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Abstract. The most important components of comfortable conditions for people on the
premises of residential and public buildings are thermal (temperature) and acoustic comfort. By the
regulatory documents of Ukraine, high requirements are imposed on the thermal and sound
insulation qualities of external and internal building envelopes, especially on interfloor floors.
While the problem of insufficient thermal protection primarily concerns floors over cold basements
and passageways, poor sound insulation of floors is a problem for all apartments in high-rise
buildings. This article analyzes the causes of acoustic discomfort in buildings. A person indoors is
exposed to three types of noise: airborne, impact, and structural. The most difficult problem to solve
IS an impact noise through the floors. It is emphasized that despite the different noise sources, the
mechanisms of propagation of structural and impact noise are similar — through the structural
elements of the building. Therefore, measures to reduce impact noise can simultaneously reduce the
level of structural noise. The most common methods of reducing sound transmission through floors
are analyzed. It is proposed to replace the conventional screed in the floor structure with a heat and
sound-insulating screed based on a gypsum-cement-pozzolana binder. This paper considers only an
acoustic aspect of the problem. According to the theory of acoustic dissipation, it is assumed that
the effect of sound energy dissipation is enhanced by the introduction of aggregates into the
mixture, which increases the number of structural heterogeneities and interfaces. The aggregates
used in the mixture are expanded polystyrene granules, cork chips, and granular waste from the
production of foam glass. In order to experimentally verify this assumption, laboratory methods and
devices were developed for a comparative assessment of the soundproofing properties of the
developed compositions. Based on the results of measuring the acoustic properties of the
prototypes, experimental and statistical (ES) models were constructed, and the best combinations of
mixture components were determined in terms of sound insulation. ES models of noise properties
were used in the multi-criteria optimization of the composition of the composite mixture.

Keywords: interfloor floors, floors, acoustics, impact sound, sound insulation, acoustic
measurements, planed experiment, modeling.

Introduction. An important task of civil engineering is to provide comfortable conditions for
people to stay in buildings. The main components of a comfortable stay of people in residential and
public buildings are thermal (temperature) and acoustic comfort. In accordance with the regulatory
documents of Ukraine [1-3], rather high requirements are imposed on the thermal and sound
insulation qualities of external and internal building envelopes, especially on interfloor floors.
Insufficient thermal insulation of floors leads to increased heat loss and higher heating costs. If
insufficient thermal protection is manifested primarily in rooms with floors over cold basements or
passageways, then acoustic discomfort as a result of poor sound insulation of interfloor floors in
residential buildings, especially from impact noise, is a problem for all apartments in high-rise
buildings [4].

Despite the differences in the physical phenomena of heat and sound transmission through
building structures, a significant improvement in the thermal and sound insulation of floors can be
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achieved by using special materials with a set of specified properties as floor substrates. The
requirements for such materials for some properties are multidirectional, for example, improving
sound insulation characteristics by increasing density is accompanied by a deterioration in thermal
protection properties. While meeting the requirements of standards for a number of other important
properties such as strength, moisture resistance, shrinkage, and fire safety, these materials must also
be environmentally friendly and inexpensive.

These requirements are met by water-resistant gypsum-based composite materials, a
distinctive feature of which is the consideration of the physical and chemical capabilities of each of
the components of building mixtures, their interaction with each other and their predominant
influence on certain operational and technological characteristics. Synthesis of a suitable material
under many non-coincident conditions is a non-trivial but important task of construction materials
science. Thus, the development of a composition of multicomponent gypsum-containing materials
for floor substrates with an optimal set of operational and technological properties is an urgent task.
This paper considers one of the aspects of creating comfortable indoor conditions — providing
acoustic protection against the penetration of airborne noise and, especially, impact noise through
the floors.

Analysis of recent research and publications. The problem of heat and sound insulation of
not only interfloor floors, but also other building envelopes, both external and internal — walls,
partitions, windows and doors — arose with the beginning of mass construction of panel and block
buildings using large-sized precast concrete products, in particular, floor slabs [5]. The first Soviet
projects of that time included gypsum slabs, and sometimes panels the size of an entire room, which
were laid on the floor under a screed. They served as soundproofing and, partially, thermal
insulation of the floors, and they did their job quite well. The disadvantage of such gypsum bases
was their low water resistance. Plumbing accidents and flooding of the premises with water during
firefighting led to soaking of the gypsum bases, loss of strength, cracking, and loss of sound
insulation properties. During the renovation, these slabs were dismantled to increase the height of
the room, and the sound insulation was completely eliminated. Another solution to the problem of
soundproofing the floors was the installation of floors with elastic gaskets. As a material for elastic
pads, products made of silicate fibers (glass, mineral) were used, which were intended mainly for
thermal insulation purposes. The main disadvantage of all these products as elastic gaskets is their
high compressibility during operation [6]. The problem of sound insulation of premises became
especially acute with the advent of frame-monolithic buildings, where, in an effort to reduce the
weight of structures, the thickness of floors and partitions was reduced to the minimum permissible
strength. This has led to a decrease in the soundproofing properties of the enclosures and a sharp
increase in complaints from residents about increased noise in their apartments.

There are three types of acoustic impact on humans indoors: airborne noise, impact noise, and
structural noise. Airborne noise is noise that spreads through the air, such as loud conversation,
media devices, traffic noise, and the operation of machinery under the window. Impact noise is any
impact that is perceived by a building structure element and propagates through the premises over a
wide area — the sound of heels on a tiled floor, a nail being driven into a wall, a hammer drill, etc.
Structural noise is caused by the vibration of communications in the building — the "growling" of
the water supply system, the noise of water running down, the operation of elevator equipment,
knocks in ventilation shafts, etc. It should be noted that, despite the different noise sources, the
mechanism of structural noise propagation is similar to the mechanism of impact noise propagation
(Fig. 1) — through the structural elements of the building [7]. Therefore, measures to reduce impact
noise can simultaneously reduce the level of structural noise.

The sound insulation of the floor is mainly affected by the value of the total mass of 1 m?* of
the interfloor ceiling with the floor, and if it is greater than 350 kg/m?, the required sound insulation
of airborne noise is generally provided [8]. For impact noise insulation, the mass of the floor is also
important, but to meet the standards, it must be several times greater than for airborne noise
standards, which is neither technically nor economically feasible. In this case, it is more efficient to
use special floor structures [9].
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Fig. 1. Scheme of impact noise transmission

Typically, a common floor structure for panel buildings includes the following elements (Fig. 2):
coating, screed, and a reinforced concrete slab base.

1 2 3

e

Let us take a closer look at layer 2 — the screed as an element of the floor structure, which is
most appropriate to use as a soundproofing base. A screed is a layer that levels the floor surface and
also serves to create a flat surface for the coating. Depending on the materials used, screeds are
divided into solid (monolithic) and prefabricated.

The composition of solid screeds includes: cement-sand mortars, concrete, expanded clay
concrete, gypsum concrete, and cement fiber. Almost all of these types of screeds can be used as
self-leveling screeds. A self-leveling screed is a ready-mix that, after pouring, self-distributes and
levels without the need for additional leveling or adjustment, making the installation process faster
and easier. In flooring technologies with prefabricated screeds, the following materials are mainly
used: fiberboard, chipboard, gypsum fiber sheets and plywood.

The list of screeds used shows that their functions do not include the formation of thermal and
acoustic protection of the floor.

Existing solutions for soundproofing floors are mainly constructive in nature. To increase the
sound insulation of building envelopes, multilayer structures are used - floating floors, suspended
ceilings, with the use of elastic roll materials [10]. Obviously, the most effective is the sound
insulation of structures from the side of the noise source. However, it is practically impossible to
implement sound insulation measures in existing buildings in operation, since they are of no interest
to the occupants of the "noisy" upper floors. Therefore, measures for acoustic protection of
premises should be provided for at the design stage and implemented during construction, or
reconstruction and overhaul.

It is possible to provide both heat and sound insulation properties of floor substrates using
special materials and technologies.

In particular, materials with low thermal conductivity, such as extruded polystyrene foam
(XPS), extruded polyurethane foam (XPU) or mineral wool, can be used for thermal protection.
These materials can be laid under the screed.

For soundproofing, materials such as acoustic mineral wool boards, gypsum board, or rubber
mats can be used, which can be placed either under the screed or under the floor covering.
However, the above recommendations imply the use of leveling screeds in any case.

Fig. 2. Elements of the floor structure:
1 — reinforced concrete slab; 2 — screed (underlying
layer); 3 — coating
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In view of the above, it may be considered productive to replace a conventional screed, such
as a cement-sand screed, with a heat and sound insulating base for the final coating. It is proposed
to use environmentally friendly and energy-efficient building gypsum as the main binder, but not in
its pure form, but to increase water resistance, in the form of a gypsum-cement-pozzolan mixture
with the addition of ash as a pozzolanic additive. To impart heat and sound insulating properties,
expanded polystyrene granules, cork chips, and granular waste from the production of foam glass
were introduced into the mixture [11]. It is technologically and economically feasible to make such
screeds from self-leveling mixtures, adjusting the setting time over time by means of additives.

The assumption that the introduction of aggregates with soundproofing properties into the
mixture should improve the acoustic characteristics of the flooring is based on the theory of
acoustic dissipation, which explains the attenuation of sound waves in the propagation medium by
the conversion of sound energy into heat energy as a result of molecular friction during the process
of scattering on small inhomogeneities [12]. This process occurs in all environments, but its
intensity depends on the properties of the environment and the frequency of sound waves. For
example, air has a low capacity for acoustic dissipation, so sound energy in air is not actively
converted into heat. However, in denser environments, such as concrete, acoustic dissipation is
more pronounced, leading to a more intense conversion of sound energy into heat. It can be
assumed that the introduction of aggregates into the mixture increases the number of structural
inhomogeneities and interfaces, which, according to the theory of acoustic dissipation, enhances the
effect of sound energy dissipation and, consequently, its absorption by the material.

Purpose and objectives. The aim of the study is to substantiate the choice of methods for
determining the acoustic properties of materials developed as heat and sound insulating floor bases
and to analyze the effect of various aggregates on sound insulation properties.

It should be noted that standard methods for measuring airborne and impact noise are
designed to study real structures with regulation of the size of the rooms separated by these
structures and a certain standard set of equipment [13].

Thus, it can be concluded that there is currently no standardized, generally accepted
methodology for determining the soundproofing properties of materials in the form of samples of
the compositions being developed. Consequently, there is a need to develop a methodology and
laboratory equipment for determining the acoustic properties of samples of relatively small sizes
made in large quantities, for example, during planned experiments [14]. Obviously, the results
obtained in this way will not correspond to standard sound insulation indicators. However, these
results may well be used for a comparative assessment of the sound insulation properties of an array
of prototypes of experimental compositions and the selection of the best ones according to the
specified quality criteria.

Research methods and materials. The following methods and experimental setups were
used to determine the characteristics of airborne and impact noise.

Airborne noise. During laboratory measurements, the soundproofing ability of the material of
the samples against airborne noise is taken as the sound transmission, which is the ratio of the
power of sound energy that passed through the sample to the power of energy incident on it.

The experimental setup for measuring sound transmission (Fig. 3) is a chamber with wooden
walls, separated by a partition with a slot for installing the sample. To eliminate the indirect
transmission of sound through the walls of the chamber, its interior is filled with soundproofing
material, and the outer walls of the chamber are also covered with it from the outside.

To study the sound processes, we used the Spectralab program, which allows us to measure
the spectral power of sound, both at individual frequencies and integral. The sound power
corresponding to the voltage of the alternating component at the sound card input in millivolts was
determined without the sample Efal and with the sample Etrans. The sound transmission coefficient

was defined as Kair noise = Efal/Etrans.
The determination was performed at different frequencies — from 100 to 2000 Hz. Each
experiment was performed three times with the sample reinstalled, and the results were then averaged.
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Fig. 3. Device for measuring the sound transmission coefficient:
1 — sound generator; 2 — sound chamber; 3 — sound emitter (speaker); 4 — dynamic
microphone; 5 — test sample; 6 — computer with sound card

Impact noise. The proposed method for determining the soundproofing ability of a material
uses the effect of converting the kinetic energy of a metal ball falling vertically from a constant
height onto an impact surface that contacts the test sample and simulates a finish coating into an
electrical signal measured by a computer. A diagram of the test setup is shown in Fig. 4.

OF

Fig. 4. Device for measuring impact sound:
1 — metal ball; 2 — shutter mechanism; 3 — guide tube; 4 — laboratory tripod; 5 — impact surface;
6 — test sample; 7 — sound chamber; 8 — dynamic microphone; 9 — soundproofing filling; 10 —
laptop with sound input (sound card)

In this case, the measured parameter is the amplitude of the electrical signal proportional to
the sound energy that has passed through the sample. The best materials are those with the lowest
signal amplitude, i.e., the highest sound absorption. As mentioned earlier, this measured parameter
does not directly correspond to standard sound insulation characteristics, such as the impact noise
insulation index, although such a transition is possible using the material of structures that have
passed standard tests. However, this study did not set such a task. For the development of
compositions with improved acoustic properties, a relative measurement method is sufficient, in
which the actual characteristic of the sound insulation ability to impact noise is proportional (with a
certain constant proportionality factor) to those measured by various types of sound analyzers. The
relative method makes it possible to correctly perform the most important task of the study — to
optimize the composition and technological factors of the material.
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Production of prototypes. For the production of prototypes, a comprehensive experiment plan
with three dependent (aggregates) and one independent (fly ash/cement ratio) factors was adopted,
the so-called "Triangles on a linear segment" plan (Fig. 5). The amount of binding components —
gypsum and cement — was fixed, and the ash-cement ratio varied from 30 to 40%. The content of
mixed components — polystyrene foam, cork and foam glass — varied at three levels, the gold-
cement ratio at two levels: 1.11 (level -1) and 1.65 (level +1). Since the plan is mixed, without
technological factors, we consider it possible to denote all factors by X: the amount of expanded
polystyrene is X, the amount of cork is X,, the amount of foam glass is X3, and the amount of ash
1s X4. The factors and their levels of variation are shown in Table 1.

Xg Xz
Fig. 5. Scheme of the research
plan (levels of variation for X,
. 0.5 . 0,5 are indicated,
0.33 0,33 for X, and X; they are
symmetrical)
X3 - + X3 X ¢ X3
| |
=11 X, +1
Table 1 — Factors and levels of their variation
Factors Levels of variation at:
X4 =-1 X4 =+1
Coded 0 0.33 0.5 1 0 0.33 0.5 1
Xy, Xo, X3
Natural, g 0 619 | 929 [1858| O 59.1 | 88.65 177.3

In accordance with the adopted experimental plan, samples of fourteen formulations were
made in the form of standard beams for measuring mechanical and thermophysical properties, as
well as in the form of plates measuring 205x100%20 mm for acoustic tests.

Research results and their interpretation. According to the results of measurements of
acoustic characteristics, graphs of dependence of the sound permeability coefficient (Fig. 6, a) and
impact sound amplitude (Fig. 6, b) on the average density of the material are plotted. The analysis
of these graphs shows that density is not the main factor that determines the ability of a material to
resist airborne noise, let alone impact sound.
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= B °
20,045 = . o
% ’ = 1100 F .. °
20,040 | - « 2o
g g 81000 | .
= 0035 | 3 o ®
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Fig. 6. Dependence of sound transmission (a) and impact sound amplitude (b) on density
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The results of the measurements of acoustic properties were used to build experimental and
statistical models (ES-models) of sound transmission and impact sound amplitude.
ES model of sound transmission for airborne sound after exclusion of insignificant
coefficients:
K =+0.0924- X, +0.0404 - X, +0.0392- X, +0.0048- X, - X, +0.0046- X, - X, (1)

The final ES model of the impact sound amplitude A blow noise, normalized to the largest
value, in relative units:
A ounoise = 10-910- X, +0.0931- X, +0.938- X, -0.906 - X, - X, (2)

As an example, the ES model of the impact sound is graphically displayed on a triangle
(Fig. 7), the vertices of which correspond to the maximum content of the respective aggregate (the
amount of ash — X4 is fixed at the minimum level).

air noise

X1
i

Fig. 7. Dependence of the normalized
impact sound amplitude in relative
units on the number of aggregates:

X — expanded polystyrene, X, — cork,

X3 — foam glass

X2 X3

Conclusions and prospects for further research. The analysis of model (1) allows us to
conclude that all the introduced components worsen the soundproofing properties of the material,
but to varying degrees. Expanded polystyrene has a relatively significant impact, which confirms
the information on the deterioration of the sound insulation ability against airborne noise of walls
insulated with expanded polystyrene.

The ES model of impact sound (2) shows that the introduction of the accepted components
into the mixture separately also slightly increases the sound transmission of the material. The
minimum signal value, i.e., the highest sound insulation against impact noise, corresponds to the
composition that includes a combination of expanded polystyrene and cork. This can be attributed
to two effects: a decrease in the thickness of the matrix material partitions, through which impact
noise mainly propagates, and the dissipation of strain energy on elastic inclusions and its conversion
into heat at the interfaces in the material. The amount of ash in the studied factor space does not
affect the sound transmission from impact sound.

However, it should be understood that the study of acoustic characteristics is a rather limited
task of creating materials for floor substrates that must meet a wide range of requirements for
thermal conductivity, water resistance, strength, etc. The obtained experimental and statistical
models for airborne and impact noise are used for further multicriteria compromise optimization of
the gypsum composition by a set of properties.

Further research involves a comprehensive selection of plasticizing and retarding additives to
ensure the required mobility of the mixture, as well as the regulation of setting times.
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AHoTanisa. HaliBaxIuBIIUMH CKIAJ0OBUMH KOMGOPTHHX YMOB TiepeOyBaHHS JofeH Y
MPUMIIIEHHAX JKATIOBUX 1 IPOMAJChKUX OyAiBEIb € TEIUIOBHM (TEeMIIepaTypHHUI) 1 aKyCTHYHHMA
koMmpopt. BiamoBigHO 10 HOPMATHBHUX JOKYMEHTIB YKpaiHH, 10 TeIUIOBOJSIIHANX 1
3BYKOI3OJISIIIIHHUX SIKOCTEH 30BHIMIHIX 1 BHYTPIIIHIX OTOpOKYBAIBHUX KOHCTPYKIIIH Oy/iBelb
BHUCYBAIOThCSI BUCOKI BHUMOTH, OCOOJIMBO MIOAO MIXKIOBEPXOBUX IMEPEKPHUTTIB. SIKIIO mpobiema
HEIOCTaTHbOI'O TEIMJIOBOTO 3axXUCTy CTOCYETbCA HacamIiepe] MiUIOr Ha MEepeKpUTTAX Haj
XOJIOJJHUMH TIiJIBAJIaMHU 1 MPOI3aMH, TO TOTaHa 3BYKOI30JIAIisl MEPEKPUTTIB — 1€ MpobdiemMa BCiX
KBapTUp y 0araronoBepxoBUX OyiuMHKax. Y Iif cTarTi aHaNi3ylOThCS MPUYMHHU aKyCTUYHOTO
muckoMpopty B Oymiisix. JltonuHa B mpUMIIIEHH] MiIIA€THCS BIUIMBY TPHOX PI3HOBHIIB HIYyMY —
MOBITPSHOIO, yAapHOro 1 crpykrypHoro. IlokasaHo, mo HaiOLIBII CKJIAQAHO PO3B'SI3yBaHOIO
npoOJIeMOI0 € 3HIDKCHHS YIApHOTO IIyMy dYepe3 MEepeKpPUTTA. AKIEHTOBAHO Ha TOMY, IO
HE3BaXKAal0UM Ha Pi3HI JDKepesa IIyMy, MeXaHi3MU MOIIUPEHHS CTPYKTYPHOTO Ta YAApHOIO LIyMy €
AHAJIOTIYHUMU — IO KOHCTPYKTUBHUX eleMeHTax Oyximi. Tomy 3axoam 010 3HMKEHHS YIapHOTO
IIyMy OJHOYAaCHO JaloTh 3MOTY 3HM3UTH pIBEHb CTPyKTypHOro urymy. IlpoananizoBaHo
HANMOMMpPEHINI METOAN 3HIDKEHHS 3BYKOIIEpenadi yepe3 MEepeKpHuTTs. 3alpONOHOBAHO 3aMIHUTH
3BHYAHY CTSXKKY B KOHCTPYKLII IMIJUIOTH Ha TEII0-3BYKOI130JI0I0YY Ha OCHOBI TiNCOLEMEHTHO-
MyIOJIAHOBOTO B'SDKYYOTO 3 BiAMOBIAHMMH 3allOBHIOBaYaMHU. Y il poOOTI pO3MIAAAETHCS TUTBKH
aKyCTUYHUH acleKT MmpobiaeMu. 3rifHO 3 TEOpIEr0 aKyCTHMYHOI JMCHMAaLii, 3p00JE€HO MPUITYLCHHS
PO TOCUJIEHHSI €(eKTy PO3CIIOBaHHS 3BYKOBOi €HEprii 3a paxyHOK BBEICHHS 3allOBHIOBAYIB Y
CyMilll, IO 30UIbLIyE KIJABKICTh CTPYKTYPHMX HEOIHOPIAHOCTEH 1 IOBEpXOHb po3ally. Sk
3aIOBHIOBAYI /10 CyMIII1 B3TO TPaHyJIM MIHONOJICTUPOITY, KOPKOBY KPUXTY 1 TPaHyJIbOBaH1 BIIXOIU
BUPOOHMIITBA MIHOCKJIA. 3 METOK EKCHEPUMEHTAJIbHOI MEpPeBIpKH I[bOr0 MPUIYLIECHHS Oylo
po3po0ieHo aboparopHi METOMAMKH 1 TPHUCTPOi IS TOPIBHSIBHOT OIIHKH 3BYKO130JIIOIOYHUX
BJIACTUBOCTEH  pO3pOONIIOBAaHUX  CKJIAJiB. 3a  pe3ylbTaTaMd BHUMIPIOBAaHHS  aKyCTUYHHX
BJIACTUBOCTEH JOCIHIJHUX 3pa3KiB MoOynoBaHO ekcrepuMeHTaidbHo-ctatucTuyuHi (EC) momeni 1
BH3HAUEHO HaWKpallll MO€eHAHHS KOMIIOHEHTIB CyMillli 3 TOYKU 30pYy 3ByKoizosswii. [llymosi EC
MO/IeJIl BUKOPUCTAHO MpHU OaraToKpuTepiaabHOI ONTUMI3aLii CKIaay KOMIIO3UTHOI CyMIIIi.

KirouoBi cjoBa: MDKIIOBEpXOBI NEPEeKpPUTTS, MIAJIOTH, aKyCTUKA, YyIapHUH 3BYK,
3BYKO130JIS1115, aKyCTU4HI BUMIPIOBAHHSI, TUIAaHOBAaHUM €KCIIEPUMEHT, MOJICIIOBaHHSI.
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