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Abstract

Introduction. Briquetting and pressing of wood and other powdered materials are becoming key processes in the
circular economy and recycling of wood processing waste. Accurate calculation of compaction pressure is essential for
equipment selection and optimization, making the task of modeling the deformation of conglomerates both practical and
economically significant. The literature addresses the mechanics of powder media, porous materials, and the modeling
of elastic-plastic deformations of granular conglomerates. However, most models assume fixed mechanical
characteristics or approximations that do not account for the dependence of strength and elastic properties on changing
density under compression. This leaves a gap in theoretical and applied approaches to adequately calculating pressure
for materials with variable density. Therefore, the objective of this work is to develop an approach for calculating the
compaction pressure of a particle conglomerate as a function of the degree of elastic compression, taking into account
changes in the mechanical characteristics of the medium.

Materials and Methods. In the mathematical description of the research problem, the provisions of the theory of
elasticity were used. Based on the principle of superposition, the process of medium deformation was divided into a
number of stages, within which the particle conglomerate received a small increment in height, and the mechanical
characteristics assumed a constant value. The proposed approach for determining the compaction pressure was based on
the solution to a series of inverse elastic problems in which the displacement of the upper boundary of a conglomerate
of rectangular particles was specified, and the normal stress that caused this increment was sought. To account for
changes in the density of the medium during deformation, the method of sequential loads was used, within each of
them, the density was taken to be constant and was determined depending on the magnitude of the total compressive
deformation. The Hencky strain, which has the property of additivity, was used as a measure of deformation.

Results. As part of the study, an iterative model was constructed for calculating the compaction pressure of a particle
conglomerate when the mechanical characteristics change depending on the degree of elastic compression. Series of test
calculations were conducted using a conglomerate of wood particles, whose Young's modulus is described by a power-law
density function. At each stage of deformation, the elastic constants of the material were assumed to be constant, depending on
the density of the medium. Using the equilibrium equation and the superposition principle, based on the results of solving elastic
deformation problems, the compaction pressure was calculated at each loading stage, and the dependence of the compaction
pressure on the magnitude of the compressive deformation and the degree of compaction was constructed.

Discussion. The obtained results of deformation of the medium taking into account the change in mechanical
characteristics depending on the degree of compression showed a clearly expressed nonlinearity of the curve of
dependence of the compaction pressure on the compression deformation — with an increase in pressure, both the
degree of compaction of the medium and the compression deformation increase. A comparative analysis of calculations
using the example of a conglomerate of wood particles under the condition of a constant density of the medium and
taking into account the change in density during the deformation process revealed a significant error in estimating the
compaction pressure when averaging the density or when using constant density values corresponding to the initial
(undeformed) or final state.
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Conclusion. The constructed iterative model allows for calculating the compaction pressure of a particle conglomerate,
taking into account changes in mechanical properties under elastic compression. The proposed approach accounts for
the nonlinearity of the compaction pressure dependence on the degree of compaction of the medium and can be applied
to briquetting processes for wood waste.
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AHHOTALINA

Beseoenue. TIponecchl OpUKETUPOBAHNS M IIPECCOBAHMSA JAPEBECHBIX M JPYTUX MOPOIIKOOOPa3HBIX MaTepHAIOB CTaHO-
BSITCS KJIFOUEBBIMH B KPYTOBOM 3KOHOMMKE M YTHIIM3aLUH OTXOO0B JiepeBooOpaboTku. TOUHBIH pacyeT 1aBieHHs pec-
COBaHHUS HEOOXOIWM Al BEIOOpa 00OpYIOBaHUS M ONTHMH3AINN PEXHMOB, UTO JIETAeT 3a7ady MOAEIHPOBAHUS JIe-
(OopMHPOBaHUs KOHITIOMEPATOB MPAKTHYECKU U SKOHOMHYECKH 3HaYMMOW. B nuTeparype paccMaTpuBaroTCsi MEXaHUKa
MTOPOIIKOBEIX CPell, HOPUCTHIX MaTEPHAIIOB W MOJCITUPOBAHNE YIIPYTOIUIACTHYCCKHX NeopMaIuii TpaHyIIpHBIX KOH-
TJIOMEPATOB; OJTHAKO OOJIBIIMHCTBO MOJIEINeil peanoiaraeT (GUKCHPOBaHHBIE MEXaHMYECKUE XapaKTEPUCTUKH MITH arl-
MIPOKCUMAIIAH, HE YYHTHIBAIOIINE 3aBHCUMOCTH IPOYHOCTH W YIPYTHUX CBOMCTB OT M3MEHSIOUICHCA TUIOTHOCTH TPH
CXKaTUU. DTO OCTABISET MPoOesl B TEOPETUUECKUX M IMPUKIATHBIX MOJAXO0JaX K afeKBaTHOMY pacueTy JaBICHHS AJ
MaTepHaJIOB C IEPEeMEHHOH TUIOTHOCTHI0. [109TOMY 1epio JaHHON paboOTHI ABIsETCA pa3padoTKa MOaXoAa Ui pacdyera
JIaBJICHHUS! TIPECCOBaHMs KOHIJIOMEpaTa YacTHL KaK (YHKIIMIO CTENIEHN YIPYTOro CKAaTUs C yYEeTOM U3MEHEHHSI MEXaHH-
YECKHUX XapaKTEPUCTHK CPEIIBL.

Mamepuanovt u memoosl. [Ipy MaTeMaTUYECKOM OMKUCAHUU UCCIIEIYEMOMN 3a/1a4i UCTIOIB30BATINCH TTOJIOKEHHUST TEOPUU
ynpyroctd. Ha ocHOBaHWM TpWHIWIIA CYTIEPIIO3UIMH Tporiecc AeGopMUpOBaHMS cpenbl pa30mWBajics HAa HECKOJIBKO
9TanoB, B KaXJIOM M3 KOTOPBIX Cpefa Mojydaja Majoe MpHpalieHHe IO BBICOTE, a MEXAaHWYECKHE XapaKTEePUCTHUKU
OCTaBAIHMCh IOCTOSIHHBIMU. [IpeIIoKeHHBI METO OTPEACIICHHS JaBIICHISI IPECCOBAHMS OTIMPAJICS Ha PEIICHUE CepUn
00paTHBIX yNPYTHX 3a/ad, B KOTOPHIX 33/aBajoCh NepeMelleHre BepXHel I'paHUIlBl KOHTJIOMepaTa MpSIMOYTOIbHBIX
YacTHUI] ¥ UCKAJIOCh HOpMaJbHOE HaNpsHKEHUE, BRI3BABIICe 3TO IpupamieHue. [ yuéra Hu3MeHeHHsI TNIOTHOCTH CPEJIbI
B Ipoliecce IeGpOpMUPOBaHHS MMPUMEHSIICS METOJI MOCIEA0BATENbHBIX HArpy)KeHHH — B MpejeNnax KaIoro U3 HUX
IUTOTHOCTB MIPUHUMAJIACh TIOCTOSHHOM U OTIpeeIsiIach B 3aBUCHIMOCTH OT BEIMIMHBI CyMMapHOH e(opManiy CoKaTHsL.
B kagectBe MepsI Aeopmarin uconb3oBanacs aehopmarmsa I'enkn, o61anaronas CBOMCTBOM a/TATHBHOCTH.
Pezynomamut uccnedosanus. B paMxax uccnenoBaHus MOCTPOEHA UTEPALIMOHHAA MOJENb pacuéTa AaBICHUS IPEcco-
BaHUS KOHTJIOMEpara YacTUI[ NMPH W3MEHEHWH MEXaHWYECKHX XapaKTEPHUCTHK B 3aBHCHMOCTH OT CTEIEHH yNPYTroro
cxarust. IIpoBeneHsl cepur TECTOBBIX PAcu€TOB Ha MpPHUMEpPE KOHTIIOMEpaTa JPEBECHBIX YACTHIL, Y KOTOPBIX MOAYJb
IOHra ommceIBaeTcs cTeneHHON GyHKIMeH mioTHOCTH. Ha kakaoM sTare nedopMupoBaHus yIpyriue KOHCTaHTH MaTe-
pHuana IpUHUMAIUCh NOCTOSHHBIMU B 3aBUCHMOCTH OT IJIOTHOCTH cpebl. C UCMONBb30BaHUEM YPABHEHUS PABHOBECHS
U TIPHHIWIA CYTIEPIIO3UIIH TI0 Pe3ysIbTaTaM pemIeHIs 3a1ad YyIpyroro 1eopMHUpOBaHisI OBUIO BBEIUMCIICHO JaBJIICHHE
IIPECCOBAHUS HA Ka)JOM dTale Harpy>KeHUs, a TaKKe IOCTPOEHA 3aBUCHUMOCTh JABIEHUS INPECCOBAHUS OT BEIHUUHBI
nedopManni CKaTHs U CTEIICHN YIUIOTHEHUSI.
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Oécyacoenue. IlomydeHHbIE PE3yIBTAThl 1€(POPMUPOBAHUS CPEABI C YIETOM U3MEHEHHUSI MEXaHNIECKUX XapaKTEPUCTHK
B 3aBUCUMOCTH OT CTENECHH CXKATUS MOKA3aJIH SIBHO BBIPAXKECHHYIO HETMHEHHOCTh KPUBOM 3aBUCHMOCTHU JABJICHUS IIpec-
COBaHMA OT Ae(OPMAINH CHKATHS — IIPU BO3PACTAHNH JIABJICHNS YBEINYNBAIOTCS KaK CTETIEHb YIUIOTHEHUSI CPEIbl, TaK
n nedopmanus cxarusi. CpaBHUTENBHBIN aHAN3 pacdéTOB Ha NMpPUMEPE KOHIJIOMEpaTa JAPEBECHBIX YacTHUIl PU YCIIO-
BUH MOCTOSIHHOW TNIOTHOCTH CPEZbl U ¢ YIETOM M3MEHEHUS IUIOTHOCTH B Ipolecce AeOpMUPOBAHUS BBISIBIII 3HATH-
TEJIHYIO TIOTPELIHOCTh OLICHKHU JaBJICHHsSI TPECCOBAHMUS IPH YCPEAHEHUH MIJIOTHOCTH JIMOO MPH UCIIOIH30BAaHUU TIOCTO-
SIHHBIX 3HaYCHUH IUIOTHOCTH, COOTBETCTBYIONINX HA4YaIbHOMY (HeAe(hOPMHUPOBAHHOMY) HIIM KOHEYHOMY COCTOSIHHIO.

3aknrouenue. IlocTpoeHHast UTepallMOHHAs MOJIEJb MO3BOJIIET PACCUUTATh JaBJIEHUE IIPECCOBAHUS KOHTJIOMepaTta ya-
CTHI[ ¢ YIETOM M3MEHEHMS! MEXaHWIECKUX XapaKTEPHUCTHK IPH YIPyroM cxathu. IIpeanokeHHbIH MOIX0x yInThIBaeT
HEJIMHEHHOCTh 3aBUCMMOCTH JIABJICHHS ITPECCOBAHMS OT CTEIEHH YIUIOTHEHHUS CPEIbl U MOXKET ObITh MPUMEHEH B MPO-

reccax OpUKETHPOBaHMS OTXOJOB 1€PEBOOOPAOOTKH.

KnroueBble ciioBa: npeccoBaHue, CKUMaeMOCTb, INIOTHOCTb, KOHTJIOMEpAT YacTHUIl, NIOCIEA0BATEIbHOE HarpyKeHUe,
HarpsHKeHHO-1e(OPMUPOBAHHOE COCTOSIHHE

BaaronapHoctun. ABTOpHI  BEIpaKaroT OJaroapHOCTh PENAKIMOHHOW KOJUISTMH J>KypHaJla M PELEH3EHTY 3a
npodeccHOHaNBHBIN aHaIM3 CTAThU U PEKOMEHJAINH ISl €€ KOPPEKTUPOBKH.

duHaHcupoBaHWe. lccrienoBaHie BBIMOJHEHO 3a cueT rpanTa Poccuiickoro nHayunoro ¢onma Ne 24-29-00089
https://rscf.ru/project/24-29-00089/

Jdasi  unutupoBanmsa. AmnzapuanoB M.K., HWsano C.H., UYenypuoa E.K. WrepanmonHas MoJenb ymnpyroro
neGopMHUPOBaHUs KOHIJIOMEpaTa YacTHI[l C YYEeTOM CXKHMAaeMOCTH CpeIbl B Tpolecce NpeccoBanus. Advanced
Engineering Research (Rostov-on-Don). 2025;25(4):290-299. https://doi.org/10.23947/2687-1653-2025-25-4-2218

Introduction. Materials with density-dependent mechanical properties are found in various industrial applications.
These include granular media, wood particle aggregates, composite materials, and others. The behavior of such materials
can differ significantly from the classic case, where properties remain constant and are independent of density. Some issues
related to assessing the strength and stiffness of granular media are discussed in [1], and for sand molds — in [2].

Currently, briquetting processes of wood particle conglomerates are widely used in the woodworking waste [3].
Therefore, it is important to describe the behavior of particles during the compacting process. The issues of assessing
the compaction pressure were discussed in [4]; mechanical and thermal analysis of the characteristics of pressed blocks
with wood inclusions — in [5]; assessment of the strength of wood conglomerate — in [6]. Wood sawdust is widely
used in the production of building materials, processing into fuel, and briquetting. The pressing process is affected by
various factors [7]: for example, storage humidity is described in [8], and the effect of temperature is specified in [9]. In
addition, wood particles are used in composite materials, in particular in the production of biocomposites [10],
polymeric materials [11], and multilayer composites [12].

One of the key tasks in particle deformation modeling is the selection of pressing equipment. Paper [13] is devoted
to the selection of pressing machines for producing solid biofuel through granulating, briquetting, and mechanically
processing biomass. When applying the conglomerate pressing procedure, it is important to model the stress-strain state
during the compression process, taking into account the compaction of the medium. A change in density entails a
change in the mechanical properties of the medium, which affects the accuracy of calculating the required deforming
force and the selection of equipment. The development of more accurate methods for calculating compaction pressure,
taking into account the compressibility of the medium, is important for creating new, efficient technologies and
improving existing ones. Some aspects of the mathematical description of an elastic-plastic problem under compression
for the case of constant mechanical properties are discussed in [14].

An analysis of the current state of the art shows that not all software packages are capable of accounting for changes
in density and mechanical properties under deformation. Most CAE systems perform engineering calculations with
given constant values of physical and mechanical properties. Therefore, the development of effective models and
methods for assessing the stress-strain state of media under pressing, taking into account compressibility and changes in
characteristics, is a challenge.

The objective of this study is to develop an approach for calculating the compaction pressure required to compress a
particle conglomerate to a given geometry, taking into account the effect of the compaction degree on the mechanical
properties of the medium. In accordance with this objective, the following tasks are set:

— to conduct a mathematical formulation of the elastic compression problem for a particle conglomerate, taking into
account the compressibility of the medium;

— to build an iterative model for calculating the stress-strain state of the medium based on solving a series of inverse
problems using sequential loading;
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—to perform test calculations of the stress-strain state of a particle conglomerate and plot the dependence of
compaction pressure on the compressive strain of the medium,;

— to estimate the error in calculating compaction pressure when ignoring changes in the density of the medium
during deformation.

Research Methods. We construct a calculation method for the process of deformation of a particle conglomerate
taking into account the compressibility of the medium under the following assumptions:

— since the study examines the compression of the medium, the condition of continuity is assumed, meaning the
particle conglomerate uniformly fills the volume under consideration;

— the mass of the medium remains constant throughout the entire pressing process;

— the compression process of the medium is considered within the limits of elastic deformation;

— the principle of superposition is observed — independently accumulated deformations at each loading stage;

— pressing is performed in an absolutely rigid matrix using an absolutely rigid friction-free punch; the layers move
uniformly along the height, eliminating shear;

— the viscosity of the medium is neglected, and the pressing temperature remains constant;

— the variable mechanical characteristics dependent on the density of the medium are Young's modulus and
Poisson's ratio;

— the density of the medium is a function of the compressive strain.

The geometric model of a particle conglomerate (Fig. 1) has the shape of a parallelepiped with height # and a
constant square base with area S. Due to the rectangular shape of the particle conglomerate, the model is considered in a
Cartesian coordinate system, where axis Ox; is directed along the height of the parallelepiped, and axes Ox; and Ox; lie in
the plane of the parallelepiped base.

{ i 1’

- __i \

Q

X3 X2

" 7/

Qg,

Fig. 1. Scheme of deformation of a particle conglomerate

Since the axial compressive strain increases in absolute value during compacting under pressure p, the density of the
medium and, consequently, its elastic constants change. Accordingly, Young's modulus £ and Poisson's ratio | are
functions of density p: E = E(p), u = u(p). We use the Hencky strain as a measure of deformation.

We divide the entire process of medium deformation into a series of loading stages, within each of which a
kinematic condition in the form of a small increment of the upper boundary of the medium Ah = Ah" in height is
specified. At each loading stage, we assume that the density of the medium remains constant and the mechanical
properties — Young's modulus and Poisson's ratio — do not change. At subsequent loading stages, the density of the
medium and the mechanical properties also remain constant within each stage, but change depending on the magnitude
of the total deformation over all previous loading stages.

We consider the solution to the inverse problem, taking the pressure increment at each loading stage Ap as the
unknown value. Then, the mathematical formulation of the research problem in accordance with the accepted
assumptions will include the following system of equations:

— static equations:

OAG,, / Bx, =0, MGy / Oxy = 0, BAG 3 / O3 = 0, O,
— physical equations: ;‘3
1 n(p)
Ae;; =——Ao;, — (A(522 +A033), 2)
E(p) E(p)
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u(p)

1
A622 :mA622 _M(AG33 +AG“), (3)
1 pip
Ae33 :mA633 _%(AG“ +A022), (4)
— geometric relationships:
Ae;; = Aey, =0, Aeyy =In(1+Ah/ h), 5)

— boundary conditions:
= 0,

u1|Q|,Qz :u2|Q.,92

”1|Q3, :”2|Q3, :”3|Q3, =0,

u3|93+ :_Ah,
A033|Q3+ =—Ap. (6)
where Aoy, Aoxn, Aocss — stress increments; Aej;, Aexn, Aess — increment of elastic deformations;

u,i = 1,3 — displacement components.

Based on differential equations (1) and condition (6), we arrive at the relations: Aci = const; Acx = const;
A(533 = pr.

Considering that there are no displacements in the plane Oxix», according to relations (3), (5), the system of
equations (2), (3) can be written as:

u(p)
I_Mmgx (7

Substituting relations (5) and (7) into equation (4), we express the pressure increment in the following form:
E 1-

T

(1+n(p))(1-2n(p)) "\

Thus, when constructing the calculation algorithm, we specify a discrete change in the height of the conglomerate

Ac =AC,, =—

depending on the loading stage:
h= {h<°) =l B =y — jAR, j=1n,... B = hend},

where ho — initial height corresponding to the undeformed state of the conglomerate; hena — final height of the
conglomerate after all stages of loading; j — loading stage.

Since the change in the height of the conglomerate is known, it is possible to determine the increment of
deformation in height within each loading stage:

, () _
U) gl -
Aeyy = ln[h(jl) J j=Ln.
The total deformation at the current stage of loading is determined according to the superposition principle:
J
e = 3 el
i=1

It should be noted that the selection of the Hencky strain as a measure of deformation is due to its additivity, unlike

relative strain, which allows for the summation of deformations at individual loading stages. Moreover, the Hencky
strain allows for calculations at large deformations.

Considering that the mass of the conglomerate and the base area remain constant: m = const, S = const, we proceed
to the continuity condition in the form: poho = ph, from which the density of the medium is determined depending on the
magnitude of the compressive strain Aegg) at a given loading stage according to the relationship:

p) =pU™) / exp Aeld).

Knowing the density of the medium at the current stage of loading, Young's modulus and Poisson's ratio at each

https://vestnik-donstu.ru

stage of loading are determined in accordance with the degree of compaction by a certain function:
EU) = E(p)| 0 ul) = “(p)|

p=pl/ () *

p=p
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Then the increase in compaction pressure is determined as:

o ) )
e o

According to the principle of superposition, the components of the stress tensor at the current stage of loading are

determined as:
J J J
o =D cll, o)=Y ncll, ol = Yact)
i=1 i=1 i=1
where the voltage increments at each stage are determined by the dependences:
_ _ E(p(j))u(p(j))
AGH) = Ac(zj) =— - - ln(
(sG]

Thus, the process of compacting a particle conglomerate is represented by a series of loading stages, within each of
which the medium density and elastic constants are assumed constant. At each stage, an inverse elastic problem of
medium compression is solved. The input data for this problem are the density, Young's modulus, and Poisson's ratio,
whose values are determined by the total compressive strain accumulated during the previous and current loading
stages. This results in a sequence of inverse problems based on data on the change in the height of the particle
conglomerate, which is used to calculate the change in compaction pressure depending on the degree of compaction of
the medium.

Research Results. Based on the developed approach, a series of calculations are performed for the deformation of a
particle conglomerate using sawdust as an example. Young's modulus (MPa) is described by the density function
(g/em?): E(p) = ap®, a = 6500, b = 3.5 [15]. The selection of a power-law dependence is due to the fact that it describes
the behavior of a conglomerate of wood particles quite well, according to [15]. Poisson's ratio p = 0.32 takes a constant
value, since it is less sensitive to changes in the density of the conglomerate, as noted in [16]. Moreover, according to
experimental studies [17, 18], the greatest change in Poisson's ratio occurs at low values of compression, and at pressure
values above 20 MPa, Poisson's ratio asymptotically approaches a constant value. The initial density of the
conglomerate of wood particles in the undeformed state is taken to be: po = 0.2 g/cm®. Ten loading stages were selected
for the test calculation. At each stage, the upper boundary of the conglomerate was displaced by value Az =10 mm,
resulting in a discrete change in the height of the conglomerate: 2 = {200, 190, ..., 110} mm. At the final loading stage,
at h = 110 mm, the maximum compaction pressure was 112 MPa, and the density of the medium — 0.4 g/cm’.

Based on the results of the calculations, the dependence of compaction pressure on changes in compression
strains (Fig. 2) and on changes in the density of the conglomerate of wood particles (Fig. 3) was plotted. For the
comparative analysis, a series of calculations were also performed at a constant density and a constant Younge’s
modulus for two extreme cases: with p = po = const and with p = pend = pln =100 mm = const, that is, when the density of
the medium corresponds to the initial undeformed state and the final deformed state at the last stage of loading; and also
for the case of averaging the density of the medium: with p=(po + pend) / 2 = const. The results of calculations at
constant values of density and elastic constants are presented in Figure 2.

Ap

JAG)

LU J Aot = apl).

p, MPa T T T T T T o p, MPa T T T
I . 100 ]
210 .
3
L \. . i 80 L i
150 . . 601 |
i 4 | .
[ ] / L
90 n 1 1 e 9 40 + o .
- u \A ° 2 - °
- A 4 20_ [} =1

.
30 - A.oo/og o ®

A
: ﬁ [ 18 °1 ° 1 L 1 [ ] bl L 1 1
0.00 0.20 0.40  0.60 |ess| 020 025 030 035 p,gem’
Fig. 2. Dependence of compaction pressure Fig. 3. Dependence of compaction pressure
on compressive strain: on the density of the medium

1 —atp=p(e); 2 —at p=po;
3 —atp=pend; 4 —at p=(po+ Pend) / 2
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According to the results of solving the inverse problem of elastic compression, for the first stage of loading with a
given displacement of the upper boundary of the medium h( = 10 mm, the increments of deformations, stresses and the
required pressure were: Ae§13) =-0.051, Acg? = Ap™ =2.041 MPa. To assess the adequacy of the constructed model, a
finite element calculation of the direct loading problem was performed in the ANSYS software package at a given
external pressure Ap'") =2.041. Since the software package requires the specification of constant characteristics of the
medium, the finite element calculation was performed only for the first stage of loading [19]. The calculation results of
the stress-strain state under elastic compression of the medium for the first stage of loading are presented in Figure 4.

1-1.9155 ~0.052429

—2.0092 ~0.053412

—2.1028 Min —0.054396 Min

—3.4977

—6.9953

—10.493 Min

)
Fig. 4. Results of finite element calculation of the direct problem for the first stage of elastic compression:
a — stress distribution Acgg) MPa; b — strain distribution Aegg);

¢ — displacement distribution ugl) (mm)

Discussion of Results. According to the calculation results (Fig. 2 and 3), as the magnitude of the compressive
strain increases, the required compaction pressure and the degree of compaction of the particle conglomerate rise. The
dependence of the compaction pressure on the degree of compaction is clearly nonlinear. The dependence of the
compaction pressure on the longitudinal compressive strain (Fig. 2, curve 1) is also described by a nonlinear function,
whose behavior is quite adequately approximated by a third-order polynomial function. Figure 2 shows that, at a
constant density of the wood particle conglomerate, the curves for the dependence of the compaction pressure on the
magnitude of the compressive strain exhibit a weakly nonlinear character. Accordingly, at a fixed density of the
medium, the curves for the change in compaction pressure can be approximated by linear functions.


https://vestnik-donstu.ru/

Andrianov IK, et al. Iterative Model of Elastic Deformation of a Particle Conglomerate Taking into Account ...

According to the comparative analysis, the simplification of using the density value as a constant characteristic in
cases where the density of the medium changes drastically during deformation can cause significant errors. In
particular, when using a constant particle conglomerate density p = po, corresponding to the initial state, the error in
calculating the compaction pressure increases to 80%, with the greatest error being attained at the maximum
compaction pressure. For a constant density value p = pend, corresponding to the final state of the medium, the
calculation results at some loading stages differ by more than 9.4 times, and for an average density value
p = (po * Pend) / 2 — by more than 3.4 times.

According to the data in Figure 4, the results obtained by the finite element method in solving the direct problem of
the first loading stage are consistent with the results obtained in solving the inverse problem, according to the approach
proposed in this study. The results presented in Figure 4 clearly demonstrate that the normal stresses and strains along
the height are practically the same at each point of the body, which confirms the uniformity of their distribution along
the height of the conglomerate under the action of uniform pressure at the upper boundary. It should be noted that in
Figure 4 a, b there is a gradient of stresses and strains along the longitudinal axis, which is most likely a consequence of
singularity (specifically in the areas highlighted in red) — one of the shortcomings of the finite element method, when
there is an incorrect distribution of stresses and strains in the area of corners, with rigid fastenings, etc.

Conclusion. Based on the research results, an iterative model was developed for calculating the compaction
pressure of a particle conglomerate whose mechanical characteristics depend on the degree of compaction under elastic
compression. By performing iterative calculations, increasing the number of loading stages and decreasing the
incremental step of the upper boundary of the conglomerate, a discrete dependence of the compaction pressure on the
degree of medium compression can be constructed, which can then be approximated by a smooth curve. A series of
calculations using the example of an elastic problem of pressing a wood particle conglomerate, taking into account
changes in Young's modulus and the density of the medium, has revealed a nonlinear relationship between the
compaction pressure and the degree of compaction of the medium and the compressive strain during compression.
According to the constructed graphical dependences, the consideration of the compressibility of the particle
conglomerate affects significantly the nonlinearity of the change in pressing pressure as a function of the density of the
medium during deformation. The comparative analysis has shown that the calculation of the stress-strain state of media,
whose density changes significantly during compaction and affects their mechanical properties, cannot be performed at
constant density values due to significant errors. This allows us to conclude that the compressibility of the medium,
associated with changes in the density of the particle conglomerate during compression, affects significantly the
estimation of the compaction pressure. The constructed iterative model will provide a practical estimation of the
maximum compaction pressure required to ensure elastic compression of the particle conglomerate to a given geometry,
taking into account the dependence of mechanical properties on the density of the medium. The proposed approach can
find practical application in selecting equipment for briquetting wood particles for recycling wood waste. Further
research focuses on developing mathematical models for calculating the stress-strain state and compaction pressure
during the deformation of particle conglomerates using complex-geometry molds.
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