2022. 18(5). 399-406 »
CTPOUTENBHASI MEXAHUKA UHXXEHEPHBIX KOHCTPYKLIMA U COOPYXXEHUI

STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS
ISSN 1815-5235 (Print), 2587-8700 (Online)

HTTP://JJOURNALS.RUDN.RU/STRUCTURAL-MECHANICS

PACYET M TIPOEKTUPOBAHWE CTPOUTENbHBIX KOHCTPYKLWMA
ANALYSIS AND DESIGN OF BUILDING STRUCTURES

DOI 10.22363/1815-5235-2022-18-5-399-406

UDC 691.3 RESEARCH ARTICLE / HAYYHAS CTATbA

Physical and mechanical properties of pre-bound aggregate composites

Vladimir T. Erofeev!?, Sergey V. Kaznacheev!(2" | Elena V. Pankratova?'®,
Vyacheslav A. Seleznev!(?, Tatyana P. Tyuryahina!
National Research Ogarev Mordovia State University, Saransk, Russian Federation

2Keramzit LLC, Ulyanovsk, Russian Federation
kaznacheevsv(@mail.ru

Article history Abstract. New building materials and products in construction and reconstruction,
Received: July 24, 2022 which improve the performance and efficiency characteristics of buildings, reduce
Revised: September 12, 2022 material consumption, cost and labor intensity, are always relevant. A promising
Accepted: September 15, 2022 direction for further development of composite materials is the employment of

pre-bound aggregate materials. Their production is a two-stage process, which
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Hcropus ctaTbu AHHoTanus. IIpuMeHenye Ipu CTPOUTENBCTBE U PEKOHCTPYKLUH 34aHUH U CO-
IMoctynuna B pegakuuio: 24 utons 2022 r. OPY’KEHUH pa3IM4YHOrO Ha3HAYEHMS HOBBIX CTPOMTEIbHBIX MaTE€pHAIOB U M3IEIUM,
Jopab6orana: 12 centsiops 2022 1. o0ecTeunBaoNNX YIyqlIeHne X JKCIUTyaTallMOHHBIX MTOKa3aTeNel, MOBBIIICHHE
IMpunsta k myomikarmy: 15 centsiops 2022 r. 3G (QEKTUBHOCTH, CHMXEHHE MATEPUAIIOEMKOCTH, CTOMMOCTH U TPYJOEMKOCTU

W3TOTOBJICHHUS, ABJISIETCS aKTyaJlbHOH 3anaueil. [lepcreKTHBHBIM HarpaBieHHEM
JaJbHEHIIEro pa3BUTHS CTPOUTENILHBIX KOMITIO3UTOB MPEACTABIISACTCS TOTyYeHHE
1 BHEJIPEHUE MaTepUalIOB KAPKACHOH CTPYKTYpbl. T€XHOJIOrH UX U3TOTOBJICHUS
BKJIIOYAeT MPEIBAPUTENBHOE CO3aHHE ONTHUMANBHBIX CMECEH 3amogHuTeNeld u
CKJIEMBaHHE 3€pPEH JIPYT C JPYroM C HOCJIEAYIOUIUM 3all0JHEHUEM IIyCTOT IOJIy-
YEeHHOT'O KapKaca BBICOKOIIOJBIDKHOM Marpuiieid. VccinenoBaHne MOCBSIIEHO JKC-
MIEPUMEHTAIBHOMY M3Y4YEHHIO (PU3MKO-TEXHUYECKUX CBOMCTB KapKaCHBIX KOMIIO-
3UIMOHHBIX MaTepUaoB. B kauecTBe ncciaeqyeMbIX OOBEKTOB pacCMaTPUBAIMCh
KOMIIO3UTBI, COCTaBJICHHbIE HAa PA3JIMUHBIX CBS3YIOLIMX, B TOM YHCJIE HA KOM-
IUIEKCHBIX. B mocnennem ciydae kapkac U IPONUTOYHAS MAaTPHULIA U3TOTaBINBA-
JIUCh Ha CBSA3YIOIIMX Pa3IMYHOM NMPHUPOJbI, TIOPO HECOBMECTHMBIX IPU OOBIY-

HOM CMCIIIMBAaHUH KOMIIOHCHTOB. HpI/I HCCIICIOBAHNH KOMITO3UTOB HCITIOJIB30BAJICA
KOMILICKC (1)I/I3I/IKO-MeXaHI/I‘IeCKI/IX METO/O0B. Y CTaHOBJICHO yay4dlmeHue (1)I/I3I/II(0-
MEXaHHYECKHX CBOMCTB KapKaCHBIX KOMITO3UTOB IIpHU CPaBHCHNUH UX C KOMIIO3U-
TaMy, MOJYYCHHBIMU IO O6I_I_Iel'[pI/IH$ITOI71 TEXHOJIOT'HUH. HaHHLIe MNpenuMyIiecTBa
BBIABJICHBI B IIEPBYIO O4YECPECaAb AJIA TaAKUX CBOﬁCTB, KakK Z[E(l)OpMaLII/II/I, YaapHas
IPOYHOCTH, MOJI3YUECTh.
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Introduction

From the many types of composite materials for aggressive environment, polymer concrete and other
polymer-based composites are considered to be the most effective [1-7]. However, despite the growing use of
polymer concrete, some aspects of its structure formation and mechanical properties are poorly explored [8; 9].
The modern technology of polymer concrete production is based on the conventional method of manufacturing
cement concretes and products, which leads to increased consumption of the expensive synthetic resin. Making
and casting polymer concrete are still substantially labor-intensive operations, which are especially difficult to
perform in case of high-viscosity mixtures [10—12]. In this regard, pre-bound aggregate composites have a lot of
potential. Their production involves two stages: making an optimal mix of coarse aggregate and binding it into
a framework as a first stage and then filling the voids of the aggregate framework with a high-workability
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matrix [11; 13—15]. When using pre-bound aggregate technology for floorings, their manufacturing and casting
is simplified and it is possible to produce other materials with specified properties and products for various pur-
poses on their basis [11].

The fundamental theory of pre-bound aggregate composites, which are effective as floorings in buildings
with aggressive environments, textile industry in particular, is presented in papers [16-20].

This article is devoted to experimental investigation of physical and technical properties of pre-bound ag-
gregate composite materials.

Methods

A great variety of binders and aggregates allows to obtain pre-bound aggregate composites with different
physical and mechanical properties. Binders and aggregates of different nature were used for the manufacturing
of samples. Aggregate size was taken as 5-10 mm. Aggregate was glued into a framework by filler-free binders,
meanwhile its grouting was performed using filled compounds. Quartz powder was used as filler in the grout
matrices. The main studied mechanical characteristics of the materials were strength and elasto-plastic proper-
ties. These properties were determined by testing 4x4x16 cm sample pieces according to the modern techniques.

Results and discussion

Compression tests of the samples indicate high strength of pre-bound aggregate composites (Figure 1).
This parameter varies widely depending on the strength, shape and surface roughness of the coarse aggregate.
Higher compressive strength corresponds to composites based on epoxy binders and granite aggregate. Pre-
bound aggregate composites exhibit high flexural strength. In the tests of beams by a single concentrated force,
the values of 18.0, 15.0 and 7.2 MPa were obtained for composites based on epoxy, polyester and cement bin-
ders. The prototypes of pre-bound aggregate composites — composite materials (CM) of regular structure —
showed 10% lower flexural strength. Higher strength values of pre-bound aggregate composites relative to regu-
lar composites are also observed in tensile tests. The strength of standard briquettes based on polyester binders
with granite and expanded clay aggregates amounted to 9.0 and 5.9 MPa for the pre-bound aggregate composites
and 5.2 and 4.54 MPa for the regular composites respectively. Increased strength of pre-bound aggregate compo-
sites is explained by higher adhesion of the grout to the aggregate.

When comparing the properties of polymer concrete with epoxy and polyester framework and polymer
concrete obtained with regular mixing of components, the former is apparently at advantage. The polymer con-
crete test-pieces were made according to the procedure in', but injected with Portland cement instead of quartz
fine-dispersion filler.
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Figure 1. Compressive strength of pre-bound aggregate composites versus filler and binder type:
1 — gypsum; 2 — portland cement; 3 — polymer cement; 4 — urea-formaldehyde resin;
5 — multipurpose polyester resin (grade PN-1); 6 — epoxy-diane resin (grade ED-20); 7 — EPILOK epoxy resin

Pre-bound aggregate concrete strength may be increased by using complex binders and reinforced frame-
works. Concrete with a complex binder is obtained when the aggregate framework and the matrix are made with

! Instructions on the technology of preparation of polymer concrete and products made from them. CH 525-80. Moscow: Stroyizdat
Publ.; 1981.
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different binder types. For example, gypsym matrix and cement or polymer framework, cement matrix and po-
lymer cement framework, etc. These kinds of combinations allow to increase the strength and other characteris-
tics of the composites. Thus, the flexural strength of the gypsym and cement concretes with polymer framework
and granite aggregate rises from 4.0 to 5.2 MPa and from 6.7 to 7.8 MPa respectively. Moreover, the best effect
is achieved by using polymer compounds, which harden in wet environments, for gluing the framework simulta-
neously with the cement matrix [11].

The main parameter that characterizes elasto-plastic properties of materials under external load is the
modulus of elasticity. Elastic modulus of pre-bound aggregate composites depends on the strength and deforma-
bility of the matrix, framework glue and aggregate. The tests of concrete samples with crushed brick aggregate
and various binders show higher elastic modulus values for cement materials (Figure 2). Polymer concrete based
on epoxy resin demonstrates a twice larger value of the elastic modulus relative to the one based on polyester
resin. Pre-bound aggregate bitumen concrete is characterized by high deformability and has the lowest elastic
modulus values.
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Figure 2. Elastic modulus of pre-bound aggregate composites based on crushed brick versus binder type
and of epoxy polymer concretes versus filler type:
1 — cement; 2 — epoxy-diane resin (grade ED-20); 3 — multipurpose polyester resin (grade PN-1);
4 — bitumen; 5 — granite framework; 6 — thermolith framework; 7 — expanded clay framework
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Figure 3. Elastic modulus of pre-bound aggregate composites versus aggregate, glue and matrix type:
I — cement framework glue, grade ED-20 epoxy-diane resin matrix; 2 — grade PN-1 multipurpose polyester resin framework glue, epoxy-diane resin matrix;
3 — bitumen framework glue, epoxy-diane resin matrix; 4 — granite aggregate and carbon fiber framework; 5 — granite aggregate and plasticizing binder framework;
6 — granite aggregate and quartz filled binder framework; 7 — granite aggregate framework, quartz powder filled matrix

Pre-bound aggregate composite is a highly filled concrete. This allows to obtain concretes with different
modulus of elasticity by controlling the aggregate stiffness. Figure 3 illustrates that the modulus of elasticity de-
creases by more than twice when using expanded clay as coarse aggregate instead of crushed granite aggregate.
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Deformability is also controlled by the matrix and the glue layer of the framework (Figure 3). Stiff glue al-
lows to obtain composites with increased elastic modulus; viscoelastic glue allows to produce materials with
a lower modulus of elasticity. This can be observed from the data of epoxy concretes based on cement and bitu-
men frameworks respectively. The stiffness of pre-bound aggregate composites may be increased by introducing
fiber reinforcement and silica sand into the framework compound and also by adding quartz filler into the ma-
trix. In such case, the best effect is achieved by introducing stiff carbon fiber in the amount of 2.5% from the
filler mass. By adding plasticizing agents into the framework or matrix, the modulus of elasticity becomes lower.

The coefficient of lateral deformation has a great practical value in regards to CM. This parameter, similar
to the modulus of elasticity, describes the material elastic properties. Given the value of the coefficient of lateral
deformation, one may calculate the change in volume when the material is loaded. Studies of pre-bound aggre-
gate composites showed the relationship between this coefficient and the type of coarse aggregate and binder.
The coefficients of lateral deformation of the composites based on epoxy binder and granite, thermolith and ex-
panded clay aggregates were 0.32, 0.28 and 0.2 respectively.

Building materials and products are subjected to dynamic loads when in service, which may lead to,
for example, early failure of metalworking machine frames, road and fly ground pavements, floors of heavy-duty
industrial buildings, etc. The conducted tests demonstrate high resistance of pre-bound aggregate composites to
impact load (Table 1).

Table 1
Composite impact resistance, kJ/m?

Impact toughness of pre-bound aggregate composite L.
Agoresate ; Relative impact toughness
ggreg Epoxy Polyester Cement Bitumen of regular polymer concrete
framework framework framework framework
Crushed granite 4.2 2.10 1.90 2.00 1.30
Expanded clay 4.73 2.31 2.15 2.20 1.45

Impact toughness was taken as the criteria of pre-bound aggregate concrete resistance to impact, which
was determined by testing 4x4x16 cm sample blocks using a Charpy machine. Impact toughness of pre-bound
aggregate polymer concrete appeared to be a lot higher than of regular polymer concrete. The best results were
achieved in the case of expanded clay filler due to its high adhesion with the binder. Increased impact toughness
of pre-bound aggregate composites arises possibly from the following: polymer concrete framework creates
an interlinked arrangement of the bound aggregate grains, which redistribute the applied load between each
other; the structural stress at the filler-binder interface, which leads to microfracturing, decreases. A substantial
increase of impact toughness is achieved by introducing reinforcement fiber, which improves the combined ac-
tion of the framework and the matrix.
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Figure 4. Damping ability of pre-bound aggregate composite versus compound:

1 — grade ED-20 epoxy-diane resin and crushed brick; 2 — grade PN-1 multipurpose polyester resin and crushed brick; 3 — cement and crushed brick;
4 — bitumen and crushed brick; 5 — cement framework glue, crushed brick aggregate, epoxy-diane resin matrix; 6 — multipurpose polyester resin
framework glue, crushed brick aggregate, epoxy-diane resin matrix; 7 — bitumen framework glue, crushed brick aggregate, epoxy-diane resin matrix;
&8 — granite aggregate and epoxy-diane resin; 9 — expanded clay and epoxy-diane resin; /0 — thermolith and epoxy-diane resin
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Another dynamic resistance parameter of a building material is damping — the ability to absorb cyclic defor-
mation energy. Materials with high damping ability reduce the vibration amplitude, soften the impact and, hence,
lead to the decrease of stress in structures [21]. Pre-bound aggregate technology is advantageous in this regard:
the damping properties are controlled at the micro- and macrostructure levels. The tests of pre-bound aggregate
concretes based on various binders and fillers were conducted. The damping ability was evaluated by the logarith-
mic decrement, which was calculated based on the resonance peak width of 4x4x16 cm cantilever samples accord-
ing to the common procedure [21]. The concrete compounds and the test results are presented in Figure 4.

Concrete damping ability depends on the nature and the properties of the matrix and the aggregate; be-
sides, the logarithmic decrement value is mostly affected by the properties of the matrix, which fills framework
voids, framework glue characteristics, and also the interaction of the aggregate with the glue and the glue with
the matrix.

The most optimal filler in terms of damping is thermolith, the next are crushed granite and expanded clay.
Test results show low ability of cement concrete in absorbing vibration. For this reason, it has little utility for
making road pavements, which are subjected to impact load. For example, according to the service background
of roadways, vibration in cement concrete pavements leads to the displacement of the unbound components of
the road bed, deterioration of pavement slab smoothness and its early failure. Damping efficiency of epoxy po-
lymer concrete is also poor. Cement concrete and epoxy concrete are brittle materials. Special treatment in terms
of improving the viscoelastic characteristics needs to be provided for advancing their damping properties [21].

Introduction of fillers into polymer compounds led to the decrease of their damping ability. For example,
by introducing graphite and Portland cement powders into multipurpose polyester resin (grade PN-1), the loga-
rithmic decrement reduced by factors of 1.9 and 1.7 respectively relative to the unfilled compound. Meanwhile,
EPILOK epoxy resin decreased the damping properties by factors of 1.3 and 1.6 when filled with cement and
silica sand respectively.

The tests established that by using polyester and bitumen binders instead of cement and epoxy ones,
the logarithmic decrement increases by factors of 3.8 and 14.4 respectively. Dynamic properties of pre-bound
aggregate concrete improve by binding the framework grains with elastic and viscoelastic glues. Thus, by using
polyester and bitumen glues instead of cement for binding the framework, the damping properties increase by
factors of 3.6 and 5.3 respectively (Figure 4).
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Figure 5. Ultrasonic velocity difference in pre-bound aggregate composite versus applied stress:
1 — polymer concrete; 2 — cement concrete; 3 — bitumen concrete
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Crack resistance is also an important characteristic of composite materials. The reference data for evalua-
ting crack resistance of CM are the experiments, which demonstrate the change in volume in the loading process.
This parameter may be used to establish microfracture boundaries. In this regard, tests of pre-bound aggregate
concrete samples with polymer, cement and bitumen binders and crushed brick were conducted. Ultrasonic
transmission time was measured in the process of loading the samples (Figure 5).

The results of the investigation give an idea of compaction and decompaction processes during the loading
of test samples. Compaction takes place at the load values of 0.3, 0.7 and 0.5 of the failure load for the polymer,
cement and bitumen composites respectively. By loading to the specified values the ultrasonic velocity increases.
Higher loads decrease the velocity, which indicates the beginning of the decompaction process, and therefore
provides evidence of the formation of the first microfailures. This point is referred to by Berg as the first para-
metric point, which defines the lower microfracture boundary (R3). Further load increase causes the ultrasonic
velocity to decrease to the original value (second parametric point). This point indicates the beginning of volume
increase and defines the upper microfracture boundary (Ry). According to Berg, stress Ry establishes the transi-
tion from linear to the non-linear creep. It corresponds to the absolute fatigue limit of concrete subjected to repe-
titive load [22].

Material resistance to crack formation and propagation is evaluated with the help of the stress intensity
factor (K1), the surface energy coefficient (y) and also the crack width in its blunt end part (3). These quantities
are related by the following expressions:

_K K
y2E’ oF

The stress intensity factor depends on the sample size and the initial crack length and it was determined
according to [18] by the formula

P 240

lb\/Z’

where P — the failure load; / — the crack width; b — the width of the sample; /# — the height of the sample.
Function V{; that relates the crack length to the height of the sample has the following form:

/ 1% G 1\ 1V )
Viy=3— 1,93(— —3,07(— +14,53(— —25,11[— +25,8 —j .
b h h h h h

The stress intensity factor, the surface energy coefficient and the crack width in its blunt end were deter-
mined experimentally for epoxy composites with crushed granite, thermolith and expanded clay aggregates.
These composites have the following ultimate strength and elastic modulus values in MPa: 11.5 and 8120 for
crushed granite, 9.5 and 4750 for thermolith, 9.0 and 4050 for expanded clay respectively. Crack resistance cha-
racteristics of pre-bound aggregate composites with different coarse aggregates are presented in Table 2.

Table 2
Crack resistance of pre-bound aggregate composites

Crack resistance parameters
Aggregate type Crack length, mm

K1, MPa:cm®? v, MPa-cm ¥, cm
. 10 54.7 0.184 0.032

Crushed granite
20 52.1 0.167 0.029
i 10 329 0.114 0.024

Thermolith gravel

20 324 0.110 0.023
10 38.3 0.181 0.040

Expanded clay
20 32.6 0.131 0.029

Analysis of the results indicates that coefficients K;, y and 6 depend significantly on the aggregate type
and the crack length.
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Conclusion

The benefits of manufacturing pre-bound aggregate composite building materials are demonstrated.

The results of the investigation of elastoplastic properties and strength of composites based on various
binders and aggregates are presented.

High performance of materials based on polymer binders with crushed granite and expanded clay aggre-
gates was established.
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