.0858557
9.0000000

Figure 4. Second waveform with a frequency of 5.48 Hz (34.5 rad/s).

The third form of vibrations with a frequency of 8.02 Hz (50.4 rad/sec) represents the general

horizontal vibrations of the dam along the flow along the OX axis; the entire weir is included in the oscillatory
process. The steers of the structure experience the greatest relative deformations.

The spillway also oscillates along the horizontal axis OX. This form of oscillation is the most

dangerous for the construction of the spillway dam as a whole.

F_Mode=3  £.02316 Hz

Dlsp_Res
6.0119446

0.9104510

L B.002858T
-0.0074653
| 0.0e59T22

L 6.60644732

0.9029861
0.6014831
0.9000800

Figure 5. The third form of oscillation with a frequency of 8.02 Hz (50.4 rad/s).

The dynamic seismic impact on the structure is specified using a three-component calculated

accelerogram, shown in Figure 6. The duration of the accelerogram is 8 seconds. Peak values of
accelerations for each of the components are 1 m/s?. The damping factor values for concrete are 0.05.

To evaluate the resonance phenomena, the response spectra were generated using the solution of

the Duhamel integral:

F(t) = %} F(2)e " sin[w(t — r)]dt
0

where F(t) is the force perturbation given by the accelerogram, w is the natural circular frequency (rad/sec),
£=0.05 is dimensionless damping factor.

As an example of the assessment of resonance phenomena, an analysis of the spectrum of the

response obtained at the upper elevation of the dam bull was performed.
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Figure 6. Response spectra at the top mark of the spillway dam bull
(dependence of accelerations m/s2 on frequencies rad/s)
red line — horizontal accelerations AX (along the flow);
blue line — horizontal accelerations AY (across the flow);

green line — vertical accelerations AZ.

The most dangerous is the horizontal component of the spectrum

along the flow. According to the

response spectrum obtained, the maximum horizontal accelerations of 20.693 m/s? correspond to a
frequency of 50.01 rad/s and do not coincide with the first natural frequency of 25.8287 rad/s, so there will

be no resonant phenomena during an earthquake.
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Figure 7. Estimated three-component accelerogram at equipment installation marks.

4. Conclusion

1. As aresult of the dynamic calculation of the spillway dam-foundation system of the spillway HPP,
the values of the natural vibration frequencies of the structure were obtained and the response spectra
were plotted at the marks of the installation of mechanical equipment corresponding to the seismic impact

of the MPE level of 8 points (Novobureysky settlement) [26].

2. Dynamic calculations are performed on the basis of the calculated three-component

accelerogram.

3. Comparison of the frequency values of the response spectrum

with the first natural frequency

indicates the absence of resonant phenomena in the structure during an earthquake.
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4. The response spectra obtained as a result of the calculation on the steers of the spillway dam

can be set as a dynamic effect on the equipment installed on the steers of the spillway.

5. Based on the response spectra, a calculated three-component accelerogram was synthesized at

the equipment installation marks.

6. Equipment installed on bullheads must be designed for seismic resistance according to the

calculated response spectra or a three-component accelerogram.
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Abstract. The paper is devoted to the development of a method for calculating the thermal stability of
external enclosing structures with heat-conducting inclusions. Based on the analysis of existing methods
and methodologies for solving the problem of heat resistance of enclosing structures with heat-conducting
inclusions, the solution of the one-dimensional problem of heat resistance was established to be
characteristic for all these works. One of the possible methods for determining the amplitude of temperature
fluctuations on the inner surface of the enclosing structure with heat-conducting inclusions is the simulation
of non-stationary temperature conditions in software systems. However, this solution causes great
difficulties, since it transfers the indicated calculation from engineering to scientific and, therefore, cannot
be recommended for direct practical application. The second solution to this problem is to use the
convergence coefficient a, which can be obtained empirically. By choosing the value of the coefficient q,
one can take into account the effect of a heat-conducting inclusion on the weighted average value of the
surface temperature depending on the design of the fence. The paper presents values of the convergence
coefficient a for six most common cases of heat-conducting inclusions in enclosing structures. When
analyzing the design solutions of external enclosing structures, the features of the influence of heat-
conducting inclusions on the averaged amplitude of oscillations on the inner surface were revealed. In the
schemes with outer edge or through location of the heat-conducting inclusion, there is a slight influence of
the amplitude of the oscillation of the heat-conducting inclusion on the averaged amplitude over the surface
of the structure. The greatest degree of influence is exerted by the scheme with the through arrangement
of heat-conducting inclusion. On the basis of the comparative analysis, it was found that when constructing
harmonics of average temperature fluctuations on the inner surface, preference is given to the methodology
with the convergence coefficient.

Citation: Belous, A.N., Kotov, G.A., Belous, O.E., Garanzha, |.M. Calculation of heat resistance of external
enclosing structures with heat-conducting inclusions. Magazine of Civil Engineering. 2022. 113(5). Article
No. 11313. DOI; 10.34910/MCE.113.13

1. Introduction

Modern outdoor enclosing structures, in most cases, are multilayer systems with a large number of
heat-conducting inclusions. In this case, the main attention in the design and calculation of energy indicators
is given to the reduced resistance to heat transfer [1-7]. For the theoretical determination of the reduced
resistance to heat transfer are developed various methodologies [8—12], which are confirmed and tested in
full-scale and laboratory conditions.

© Belous A.N., Kotov G.A., Belous O.E., Garanzha I.M., 2022. Published by Peter the Great St. Petersburg
Polytechnic University
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This approach to the design of enclosing structures is economically justified from the point of view of
saving energy, but do not forget that buildings, first of all, are built for people and comfort conditions should
be put at the forefront of the design. Proceeding from the second condition of comfort [13], the regulatory
documents put forward restrictions on the change in the amplitude of temperature fluctuations on the inner
surface of the external enclosing structures in the summer. This problem was dealt with in detail by
A.M. Shklover in the sixties of the twentieth century. Based on his researches many problems were solved
related to the thermal stability of enclosing structures and premises. In particular was determined the
relationship between the constructive solution of walls and heat resistance [14], but these works and
problems were investigated only for multilayer structures without heat-conducting inclusions.

The development of the methodology for calculating thermal stability was continued in their works
by Russian scientists [15-18], who proposed various approaches to this problem. Foreign scientists
[19-24] dealt with separate problems of the non-stationary regime of the enclosing structures in their
works [19-23, 25]. But all these works are characterized by the solution of a one-dimensional problem
of heat resistance, which is not correct for modern enclosing structures with numerous heat-conducting
inclusions, since for such cases it is necessary to solve problems in a two-dimensional formulation under
non-stationary heat transfer conditions. Most of the proposed methods require revision or comparison
with the results of field or laboratory studies.

The relevance of the study lies in the fact that the cost of electricity for the air conditioning system in
the southern regions of Russia and Ukraine often exceeds the cost for the heating period. This is partly due
to the overloading of the air conditioning system, the load for which is calculated according to the methods
of calculating the enclosing structures with partial consideration of heat-conducting connections, or, in most
cases, ignoring them. The new methodology will make it possible to calculate the thermal stability of
enclosing structures with heat-conducting inclusions, which will make it possible to more accurately assess
the thermal parameters of structures in the summer period of the year.

The goal of the study is to develop a method for calculating the thermal stability of external enclosing
structures with heat-conducting inclusions. To achieve this goal, a number of tasks were set:

— to analyze external enclosing structures and identify the most common structural schemes with
heat-conducting inclusions;

— to carry out studies of the distribution of the temperature field inside the enclosing structures with
heat-conducting inclusions under non-stationary conditions of heat transfer;

— to determine the numerical values of the convergence coefficients, which make it possible to find
the average temperature of the inner surface of the enclosing structure with heat-conducting
inclusions.

2. Materials and Methods

The heat resistance of homogeneous multilayer enclosing structures in warm season is normalized
by the amplitude indicator of temperature fluctuations on the inner surface and is determined by the ratio
of the amplitude A of fluctuations in the outside air temperature to the attenuation coefficient v in the
enclosing structure. The amplitude of fluctuations in the outdoor air depends on two climatic factors: outdoor
temperature and solar radiation. Their combined effect on the outer surface of the enclosing structure can
be expressed through the effective air temperature at the outer surface of the enclosure Tcon, K, which is
calculated by the equation (1):

S L RAICEICY) o

m (a) QLout

where oo and [3 are, respectively, the angular height and azimuth of the normal to the surface at a given
point; Ty, is outdoor temperature, K; G, |, 1 are irradiance of the surface at a given point, respectively by
thermal, direct solar and scattered solar radiation, W/m?; G,,, is spatial intensity of thermal radiation, W/m?;
I' is surface albedo in fractions of a unit; oy is heat transfer coefficient between the outer surface of the
fence and the outside air W/(m?:K).

Thus, the amplitude of the outdoor temperature fluctuation is calculated as the difference between
the temperature at 3 o'clock in the afternoon and 3 o'clock in the morning solar time according to the
equation (1).
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The damping coefficient v depends on the thermal performance of the layers of the enclosing
structure (thermal inertia D and heat assimilation S W/(m2-K)), and also on the index of heat absorption

of the surface Y, W/(m?-K) and is found by the equation (2) [13]:

D
V= Olgeﬁ (Sl + Qo )(52 +Yl)"'(sn +Yn—1)(a +Yq ) .
(sl +Y1)(32 +Y2)...(Sn +Y, )OL
This calculation methodology is valid only for multilayer homogeneous structures, since in the

presence of heat-conducting inclusions is observed a change in the temperature field in the thickness of
the enclosing structure.

@)

In a homogeneous structure the temperature isotherms are parallel and the heat flux vector is
perpendicular to the outer and inner surfaces.

In the presence of a heat-conducting inclusion for the heat flux vectors is observed a change of their
directions from the outer surface to the heat-conducting inclusion and, in some cases, heat propagation
occurs parallel to the inner surface of the enclosing structure. Thus, when calculating the value of the
temperature amplitude's damping of fluctuations in the thickness of the structure, it is not possible to choose
the design section along the vector of the heat flux.

One of the possible methods for determining the amplitude of temperature fluctuations on the inner
surface of the enclosing structure with heat-conducting inclusions is the simulation of non-stationary
temperature conditions in software systems. However, this solution causes great difficulties, since it
transfers the indicated calculation from engineering to scientific and, therefore, cannot be recommended
for direct practical application.

The second solution to this problem is to use the convergence coefficient o, which can be obtained
based on the results of numerical simulation. By choosing the value of the coefficient oL, one can take into
account the effect of a heat-conducting inclusion on the weighted average value of the surface temperature,
depending on the design of the fence, using the relation (3):

tm Z(X.'th.i-i‘(l—(l)'th, (3)

where 1., is weighted average value of temperature on the inner surface of the enclosing structure with
heat-conducting inclusions, K, o is convergence coefficient, 0 < o < 1; t;; is temperature on the inner

surface in the zone of heat-conducting inclusion, K, t;, is homogeneous zone temperature, K.

To determine the coefficient of convergence q, it is necessary to simulate the design scheme of the
external enclosing structure with heat-conducting inclusions in an unsteady thermal regime. The

measurement results are harmonics of temperature fluctuations ty,; on the inner surface of the enclosing
structure at the point of heat-conducting inclusion and temperature t;, of a homogeneous zone, as well as
harmonics of the average temperature t,,, calculated using the model. At known temperatures included in

equality (3), the convergence coefficient a is found from it.

Thus, computer modeling of the unsteady temperature regime must be carried out for a certain
number of typical enclosing structures, for each of them to obtain the values of the convergence coefficient
o, and then in subsequent studies, when finding the averaged temperature t,, over the surface, use the

ready-made formula (3), substituting only the input data ty,; and tj, .

Computer simulation allows obtaining arrays of temperature values t,,, t,; and t;,, which are used

to plot harmonics. The process of finding the values of a can be based on the approximation of the
harmonics of temperature fluctuations by periodic functions, for example, using Fourier series, then Eq. (3)
for a is solved analytically and the obtained value of the convergence coefficient is unique for specific
specified parameters of the enclosing structure. This approach is applicable even in the case when the

initial values of temperatures t,,, t,; and t;; are small (about 10 values), since this number of points is

quite enough for interpolation of a periodic function on one interval of the period length. The estimation of
the interpolation error is not performed in this article.
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Another way to determine the value of a is iterative, i.e. equation (3) is written in the form (4):
i i
tm = Q 'th.i +(1—ai)'tih, (4)
where i =1, 2, 3,...n, and is solved for each corresponding i value t,, t,; and t,. Thus, an array of

o . L . . . .
values ! is formed, and the convergence coefficient itself is defined as the arithmetic mean over all values

o
of 2P (5):

lsn
Qapp = HZi:lai- (5
Then a dependency graph is built (6):

t;n,app = o P .tfili + (1_ o PP ) -1 (6)

ih’

which serves as an approximation of the temperature graph b The article uses an iterative approach,
since the number of points in the arrays is 864, which makes it possible to determine the convergence
coefficient a with sufficient accuracy.

3. Results and Discussion

Thermally conductive inclusions by their shape and location can be conditionally divided into six
types [13]. These types of heat-conducting connections are most typical for residential buildings of low and
medium storey (see Fig. 1). For further analysis, we will take foam concrete as the main material of external
enclosing structures, and heavy reinforced concrete as heat-conducting inclusions. In this case, the
calculations considered several options for each design scheme with a change in the thickness of the
enclosing structure from 300 to 500 mm and a density of 500 ... 800 kg/m3. Let us take climatic conditions
for the Donetsk city as the calculated parameters of the summer period.
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Figure 1. Schematic of heat-conducting inclusions: a) end-to-end; b) a thick-walled shell;
c) athin-walled shell; d) at the inner edge; e) at the outer edge; f) steel through the bar.

In the ELCUT6.4 software package the non-stationary temperature regime was simulated for an
external wall scheme with a through heat-conducting connection (Fig. 1a). As the analysis result of changes
in the temperature field of a homogeneous zone in time was found the effect of "buffering” of heat. Let us
consider in more detail the distribution of the temperature flow in time for this case (Fig. 2). The cycle of
temperature fluctuations inside the enclosing structure is divided into several stages, depending on the
effect of outdoor air and solar radiation. The countdown of the first stage starts from reaching the maximum
temperature in the thickness of the building envelope (Fig. 2a). The next stage begins with the beginning
of cooling of the outer surface, while is noted the continuation of penetration and maintenance of the
maximum temperature in the structure (Fig. 2b).
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Figure 2. Distribution of the temperature field in the thickness
of the enclosing structure during the period: a) the initial phase of heating;
b) maximum temperatures; c) the beginning of cooling; d) minimum temperature;
e) final cooling phase.

390°C

In the third stage, there is a simultaneous cooling on the outer surface and a decrease in the zone
of maximum temperatures due to the transfer of heat to colder zones (Fig. 2c), while heat spreading is
observed both towards the interior of the room and towards the outer zone of the wall. The fourth stage is
characterized by the spread of the minimum temperature deep into the structure (Fig. 2d), however, the
zone with an increased temperature in the thickness of the wall prevents the penetration of low
temperatures and partially continues to heat the inner zone of the wall. At the fifth stage, the outer surface
begins to warm up (Fig. 2e). However, a zone with low temperatures is formed near the outer surface,
which later, when the structure warms up, is similar in its behavior to the zone of maximum temperatures
from the third stage with a difference in temperatures: the third stage did not "pass" low temperatures, and
the fifth — increased ones. When considering the temperature distribution in the zone of heat-conducting
inclusion (Fig. 2), the phenomenon of "buffering" of heat is not observed. The temperature change in the
thickness of the heat-conducting inclusion is described by the harmonic (curve 2, Fig. 3), similar to the
harmonic of the temperature change on the outer surface (curve No. 1, Fig. 4), proportional to the damping
coefficient.

When comparing the harmonics of temperature fluctuations on the inner surface in the zone of the
heat-conducting inclusion and the homogeneous zone (curves 2 and 3, Fig. 3) were found large differences
in amplitudes (in 3 times) and insignificant period shifts for circuit a) Fig. 1. When analyzing the harmonics
on the inner surface of the homogeneous zone and the weighted average temperature on the inner surface
(curves 1 and 3, Fig. 4), obtained in the ELCUT6.4 software package were found insignificant deviations of
the amplitude and period. Thus, it becomes possible to obtain temperatures on the inner surface using the
proposed methodology through the coefficient a.
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Figure 3. Harmonics of the amplitudes of temperature fluctuations
on the inner surface in the place: 1 — averaged over the surface; 2 — heat-conducting inclusion;
3 —homogeneous surface.

For scheme a) Fig. 1 were calculated the coefficients a, which, depending on the density and

thickness of the material, are given in Table 1. When comparing the values of the coefficient o with the
resistance to heat transfer, thermal inertia, and the coefficient of heat assimilation, no were found simple
dependencies with a high degree of convergence.
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Table 1. Convergence coefficient a values for the scheme a) Fig. 1

Density, kg/m3

Thickness, mm

500 600 700 800
300 0.1911 0.0884 0.0998 0.0935
400 0.0597 0.1231 0.1640 0.1338
500 0.0696 0.1230 0.1563 0.1049

Analysis of the amplitudes of fluctuations in the external temperature (curve 2, Fig. 4) and on the
inner surface shows that for this scheme, the vibration amplitude for a heat-conducting inclusion decreases
from 13 to 40 times for the averaged surface.

In [13, 25] are presented the calculations for reducing the amplitude of temperature fluctuations on
inner surface of the enclosing structure in summer through the damping coefficient, but is not considered
the movement of heat from the inner zone to the outer surface. Due to this, the values of V.N. Bogoslovskii
more by 40 % from those obtained as the result of numerical simulation of the circuit e) (Fig. 1).
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Figure 4. Harmonics of averaged amplitudes of temperature fluctuations:
1 - on the outer surface; 2 —on the inner surface.

As a result of modeling scheme b) (Fig. 1), convergence coefficients o were obtained equal to 0.1911
and = 0.000 for insulation thicknesses of 80 mm and 140 mm, respectively. The convergence coefficient
for thickness of 140 mm is close to zero, but nonzero, since the harmonics of temperature fluctuations on
the inner surface in a homogeneous zone and averaged over the surface practically coincide (curves 1 and
3, Fig. 5). At the place of the heat-conducting inclusion, although a large amplitude of oscillations is
observed (curve 2, Fig. 5), due to the small thickness of the heat-conducting inclusion, it does not affect
the average value of the amplitude over the entire inner surface of the enclosing structure.
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Figure 5. Harmonics of the amplitudes of temperature fluctuations
on the inner surface in the place: 1 — averaged over the surface; 2 — heat-conducting inclusion;
3 —homogeneous surface.

When analyzing the results of modeling the structure with a heat-conducting connection according
to scheme c) (Fig. 1) were found the convergence factors o (Table 2). It was also found that due to the
small proportion of heat-conducting inclusion, there is a slight difference in the amplitudes of oscillations
(Fig. 6) on the inner surface. In this case, the heat-conducting inclusion can be neglected.
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Table 2. Convergence coefficient a values for the scheme c) Fig. 1

Density, kg/m3

Thickness, mm

500 600 700 800
300 0.4902 0.1663 0.2696 0.4174
400 0.0195 0.0195 0.6818 0.0906
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Figure 6. Harmonics of the amplitudes of temperature fluctuations
on the inner surface in the place: 1 — averaged over the surface; 2 — heat-conducting inclusion;
3 —homogeneous surface.

The simulation results of circuit d) (Fig. 1) are similar to the simulation results of circuit a), but with a
structure thickness of 500 mm, it was found that the heat-conducting connection has practically no effect
on the averaged amplitude of temperature fluctuations on the inner surface. Table 3 shows the values of

the convergence coefficient a.

Table 3. Convergence coefficient a values for the scheme d) Fig. 1

Density, kg/m3

Thickness, mm

500 600 700 800
300 0.1964 0.2517 0.1601 0.1787
400 0.1559 0.0718 0.2801 0.0010

With an external blind arrangement of a heat-conducting inclusion, as in diagram e) (Fig. 1), a change
in the amplitude of oscillations was recorded only at a thickness of 300 mm, at large values of the thickness,
the harmonic of the temperature of the homogeneous zone is close to the average (Fig. 7). The obtained

convergence coefficients a for a thickness of 300 mm are presented in Table 4.

Table 4. Convergence coefficient a values for the scheme e) Fig. 1

Density, kg/m?

Thickness, mm

500 600 700 800
300 0.0493 0.0862 0.0141 0.0890
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Figure 7. Harmonics of the amplitudes of temperature fluctuations
on the inner surface in the place: 1 — averaged over the surface; 2 — heat-conducting inclusion;
3 —homogeneous surface.
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The cardinal difference is the scheme f) (Fig. 1) with a through heat-conducting connection: even
with a small diameter of a steel rod (@12 mm) it causes significant disturbances in the amplitude of
temperature fluctuations on the inner surface. With an amplitude in the homogeneous zone 0.46 °K and
5.94 °K for heat-conducting inclusion (Fig. 8), the average amplitude over the surface is 3.44 °K, i.e, the
degree of influence of the heat-conducting inclusion is 12.91. For the previous schemes this value ranges
from 3.0 to 5.0. Also, the values of the convergence coefficient were calculated for various thicknesses of
the enclosing structure, which were: o = 0.4451 for 80 mm; o = 0.7040 for 100 mm and 120 mm.
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Figure 8. Harmonics of the amplitudes of temperature fluctuations
on the inner surface in the place: 1 — averaged over the surface; 2 — heat-conducting inclusion;
3 —homogeneous surface.

4. Conclusions

The revealed "buffering" effect of the heat flow in the thickness of the enclosing structure will allow,
when designing, to reduce the amplitude of oscillations on the inner surface by 2 ... 3 K due to the selection
of the optimal density and heat resistance of materials. Additionally, it is necessary to study this effect in
the winter period of the year and its degree of influence on the temperature of the inner surface of the
enclosing structure during the period of daily fluctuations of the outer air or uneven operation of the heating
system.

When analyzing the design solutions of external enclosing structures were revealed the features of
the influence of heat-conducting inclusions on the averaged vibration amplitude on the inner surface. In
circuits with the location of the heat-conducting inclusion at the outer edge or through, there is a slight
influence of the amplitude of the vibration of the heat-conducting inclusion on the averaged amplitude over
the structure surface. In structures in which a heat-conducting inclusion plays the role of a shell or is located
at the outer edge, the degree of influence is insignificant, and at maximum thicknesses is absent. The
greatest degree of influence is exerted by a scheme with a through arrangement of a heat-conducting
inclusion in the form of a steel rod @12 mm. This heat-conducting inclusion has a 4 times greater effect on
the amplitude of fluctuations in the temperature of the inner surface than in circuits with a through heat-
conducting inclusion in the form of a 200 mm thick concrete lintel. Based on this diagram, it can be
concluded that structures with a high percentage of reinforcement or the presence of transverse
reinforcement will not meet design standards in the summer season.

As a result of a comparison of the two methods for constructing harmonics of average temperature
fluctuations on the inner surface (Fig. 9), preference is given to the method with a convergence coefficient.

This methodology showed the convergence of the obtained harmonic from the theoretical one to
95 %. The mean square method showed high convergence in the average temperature zone of the curve,
but in the peak part of the harmonics, this method reduces the maximum and minimum temperatures. This
underestimation of temperature values sharply reduces the normalized coefficient — the amplitude of
oscillations on the inner surface, thus the calculated values of the average amplitude of the surface are
significantly reduced relative to the data obtained as a result of modeling the unsteady heat flow in the
ELCUT 6.4 software package.
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Figure 9. The fragment of the harmonic of temperature fluctuations
on the inner surface obtained: 1 — using the convergence factor; 2 — least squares method;
3 —as aresult of numerical simulation.
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Abstract. The aim of the study is to determine the stress-strain state of the shell under step loading beyond
the elastic limit. At the loading step, relations between strain increments and stress increments are obtained
without accepting the hypothesis of a straight normal. For the numerical implementation of the algorithm in
the calculation of the shell without using a straight normal, a prismatic finite element has been developed.
We consider the physically nonlinear deformation of the shell, an arbitrary point of which is represented by
a radius vector defined by the curvilinear coordinates of the reference surface and the distance from the
reference surface to the point under consideration. By differentiating the radius-vector function, the basis
vectors of the point under consideration are determined, the scalar products of which are the components
of its metric tensor. The increments of deformations at the loading step are defined as the differences of
the corresponding components of the metric tensors. The defining equations at the loading step are
obtained in two versions. In the first version, they are determined by differentiating the stress functions of
the deformation theory of plasticity, which are obtained on the basis of dividing deformations into elastic
and plastic parts using the hypothesis of material incompressibility during plastic deformation. In the second
version, they are obtained without using the operation of dividing the strain increments into elastic and
plastic parts on the basis of the proposed hypothesis that the components of the deviator of the stress
increments are proportional to the components of the deviator of the increments of deformations. For the
numerical implementation, a three-dimensional prismatic finite element with a triangular base was used for
nodal unknowns in the form of displacements and their first derivatives with respect to curved coordinates.
The correctness of the proposed variant of obtaining physically nonlinear defining equations at the loading
step of the deformable shell is confirmed by a numerical example. On the example of calculating a
cylindrical shell under the action of internal pressure, clamped at one end and free at the other, the values
of normal stresses in the embedment turned out to be approximately 14% lower in the case of using the
proposed variant of obtaining the constitutive equations at the loading step. The developed algorithm for
determining the stress-strain state in the physically nonlinear deformation of elements of technospheric
objects can be used in the practice of engineering calculations.
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1. Introduction

Currently, technospheric objects are subject to rather stringent requirements to minimize their
material consumption, without reducing the criterion of their strength, stability, durability, etc. The above
requirements are fully met by shell-type structures with curved surfaces. The analysis of the stress-strain
state (SSS) of such objects by classical analytical methods of calculation is difficult, especially in a nonlinear
setting. The theory of the stress-strain state of a solid has received quite sufficient development [1-5]. To
solve the problems of strength of objects of engineering practice, approximate calculation methods were
developed both in a linear formulation [6-10] and in a nonlinear one [11-15]. Due to the complexity of
solving the equations of deformation mechanics as applied to specific elements of engineering objects, the
task of developing numerical methods for determining the stress-strain state has become urgent [16—20].
Among the numerical methods for calculating the constituent parts of engineering objects, the finite element
method (FEM) has become widespread [20-22]. It has been applied to cylindrical shells of circular and
elliptical sections [13, 14], as well as to plates and shells with finite deformations [15, 23, 24]. FEM was
also widely used to calculate nonlinear elastic bodies and shells taking into account the Kirchhoff hypothesis
[25—29]. Composite shells were calculated based on the FEM [30-33]. Volumetric finite elements were also
used to calculate the shells without taking into account Kirchhoff's hypothesis [34-37]. Volumetric finite
elements were used to calculate elastic and inelastic solids based on the method of virtual components
[38, 39].

In the case of deformation of shell structures under various combinations of loads, it becomes
possible for zones of significant stress concentrations to appear, in which the relationships between
stresses and deformations become nonlinear. When solving problems of this class, the method of step
loading [36] is widely used to obtain the governing physically nonlinear equations at the loading step, the
method of decomposing the increments of deformations into elastic and plastic parts is used [37, 38].

When analyzing the SSS of shells of arbitrary configuration and thickness, the most promising are
three-dimensional sampling elements without reduction to two-dimensional ones based on any hypothesis.
Despite the wide range of computing systems of foreign and domestic production, the problem of improving
the finite element algorithms for analyzing the SSS of technospheric shell-type objects based on three-
dimensional discretization elements, taking into account the elastic-plastic stage of the material used,
remains very urgent.

In this paper, at the loading step, an algorithm for the formation of the stiffness matrix of a prismatic
discretization element is presented, intended for calculating structures from shells of arbitrary thickness
and configuration, taking into account the physical nonlinearity of the material used. A distinctive feature of
the study is the developed method for obtaining the constitutive equations at the loading step based on the
hypothesis that the components of the deviator of the deformation increments are proportional to the
components of the deviator of the stress increments without dividing the increments of deformations into
elastic and plastic parts.

When implementing the proposed hypothesis, the proportionality coefficient of the constitutive
equations turned out to be a function of the chord modulus of the material deformation diagram, which
opens up prospects for using the constitutive equations obtained by this method even in the presence of
unloading zones of the calculated structures.

2. Methods

The reference surface, which is the curvilinear boundary of the object under study, is determined by
the radius vector [40] (Fig. 1).

Fio=x(el,ez)hy(el,ez)]ﬂ(el,ez)ﬁ, (1)

where 1, J, K are unit vectors of the Cartesian coordinate system, 6° (p=1,2) are curvilinear
coordinates of the reference surface.
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Figure 1. Geometry of the shell: — an arbitrary point of the reference surface of the shell;
—arbitrary point of the shell.

The position of an arbitrary point M ot of the object located at a distance of {, measured along the
normal to the reference surface, is determined by the radius vector of the form

RO =RY +ta?, @)
where éozéfxég/‘éfxég‘ is the unit vector of the normal to the reference surface [41];
élo :ﬁgl; ég = ﬁ%z. Here and below, the comma means the operation of differentiation by the

corresponding coordinate, for example, 6° (p=1,2).
The basis vectors of point M ot are determined by differentiating (2) with respect to 0P and t.

90 - R%;.. g9 - R%:... g3 ~RY' @

o =i {7} =07 e}, @
where {¢°}={6P6863}, {7}’ ={i iK
2. Differentiation (3) with allowance for (4) determines the derivatives of the basis vectors by the
components in this basis
{0} =[z]077 {6} =[m]{ g’} ©)
where {g?}T ={*fiq2,ig§,i}; (i —o!, 62,t).

When studying the stress-strain state of technospheric objects in a nonlinear formulation, a step-by-

1. orin matrix form

step loading procedure is usually used, during which an arbitrary point of object M ot will move to point

M'in J loading steps, and to point M “Cin the (j +1)th loading step.

The positions of points M Y and M t are determined by the corresponding radius vectors

RU =R 4+V: RT=R'4+W, (6)
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where V = V! gio and W = w/' gio are the total and step vectors of displacement of point M ot

The vectors of bases at points M Y and M ot can be determined by differentiating (6) with respect
to 0P and t.

0
. = _ . = _ - _ ()
0, = R;tl =0 +Wai.. 02 = R;tz =02 +W 2! ... 05 = R{ = G3+W,.

*
The covariant components of the metric tensors at points M Ot, M t, and Mt can be obtained by
scalar products of vectors (3), (7).

0 _ =0 =0. T S
9mn = 9m 9ns 9mn =9m 9ns 9mn = 9m - G- ®)
The covariant components of the deformation tensor at point Mt in J loading steps and the

. . th . . . . .
increment tensor at the (j +l) loading step at point M t can be calculated using the classical relations

of continuum mechanics [42]
Smn:O-S'(gmn_gr?\n); Agmnzo-s'(g;n_gmn)’ ©)

which are represented in matrix form

tep=[Lalivy {Aef =[Lo|{w}, (10)

6x1  6x3 31 61 6x3 3x1
where {S}T = {811822833281228132823}; {AS}T = {A811A822A8332A812 2A8132A823};
1x6 1x6
{V}T :{V1V2V3}; {W}T :{\/\/1W2W3}; [Ll] and [Lz] matrices of algebraic and differential
1x3 1x3 6x3 6x3
operators.

3. Matrix of elastic-plastic deformation at the (j +1)th step of loading

. th . L . . .
At the (j+1) loading step, it is necessary to have a relationship between the stress increment
tensor and the strain increment tensor.

To obtain ratios in a curvilinear coordinate system between the components of stress and strain
tensors, the hypothesis of proportionality of the stress deviator components to the strain deviator
components is used [43]

o™ _%gmwl(c):%Ec(gmn -%gmnul(g)j, )

mn . .
where 6" is contravariant component of the stress tensor; g™

is contravariant component of the metric
..mn_ - minj. - . : . — e — ij i
tensor; &7 =g g "gj; is contravariant component of the strain tensor; Il(a) =07¢gj; = gje" isthefirst

invariant of the strain tensor; 1 (o) = 6" gjj = o;;9" is the first invariant of the stress tensor; E is secant
module of the deformation diagram.

The relationship between the first invariants of the stress and strain tensors is [43]

M@:%ul(g): K1y (e), 12)

where E is the modulus of elasticity of the material; Vv is coefficient of transverse deformation.
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Using (12) from (11), expressions for the contravariant components of the stress tensor are
determined

Gm”:%Ecgmignj&j+%gmn|1(8)(K_§Ecj- (13)

The relationships between the increments of the stress tensor components and the increments of
the components of the deformation tensor are determined by differentiation (13)

mn
A()'mn = do Agij , (14)
88”-
or in matrix form
{ac}=| ' [{Ae}, (15)

6x1 6x6 6x1
T
where {Acmn} = {AGMAGZZAGSSAGIZAGBAGZS}.
The implementation of relations (14) in a three-dimensional formulation involves a significant amount

of analytical calculations due to the variability of the components of the metric tensors, which significantly
complicates the programming procedure. Therefore, in this work, we propose a layout of the constitutive

equations at the (j+1)th step of loading based on the proposed hypothesis of proportionality of the

components of the deviator of the stress increments to the components of the deviator of the increments of
deformations, according to which the following expression can be written

1 2 1
Ac™ —ggmnll(AG)ngx (Asmn —ggmnh(Ag))’ (16)

where Ac™ is contravariant component of the stress increment tensor; Ag™ =gmignjA8ij is
contravariant component of the strain increment tensor; I; (Ag) = g" Ag;; = gjA&” is the first invariant of
the strain increment tensor; |1(AG) = Acijgij :Acijgij is the first invariant of the stress increment

tensor; E, is chordal module of the material deformation diagram.

Taking the relationship between the first invariants |1(AG) and Il(As) according to (12), based
on (16), the governing equations at the loading step can be written in the form

AGmnngxgmignjAgij_I_%gmnh(Ag)(K—%Exj, (17)
which are represented in matrix form
{AG} = [C?]{As}. (18)

6x1 66 <1

. . . . . . th .
4. Stiffness matrix of the prismatic discretization element at the ( ] +l) loading step
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Figure 2. Finite element geometry:
in the global coordinate system; b) in the local coordinate system.
A prismatic fragment with triangular bases with nodes i, j, k (lower base) and |, m, n (upper

base) (Fig. 2a) was chosen as the sampling element for the investigated technospheric object of the shell
type. To perform numerical integration, the prismatic fragment was mapped onto a local prism with a

triangular base in the form of a right-angled triangle with local coordinates varying within 0 <&, 1 <1 and
with a local coordinate in height varying within —1 < ¢ <1(Fig. 2b). The nodal variable parameters of this
element are the increments of the displacement vector components and their first-order partial derivatives.
The columns of the required step nodal unknowns in the local &, n, { and global 91, 92,t coordinate
systems can be represented in the following form

{WL}T - {WlL}T {WZL}T {WBL}T ; a9)
1x72 1x24 1x24 1x24
{WG}T - {WlG }T {WZG }T {Wse }T | (20)
1x72 1x24 1x24 1x24
T . . . .
where ('} = {g'al*a'a"a"a} . a%a, . ahal - L ;

1x24
G\ i ni n i n i n ;
{q } :{q SR B¢ PRIREY e el ¢ PR e Yo K e qt}; g is understood as the component of the step
1x24 s ’
motion vector VTI:WlélO +W2§g +w’a’,

When approximating the components of the displacement vector at the loading step, we used the
products of two-dimensional polynomials of the third degree in the planes of triangular bases and Hermite
polynomials of the third degree in the direction of the height of the local prism

{w} =[A{w"} =[] Pg J{wC, (21)

where [PR] is transformation matrix between columns of nodal unknowns in local and global coordinate
systems.
Taking into account (21), the strain increments are determined by the following expression

L G
{ae} =[Lp][Al{W" } = [B][P ) {w®}. (22)
For the arrangement of the stiffness matrix and the column of nodal forces of the prismatic

. . . th . .
discretization element at the (j +1) loading step, the Lagrange functional was used

o=l {ae)! ({G}+{AG})dV—£{W}T ({P}+{aP})ds, (23)
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where {P} ; {AP} are columns of the external load in | loading steps and increments of this load at the
. th : . .

(j +1) loading step; {O‘} {AG} are columns containing contravariant components of stress tensors

. . _ . th . .
accumulated over ] loading steps and increments of these stresses at the (j +1) loading step; V is
volume; S is load application surface.

Functional (23), taking into account (22), can be transformed to the form

o ={w° }T [R] ! (8] {o™ |V +
+{wG}T[pR]TVJ[B]T [Cr]B]av [P ](WC] - 24
~{we TRl ([AT {Plas—{w [Ra]' ([A] {aPlas

T
By minimizing (24) by {WG} , one can obtain the following matrix expression

[KWC}={f}-{R}. @)

where [K] = [PR ]T I[B]T [Cn][B]dV [PR] is stiffness matrix of the prismatic sampling element at the
\

correction.

3. Results and Discussion

In order to verify the developed algorithm, a test problem was solved to determine the stress-strain
state of a circular cylinder rigidly clamped along the right end and having a left end free of fixings (Fig. 3).
The cylinder was loaded with an internal pressure of intensity q =3.5 MPa. Geometrical dimensions of

the cylinder: generatrix length L = 0.8 m; the radius of the inner surface of the cylinder is R =0.895 m;

wall thickness t =0.01 m. Duralumin alloy E = 7.5-10* MPa was used as a material; v=0.32. The
deformation diagram was selected with linear hardening determined by the formula

o} =18087 (5 —¢f ) +o] (26)

where siT =0.00295 is the intensity of deformations corresponding to the yield point; csiT =200 MPa is
stress intensity corresponding to the yield point.

~
}7

Figure 3. Design scheme of the shell.
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Along the generatrix, the cylinder was divided into 25 finite elements. The shell was crushed into 8
sampling points along the thickness.

The results of finite element calculations are summarized in a table, which shows the values of

"physical" normal stresses on the outer % and inner ¢ surfaces of the cylinder in a rigid embedment
and at the free end, depending on the number of loading steps.

It should be noted that the stress values obtained using the constitutive relations according to (14)
and (16) turned out to be quite close.

Table 1. Values of normal stresses in the rigid termination and at the free end of the cylinder.

Number of loading steps i
Cross section Stress, MPa g D Analytical stress
12 22 32 42 values
ol 421.4 436.1 434.7 434.0 -
N oout —440.1 _436.5 —433.6 —432.7 -
Rigid 1
termination in
Ghy 198.3 205.2 204.6 204.2 -
out
% -207.1 —-205.4 —-204.0 -203.6 -
ciﬂ 0.003 0.003 0.002 0.0019 0.000
c‘fi‘t -0.003 0.000 0.001 0.001 0.000
Giznz 310.6 313.8 314.9 315.4 315.0
Free end
gggt 317.3 315.4 314.8 3145 315.0
05”3 -3.50 -3.50 -3.50 -3.50 -3.50
cggt 0.003 0.003 0.003 0.004 0.000

Analysis of the numerical values of the stresses presented in Table 1 shows that there is a stable
convergence of the computational process with an increase in the number of loading steps. The numerical
values of the stresses at the free end of the cylinder practically coincide with the values obtained from the

static equations. The meridional stresses (011) at the end of the cylinder must be zero, because the
external load, represented by the internal pressure (, acts along the normal to the inner surface of the

cylinder and its projection onto the generatrix of the cylinder is zero. Hoop stresses (022) can be obtained

R 35-09
from the equilibrium condition of G5, = qT = W =315.0 MPa. The stresses acting along the normal

to the inner surface must coincide in absolute value with the intensity of the inner pressure, i.e.
O33 = —q =-3.5 MPa.

Analyzing the numerical values of normal stresses G714 in a rigid termination, it can be noted that

they correspond to the condition of static equilibrium, namely: the sum of internal longitudinal forces should
be zero, since there are no external longitudinal forces. The sum of internal longitudinal forces can be

determined by calculating the areas of the diagrams of compressive and tensile stresses Gy,
approximately taking the area in the form of the sums of triangular and trapezoidal fragments (Fig. 4).
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Figure 4. Stress diagram o741 in arigid termination with the number of steps ng = 42
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The total tensile force is N, =N; + N, =1354.5 kN and the total compressive force is
N. =Nz + Ny =1347.0 kN.

The difference between N, and N, is negligible (about 0.16 %).

In the numerical implementation of the developed algorithm on the considered test problem, a
calculation was performed based on the relationships between stress increments and strain increments
obtained by differentiating the governing equations of the deformation theory of plasticity (10) in accordance
with formula (11). The use of this differentiation approach is widespread [44, 45]. The numerical values of

normal stresses in a rigid seal based on formula (11) turned out to be 15.6 % less for 01”1 and 14.2 % less

in
for hoop stresses G ;5.

Fig. 5 shows graphs showing changes in normal stresses 67, and G4, in a rigid seal on the inner

o™ and outer c® surfaces of the cylinder, depending on the number of prismatic elements along the
generatrix of the cylinder. As can be seen from Fig. 5, there is a stable convergence of the computational
process when the discretization grid is refined, which is an additional criterion for the adequacy of the
developed calculation algorithm.

=00 4752 434 437.8 4413 440
402.3 P -
400 —
200
189.9 200.1 204.2 206 207.7 207.5
200 —— = — — — —— — — — —— — — — —#= = = = =%
100
0 .
15 20 25 30 as 40 n,
=100 -
-3 -198.8 -203.6 -205.7 210 207.4
-200 - — : S
-300
-405.6
400 4 o -422.5 -432.7 437 4463 -440.6
-500
—\—Gj] =—+03 ot ==

Figure 5. Stresses 077 and o, in arigid termination depending
on the number of finite elements along the generatrix.
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4. Conclusion

Based on the research performed, the following conclusions can be drawn:

1. The difference in the numerical values of the normal stresses in the embedding of the cylindrical
shell from the effect of internal pressure, obtained on the basis of the constitutive equations (10) and (11),
turned out to differ by about 14 %. Consequently, in the case of elastic-plastic deformation, it is physically
more reasonable to obtain the governing equations between stress increments and strain increments on
the basis of the proposed hypothesis that the components of the deviator of the stress increments are
proportional to the components of the deviator of the increments of deformations.

2. For strength calculations of shells of various shapes and thicknesses, it is preferable to use the
developed volumetric finite element without using additional hypotheses about deformation along the
thickness of the shell structures.

3. A numerical example confirmed the accuracy of determining the parameters of strength during
deformation beyond the elastic limit, sufficient for solving shell-type engineering objects.
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