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STATIC CONTINUOUS BULK MATERIAL MODEL
FOR INCLINED BUNKER SECTION

Purpose. Obtaining an analytical pattern of pressure distribution of bulk material based on the classical Jansen’s model for an
inclined outlet part of a hopper with an arbitrary cross-sectional shape.

Methodology. The work used a set of research methods, including scientific analysis and synthesis of available technical infor-
mation regarding the current regulatory and professional approaches to determining the pressure from bulk material in container
structures. Computer modeling methods based on the numerical method of structural mechanics — the finite element method —
were also used. Analysis of the performance of structural options was carried out using the SCAD design and computing complex
(Ukraine). A separate direction in the work was design developments, which included methods for engineering assessment of the
accuracy and reliability of the results obtained.

Findings. An analytical expression for determining the vertical pressure of bulk material is obtained, which reflects in a closed
form the regularities of its distribution for the case of a straight inclined rigid wall of the outlet part of the hopper container with an
arbitrary cross-sectional shape. The pressure value of the bulk material according to this expression quantitatively exceeds the pres-
sure value according to known analytical models. This gives grounds to believe that when loading the hopper structures, a change
in the structure of the bulk material occurs, which is described in the literature as its loosening.

Originality. The conducted researches allowed for the first time to establish the regularities of the pressure distribution of bulk
material during static operation of a hopper structure with straight inclined walls. The obtained expression is structurally the prod-
uct of two power functions, in which the exponent is the expressions that reproduce the geometry of the outlet part of the hopper
structure and the material of its side walls.

Practical value. The obtained expression allows to calculate the vertical and, if necessary, normal pressure of bulk material for
straight inclined walls of hopper structures. It is proved that the pressure increases significantly with increasing its depth, which in the
case of unloading the container should lead to the destruction of the static form of laying of bulk material. The developed model is
the basis for a more detailed consideration of the characteristics of bulk material, such as the density of laying or the angle of laying.
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Introduction. Container structures are the main type of build-
ing structures for storing bulk materials. Such structures are dis-
tinguished by a fairly high diversity in their geometric dimensions
and, accordingly, their total volume. Their useful capacity ranges
from several tonnes to tens of thousands of tonnes, and their ap-
plications include traditional industries (metallurgy, mining,
chemical, construction, etc.), agriculture, and transport.

Modern international standards (cited in [1]) are focused
on different terminology related to container building struc-
tures (Table 1). Such terminological diversity introduces cer-

Table 1

Intrinsic frequency spectrum of the load-bearing framework
of the equipment compartment

Standard Country Terms
BS EN 1991-4:2006 [2] Great Britain | silo, tank
DIN 1055-6:2005-03[3] Germany silo bin
ACI 313-97 [4] USA silo
ANSI/ASAE EP433 DEC1988 USA bin
(R2011) [5]
AS 3774-1996 [6] Australia container
GB 50322-2011 [7] Chine silo
DBN V.2.2-8-98 [8] Ukraine silo, bunker

tain complications both in the process of designing container
structures and in the assessment of their performance. It will
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also reduce the effectiveness of scientific research, as experts
from different countries often do not understand each other.

According to the European Standard EN 1993-4-1 [9], all
container structures are grouped under one term — silo, which
includes all other functional forms of containers — bin, bunker
or grain tank. Therefore, from now on, we will also use this
terminology.

Structurally, a silo is made in the form of a vertical part
intended for direct accumulation of bulk material and an in-
clined outlet part intended for unloading the container
(Fig. 1). For the outlet part, the European standard EN 1993-
4-1 [9] uses the term hopper. However, nowadays hoppers are
increasingly used as independent container structures in vari-
ous industries and transport [10] (Fig. 2). Therefore, the issue
of correct determination of loads from bulk material for hop-
pers is becoming increasingly important.

In Ukrainian practice, the main term, which is an indirect
analogue of the English term hopper, is a bunker. It is quite
clearly rooted in the current standards of Ukraine |7, 11]. Bun-
ker structures are used in many modern industries, such as min-
ing [12], metallurgical, chemical or construction industries.
Bunkers are also an indispensable object of most transport hubs
and transshipment stations on the railway or in port facilities.

The main use of bunkers is for short-term storage of bulk
materials and their periodic supply to the technological pro-
cess of the enterprise. This is also related to the need to ensure
uninterrupted and trouble-free operation of bunkers, as this
will directly affect the stability of the production and the enter-
prise as a whole.

The dominant type of bunker container at the moment is
pyramidal-prismatic structures. Quite often they have a low
prismatic part, but a developed pyramidal part. Such a con-
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Fig. 1. Steel hoppers:
a — with suspension bracket; b — with support bracket

structive solution is very close to the hopper-type structures
common in foreign practice. Thus, bunkers are in many ways
one of the key sections of many technological processes relat-
ed to the processing of bulk cargoes of various types.

Literature review. As shown in [13, 14], refinement of ap-
proaches to determining the load from bulk material on contain-
er elements is one of the priority tasks of the mechanics of granu-
lated solids. This opens up the prospects for further improvement
of the design solution itself, increasing its reliability and, at the
same time, reducing material consumption [15]. At the same
time, it is possible to significantly reduce the level of accidents of
container structures and reduce the number of their failures dur-
ing operation [16, 17]. This will also facilitate the rapid restora-
tion of damaged container structures through the use of special
heat-strengthened steels [18, 19] and provide opportunities to
control the dynamic properties of such structures [20, 21].

In international standards [2—8], Janssen’s continuum
model is the basis of the model of bulk material load on the con-
tainer elements. It describes the static equilibrium of a horizon-
tal elementary layer of bulk material of infinitesimal thickness.
As a result, we obtained an expression (1) for the dependence of
the vertical axial pressure P, on the depth of the bulk material z

KpU-z
P (=LA -[l—exp_ g ] (1)

K-p-U

where 7 is specific gravity of the bulk material; 4 — area of the
hopper cross-section; K — coefficient of lateral pressure of the
bulk material; p — coefficient of friction of the bulk material
against the silo wall (1 =tg@); ¢ — angle of external friction of
the bulk material against the hoper walls; U — perimeter of the
hoper cross-section.

The simplicity and physical clarity of this model have
made it very popular. Therefore, despite only qualitative con-

Fig. 2. Bulk material loosening during unloading:
1 — void in the bulk material; 2 — walls of the hopper

firmation by experimental data, this model became the basis
for international standards [2—8].

The main disadvantage of this model is the hypothesis of a
stable relationship between the horizontal P, and vertical P, pres-
sure of bulk material on the silo walls through the coefficient K (2)

Ph(z) = K- P(2).

Therefore, to account for the quantitative difference
with experimental data, different standards introduce differ-
ent correction factors and even correction expressions.
Their value can be as high as 3, meaning that it is assumed
that the difference between the actual pressure of the bulk
material and the pressure determined by Janssen’s model
can vary significantly.

There is also an opinion among experts that the hypothesis
of a stable relationship between horizontal and vertical pressure
is fulfilled the better, the higher the ratio of the silo height to its
characteristic transverse dimension — the hydraulic radius

A
p= T Yet, there is currently no experimental confirmation of

this theory. However, in the case of a hopper with an external
configuration that tapers towards the bottom, the ratio of the
structure height 4 to the hydraulic radius will go to infinity

. h
lim— —oco.
z—h p
This gives grounds to believe that the proposed approach
in Janssen’s model is close to the actual stress values and, in
general, increases the reliability of this problem statement.
The tangential pressure on the silo walls is calculated using
the coefficient p

P(z) =+ Py(2).

However, in the case of non-flat walls (e.g. corrugated
walls) this expression becomes a separate independent problem.

Among the alternative models, the most well-known is the
hydrostatic pressure model, which describes the actual fluid
pressure, according to expression

P()=y-2 @)

Reimbert’s model is also used in some cases [22]. It is a
further development of the hydrostatic model (5), but is not
widely used:

. S
4-K-tgop-z +1
D

where D is the width of the silo loading opening.

All of these models assume a horizontal surface of the bulk
material during loading, which is partially stored.

A separate area of research is the development of dynamic
models for determining the pressure of the bulk material. All

P (2)=v- ; )
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such models aim to build a general differential equation of mo-
tion of bulk material during its unloading from a container.
A generalisation of the main approaches in this direction is pre-
sented in [23]. However, the main difficulty in this case is the
correctness of taking into account the phenomenon of bulk ma-
terial loosening (Fig. 3), which is difficult to describe analytically.

Unsolved aspects of the problem. Janssen’s model allows
obtaining the static pressure of the bulk material for the case of
vertical silo walls. However, the problem remains open for
hoppers. International standards [2—8] use indirect approach-
es to determining the pressure. They consist in the fact that at
the first stage, the vertical pressure is calculated according to
Janssen’s model, and at the second stage, this pressure is
transformed using special expressions for inclined hopper
walls. Such expressions have only a partial analytical justifica-
tion and are largely based on empirical data.

Purpose. The purpose of the study is to substantiate the mod-
el of static pressure of bulk material in a hopper type container.

To achieve the purpose, the following tasks were formu-
lated and solved:

- to develop a theoretical Janssen’s model of the static
work of bulk material in a hopper-type container structure;

- to develop a mathematical Janssen’s model of the static
work of bulk material in a hopper-type container structure;

- based on the mathematical model, to obtain an expres-
sion for determining the vertical pressure from bulk material in
a hopper-type container structure;

- to compare the obtained solution in quantitative and
qualitative terms with solutions based on existing models, in
particular the hydrostatic model, Janssen’s model and Reim-
bert’s model;

- to use the obtained solution to assess the bearing capacity
of a real hopper-type container structure.

The object of study is a hopper with rectilinear walls in-
clined to the horizon at an angle a. The walls are assumed to
be absolutely rigid, which makes it impossible for them to de-
form under the influence of bulk material.

Description of the research methodology. The design
scheme is a hopper filled with bulk material (Fig. 4). An ele-
mentary horizontal layer of infinitesimal thickness dz is sepa-
rated from the bulk material. The bulk material is considered to
be at static rest. The following forces act on this layer: F' — load
from the dead weight of the overlying mass of bulk material;
Q — reaction from the underlying mass of bulk material; dG —
dead weight of the elementary layer of bulk material; dN — re-
action from the hopper wall, which can be decomposed into a
normal component dN, and a tangential component d/V,.

Since the elementary horizontal layer of the bulk material
under consideration is in equilibrium, the equilibrium equa-
tion is the sum of the projections of all applied forces on the
vertical axis Z

F—Q+dG—dN-sin(90 — o+ ¢) = 0. @)

Let us consider all the components of this equation.

The load from the dead weight of the overlying mass of
bulk material is represented as F'= P, - A (where A is the area of
the elementary horizontal layer).

|
|
dN ‘F

dN & s
¥ |
e G
0
‘ a
Y4

Fig. 3. Continuum model of bulk material in hopper

R(z)

Fig. 4. Segment of hopper:

a — cross-section; b — spatial fragment

The reaction from the underlying mass of bulk material is
represented as Q = F+ dF

The dead weight of an elementary layer of bulk material is
represented as dG=7v - A - dz.

The reaction from the hopper wall is represented through
its components, which are related to the load from the dead
weight of the overlying mass of bulk material

dN =\[dN2 +dN? = [(K - P, -U -dz)* +(K -u-P,-U -dz)* =
=K-P,-U-dz- /1+tg2¢:w.dz.
cosQ

Substituting all the components in equation (4) after
mathematical transformations, we obtain expression

d(P,-A) cos(oc—(p)_

+K-P-U- y-A=0,
dz cos@
which can be reduced to expression
ﬁ-A+Pv-%+K'PV ‘U.M,y.Azo,
dz dz cos@

or to the form of expression

P p (g Ueosteme) d 1) o

dz A coso dz A

The cross-sectional area of the hopper is represented for
the case of a regular polygon with the number of sides n and
the radius of the inscribed circle R (Fig. 4) as expression (6),
and its first derivative as expression (7)

A(@)=n- tg%- R(z)%; (6)
dA T dR
—=2.n-te—-R(7) —
i g (2) & (7)

where » is the number of sides in the polygonal cross-section
of hopper.

The perimeter of the hopper cross-section is represented
by expression

U<z>=2-n~tg§-R<z>. (8)
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For a hopper with rectilinear sidewalls and a loading open-
ing width D, we write

R(z)zg—i and d—R: ! .
2 tgo dz tga
Substituting expressions (6—8) into expression (5), after
mathematical transformations, we obtain a linear inhomoge-
neous differential equation of the first order in the form of ex-
pression

» 4.[K.tga.cos(a—q>)_1]
ip. cose —y=0.
dz D-tga-2-7

We also note that this expression does not depend on the
geometric shape of the hopper cross section.
The general solution to this equation is known in the form

of expression
4'[K‘tga'7cos(a—q>) —lj
_ J- [0) iz
Pv =exp Dtgo-2z x
4-(K-tg (,_.M_lj
_[ cos @ dz
x Iy~exp Diga=2z -dz+C |.

Kg .508(a=9)

2.
P,=y-(D-tga—2-2) [ cose

Such a solution is closed and requires additional definition
of an arbitrary constant after integration.
After integration, we have expression

24[1<»tga-7°°5(““")71}
cosQ x

P =(D-tga-2-7)

2 K1ga OO0

3
N y.(D-tgoc—Z-z) ®

2_(2.[(.%0‘.008((1—@)_3)
cosQ

+N|.

Using the boundary conditions P, =0 at z=0, which phys-
ically mean that there is no pressure of the bulk material at its
upper boundary, we obtain the expression for determining an
arbitrary constant

3_2A](.tgww
(D-tga) cosg

2.[2.K.tga.cos(“_(p)_3j
cosQ

C=—y-

After performing further mathematical transformations,
we finally have an expression for determining the vertical pres-
sure in the hopper in the form of (9)

The resulting expression is structurally the product of two
power functions, where the exponents are expressions that
represent the geometry of the hopper structure and the mate-
rial of its side walls.

Presentation of the main material and scientific results. Let us
analyse the resulting expression (9). To allow for a quantitative
comparison of the obtained expression with Janssen’s model, let
us substitute expressions (6) and (8) into expression (1), taking
R(z) = D/2. In this case, we obtain expression (10) in the form

’Y'D ( 74-K<tg<p<z)
4.K-tgp \I-exp 2|

The graph (Fig. 5) shows the curves of the vertical pressure
distribution of bulk material for the known models (2, 3, 10)
and the obtained model (9). For the sake of concreteness, the
following parameters were taken: y = 800 kg/m?; D= 10 m; K=
=0.333; =30 a=50°.

As can be seen for the obtained distribution the pressure
gradually increases, exceeding the hydrostatic pressure in its
value. Such an increase in pressure, in our opinion, is due to
a structural change in the properties of the bulk material dur-
ing loading. The maximum pressure, according to the theo-
retical model, should be observed in the outlet zone. How-
ever, in this zone, the horizontality of the layer is disturbed so
much that in practice, hollow voids are formed (Fig. 3). In
this case, the bulk material seems to be “squeezed out” of the
horizontal layer.

P(z)= (10)

3
=3
=}

—
wn
=3

—
(=4
(=]

[
(=]

Vertical pressure, kPa

o

0 1 2 3 4 5 6
Hopper depth, m

——Hydrostatic model
——Reimbert’s mozxens

— Janssen’s Moaeb
—— Author's model

Fig. 5. Vertical pressure of bulk material in hopper

3—2~K-tga~cos(a_q)) 3—2-K~tgq-cos(a_q’)
](D-tga_z.z) ¢ _(D-tgal) cosp o
2. Q.K.tga.w_3
cos@

The size of the loosening zone of the bulk material in the
hopper depends on the physical and mechanical characteris-
tics of the bulk material and requires additional study.

As a confirmation (albeit indirect) of the validity of the
proposed model of bulk material, we present information on
the damaged hopper at one of the industrial enterprises of

Fig. 6. Calculation model of an industrial pyramidal hopper:
a — inner view; b — external view
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Ukraine. The hopper is designed to store sinter. The structure
has overall dimensions of 18 x 15 m in plan with a total height
of about 9 m. The hopper is designed as a prismatic structure
with a 43° angle of inclination of the funnel faces to the hori-
zon. The calculation model of the hopper is shown in Fig. 6.

It is a combined finite element scheme. The bunker wall,
horizontal stiffening ribs of the bunker, and elements of the bun-
ker beams are modeled by plate finite elements of universal iso-
parametric type 44. Vertical stiffening ribs, as well as elements of
the rigid transverse frame are modeled by rod finite elements of
general type 5. The connection of different types of finite ele-
ments is provided for by nodes without additional contour nodes.

The boundary conditions are rigid fastening of the vertical
load-bearing columns of the bunker overpass at the point of
their support on the reinforced concrete supporting platform.
In Fig. 6, the fastening is highlighted in orange. The scheme of
the applied pressure from the bulk material is shown in Fig. 7.

The hopper was designed for loading according to the hy-
drostatic pressure model. According to current views, this
pressure is considered to be the maximum possible in a hopper
and should ensure its design bearing capacity. However, in
practice, the hopper structure suffered serious damage that re-
quired immediate repair and reinforcement work (Fig. 8). This
suggests that the actual loads from the bulk material were
higher than those calculated by the hydrostatic model.

This situation was modeled by the finite element method
[24, 25] based on the SCAD design and computing complex
(Ukraine). Table 2 presents the main results obtained — the
distribution of maximum equivalent stresses according to Mis-
es for the case of the hydrostatic model of pressure of bulk ma-
terial and the pressure model proposed in this work. The num-
bering of the stiffening ribs is given from top to bottom. It is
seen that in the second case the stress level exceeds the permis-
sible strength level of the steel (230 M Pa), from which the bun-
ker is made. This confirms the emergency nature of the situa-
tion with this bunker, which occurs in operational practice.

s

Fig. 7. Scheme of loading from bulk material ( fragment of cal-
culation scheme)

Fig. 8. Reinforcement of an industrial pyramidal bunker

Also, the facts of excess pressure from bulk material for in-
clined parts of container structures of the values laid down in
the current standards [2—8] were established in the course of a
number of modern experimental studies [26]. Such research
studies were carried out both on models of container struc-
tures and on real objects. In work [27], similar experimental
data were obtained for the bottom of container structures,
which can be considered as a straight wall of a hopper funnel
with a minimum angle of inclination to the horizon. Accord-
ing to these works, the experimental values of pressure from
bulk material obtained exceed the pressure values according to
known models in the standards [2—8] by up to 2 times.

Table 2
Stressed state of the sinter hopper
Stresses (MPa) for model of
Structure element of bunker pressure of bulk material
hydrostatic authors’
Long side 18 m
Bunker beam 182 209
Rib No. 1 103 154
Rib No. 2 119 165
Rib No. 3 127 197
Rib No. 4 139 221
Rib No. 5 152 243
Rib No. 6 143 250
Rib No. 7 137 268
Rib No. 8 124 274
Rib No. 9 120 284
Rib No. 10 112 297
Rib No. 11 98 319
Rib No. 12 84 322
Rib No. 13 76 343
Rib No. 14 65 320
Rib No. 15 61 306
Rib No. 16 54 254
Short side 15 m
Bunker beam 162 221
Rib No. 1 76 111
Rib No. 2 98 124
Rib No. 3 101 132
Rib No. 4 118 154
Rib No. 5 138 168
Rib No. 6 120 183
Rib No. 7 117 201
Rib No. 8 106 211
Rib No. 9 95 224
Rib No. 10 88 254
Rib No. 11 79 287
Rib No. 12 71 302
Rib No. 13 63 337
Rib No. 14 57 306
Rib No. 15 50 280
Rib No. 16 43 259
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This also indirectly confirms the reliability of the bulk ma-
terial pressure model proposed by the authors for structures
with straight inclined hopper-type walls.

Conclusions. The developed Janssen’s continuum mod-
el of static equilibrium for the case of a hopper-type con-
tainer structure with horizontal side faces allows obtaining
an analytical expression for determining the vertical pres-
sure in bulk material. The resulting solution is the product
of two power functions. The exponents of these functions
reflect the geometry of the hopper structure and the mate-
rial of its side walls.

A quantitative comparison of the obtained solution with
the existing hydrostatic pressure model, Janssen’s model and
Reimbert’s model revealed that the vertical pressure increases
asymptotically along the depth of the bulk material. At the
same time, its value exceeds the hydrostatic pressure. Most
likely, this situation is the main factor in changing the struc-
ture of the bulk material during its loading into the hopper.
However, this issue requires further study.

The experience of operating large-sized hoppers indicates
their underestimated bearing capacity, which indirectly con-
firms the reliability of the model of bulk material and the na-
ture of its pressure distribution on structural elements pro-
posed by the authors.
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Meta. OTpuMaHHSI aHAJITUYHOI 3aKOHOMIPHOCTI pO310-
JILJTy TUCKY CUITYy4Or0o MaTepiajly Ha OCHOBI KJIaCUYHOI MOJEi
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SHCceHa Tl MOXUJI01 BUMTYCKHOT YaCTUHY OYHKEPHOT EMHOC-
Ti 3 TOBIJIbHOIO (DOPMOIO TTOTIEPEUHOTO TIEPEPi3y.

Metoauka. ¥ po0OOTi BUKOPHUCTOBYBABCSI KOMILJIEKC Me-
TOAIB TOCHIIXKEHHS, 0 BKJIIOYAa€ HAYKOBUI aHAJIi3 1 CUHTE3
HasIBHOI TeXHiuHOi iHdopMallii CTOCOBHO UMHHUX Y CBITi
HOPMAaTHUBHUX i (paXOBUX MiIXOMiB 10 BUSHAYCHHS TUCKY BilI
CUITy4Oro Marepiajly B EMHICHMX KOHCTpYKLisiX. Takox 3a-
CTOCOBYBAJTHCSI METOAM KOMIT'IOTEPHOTO MOIETIOBAHHS Ha
0a3i yMceabHOro METOHY OYAiBeJbHOI MEXaHiKU — METOIy
CKiHUEHMX eJIEMEHTiB. AHaJli3 poOOTH KOHCTPYKTUBHUX Ba-
piaHTiB MPOBOAMBCS i3 BUKOPUCTAHHSIM MPOEKTHO-O0YMC-
moBanbHOTO KomIuiekey SCAD (Ykpaina). OkpeMum Ha-
npsIMOM 'y poOOTi OyJIM KOHCTPYKTOPCHKI pPO3pOOKHU, IO
BKJIIOYAQJIM METOJM iHXKEHEPHOI OLIIHKY TOYHOCTI i 1OCTOBIp-
HOCTi OTPMMAaHUX Pe3yJbTaTiB.

Pe3ymbraT. OTpriMaHO aHAITUYMHMI BUPa3 1Sl BU3HAUEH-
H$I BEpTUKAJIBHOTO TUCKY CUITYYOI0 MaTepiajy, 1110 BigoOpaxkae
B 3aMKHEHOMY BMIJISIII 3aKOHOMIpHOCTI MOTO PO3MOiTy st
BUMAJKY MPSMOJIiHIIHOT MOXWIIOT KOPCTKOI CTiIHKM BUITYCKHOL
YacTMHU OYHKEPHOI EMHOCTI 3 JOBUIBHOIO (POPMOIO Torepe-
YHOTo Tepepisy. BenuunHa TMCKY cuItydoro MaTepiaiy, Bifo-
BIITHO /10 LIbOTO BUPA3y, NEPEBUILYE B KiIbKICHOMY BiTHOIIIEHHI
BEJIMYMHY TUCKY 32 BiIOMUMU aHATITUYHUMU MopnessiMu. Lle
JIa€ TICTaBU BBAXKATH, 11O NP 3aBaHTAXEeHHI OyHKEPHOI KOH-

CTPYKIIii BiOyBa€Thcs 3MiHA CTPYKTYpU CUITy4OrO Matepiaiy,
sIKA OTIMCYETHCS B JTITEPATYPi SIK IOT0 pO3ITyLITYBaHHSI.

HayxoBa HoBuM3Ha. [IpoBeneHi DOCTIIKEHHS 103BOIWIN
BIEplIE BCTAHOBUTU 3aKOHOMIPHOCTI PO3MOMAiLY TUCKY CU-
My4yoro matepiajay Mpu CTaTUYHill poOOTI OYHKEpPHOI KOH-
CTPYKIIil i3 TPSAMOTiHIMHUMM TTOXUIUMHM cTiHKamMu. OTpuma-
HUI BUpa3 CTPYKTYPHO SIBJISIE COO0I0 TOOYTOK IBOX CTYIIEHE-
BUX PYHKIIil, B IKUX MMOKA3HUKOM € BUPa3H, IO BiATBOPIO-
I0Tb T€OMETPil0 BUMYCKHOI YaCTUHU OYHKEPHO1 KOHCTPYKIIil
Ta MaTepiajl BUTOTOBJIEHHS MOT0 6iYHUX CTIHOK.

IIpakTyna 3HaymMmicTb. OTpUMaHUil BUpa3 NO3BOJSIE
po3paxyBaTu BepTUKAJIbHUK i, 32 HEOOXiIHOCTi, HOpMaJlb-
HUI TUCK CUITyYOro MaTepiany s NPSMOJiHIMHUX MTOXUTUX
CTIHOK OyHKEpHUX KOHCTPyKIiii. [loBeneHe CyTTeBe MinBU-
LIEHHSI TUCKY y Mipy 30iJblIEHHS ITMOMHU OyHKepa, 110 y
BUTIAIKY PO3BAHTAXEHHSI EMHOCTI Ma€ TIPU3BOIUTH 10 Pyii-
HYBaHHSI CTaTMYHOI (hOpMM YKJIAAKKU CUITYYOro Martepiaiy.
Po3pobsiena monenb AHceHa € OCHOBOIO Jis1 OLIbII JeTalb-
HOTO BpaxyBaHHSI XapaKTepUCTUK CUITy4Oro marepiaiy, Ta-
KHUX SIK HIUIBHICTD YKIAAKK a00 KYT YKJIaIKHU.

KurouoBi cioBa: cunyuuii mamepian, modens Hucena, 6yH-
Kep, xonep, EMHicmb
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